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Abstract: Modern System-on-Chip (SoC) platforms integrate processors, hardware accelerators, DMA
engines, shared caches, memory controllers, and a large number of memory-mapped peripherals, making
the on-chip interconnect a critical architectural component. This paper presents a transaction-oriented
interconnect framework that combines AXI4-Lite for lightweight control and register access with ACE/ACE-
Lite coherency concepts for shared-memory communication. The architecture is organized around master
and slave interfaces, memory-mapped address decoding, multi-master arbitration, independent read/write
channel control, a snoop control unit, a coherency manager, and a protocol/response handler. A transaction-
level verification environment comprising a generator, driver, monitor, protocol checker, scoreboard, and
coverage collector is defined to validate legal and illegal accesses, simultaneous requests, back-pressure,
response errors, and coherency-oriented scenarios. The proposed methodology supports modular design
reuse and early validation before RTL refinement. The supplied source material does not contain completed
RTL simulation waveforms, FPGA synthesis statistics, or measured latency/throughput values; therefore, this
manuscript reports the architecture, verification criteria, and design-level evaluation without inventing
quantitative hardware results.

Keywords: AMBA, AXI4-Lite, ACE, ACE-Lite, cache coherency, transaction-level modeling, SoC
interconnect, address decoder, arbitration, verification.

L. INTRODUCTION
The rapid growth of heterogeneous SoC design has shifted the performance bottleneck from individual processing blocks
toward the communication fabric that connects them. A modern embedded or application processor can contain multiple
CPU cores, accelerators, DMA engines, memory controllers, and diverse peripheral controllers. These components differ
widely in bandwidth, latency, coherency, and control requirements. The interconnect must therefore provide reliable
transaction routing, arbitration, synchronization, and error reporting while remaining scalable and reusable [1] — [5].
AXI4-Lite is well suited to register-oriented communication because it removes burst-transfer complexity and uses five
independent channels for write address, write data, write response, read address, and read data. Control/status registers
of GPIO, UART, SPI/I2C, timers, and configuration blocks can therefore be accessed using simple memory-mapped
transactions. However, AXI4-Lite alone does not provide cache-coherency support for shared-memory systems
containing multiple processors or accelerators [7] — [12].
ACE extends AXI with coherency mechanisms such as snoop-oriented communication and cache-maintenance behavior,
while ACE-Lite provides a lighter mechanism for master’s that require coherent visibility but do not maintain a fully
coherent local cache.[14]. In the proposed framework, AXI4-Lite is used for low-bandwidth control paths, whereas
ACE/ACE-Lite concepts are applied to coherent memory-oriented paths. The objective is not to make AXI4-Lite itself
coherent, but to organize both communication classes within one scalable SoC interconnect architecture.
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A second motivation is verification complexity. As the number of masters and slaves grows, the number of possible
interactions increases rapidly. Transaction-level modeling abstracts a bus exchange into meaningful operations such as
read, write, response, and coherency request, allowing architecture and routing behavior to be examined before every
signal-level timing detail is fixed. This paper therefore emphasizes both the interconnect architecture and a reusable

transaction-based verification strategy [15].

II. BACKGROUND AND RELATED WORK
2.1 AMBA AXI4-Lite communication
AXI4-Lite uses independent read and write paths with valid-ready handshaking. The sender asserts VALID when
information is available, while the receiver asserts READY when it can accept the transfer. A transfer is completed only
when both are asserted in the same cycle:
Transfer = VALID AN READY (1)
This rule decouples the timing of masters and slaves and permits controlled back-pressure. In a write operation, the write
address and write data are accepted before a write response is returned. In a read operation, the read address is accepted
before read data and a response are returned.
2.2 ACE/ACE-Lite coherency
In a shared-memory SoC, different processing agents may hold copies of the same memory block. If one agent modifies
a cached copy while another reads an older copy, system behavior becomes inconsistent. The architecture therefore
includes a snoop control unit and a coherency manager to coordinate visibility between CPU caches, shared cache, DMA
access, and main memory. Full ACE behavior is associated with coherent cacheable masters, whereas ACE-Lite behavior
is associated with non-cacheable or I/O-oriented masters that still require coherent memory visibility.
2.3 Transaction-level modeling and verification
Transaction-level modeling represents a communication event at a higher abstraction level than RTL signal toggles. A
generic transaction can be expressed as a tuple containing address, data, control type, and response:
T = {AD,C,R} (2)
This abstraction supports rapid generation of legal and illegal traffic, conflict conditions, and response scenarios. The
final architecture can then be refined into synthesizable Verilog or SystemVerilog modules after the intended transaction
behavior has been established.

II1. EXISTING INTERCONNECT LIMITATION
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Fig. 1. Existing AXI4-Lite-based SoC interconnect without ACE/ACE-Lite coherency support, reproduced from the
supplied design document.
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A conventional AXI4-Lite-centered SoC can connect a processor to memory-mapped peripherals through address
decoding and simple read/write transactions. Such an arrangement is appropriate for control traffic but provides limited
support for multi-master arbitration, shared-memory coherency, systematic error handling, and transaction-oriented
verification. When DMA engines or accelerators share buffers with cached processors, software may have to manage

cache synchronization explicitly.

IV. PROPOSED AXI4-LITE/ACE INTERCONNECT ARCHITECTURE
Figure 2 shows the proposed architecture. The processing and coherent-agent layer contains CPU cores with private
caches, a GPU/accelerator, and a DMA/I/O master. The central interconnect contains six major functional blocks: address
decoder, arbitration logic, read/write channel controller, snoop control unit, coherency manager, and protocol/response
handler. AXI4-Lite slave interfaces connect the peripheral-control layer, while the coherent side connects shared cache
and the main-memory subsystem.
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Fig. 2. Proposed transaction-based AMBA ACE/AXI4-Lite interconnect architecture for scalable SoC integration.
4.1 Master and slave interfaces
Master interfaces originate address, data, and control requests. Candidate masters include CPU cores, DMA engines,
accelerators, and testbench traffic sources. AXI4-Lite peripheral slaves respond to memory-mapped single-beat
transactions. The slave interface accepts a decoded request, updates a register or control location for a write, and returns
data for a read.

4.2 Address decoder and memory map
The address decoder routes each transaction according to a predefined memory map. For slave i with base address B_i
and upper address U_i, the select condition can be represented as:

S;= 1,if B < A < U;; otherwise S; = 0 3)
Address range Target slave
0x0000_0000 — 0x0000_OFFF | GPIO
0x0000_1000 — 0x0000_1FFF | UART
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0x0000_2000 — 0x0000_2FFF | SPI/I2C

0x0000_3000 — 0x0000_3FFF | Timer

0x0000_4000 — 0x0000_4FFF Configuration Registers

0x1000 0000 — Ox1FFF_FFFF | Memory Controller
Table 1. Memory-mapped address allocation used by the proposed methodology.

If no address range matches, the response handler returns a decode-error response. This prevents undefined access and

gives software an explicit indication that the target address is invalid.

4.3 Arbitration logic

In a multi-master SoC, simultaneous requests are expected. The arbitration unit selects one requester for a shared resource

and prevents transaction collision. The source methodology proposes round-robin arbitration as a fair default because the

priority rotates after each completed grant. A priority-based policy may instead be used when real-time masters require

bounded or preferred access.

4.4 Independent read/write channel control

The read and write controllers manage the independent AXI4-Lite channels and preserve channel-level handshaking. The

interconnect may accept address or data only when the corresponding READY signal is asserted. Back-pressure is

therefore naturally represented without data loss. Figure 3 summarizes the transaction sequence.
Master Interconnect Selected Slave

Address + VALID

Write/Read request

Decoded request

Slave select

READY / Data / Response

Completion

READY / RDATA / BRESP/RRESP

Return path

Transfer occurs when VALID = 1 and READY =1

Fig. 3. Simplified transaction sequence for master-interconnect-slave communication.
4.5 Coherency manager and snoop control
The coherency manager observes transactions directed to shared memory and coordinates data visibility across coherent
agents. The snoop control unit checks whether another cache may contain the requested line and can trigger abstract
invalidate, update, or forwarding actions according to the coherency model. The source methodology intentionally keeps
these blocks at a transaction-oriented level so that coherency scenarios can be validated before detailed cache-state RTL
is implemented.
4.6 Protocol and response handler
Every transaction must terminate with a well-defined response. A successful access returns a normal completion
response; an unmapped address generates a decode error; and a slave that cannot complete the requested operation can
generate a slave error. Explicit error signaling improves fault isolation and prevents a master from treating an incomplete
operation as successful.

V. TRANSACTION-LEVEL VERIFICATION METHODOLOGY
The verification environment is organized around a transaction generator, driver, monitor, protocol checker, scoreboard,
and coverage collector. The generator creates legal and illegal scenarios; the driver converts them into interface activity;
the monitor reconstructs observed transactions; the checker evaluates protocol rules; and the scoreboard compares
expected and actual behavior. Coverage identifies which classes of transactions and corner cases have been exercised.
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Fig. 4. Transaction-based verification environment for the proposed interconnect.

5.1 Verification scenarios

Test scenario

Stimulus

Expected interconnect

behavior

Primary check

Valid AXI4-Lite write

Mapped address + write data

Route to selected slave and

Decoder, write channels,

response

Valid AXI4-Lite read

Mapped read address

return  successful  write
response
Return selected slave data
and successful read
response

Read channels, routing

Invalid address

Address outside all ranges

No slave selected; return
decode error

Decoder/response handler

Simultaneous masters

Two or more active requests

Grant one requester
according to arbitration
policy

Mutual exclusion/fairness

VALID/data remain stable

Coherent memory access

targets shared buffer

path before completion

Slave busy/back-pressure | Slave delays READY . Handshake compliance
until acceptance
Selected  slave  rejects .
Slave error . Return slave-error response | Error propagation
operation
CPU/DMA /accelerator Invoke  coherency/snoop

Coherency handling

Repeated conflict

Continuous requests from
multiple masters

No starvation under round-
robin policy

Arbitration fairness

Table 2. Core transaction-level verification matrix.

5.2 Protocol properties to check
The protocol checker should verify that transfers occur only under VALID/READY agreement, that a pending transaction
is not silently discarded, that response channels correspond to accepted requests, that no two masters simultaneously own
the same shared target, and that error responses are generated for invalid or rejected accesses. For coherent accesses, the
checker should also confirm that the transaction is routed through the coherency-management path rather than directly

bypassing consistency control.
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5.3 Scoreboard and coverage

The scoreboard maintains a reference model of the memory map and expected slave behavior. For every generated
transaction, it predicts the selected slave, expected data or error response, and expected grant ownership. Functional
coverage can classify address regions, read/write types, arbitration combinations, response types, back-pressure duration,
and coherent versus non-coherent accesses.

VI. PERFORMANCE METRICS AND DESIGN EVALUATION
The source methodology defines transaction latency, throughput, arbitration delay, response time, and resource utilization
as the principal evaluation metrics. Transaction latency is measured from request initiation to response completion:
th = tresponse - trequest (4)

Throughput can be expressed as the number of completed transactions during an observation interval:

N,

Throughput = _completed (5)

Tobservation

Arbitration delay is the waiting interval between a master's request and its grant. These metrics are appropriate for

comparing arbitration policies, peripheral response behavior, and coherent versus non-coherent paths after an RTL
implementation is available.

6.1 Results supported by the supplied source

The supplied document contains the full architecture, address map, verification plan, advantages, applications, and future
work, but its Results chapter does not contain completed simulation waveforms or quantitative implementation
measurements. It also states that a complete Verilog/SystemVerilog RTL implementation, simulator-based verification,
FPGA synthesis, and measurement of timing, power, and resource utilization are future work. Consequently, numerical
latency, throughput, LUT count, flip-flop count, maximum frequency, and power values are not reported here.

6.2 Design-level evaluation
Design concern

Architectural mechanism Expected validation evidence
Correct single-beat

read/write behavior

register

Peripheral control complexity AXI4-Lite control path

Exclusive grants and starvation-free

Multi-master contention .
service

Round-robin/priority arbitration

Decode  error  for
addresses
Coherency path invoked for shared

unmapped

Invalid access Address decoder + response handler

Shared-memory consistency

Coherency manager + SCU

data

Heterogeneous timing

VALID/READY back-pressure

Stable pending data until handshake

Verification scalability

Transaction
generator/checker/scoreboard

Reusable test  scenarios and

automated checking

Design reuse

Modular decoder/arbiter/controllers

Blocks can be parameterized for

different SoCs

Table 3. Design-level evaluation derived from the proposed architecture.

At the architectural level, the hybrid organization balances protocol complexity by applying AXI4-Lite only to low-
bandwidth control traffic and reserving coherency support for shared-memory agents. This selective deployment can
reduce unnecessary control-path hardware while still providing a structured route for coherent transactions. The modular
decomposition also supports independent verification of routing, arbitration, channel control, coherency, and response
handling.
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VII. RESULTS AND DISCUSSION
7.1 Functional Simulation and Transaction Verification

10000004 10000004
o

face2025 face2025

o

0

10000004

Fig 5. AXI4-Lite ACE transaction-level simulation waveform.
The simulation waveform demonstrates a representative AXI4-Lite ACE-oriented read/write test scenario. At the cursor
position near 46.994 ms, the design is out of reset (reset = 0) and the coherent-access control is asserted (coherent access
= 1). The write address and read address are both observed as 0x10000004. The write-data value is 0OXFACE2025, and
the read-data bus shows the same value, 0OXFACE2025. This equality between the applied write data and returned read
data is consistent with correct storage/routing behavior for the exercised address path.
7.2 Synthesized RTL Architecture

Schematic

- Q@ Q XN x| o c 42 Cells 726 Nets -]

L
0

L7 Ol 1 O Or| O

Fig 6. Synthesized RTL schematic of the proposed AXI4-Lite ACE interconnect.
The synthesized schematic confirms that the high-level interconnect description has been translated into an
interconnected RTL network. The Vivado schematic reports 42 cells and 726 nets. The visible logic contains decoder
and routing structures, peripheral-oriented blocks, control logic, multiplexing, and response paths. This is consistent with
the project methodology, in which the address decoder, read/write transaction control, slave interfaces, response handler,
and coherency-related control are implemented as modular blocks and then integrated into a common interconnect.
7.3 Synthesis Result
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Fig 7. Vivado synthesis completion report.

Vivado completes synthesis successfully. The report explicitly shows 0 errors and 0 critical warnings, demonstrating that
the RTL is syntactically valid and synthesizable for the selected target device. A total of 65 warnings are reported. These
warnings do not prevent synthesis, but they should be reviewed individually before final hardware deployment because
some warnings may relate to unconnected signals, optimization, testbench-derived hierarchy, or constraints.

7.4 Power Analysis

TclConsole |Messages |Log | Reports | DesignRuns | Power z2_80
Q = £ C HW Y summary
Sattings Power estimation from Synthesized netlist. Activity ~  On-Chip Power
Summary (0.089 W, Margin: N/A) derived from constraints files, simulation files or
Power Supply vectorless analysis. Note: these early estimates can
A B ekis change after implementation. o Dynamic: 0.000 W
Hierarchical (0 W Total On-Chip Power: oS Device Static: 0.089W (1
Design Power Budget: Not Specified
Process: .
Power Budget Margin: N/A
Junction Temperature: 25.2°C
Thermal Margin: 59.8°C (244 W)
Ambient Temperature: 250°C
Effective 8JA: 24°C/W
Power supplied to off-chip devices: 0 W
Confidence level: High
Launch Power Constraint Advisor to find and fix
invalid switching activity
power_1

Fig 8. Vivado on-chip power estimation report.

The Vivado power estimator reports a total on-chip power of 0.089 W. The complete reported power is device-static
power (0.089 W, 100%), while dynamic power is shown as 0.000 W. The junction temperature is estimated at 25.2 °C
for an ambient temperature of 25.0 °C. The report also shows a thermal margin of 59.8 °C (24.4 W), an effective junction-

to-ambient thermal resistance of 2.4
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7.5 FPGA Device View

Device

Fig 9. Target FPGA device view used for implementation analysis.
The FPGA device view shows the selected device divided into its clock/placement regions (for example, X0YO0 through
X1Y3). This confirms that the design is being evaluated within a concrete FPGA target environment rather than only as
an abstract RTL model. The screenshot itself does not display numerical LUT, flip-flop, BRAM, DSP, or I/O utilization
values, so exact percentage utilization cannot be claimed from this image alone. Nevertheless, the device-level view
complements the synthesis and power outputs by showing that the project has progressed into the FPGA-oriented design
flow.

VIII. ADVANTAGES, APPLICATIONS, AND LIMITATIONS
8.1 Advantages
The architecture supports scalable integration of multiple masters and slaves, provides memory-mapped peripheral
access, prevents request collisions through arbitration, and improves correctness of shared-memory communication
through coherency-oriented handling. Transaction-level verification reduces dependence on manual waveform inspection
and supports reusable automated checking. Because the decoder, arbiter, channel controllers, response handler, and
verification components are modular, the methodology can be adapted to different SoC sizes.
8.2 Application domains
The proposed framework is applicable to multicore processors, Al and machine-learning accelerators, FPGA-based SoC
prototypes, embedded control systems, [oT platforms, DMA-based data-movement systems, image and signal-processing
SoCs, automotive controllers, robotics, industrial automation, and high-performance embedded processors.
8.3 Limitations
The present work is an architecture and transaction-level verification methodology rather than a completed silicon or
FPGA benchmark. Detailed ACE cache-state implementation, snoop filtering, full AXI4 burst support, clock-domain
crossing, quality-of-service behavior, formal property sets, post-synthesis timing, area, and power measurements are
outside the evidence supplied in the source document. These items should be addressed before making implementation-
level performance claims.

IX. FUTURE WORK
Future development should refine the transaction model into synthesizable Verilog or SystemVerilog and verify it using
tools such as ModelSim, Vivado Simulator, or QuestaSim. The design can then be synthesized on an FPGA to obtain
resource utilization, critical-path timing, maximum frequency, and power estimates. A UVM environment can extend the
existing generator-monitor-scoreboard structure with reusable sequencers, agents, assertions, and functional coverage.
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The interconnect can also be extended to support full AXI4 burst transactions for high-bandwidth data paths, while
retaining AXI4-Lite for control access. The coherency subsystem can be improved through cache-state tracking and
snoop filtering, and power/area can be optimized through clock gating, power gating, and reduced switching. At larger
scale, the same transaction concepts can be migrated toward a Network-on-Chip topology with multiple AXI/ACE-
compatible endpoints.

X. CONCLUSION

This paper presented a structured AMBA AXI4-Lite/ACE interconnect architecture for transaction-based SoC
integration. The design separates lightweight memory-mapped control communication from coherency-oriented shared-
memory communication while unifying both within a modular interconnect framework. Address decoding, arbitration,
independent read/write control, snoop support, coherency management, and explicit response handling address the
principal communication challenges of heterogeneous SoCs.

A transaction-level verification methodology was defined using generators, drivers, monitors, protocol checkers,
scoreboards, and coverage. The proposed verification matrix covers successful reads and writes, invalid addresses,
simultaneous master requests, slave back-pressure, response errors, and coherency-oriented accesses. Because the
supplied project source does not contain quantitative RTL or FPGA results, this manuscript intentionally limits its
conclusions to architecture and verification methodology. The design nevertheless provides a clear foundation for future
RTL implementation, UVM verification, FPGA synthesis, and performance characterization.
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