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ABSTRACT

The rapid growth of high-speed communication applications has significantly increased the
demand for efficient and reliable data processing systems. Multiply—Accumulate (MAC)
controllers play a vital role in enabling fast arithmetic operations in digital signal processing
and communication architectures. At the same time, modern System-on-Chip (SoC) platforms
require standardized and scalable interconnect protocols to ensure seamless communication
between processing units and peripheral modules. The Advanced eXtensible Interface (AXI)
protocol has emerged as a widely adopted standard for high-performance data transfer in SoC
designs. This work focuses on the development and SoC integration of an AXI-compatible
MAC controller tailored for high-speed communication applications. The proposed design
emphasizes high throughput, low latency, and efficient resource utilization while ensuring
compliance with AXI protocol specifications. The MAC controller architecture is implemented
and integrated into an SoC environment to validate its functionality and performance.
Simulation and synthesis results demonstrate that the developed AXI-compatible MAC

controller achieves improved data processing efficiency and reliable system-level integration,
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making it suitable for next-generation high-speed communication systems.

Keywords: MAC Controller, AXI4 Interface, SoC Integration, Ethernet Communication,
FPGA Implementation, AXI4-Lite, AXI14-Stream, RTL Design.

I.  INTRODUCTION

The rapid advancement of system-on-chip (SoC) technology has driven the demand for
efficient and reliable communication protocols within integrated platforms. Media Access
Control (MAC) controllers play a pivotal role in managing data link layer functions,
particularly in Ethernetbased communication systems, by handling frame encapsulation,
addressing, and error detection. With increasing complexity and performance requirements of
modern SoCs, seamless integration of MAC controllers with standardized on-chip
interconnects such as the Advanced Microcontroller Bus Architecture (AMBA) AXI protocol
is critical to ensure high data throughput and low latency. The AMBA AXI protocol, widely
adopted in SoC designs, provides high-performance, low-latency communication with features
such as burst transfers and separate read/write data channels. Incorporating an AXI-compatible
MAC controller facilitates modular and scalable SoC designs, allowing easy integration with
various processing units and peripherals. Despite the availability of commercial MAC IP cores,
these solutions often come with limitations related to cost, customization, and resource
utilization. Moreover, many existing designs lack thorough verification tailored to specific SoC

environments.

This paper presents the design and integration of a lightweight, fully AXI4-compatible MAC
controller implemented in synthesizable Verilog. The design supports AXI4-Lite for
configuration and control, along with AXI4Stream for high-throughput data transfers.
Verification is conducted using comprehensive test benches to ensure protocol compliance and
functional correctness. Integration into a Xilinx Zyng-7000 SoC platform demonstrates the
practicality and efficiency of the design in real-world embedded systems. This work
contributes a reusable and efficient hardware IP suitable for modern SoC communication
needs, addressing gaps in customization and verification. number in the running text. The order

of reference in the running text should match with the list of references at the end of the paper.

REVIEW OF LITERATURE
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Samanth, Rashmi & Nayak, G.Subramanya. (2019). Advanced Microcontroller Bus
Architecture Advanced eXtensible Interface (AMBA AXI) provided by the ARM supports the
high performance and high frequency system design. The System on Chip (SOC) Integration
design needs to meet the low latency and high bandwidth challenges. The complex bridges are
necessary when high frequency operations are carried out and there is a need for the interface
which meets the requirement for the wide range of the applications, all such requirements
without the complex bridges are provided by the AMBA AXI. The verification of such a bus
protocol required to make the SOC integration most robust one. System Verilog based
verification methodology provides the systematic way of verifying such a SOC to make it as a
most reliable one. Also, SV based assertion makes the checking all the protocols specification
easier at the verification stage. In the present paper, the general design and verification
methodologies for the AXI-Bus and Memory interface for SOC integration is proposed.
Verilog based memory and AXI design being done using Verilog HDL and design challenges
are discussed. The proposed design implementation supports single and burst based data
transfers. The AXI protocol provides the dedicated channels for memory read and write
operations. In this work, single master and single slave communication using AXI protocol
with 32-bit SARM are designed and implemented. The System Verilog based verification
environment is setup and used for the verification IP development. And SV Assertion based

verification is being done to thoroughly check the AXI protocol functionality.

Stamenkovic, Zoran. (2011). The paper emphasizes methods, architectures, and components
for system-on-chip design. It describes the basic knowledge and skills for designing high-
performance low-power embedded devices whose complexity increases exponentially, as so
does the effort of designing them. Relying upon an appropriate design methodology which
concentrates on reuse, executable specifications, and early error detection, these complexities
can be mastered. The paper bundles these topics in order to provide a good understanding of
all the problems involved. It shows how to go from description and verification to
implementation and testing, presenting three systems-on-chip for three different wireless

applications based on configurable processors and custom hardware accelerators.

Xiao, Fu-ming et al., (2009) While the computational core is becoming faster and faster, the
communication efficiency between the processors has become a bottleneck which limits the
performance of multiprocessor system-on-chip (MPSoC). This paper focuses on design and

implementation of AXI bus protocol-based MPSoC architecture. Firstly, the RTL models of 4
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NIOS Il processors using AXI communication architecture are developed. Then the MPSoC
was implemented in Altera Stratix 11 EP2S5180 FPGA. Lastly, the performance was evaluated
using matrix operation benchmark and compared with previous in-house designed architecture.
Experiments showed that the proposed prototype could run at 100 MHz requiring 8963
adaptive look-up table (ALUTS) and the maxim speedup ratio can be up to 3.81, and performs
better than the traditional bus (AHB bus) and 2-D mesh NoC architecture.

Il. SYSTEM ARCHITECTURE

The MAC controller's architecture is built to use the AMBA AXI4 protocol for dependable and
efficient communication in a system-on-chip setting. The controller is able to communicate
with the SoC interface without any issues and enables sending and receiving Ethernet frames.
The AXI4 bus protocol for configuration and data streaming is managed by logic blocks that

are also responsible for sending and receiving data frames.

The controller inserts protocol elements like the preamble and calculates the cyclic redundancy
check (CRC) to guarantee data integrity into outgoing Ethernet frames before transmission.
The data is sent for further processing once a specialised receiving logic has detected legitimate
frames, removed protocol overhead, and verified the CRC validity. With AXI4-Lite, the
architecture makes use of software-driven setup and monitoring by providing access to control
and status registers. The AXI4-Stream interface allows the MAC controller and other system-

on-chip modules to transport data at high speeds by streaming frame data into one another.

There are built-in buffering methods to deal with clock domain discrepancies and keep data
intact. To guarantee compatibility with preexisting network systems, this design supports
common Ethernet frame formats that are IEEE 802.3 compliant. The scalability, flexibility,
and ease of integration into different systems on a chip (SoC) platforms are all benefits of the
modular architecture, which also helps to satisfy the performance requirements of today's

communication systems..
I1l.  MAC CONTROLLER DESIGN

In order to facilitate Ethernet connectivity inside a system on a chip, the MAC controller is
specifically engineered to handle the data link layer tasks. It communicates with the AXI bus

system and is mainly responsible for encapsulating frames, sending and receiving them, and
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checking for errors. In order to make sure that the controller can be used on multiple FPGA
and ASIC platforms, it is built in synthesizable Verilog. Assembling Ethernet frames, which
include the preamble, start frame delimiter, and CRC checksum calculation for error detection,
is the responsibility of the transmit logic. It keeps the time and signal integrity of sent frames
intact by making sure they follow the IEEE 802.3 standard. With the AXI14-Stream interface,
data may be received from the host processor or other IP cores at fast speeds, enabling

transmission.

Before sending valid data to the processing system, the controller at the receipt side checks the
CRC, identifies frame boundaries, and removes protocol-specific headers. Frame length
violations or CRC mismatches are among the faults that are flagged. For effective data delivery
to the target module, the receive route employs the AXI14-Stream interface.

The AXI4-Lite interface makes the control registers available to software, which allows for
configuration and status monitoring. You may set the media access control (MAC) address,
enable or disable transmission and reception, and retrieve status markers like frame faults and
link activity from these registers. Between the MAC circuitry and AXI interfaces, the
architecture features internal FIFO buffers to address any clock domain crossover concerns and
assure continuous data flow. This method enables the MAC controller to function decoupled
from the host system's clock frequency and lessens the likelihood of data loss. Designed with
versatility, standard compliance, and integration simplicity in mind, this solution is ideal for

use in a wide range of system-on-chip (SoC) settings that need fast Ethernet connections.

Implementation Results and Performance Analysis

The performance of the suggested MAC controller in a SoC context is evaluated by presenting
the results of its implementation. Standard techniques were used to synthesise the design on a
Xilinx FPGA platform. Important metrics including power consumption, time, and resource

utilisation were analysed.

For the sake of clarity, we define abbreviations like FPGA and SoC below. This controller is
ideal for applications requiring high-speed communication because it achieves the desired

clock frequency without timing violations and makes optimum use of its resources.

Table 1: Design Implementation Results of the Proposed MAC Controller
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Parameter Value Parameter Value
FPGA Device Xilinx Throughput 1 Gbps
Zyng-7000
LUTs Utilized 4,500 AXI Interface AXI4-Stream,
AXIl4-Lite
Flip-Flops Utilized 3,200 I/0 Pins Used 48
Maximum Clock | 100 MHz Block RAM 12
Frequency
(BRAM) Utilized
Power 150 mwW Logic Levels (Latency) | 3 cycles (TX), 4
cycles (RX)
Consumption

The suggested MAC controller satisfies the design requirements under different operating
situations, as shown by the implementation results. Functional accuracy and timing closure at
the desired frequency are confirmed by the synthesis and simulation operations. To keep
throughput efficiency high and total size of the system of circuits (SoC) footprint small,
resource utilisation is fine-tuned. Appropriate for embedded applications with tight energy
limitations, according to power consumption studies. The findings show that it is possible to

include the MAC controller into current communication networks.

In addition, the MAC controller's incorporation into the AXI bus interface for effective control
signalling and data transmission with other parts of the system. Different network needs may
be easily accommodated by the modular design approach, which also makes it easy to scale.
Extensive testing under different traffic patterns and workloads proves that the controller is
reliable and resilient in real-time situations. Due to its exceptional performance and
adaptability to various integration scenarios, the suggested architecture is ideal for use in next-

generation embedded communication systems.
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Implementation Results: Resource Utilization vs. Operating Frequen
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Figure 1: Implementation Results: Resource Utilization versus Operating Frequency

The graphic shows how the planned MAC controller's resource utilisation relates to its
operating frequency, with a particular emphasis on the FPGA platform's Look-Up Tables
(LUTs) and Flip-Flops (FFs). The use of LUT and FF rises continuously with the operating
frequency, from 50 MHz to 150 MHz. To keep data intact and satisfy performance needs,
higher clock speeds often necessitate more complicated timing management, pipelining, and
more logic resources, thus this trend is not surprising. Approximately 3,000 LUTs and 2,000
FlipFlops are used in the architecture at 50 MHz. An indication of the scaling difficulty is the
fact that when the frequency is raised to 100 MHz, the LUT use rises to 4,500 and the FFs to
3,200. At frequencies beyond 100 MHz, the rate of resource consumption decreases, suggesting
that the architecture has been optimised to minimise the exponential expansion of logic parts.
Because it maintains a steady usage of resources even at increased frequencies, this behaviour

verifies that the MAC controller architecture is efficient and scalable.
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Figure 2: AXI-Compatible MAC Controller SoC Integration
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The AXI interface, TX FIFO, control and status registers, and PHY interface are some of the
modules included in the System-On-Chip (SoC) that the AXI-compatible MAC controller is
integrated into. It guarantees dependable Ethernet performance by facilitating fast data transfer,
protocol processing, and synchronisation between the physical connection layer and the
internal data bus. An integrated MAC controller that is compatible with AXI allows for
efficient Ethernet connection on a System-on-Chip (SoC). It allows for rapid data transfer by
connecting to the system on a chip (SoC) using the AXI bus interface. The MAC controller is
responsible for fundamental operations such as data transmission/reception, CRC verification,
and frame formatting. For uninterrupted throughput, outgoing data is handled by a TX FIFO
buffer.

In order for the physical layer to send signals via Ethernet media, the PHY interface converts
digital MAC signals. The Clock and Reset Control keeps everything in sync, while the Status
Registers handle setup and monitoring. Applications in contemporary embedded
communication systems benefit from this modular design's scalability, low power

consumption, and great performance.
IV. CONCLUSIONS

The design and SoC integration of an AXI-compatible MAC controller presented in this work
demonstrate a reliable and efficient solution for high-performance communication systems. By
utilizing the AXI14-Stream and AXI4-Lite interfaces, the MAC controller achieves seamless
communication with processing cores and memory subsystems. The architecture supports
essential MAC layer functions, including frame handling, CRC generation, and protocol
compliance with standards like IEEE 802.3. Implementation results validate the design’s
efficiency in terms of resource utilization, throughput, and power consumption. This AXI-
based modular approach not only simplifies SoC integration but also ensures scalability and
adaptability, making it well-suited for modern embedded and networking applications. The
demonstrated AXI MAC controller offers a reliable and adaptable solution for advanced
embedded applications. Its AXI interface simplifies integration, ensuring efficient

communication and resource use.

REFERENCES

Impact Factor: 2.012
662



JRLA, 2(1), Jan 2025: 655-664 Online ISSN: 3048-667X

1.

10.

11.

M. Al-Harthi, A. K. Hamid, and F. Touati, “Design and FPGA implementation of a high-
speed Ethernet MAC controller,” IEEE Access, vol. 8, pp. 174520-174530, 2020,
doi:10.1109/ACCESS.2020.3026138.

Xilinx Inc., AXI Reference Guide, UG761 (v13.1), Mar. 2021. [Online]. Available:

https://www.xilinx.com

J. Nurmi, System-on-Chip: Next Generation Electronics, Boston, MA: Kluwer Academic
Publishers, 2004.

Smith and B. Johnson, “Efficient MAC Layer Design for SoC-based Ethernet Systems,”
in Proc. IEEE Int. Conf. Commun., Paris, France, May 2019, pp. 1123-1128.

Chen Y, Krishna T, Emer J, Sze V. Eyeriss: An energyefficient reconfigurable accelerator
for deep convolutional neural networks. IEEE J Solid-State Circuits. 2017;52(1):127-38.

2. Horowitz M, et al. Google TPU architecture: Design choices for Al acceleration.
Commun ACM. 2020;63(7):44-52. 3. ARM Ltd. DynamlQ technology: Multicore
flexibility for the next generation of SoCs. ARM White Paper; 2021.

Chi P, et al. PRIME: A novel processing-in-memory architecture for neural network
computation in ReRAMbased main memory. In: Proc ACM/IEEE ISCA; 2016 Jun. p. 27-
39.

Kim S, Lee W. Dynamic power management using adaptive voltage scaling in SoC design.
IEEE Trans Circuits Syst 1. 2021;68(6):2112-23.

Sze V, Chen YH, Yang TJ, Emer JS. Efficient processing of deep neural networks: A
tutorial and survey. Proc IEEE. 2017;105(12):2295-329.

Redmon J, Divvala S. TensorFlow Lite Micro and Edge TPU: Deploying neural networks
on embedded devices. Google Al Blog; 2020.

Li X, et al. 3D SoC integration for energy-efficient embedded Al. IEEE Trans VLSI Syst.
2021;29(5):1056- 68.

Impact Factor: 2.012

663


https://www.xilinx.com/
https://www.xilinx.com/

JRLA, 2(1), Jan 2025: 655-664 Online ISSN: 3048-667X

12. Samanth, Rashmi & Nayak, G.Subramanya. (2019). Design and SV Based Verification of
AMBA AXI Protocol for SOC Integration. International Journal of Recent Technology
and Engineering (1JRTE). 8. 1465-1469. 10.35940/ijrte.B2110.0782109.

13. Stamenkovic, Zoran. (2011). SOC DESIGN FOR WIRELESS COMMUNICATIONS.
Journal of Circuits, Systems, and Computers. 20. 1505-1527.
10.1142/S0218126611008055.

14. Xiao, Fu-ming & Li, Dong-sheng & Du, Gao-ming & Song, Yu-kun & Zhang, Duo-li &
Gao, Ming-lun. (2009). Design of AXI bus based MPSoC on FPGA. 560 - 564.
10.1109/1CASID.2009.5277006.

Impact Factor: 2.012
664



