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Abstract. While data movement latency is still a big problem for AI
with heterogeneous systems. To overcome this, we are introducing a
Multi-source AXI4-Stream interconnect with an input arbitration scheme
Implement stage and asynchronous FIFO buffers for robust data flow by
Between different processing elements. Implemented on an Intel MAX
10 FPGA and synthesized device with TSMC 100MHz 65nm technology
node. the design exhibits high performance, deterministic communication.
At a FPGA clock frequency of 50MHz the experimental results yield a
peak Can achieve a throughput of 400 MB/s with just 4% of the logic
resources. Compact silicon readiness with ASIC synthesis. footprint of
109, 124µm2 and a setup slack of 8,408ps at 100 MHz. This Real-time
depends on resource-efficient architecture as a key enabler. By ensuring
that applications, especially AI linkages within remote surgeries, run effi-
ciently. For mission-critical continuous, high precision data transmission
is required.
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1 Introduction

As modern computer chips (SoCs) get more complex with They require a com-
mon method of communication with many processors and memory units. To
communicate with one another. The AXI protocol was developed by ARM in
2003. To make these connections quick and efficient[1, 20]. AXI3 travels five
times as well as this is because it utilizes 5 separate channels (or lanes) To move
information: three for writing and two for reading. It writes using the Write
Address (AW) channel and says using the Write Data (AD) channel. Write Data
(W) channel to send the data where. information, and to confirm (B) information,
it arrived safely. It uses the Read Address (AR) for reading. channel to ask for
data and the Read Data (R) channel to get it back. These lanes are in isolation,
which means that the chip can read and write simultaneously without any traffic
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jams. It uses simple "ready" and "valid" signals to insure that data is only sent
along when it is ready and valid. Sends info in rapid transmission when both
sides are ready groups called bursts[7]. While AXI3 worked well for video and
memory, it isn’t enough for modern AI systems, AXI4 was eventually introduced
to handle even more data. AXI4 allows for much bigger bursts (up to 256 instead
of just 16) and removes some confusing rules to make the actual hardware design
simpler and faster.

In 2010, ARM released the AMBA 4 specification to provide specialized
protocols for different hardware needs. AXI4 was introduced to improve speed by
supporting much larger bursts of data. It is used for heavy tasks like moving high-
definition video or connecting a processor to fast memory (RAM). Along with it,
AXI4-Lite was released as a simple version for low-speed tasks. It saves space on
the chip by removing complex features and is used for simple jobs, like setting up
switches or controlling basic parts like a UART or simple sensors[16], [19]. AXI4-
Stream was developed for high-speed, point-to-point data movement[13].The
main benefit of this protocol is that it moves data with almost no delay[4].AXI4-
Stream is built for just one to one connection, it does not have a built-in way to
handle many different sources at the same time. This is a major problem when
different sources send data at different speeds. Without a way to manage these
mixed requests, a slow source could block a fast one, or important data could be
lost. This generates a need for an A layer of the arbitration process that makes
the decision about which source to go first. in managing buffer space to ensure
stability of the system for Some critical tasks such as remote surgery. Earlier
designs, such as the one by Prajwal Angadi,Sanket Venkatesh Shenvi,Sathvik
Lokesh from Dayananda College of Engineering[5] was concerned with the data
transfer from a single master. To two slaves with a simple round robin approach.
While that It is an appropriate method for simple data exchange among chips,
Does not address the issue of multiple slow sensors attempting to to transmit
information simultaneously to one fast processor. Our work is different in that
we use a many-to-one arbiter that applies priority rules and special buffers to
prevent data being lost from lost. In this way, our design will be able to deal
with the strict Requires time and safety needs for remote surgery, Much more
reliable than normal data streaming procedures.

2 System Architecture and Operation

2.1 System Architecture Overview

The multi-source AXI4-Stream architecture is designed to manage data flow
from multiple sources to a shared interface using priority-based control, as shown
in Figure 1. The system includes four main parts: input sources, a buffering
and arbitration block, an AXI master block, and an AXI slave block. Three
independent sources send requests for access to the master, and The arbitration
logic uses a fixed priority scheme with a dynamic override to ensure zero data
loss[10]. It continuously monitors ”nearly full” flags from the FIFOs; if any
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buffer nears capacity, the arbiter immediately grants it bus access to prevent an
overflow. Arbitration scheme usually work combination of round robin algorithn
and almost signal high combination. The master block then manages the AXI4-
Stream signals including TVALID, TDATA (64-bit), TID, TLAST, and C. Slave
Controller TSTRB/TKEEP to send data to the slave[13]. If the slave is not
ready to accept new data, it pulls TREADY low. To prevent any data loss, each
buffer sends a warning signal to the arbiter whenever it is nearly full. The arbiter
then quickly clears the data from these crowded buffers to make room for new
incoming information. This simple method ensures the system stays stable and
handles all data sources without any overflows or stops.

Fig. 1: AXI stream system architecture.

2.2 Master Controller Finite State Machine

The master controller finite state machine (FSM) consists of three states: IDLE,
TRANSMIT, and WAIT READY, as shown in Fig. 2. The FSM manages the
TVALID/TREADY handshake and controls AXI4-Stream data transfer.

The master controller finite state machine (FSM) consists of three states:
IDLE, TRANSMIT, and WAIT READY, as shown in Fig. 2. The FSM manages
the TVALID/TREADY handshake and controls AXI4-Stream data transfer.

Upon reset, the controller remains in the IDLE state until a transfer request
is received. In the TRANSMIT state, data is being sent onto the bus if it is
valid. TVALID is asserted. When the slave de-asserts TREADY, the FSM goes
to the WAIT READY state, in which the output data and control signals are
maintained until the slave becomes ready again. This mechanism ensures that
data does not get corrupted and ensures reliability of the data. Transfer under
back pressure. After a successful transaction, the FSM either returns to the IDLE
state or continues with the next transfer during burst operations.
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Fig. 2: Master controller finite state machine.

2.3 Slave Controller

The AXI4-Stream Slave controller architecture is used to manage From the
master, a data capturing process is performed, and the data is then stored locally.
The memory is as in Figure 3. Upon receiving The controller receives the data
and stores it, The direct-to-integrated FIFO memory is handled by direct to
memory interface [9]. If the memory is almost full or if the system is busy the
slave Sends a signal to mean that it cannot accept more data. The data is then
retrieved via the When an internal flag is asserted to indicate that, it is output
to There is valid information available for transaction.

Fig. 3: AXI4-Stream slave controller architecture.
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2.4 Configurable FIFO Architecture

The configurable FIFO architecture is designed to manage the data-rate mismatch
These are all situated between slow peripherals and the high-speed AXI4-Stream
system, as in Fig. 4. The module is a basic component of the buffering stage
and comprises of three. secondary functional blocks: memory array initializers,
memory array access logic, control logic and pointer access logic status flag
generation [9].

Control Logic and Pointers The write and read operations are controlled
in this section. address pointers. Upon receipt of data, the write pointer will be
updated to store Move data to the adjacent memory location which is next in
line. Also, if the arbiter asks for data, the read pointer is moved to fetch the
stored data. This dual-pointer Mechanism is such that both simultaneous and
independent read/write operations can be performed, In this way continuous
data flow is maintained.

Memory Array Storage This block is used to store the data physically. where
the data coming in is temporarily stored before it is passed on to the master
inter- face. The buffering mechanism ensures data integrity when the data is
temporarily unavailable.

Status Flag Generation The module produces the status flag signals: Full,
Empty and count on the fly on the FIFO. These signals provide Feed-back to
arbiter - this allows for efficient flow control without overflow. and underflow
conditions

FIFO Depth Calculation A transfer of one player to another in back-to-
back fashion requires: The relationship between the peripheral write and read
operations is used to determine the FIFO depth. The frequency and the AXI4-
Stream clock frequency (fAXIS = 50 MHz)

Depth = N × 1− fAXIS

fwr
(1)

If protocol overhead or idle intervals (Iwr, Ird) are present between data
operations The effective frequency ratio should be brought in the case:

Depth = N × 1− 1 + Iwr

1 + Ird
× fAXIS

fwr
(2)

FIFOs also need to meet a requirement imposed by the arbiter – inherent
latency. The maximum stall tolerance (Tstall). This guarantees incoming periph-
eral data can be received. Wait for access to the AXI4-Stream bus, while being
buffered:
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Tstall =
FIFO Depth

f eff
wr

(3)

where:

– N is the burst size
– The clock frequency of the AXI4-Stream is fAXIS
– fwr is the frequency of the source input (clock frequency)
– Iwr and Ird are idle time.
– The stall tolerance is the max value of Tstall

The following calculated FIFO configurations for the heterogeneous interfaces
are summarized below:

– FIFO 0 (I2C @ 5 kbps): Equation (2) takes protocol overhead into account
(f eff

wr ≈ 4.0 kbps for 8-byte bursts). A 256 mS FIFO depth is achieved with
a 128-byte depth. Substantial arbitration flexibility provided with buffer
window.

– FIFO 1 (UART @ 9600 baud): Using a 10-bit frame structure, the 256-
Approximately 266 ms stall-tolerance is offered by byte FIFO.

– FIFO 2 (SPI @ 25 MHz): Equation (1) indicates that a 512-byte FIFO to
achieve 163.84µs safety margin requires a depth of this microsecond. The
scale buffer window is essential to avoid overflow when there are transient
arbitration delays.

The results validate the choice of using heterogeneous FIFO depths and
demonstrate how the suggested architecture can effectively support variety of
peripheral devices Interfaces by matching buffer resources to real-time system
constraints.

Fig. 4: Configurable FIFO architecture.

3 Results and Analysis

The system was designed in Verilog language and verified by SystemVerilog
based. The Questa Advanced Simulator’s testbench. Physical implementation



530 G. Nanaware et al.

was Soft-implemented on an Intel MAX 10 (10M50DAF484C7G) FPGA with
Quartus Prime Lite Edition. The Asic implementation was verified using Cadence
Genus.

3.1 Verification Results

Test 1: Simultaneous Critical FIFOs. They were all three made as claims
by all three of the sources. Delivers multiple valid signals at once, storing the
respective FIFO levels up. For successful data buffering, confirm. The arbiter is
in control, as demonstrated in Fig. 5. While the current_active_source signal
is being rotated, concurrent requests will be sequenced, To the master output,
data from Source 0, Source 1 and Source 2 are passed. This confirms that the
arbitration logic is able to correctly identify and route concurrent requests While
keeping the FIFO occupancy in safe range.

Fig. 5: Simulation waveform: simultaneous critical FIFO arbitration.

Test 2: Cascading Critical Conditions. The waveform depicts a situation
Where all of the input FIFOs are nearly full at the same time. As shown in
Fig. 6, the critical_tracker signal reaches a peak value of 3’h7 where each
bit is a bit asserted to be true for the condition of FIFO2, FIFO1, and FIFO0,
respectively. This condition results in arbitrated priority. The arbiter will de-
assert the almost-full buffers one by one and repeat this process. Begins and ends
by flipping the FIFO1, FIFO2, and FIFO0 flags in order. The results agree with
the findings of design is able to handle cascading critical conditions.

Fig. 6: Simulation waveform: cascading critical conditions response.
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Test 3: Complete Transaction. The following is a waveform of a complete
transaction As seen in Fig. 7, the total time required to perform the operation
is from the initiation to the completion. If it is a valid data, then to the Source
0, the arbiter provides the AXI4-Stream interface signals TVALID and TREADY
to start the transfer. The control signals TSTRB and TKEEP are set to 8’hFF
which means that all Valid of 64 bits of data. This information is then properly
sent to the data_out port, Confirming the integrity of the data in the system,
from the source to the final output.

Fig. 7: Simulation waveform: complete AXI4-Stream transaction.

3.2 Synthesis Results

FPGA Implementation (Intel MAX 10). The proposed architecture was
realised in an Intel MAX 10 (10M50DAF484C7G) FPGA featuring a 64-bit data
path. With a clock frequency (f) of 50MHz, the design had an experimental
throughput (T ) of There are 400MB/s of throughput, which is computed as
follows. relationship:

T = f × W

8
(4)

where W represents the data bus width in bits. As explained in Table 1, the
The design is very space efficient, only (hardly) requires. 1,848 LUTs (4%) and
1,603 flip-flops. Notably, the design consumes just 12,288 memory bits (<1%)
Having no use of special block RAM (BRAM), as storage requirements are
handled using distributed logic.

Table 1: Total resource utilization for FPGA implementation (Intel MAX 10).
Resource Used / Available Utilization

LUTs 1,848 / 49,760 4%
Flip-Flops 1,603 —
Memory Bit 12,288 / 1,677,312s <1%
BRAM 0 0

The power analysis is summarized below (Table 2), It shows a total dissipation
of 105.98 mW. The power The current power usage is static at 96.18 mW with The
dynamic power is still at 9.80 mW. These results confirm that the architecture is
light weight, The high performance solution for deterministic data movement,
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More suitable for low latency, resource constrained applications. AI-powered
remote surgery connections are the kind of applications the a aforementioned
has enabled.

Table 2: Power analysis of the proposed design.

Parameter Value

Total Power 105.98mW
Static Power 96.18mW
Dynamic Power 9.80mW

ASIC Synthesis (TSMC 65 nm via Cadence Genus). We have synthesized
the ASIC using the Cadence Genus™ tool for the TSMC 65nm CMOS tech nology
node. The design is for a target frequency of 100 MHz. Comprised a total gate
area of 109, 124µm2 and 14,222 cells. Timing analysis identifies a very stable
architecture, setting up a slack of 8,408 ps and critical path delay. 587 ps of
stability for stable performance.

Table 3: Initial ASIC implementation results (TSMC 65 nm).
Metric Preliminary Result

Total Gate Area 109,124µm2

Cell Count 14,222
Setup Slack (@ 100MHz) 8,408 ps
Critical Path Delay 587 ps

4 Conclusion

This paper sets up a multi-source AXI4-Stream arbiter that acts as an effective
hardware link between slow Power peripherals and powerful AI engines. By inte
grating an arbitration stage with asynchronous FIFOs, the ar High through-
put chitecture undertaken a validated framework. communication on different
interfaces. The implementation on both FPGA and ASIC platforms, verified
on both with this function, confirms Its outstanding area efficiency and silicon
readiness. Based on these results, our design is ideal for For resource constrained
applications that need a physical AI Link. in remote surgery, resolving clock
domain mismatches and Data transfer bottlenecks in heterogeneous AI: how
to mitigate them? and How to mitigate data movement in heterogeneous AI
systems.
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