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1. INTRODUCTION

Abstract:

This paper discusses the design and implementation of a globally
asynchronous, locally synchronous (GALS) 8051 microcontroller with low
power consumption and accurate time management for embedded applications.

Unlike the traditional 8051 architecture, the proposed design divides the circuit
into two local clock domains, thus eliminating the need for a global clock to

synchronize the entire circuit and reducing unnecessary clock skew problems

and switching requirements. An asynchronous interface technique is

implemented in this proposed design to facilitate reliable communication

between clock domains, along with incorporating power-aware methodologies,

such as selective activation of blocks and clock gating techniques, to make the
circuit power efficient. The complete microcontroller circuit, comprising fetch,

decode, and execution stages, was designed using Verilog HDL language and
synthesized with the help of Genius software from Cadence using GPDK 90 nm
technology. A simulation technique was applied to validate the functionality of
the design, and its performance was analyzed based on the area, power
consumption, and time delays.

Keywords: GALS, 8051-inspired microcontroller, dual-clock architecture,
asynchronous handshake, clock domain crossing, power-aware architecture,
Internet of Things applications.

Today's embedded systems and SoC designs require an architecture capable of delivering high
performance while at the same time being energy-efficient and reliable under tight hardware
constraints [1]. As the complexity of digital systems increases, the conventional technique of
employing one global clock to coordinate all blocks loses its effectiveness [2]. Despite the popularity
of synchronous designs, which are attributed to their simplicity and predictability, global clock
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circuitry poses serious design challenges [3]. Such problems include excessive dynamic power
consumption owing to clock toggling, clock skew owing to the distance between modules, difficult
timing closure, and poor scalability with increasing system complexity. This is especially important in
portable devices, Internet-of-Things nodes, smart sensors, and embedded low-power controllers, as
energy efficiency and reliable timing play crucial roles in these applications [4].

To solve the above-discussed problems, the Globally Asynchronous Locally Synchronous (GALS)
method of designing a circuit has become quite popular in the last few years [5]. The main feature of
GALS designs is that the complete design is divided into various locally synchronous blocks, where
each block is designed using its own clock signal. Communication between blocks occurs
asynchronously using handshaking protocols instead of a global clock. Thus, GALS designs can be
considered a mixture of asynchronous and synchronous circuits. GALS designs help retain the
advantages of both approaches, as the ease of implementation and verification of synchronous circuits
remains intact, along with a reduced reliance on the global clock tree [6].

This is even more important when designing low-power consumption applications. For example, in a
typical microcontroller design, different modules do not remain operational for equal time intervals.
While some blocks work constantly, others remain idle for most of the time. Driving all such modules
using a common clock leads to unnecessary switching activity and power wastage.[7] In contrast, a
GALS-based system allows individual modules or groups of modules to function independently
according to their activities and timing requirements. This makes it possible to localize clocking,
reduce redundant transitions, and create a more power-aware digital architecture. In addition, when
multiple domains communicate through asynchronous handshakes, the system gains flexibility in
managing the timing differences between modules without depending on a single clock frequency [8].
In this study, a dual-clock GALS 8051-inspired microcontroller was designed and analyzed as a power-
aware, embedded digital system. The proposed architecture is based on the fundamental fetch, decode,
and execute operations of a microcontroller; however, instead of placing the entire system under a
global clock, the design is partitioned into two local clock domains. One clock domain is assigned to
the selected time-critical modules, whereas the remaining modules operate in another clock domain.
Communication between the two partitions is performed by employing asynchronous transfers and
handshakes to allow the reliable transfer of data across clock domains. This design approach maintains
functional correctness during implementation while leveraging the benefits of distributed clocks [9].
The microcontroller design was described in Verilog hardware description language and synthesized
using Cadence Genus tool with the GPDK 90 nm standard cell library. The design flow entails RTL
modeling, functional verification, synthesis, and analysis of crucial implementation metrics such as
silicon area requirements, power dissipation, and clocking behavior of the design. This study focuses
on analyzing the impact of applying the GALS paradigm on the aforementioned metrics, depending
on the operating frequencies of the design [10].

Furthermore, another key aspect of this study concerns the potential applicability of the presented
concepts in the contemporary world of loT-oriented resource-limited systems, where power efficiency
is valued higher than the maximum throughput. Microcontrollers employed in various monitoring,
sensing, wearable electronics, and smart controller tasks must be designed to function with minimal
power while retaining their basic digital performance. Therefore, a GALS-based approach is promising
because of its modularity, increased ability to control switching activity, and integration of extra low-
power features such as clock gating and domain activation. Consequently, this study not only
implements a concept but also evaluates the GALS methodology itself, which can serve as a basis for
future research [11].

The primary goal of this study is to prove the effectiveness of utilizing a GALS-based architecture in
the development of a multi-clock microcontroller, and thus, reduce the drawbacks typical of
conventional global clock solutions. By combining locally synchronized computation, asynchronous
communication between different clock domains, and an intention to increase the energy efficiency of
the designed microcontroller, this study will prove to be a valid contribution towards achieving the
stated aim, which will further be supported by the results obtained via simulation and synthesis-based
analysis [12].
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2. RELATED WORKS

With the development of system-on-chips, which have become more complicated and have a high
integration density, clock distribution has become challenging. Although conventional synchronous
systems have several advantages, such as being deterministic and easier to design verification, they
have significant disadvantages, such as clock skew, dynamic power consumption, and scaling
difficulties due to shrinking feature sizes [13]. To overcome these challenges, a Globally
Asynchronous, Locally Synchronous (GALS) architecture design style that breaks down a large
synchronous design into smaller clocked islands and connects them asynchronously was introduced as
a solution [14]. The basic concept of using a GALS design architecture as a method for simplifying
SOC designs by breaking up clocking domains while maintaining data integrity was proposed by
Muttersbach et al. [15].

Based on this, Law et al. [16] showed how modeling and synthesis techniques can be used for
asynchronous pipelines, demonstrating the effective implementation of handshaking in VLSI systems.
In this study, we propose a synthesis technique that ensures the reliable operation of mixed-timing
circuits. Subsequent surveys and overviews have confirmed that GALS architectures offer greater
modularity, more flexible timing, and greater scalability than deep-submicron circuits. Collectively,
these findings suggest that combining locally synchronous circuits with asynchronous interfaces is a
more viable design approach than fully synchronous and asynchronous approaches [17].

Subsequent studies have emphasized the significance of power management in GALS design [18].
Rajakumari et al. [19] outlined methods for minimizing leakage power in GALS through the power
gating of modules that are not currently in use. The researchers demonstrated how power gating could
benefit from asynchronous wrapper signals, which, apart from serving their intended purpose of data
communication, can be used to transition module states and manage power consumption efficiently
without jeopardizing timing. Moreover, Rajakumari et al. [20] extended their contribution by
proposing four-phase handshaking protocol schemes, plausible clock techniques, and power gating
sequences for GALS circuits [21].

On the circuit side, Agarwal et al. [22] provided insights into the different leakage mechanisms in
nanoscale CMOS circuits, along with possible approaches for mitigating power consumption in deep-
submicron circuitry during the standby mode. All these ideas apply to GALS-based low-power
systems, where individual modules can be deactivated to decrease leakage and unnecessary switching.
In addition, Goldman et al. [23] released the Synopsys Open Educational Design Kit, which facilitated
educational purposes in designing ASICs using the synthesis, placement, and routing flow with
standard cells.

Previous studies have shown that GALS system design enables lower power consumption, better
timing scalability, and modularity in recent VLSI architectures [24]. Previous research has proven the
effectiveness of asynchronous wrappers, handshaking protocols, leakage-aware designs, and power-
gating methods for large-scale SoCs and novel designs [25]. However, practical demonstrations
integrating these ideas into a compact 8051-inspired microcontroller with dual clock domains,
asynchronous communication, and synthesis-based evaluation remain limited [9]. The present study
builds upon these studies by implementing a GALS-based microcontroller architecture and analyzing
its area, power, and timing behavior using a Cadence Genus-driven design flow in 90 nm technology.

3. PROPOSED METHODOLOGY

The proposed work focuses on the design and implementation of a dual-clock GALS 8051-inspired
microcontroller and its extension to a power-aware IoT controller for low-power embedded
applications. The architecture was modelled in Verilog HDL and evaluated using a synthesis-driven
design flow in Cadence Genus with the GPDK 90 nm standard-cell library. The methodology combines
architectural partitioning, asynchronous inter-domain communication, control-based operation,
power-aware activation, and hardware-oriented verification to achieve reliable and energy-efficient
system behavior.

A. System Overview

The proposed architecture follows the classical fetch-decode-execute organization of a microcontroller
while incorporating the Globally Asynchronous, Locally Synchronous (GALS) principle to reduce the
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dependency on a single global clock. The system consists of major RTL modules, such as the Program
Counter (PC), Program Memory (PMem), Instruction Register (IR), Control Logic, Data Memory
(DMem), Data Register (DR), Arithmetic Logic Unit (ALU), accumulator (Acc), and Status Register
(SR), all integrated into a structured datapath suitable for synchronous local operation and
asynchronous global interaction. In addition to the microcontroller core, the design methodology also
extends toward a power-aware control scheme suitable for IoT-oriented staged operation, where

modules are activated only when required.
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Figure 1. Architecture Design for the Proposed GALS Microcontroller

Table 1: Functional blocks and their roles

Block

Function

Program Counter (PC)

Generates the address of the next instruction, and the
instruction is fetched from the memory.

Program Memory (PMem)

It stores the instruction sequences.

Instruction Register (IR)

It holds the fetched instruction for decoding purposes.

Control Logic

The instruction is decoded, and control signals are generated.

Data Memory (DMem)

Stores intermediate or operand data.

ALU

It performs arithmetic and logical operations.
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Block Function
Accumulator Holds ALU input/output data.
Async FIFO Data are transferred safely across clock domains.

The control LOAD, FETCH, DECODE, and EXECUTE

FSM Controller .
sequencing were performed.

B. Clock-Domain Partitioning

To implement the GALS concept, the microcontroller is divided into two locally synchronous clock
domains. The first domain, clk pmem alu, is assigned to the Program Memory and ALU-related
datapath, whereas the second domain, clk rest, drives the remaining modules, such as the control logic,
data memory, and internal registers. This approach helps simplify the complexity of the global clock
tree, confines the timing issues into smaller blocks, and enables the implementation of a low-power
modular architecture. The capability of operating each region of functionality at different timing
constraints makes the design more scalable and suitable for low-power embedded applications.

Table 2: Clock-Domain Partitioning

Clock Domain | Major Blocks
clk pmem alu | Program Memory, ALU-related datapath
clk rest Control Logic, Registers, Data Memory, FSM

C. Asynchronous FIFO and Inter-Domain Communication

Because of the presence of two clock domains that work independently, the direct transfer of data is
unsafe. To address this problem, an asynchronous FIFO is added between these stages to ensure that
the data or instructions are properly transferred from one clock domain to the next. The FIFO acts as
a buffer interface. The inclusion of this mechanism for communication between clock domains is
crucial to this design methodology, as it allows local synchronous blocks to communicate
independently of the global clock signal.

D. FSM-Based Operation

The operation of the system is performed with the help of an FSM, which manages the flow of
information in the microcontroller. These states include LOAD, FETCH, DECODE, and EXECUTE.
In these processes, the instructions undergo loading into the memory, fetching, decoding in the control
unit, and finally, execution by the ALU and other components of the data path. Through the operation
using this state mechanism, the operation within the microcontroller is organized properly, providing
a well-defined control structure for the validation and synthesis.

E. Power-Aware IoT Controller Operation

To make the architecture scalable for embedded and Internet of Things devices that require less power,
the control strategy is based on a power-sensitive-activation scheme. With this design, the controller
is kept inactive in the case of a reset or low-power mode and activates various functional blocks once
the conditions have been met. After activation, the controller enters a series of stages, including
sensing, memory access, processing, and communication with signals denoted as sensor req,
mem_wr_req, mem_rd req, proc_req, and comm_req, respectively.
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detecting energy availability, gradual activation of sensing, memory, processing, and communication
blocks, and ending with entering an idle state. Sequencing in stages highlights that the design is not
only functional but also well-organized to minimize dynamic switching within inactive regions.

POWER-AWARE loT CONTROLLER - TIMELINE FLOW
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F. RTL Implementation and Verification

All functional modules in the proposed design were modeled in Verilog HDL and tested through
simulations prior to synthesis. The stimulus used in the testbench consisted of reset signals,
initialization, and functional operations to study the changes in signals on the data path, control
circuitry, and asynchronous interface. The microcontroller module was tested for correct functionality
by simulating the fetch, decode, and execution stages and arithmetic and logic unit functions. In

contrast, the power-aware controller was tested for proper block operation and energy-aware
functionality.
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G. Synthesis Flow

Following functional verification, the RTL was synthesized using Cadence Genus together with the
GPDK 90 nm library. The process entails loading the RTL, reading the library, elaboration, application
of constraints, optimization, and generation of area, power, and timing reports. The design was
evaluated at various frequencies, including 100, 200, and 300 MHz, to analyze its operation under
different frequencies and validate whether the proposed design can be implemented practically.

aaaaaaa

- : B
Figure 5. Synthesized Schematic of the Proposed Power-Aware Controller

Figure 6. Synthesized Schematic of the Dual-Clock Microcontroller

Table 3: Comparative performance of the GALS Vs Conventional Synchronous method

Parameter Conventional Proposed GALS Improvement
Synchronous
Operating Frequency 100 MHz 100 MHz —
Dynamic Power 12.5 mW 9.8 mW 21.6% Reduction
Leakage Power 1.2 mW 1.3 mW Slight Increase
Total Power 13.7 mW 11.1 mW 18.9% Reduction
Area Utilization 100% 108% 8% Overhead
Clock Domains 1 2 Improved Modularity
Communication Delay Low Moderate Due to FIFO synchronization
Switching Activity High Reduced Lower clock toggling
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The proposed GALS architecture offers lower dynamic power dissipation and switching activity than
traditional synchronous designs. Although there is some area overhead due to the extra synchronization
circuits, the GALS architecture provides better energy efficiency and scalability than the synchronous
design.

H. Evaluation Metrics
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Frequency

Figure 7. Power Versus Frequency Characteristics

Finally, the proposed solution was evaluated through functional simulations and synthesis metrics,
such as area, power, and timing. Functional waveforms ensure proper sequencing and intermodule
communication, whereas synthesis reports are used to assess hardware cost and power-performance
characteristics at different frequencies. Thus, the proposed methodology was verified in terms of both
logical correctness and its physical feasibility.

The proposed GALS-based microcontroller architecture was designed using synthesizable RTL code
and evaluated by applying synthesis tools provided by Cadence Genus on a 90 nm GPDK process
node. The evaluation included functionality validation and a comparative analysis with a traditional
clocked-synchronous microcontroller architecture.

The simulation confirmed the proper functionality of the architecture during instruction fetching,
arithmetic operations, memory access, and communication with peripherals. The processor and
memory subsystems were operated in separate clock domains with asynchronous FIFO communication
to ensure reliable data exchange. The successful coordination of communication via an asynchronous
handshake prevents metastability issues.

The analysis revealed a significant improvement in the dynamic power usage of the designed GALS
framework compared to that of a conventional synchronous system. This improvement is due to the
local clocks and the choice of the functional module activation. Because the new system is not based
on global synchronization, it uses only the required functional islands when performing operations;
thus, extra switching-off activities are prevented.

The timing analysis results showed the stability of the clock domains in terms of the setup and hold
times without any problems arising in the process. Although the addition of asynchronous circuitry
created an area overhead in the designs, it was justified because of the improvements in the power
efficiency.

4. CONCLUSION

This study successfully implements a dual-clock GALS-based microcontroller resembling the classic
8051 microcontroller, which demonstrates proper functionality, timing feasibility, and superiority to a
traditional microcontroller in terms of its suitability for low-power digital systems. Splitting the
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architecture into two domains with their own local clocks and enabling their interaction via
asynchronous interfaces decreases the reliance on a unified clock and helps structure the timing
behavior. The simulation and synthesis results demonstrate the correctness of the operations at all
significant instruction-processing stages and support the claims regarding the practicality of the
proposed architecture.

The key result achieved is that using a dual-clock architecture allows obtaining greater efficiency in
terms of dynamic power compared to a similar single clock architecture. This increase in efficiency by
approximately 20% is demonstrated in the design section. Although extra area cost is incurred owing
to the synchronization and asynchronous communication mechanisms, the gain obtained in power
efficiency and the possibility of scaling make this architecture more advantageous. Hence, this study
demonstrates the success of the architecture implementation and its superiority over traditional
architecture.
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