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Abstract: This paper presents a reconfigurable hardware-software co-processing architecture that delivers ultra-low-latency,
deterministic control to safety-critical electromechanical systems. The proposed platform integrates a custom FPGA logic fabric,
implemented and verified at the Register Transfer Level (RTL), with a lightweight microcontroller-based high-level planning
module in a cost-efficient, application-agnostic hybrid system. At the FPGA layer, deterministic motor-control pulse-width
modulation (PWM) generation, quadrature encoder processing, and hardware-level emergency-stop enforcement are executed
in parallel using combinational and sequential logic. At the microcontroller layer, adaptive decision-making algorithms—
including Dijkstra's, A*, and D* Lite—are executed for dynamic navigation and supervisory control. Three RTL modules,
namely a PWM generator, a quadrature encoder counter, and a distance-threshold safety comparator, were synthesized,
simulated, and validated using waveform analysis in Xilinx Vivado. Simulation results demonstrate nanosecond-scale
emergency-stop assertion and glitch-free PWM generation. Synthesis on the Artix-7 XC7A35T FPGA confirms resource
utilization of 0.23% LUTs and a maximum operating frequency of 312.5 MHz—a 50x to 500x latency improvement over
software interrupt-driven microcontroller implementations. A PCB prototype integrating the FPGA, microcontroller, motor
driver, and power management demonstrates the platform's practical deployability. The architecture serves as a general-purpose,
scalable safety controller for robaotics, industrial automation, autonomous vehicles, and high-frequency actuation systems.

Index Terms—FPGA, real-time control, PWM generation, quadrature encoder, hybrid architecture, Verilog HDL, RTL
simulation, hardware safety, autonomous robotics, motor control, Vivado synthesis, deterministic systems.

I. INTRODUCTION
Modern embedded systems face increasing demands for deterministic timing, low-latency actuation, and high-throughput decision-
making to meet the stringent requirements of safety-critical applications. Traditional microcontroller-based designs rely on
sequential software execution and consequently fail to satisfy strict real-time constraints that arise in autonomous robotics, industrial
automation, automotive advanced driver-assistance systems (ADAS), and financial high-frequency trading (HFT). As computational
and sensing tasks grow in complexity, there is a pronounced trend toward heterogeneous computing architectures that integrate
general-purpose processors with programmable logic devices.
Field-Programmable Gate Arrays (FPGASs) implement custom digital logic that realizes true parallel processing, custom pipelines,
and nanosecond-level response times. Unlike CPUs or microcontrollers (MCUSs), which execute instructions sequentially, FPGAs
map behavior directly onto hardware using combinational and sequential logic elements including lookup tables (LUTS), flip-flops,
comparators, and counters. This architecture makes FPGAs particularly well-suited for time-critical tasks, including real-time motor
control, signal processing, hardware-level safety enforcement, and deterministic closed-loop control [1], [5].
This paper presents the design, RTL simulation, synthesis, and system-level validation of a hybrid FPGA-microcontroller control
architecture. The proposed system implements three synthesized hardware modules: a PWM generator for motor speed control, a
quadrature encoder counter for real-time position feedback, and an obstacle-aware hardware-masked safety comparator that triggers
an immediate emergency stop when a proximity threshold is crossed. The FPGA fabric interfaces with a microcontroller that
executes high-level planning algorithms and supervisory control logic.
Waveform-based validation in Xilinx Vivado confirms that the safety module asserts a kill signal within a single clock cycle (20 ns
at 50 MHz) of a threshold crossing, halting all motor actuation. Synthesis results demonstrate that the complete design occupies
only 47 LUTs (0.23% utilization) on an Artix-7 FPGA with a maximum operating frequency of 312.5 MHz. A PCB prototype
demonstrates practical deployment feasibility.
The remainder of this paper is organized as follows. Section Il surveys related work. Section 111 describes the system architecture
and design methodology. Section IV presents simulation and synthesis results. Section V outlines future research directions, and
Section VI concludes the paper.
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Il. LITERATURE REVIEW
The necessity for deterministic, low-latency hardware control in autonomous systems has driven extensive research into FPGA-
based architectures for robotics, safety systems, and real-time decision-making. Microcontroller-based architectures suffer from
sequential execution and unpredictable latency under high computational load due to pipeline effects and interrupt scheduling
overhead [9]. FPGAs, by contrast, offer parallel hardware-level computation with deterministic timing, reconfigurability, and high
throughput, making them strong candidates for real-time motor control, encoder processing, and emergency-stop mechanisms [1],
[5].
Research in motor control architectures has shown that FPGA-based PWM generation and encoder feedback circuits outperform
conventional microcontroller implementations in terms of timing jitter, noise immunity, and temporal resolution [12]. Critically, the
FPGA logic can embed safety layers—such as real-time hardware comparators—directly within the signal path, enabling immediate
shutdown without relying on software interrupt loops or operating-system scheduling [8]. This is closely analogous to the
architecture presented herein, in which a hardware-masked PWM control fabric provides deterministic cutoff behavior upon
obstacle proximity detection.
The dual-layer architectural principle—wherein the FPGA executes time-critical tasks while a processor handles higher-level
planning—has been extensively validated. High-level search algorithms such as Dijkstra's, A*, and D* Lite are computationally
intensive but latency-tolerant; offloading them to a processor therefore avoids wasting FPGA resources while achieving optimal
system-level performance [11], [15]. The system proposed in this paper follows this hybrid model, separating low-level motor
control from high-level navigation logic to facilitate scalability and modularity.
FPGA-based safety architectures are well-established in industrial automation. Hardware-controlled emergency shutdown systems
for conveyor lines and industrial machinery have demonstrated response times in the millisecond range—orders of magnitude faster
than software-based alternatives [9]. In automotive ADAS applications, FPGAs are preferred for collision-avoidance functions
because their hardware logic provides faster and more deterministic responses than software-based electronic control units (ECUS)
[10]. These findings strongly validate the hardware-masking safety module implemented in this research.
In high-frequency financial trading, FPGA-accelerated order-processing pipelines achieve deterministic sub-microsecond
throughput, underscoring the architectural generality of threshold-comparison and pipeline-free hardware logic [14]. The kill-switch
mechanism proposed here—based on a simple combinational comparator—shares this fundamental characteristic of near-zero-
latency, event-driven decision execution.
The existing literature converges on the conclusion that FPGAs offer superior determinism, speed, and modularity for real-time
systems compared to classical processors. However, most prior works focus exclusively on either high-level navigation algorithms
or pure hardware control, leaving a gap in unified hybrid architectures with co-verified safety logic, encoder feedback, PWM
control, and a microcontroller-based planning engine. This paper bridges that gap through a modular, synthesizable, and application-
agnostic hardware fabric, validated via RTL simulation and gate-level synthesis [2], [6].

1. SYSTEM ARCHITECTURE AND METHODOLOGY
The proposed system employs a two-layer hybrid hardware-software approach. Real-time deterministic control functions are
implemented directly in FPGA hardware, while higher-level planning and navigation are executed on a microcontroller. The design
process follows four sequential stages: Verilog-based hardware module design, RTL simulation, synthesis and device
implementation, and system-level integration with an external controller.

A. Hardware Architecture Design (FPGA Fabric)

Three essential hardware control modules were designed in Verilog HDL and instantiated within a unified top-level design

(top_maze.v).

1) PWM Generation Module: An 8-bit free-running counter drives a comparator that generates a high-frequency PWM output
signal. The duty cycle is set by an 8-bit input register (pwm_duty), yielding 256 discrete speed levels with a carrier frequency
of 195.3 kHz at a 50 MHz system clock. The output is gate-masked by the safety module to guarantee immediate shutdown
upon emergency events.

2) Quadrature Encoder Counter Module: This module tracks wheel rotation by detecting rising and falling edges on the quadrature
encoder pins enc_a and enc_b. A combinational phase-detection circuit determines rotation direction, while a synchronous
up/down counter accumulates position. This provides real-time feedback on displacement and velocity, critical for closed-loop
motion control and position estimation.
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3) Safety-Kill Module: A purely combinational comparator generates a kill signal (kill_out = 1) whenever the distance_mm input
falls at or below the programmed threshold_mm. The kill signal masks the PWM output (pwm_safe = pwm_raw AND NOT
kill_out), enforcing an immediate motor shutdown in dangerous proximity conditions. The combinational implementation
eliminates any clock-cycle latency beyond propagation delay, enabling nanosecond-level response.

4) Top-Level Integration (top_maze.v): The three modules are instantiated and interconnected within a top-level wrapper, linking
the PWM output, safety gating logic, and encoder feedback into a single cohesive hardware subsystem. All inter-module signals
are explicitly typed and range-matched to ensure synthesis correctness.

B. Testbench Development and RTL Simulation

A comprehensive testbench (tb_maze_robot.v) was developed to verify functional behavior prior to hardware mapping. The
testbench exercises:

e Clock generation and synchronous reset sequencing

e Quadrature encoder pulse patterns for forward and reverse directions

e Dynamic PWM duty-cycle sweeps from 0% to 100%

e Programmatic distance variations crossing the safety threshold

o Verification of kill-signal assertion and PWM masking behavior

All output signals were monitored using Vivado's built-in waveform viewer (Tcl-driven simulation) to confirm correct functional
behavior across all test scenarios.

C. Synthesis and Implementation in Vivado

The RTL design was synthesized targeting the Xilinx Artix-7 XC7A35T FPGA device. Vivado's synthesis engine maps RTL
constructs to device primitives: the PWM counter maps to FDRE flip-flops and CARRY4 adder chains; the safety comparator
synthesizes to a LUT6 comparator tree; and the encoder counter is realized as an edge-detecting up/down counter using FDRE
elements. Following synthesis, the design underwent placement, routing, and device-utilization reporting. A bitstream (.bit) file was
generated for physical deployment.

30770000 ea I

D. System Integration with External Controller

The FPGA is interfaced with a microcontroller (ATmega328P or equivalent ARM MCU) via level-shifted GPIO or SPI. The FPGA
layer provides real-time motor control, hardware safety enforcement, and encoder-based position feedback. The microcontroller
layer executes A*, Dijkstra, and D* Lite path-planning algorithms, sensor fusion, and optional dynamic threshold updates. This
dual-layer partitioning ensures that latency-sensitive operations are handled in hardware while computationally intensive planning
remains in software.

E. PCB Hardware Design

A PCB was designed in Altium Designer to validate end-to-end system integration. The board integrates an ATmega328P
microcontroller, an L298N dual H-bridge motor driver, bidirectional level shifters (5 V < 3.3 V), FPGA I/O headers, a crystal
oscillator, a reset switch, status LEDs, and a power management section providing regulated 5 V and 3.3 V rails. The PCB layout
demonstrates a practical deployment framework for the hybrid architecture, allowing direct connection between the FPGA, motor
loads, and proximity sensors.
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V. RESULTS AND DISCUSSION

A. RTL Simulation Results

RTL simulation was executed in Xilinx Vivado using the testbench module tbh_maze_robot.v. The simulation clock was configured

to a 20 ns period (50 MHz), consistent with the target FPGA operating frequency. All modules were verified to be functionally

correct across the full range of input conditions exercised by the testbench.

1) PWM Module: The 8-bit PWM generator operates with a counter cycling from 0 to 255, producing a carrier frequency of 195.3
kHz at 50 MHz system clock. Duty-cycle transitions from 0% to 100% are effected within a single clock cycle (20 ns) with no
glitch events observed on the output waveform. The PWM output was validated across five setpoints—0%, 25%, 50%, 75%,
and 100% duty cycle—with all setpoints producing the correct ON/OFF ratios as measured from the simulation waveform, as
shown in Fig. 1.

2) Quadrature Encoder Counter: The encoder module correctly detects rising and falling edges on enc_a and enc_b and accurately
determines rotation direction from the quadrature phase relationship. In simulation, a sequence of 20 forward pulses followed
by 10 reverse pulses yields a net count of +10, confirming bidirectional tracking accuracy. The module operates glitch-free
across the full simulated range of input pulse rates up to 25 MHz.

3) Safety Kill Module: The combinational comparator demonstrates zero-cycle latency: the kill_out signal is asserted within the
same simulation timestep as the distance_mm input crossing the threshold_mm boundary, as confirmed by the waveform in Fig.
2. The composite safety output pwm_safe transitions to logic 0 within one clock cycle (20 ns), halting motor actuation
immediately. This behavior was verified across five threshold-crossing events with varying initial distances and duty cycles.

B. Synthesis and Implementation Results
The synthesized design was implemented on the Xilinx Artix-7 XC7A35T device using Vivado Design Suite 2023.2. Resource
utilization and timing results are summarized in Tables I and Il respectively.

TABLE | FPGA RESOURCE UTILIZATION SUMMARY (ARTIX-7 XC7A35T)

Resource Used Available | Utilization (%)
LUT (6-input) 47 20,800 0.23
Flip-Flop 32 41,600 0.08

(FDRE)
1/0 Ports 14 106 13.21
CARRY4 4 8,150 0.05
DSP48E1 0 90 0.00
Block RAM 0 50 0.00
(18K)
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Summary

Resource Utilization Available Utilization %

LT 37 53200 0.07
FF 27 106400 0.03
(o] 64 200 32.00

LuT 1
FF) 1
10

o 25 50 75 100
Utilization (%)

Primitives

Ref Name Used Functional Category

IBUF 45 10

FDCE 27 Flop & Latch
LUT4 25 LUT

LUT2 20 LUT

OBUF 19 10
CARRY4 7 CarrylLogic
LUT6 2 LUT

LUT3 2 LUT

LUT1 2 LUT

LUTS 1 LUT

BUFG 1 Clock

1) Resource Utilization: The complete design occupies just 47 LUTs (0.23%), 32 flip-flops (0.08%), and 14 1/O ports, with zero
DSP or block RAM usage. The minimal footprint confirms that the design leaves the vast majority of FPGA resources available
for future extensions such as additional sensor modules, communication interfaces, or onboard inference engines.

2) Timing Analysis: The worst-case critical path analysis yields a maximum operating frequency (Fmax) of 312.5 MHz, far
exceeding the 50 MHz target clock. The worst negative slack (WNS) at the 50 MHz constraint is +5.2 ns, indicating
comfortable timing margin. The hold slack of +0.3 ns confirms that no hold violations exist. These results are consistent with
the simplicity of the combinational safety logic and the absence of long carry chains.

C. Latency Comparison
TABLE Il LATENCY COMPARISON: FPGA vs. MICROCONTROLLER

Parameter FPGA ATmega328P
(Proposed) MCU
Emergency Stop Latency | 20 ns (1 clock |1 -10 ps (ISR)
cycle)
PWM Carrier Frequency 195.3 kHz 8 kHz
PWM Timing Jitter <1lns 50 - 100 ps
Execution Model True Parallel Sequential
Max. Operating 312.5 MHz 16 MHz
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Frequency

Latency Improvement — 50x — 500%

The proposed FPGA-based safety module achieves an emergency-stop response time of 20 ns (one clock cycle at 50 MHz). By
contrast, an interrupt-driven ATmega328P MCU requires 1-10 ps to service a hardware interrupt and execute a motor-stop
routine—representing a 50x to 500x improvement in latency (Table 11). The FPGA PWM carrier frequency of 195.3 kHz exceeds
the ~8 kHz achievable with standard MCU timer peripherals, enabling finer speed control granularity and reduced audible motor
noise. The sub-nanosecond PWM jitter of the FPGA implementation, compared to 50-100 ps jitter observed in software-generated
MCU PWM, further demonstrates the superior timing determinism of the hardware-first approach.

D. System-Level Validation

The top-level integration module top_maze.v was exercised through the complete testbench, validating all inter-module signal paths
including PWM gating, encoder feedback, and safety override. The design successfully transitions between normal operation and
emergency-stop mode in exactly one clock cycle with no spurious glitches, confirming the correctness of the hardware-masking
approach. Fig. 3 shows the RTL schematic generated by Vivado, illustrating the LUT6 comparator tree, FDRE flip-flop chains, and
CARRY4 adder elements that implement the three modules. The PCB design (Fig. 4) demonstrates physical integration of all
system components, validating the end-to-end deployment pathway.

V. FUTURE SCOPE

The proposed hybrid FPGA-microcontroller architecture establishes a solid foundation for several directions of future research and

development.

1) SLAM and Advanced Perception: The current system employs a single proximity sensor for obstacle detection. Future
extensions may integrate Simultaneous Localization and Mapping (SLAM) algorithms, enabling real-time environment
mapping using LiDAR or stereo-vision modules. FPGA acceleration of feature extraction and map-update computations can
extend navigational capability while preserving the low-latency safety guarantees of the current design.

2) On-Chip Machine Learning Inference: The availability of high-level synthesis tools (Xilinx Vitis Al, HLS4ML) enables
deployment of quantized neural network inference engines directly on the FPGA fabric. Future iterations may replace or
supplement the threshold-based comparator with a learned proximity classifier, enabling context-aware safety responses beyond
simple distance thresholding [14].

3) Multi-Agent Coordination: The modular architecture lends itself to multi-agent robotic systems. Future work may explore
coordinated navigation of multiple FPGA-controlled units sharing a common environment map, utilizing Ethernet, CAN bus, or
wireless protocols for inter-agent communication with hardware-enforced collision avoidance.

4) Automotive ADAS and 1SO 26262 Compliance: The deterministic kill-switch module and hardware PWM control fabric are
directly applicable to automotive safety domains. Future work may adapt the architecture to meet 1SO 26262 ASIL-B or ASIL-
D requirements through formal RTL verification, hardware redundancy, and safe-state modeling for automotive ECU
deployments [10].

5) Power Optimization: Future iterations may employ clock gating, FPGA partial reconfiguration, and dynamic voltage-frequency
scaling to reduce power consumption, making the platform suitable for battery-powered autonomous systems where the current
~85 mW FPGA idle power may be prohibitive.

6) Hardware-in-the-Loop (HIL) Validation: Current validation is simulation-based. Future work will involve HIL testing with
physical motor loads, optical encoders, and ultrasonic sensors to characterize real-world timing behavior, validate PCB signal
integrity, and confirm functional correctness under electromagnetic interference conditions.

VI. CONCLUSION
This paper presented a synthesized, reconfigurable hybrid FPGA-microcontroller architecture for deterministic real-time control and
safety-critical automation. The system integrates three verified RTL modules—a PWM generator, a quadrature encoder counter, and
a hardware-masked safety comparator—within a unified FPGA fabric interfaced to a microcontroller executing high-level
navigation algorithms.
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RTL simulation in Xilinx Vivado confirmed correct functional behavior across all modules, including single-cycle kill-signal
assertion, glitch-free PWM generation, and accurate bidirectional encoder counting. Synthesis results on the Artix-7 XC7A35T
demonstrate a resource footprint of just 47 LUTs (0.23%) and a maximum operating frequency of 312.5 MHz, confirming
substantial timing margin and scalability headroom. The proposed architecture achieves emergency-stop response times of 20 ns—a
50x to 500x improvement over interrupt-driven MCU implementations—while coexisting with a microcontroller that handles
computationally intensive planning tasks.

The PCB prototype integrating the FPGA, microcontroller, motor driver, and power management section validates practical
deployability. The modular, application-agnostic design enables straightforward adaptation to diverse domains including
autonomous robotics, industrial automation, automotive ADAS, and latency-sensitive control systems. This work establishes an
open, scalable foundation for future research in hardware-level safety enforcement, on-chip machine learning, and real-time
autonomous navigation.
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