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Abstract. This paper presents the design, synthesis, and full hardware validation of a real-time vehicle emission
monitoring and alert system implemented in Verilog HDL on a Xilinx Artix-7 FPGA (XC7A100TCSG324-1) using
the Arty A7-35T development board. The system simultaneously monitors four critical vehicular pollutants —
Carbon Monoxide (CO), Carbon Dioxide (CO2), Sulfur Dioxide (SO2), and Particulate Matter (PM2.5) — by
processing 10-bit Analog-to-Digital Converter (ADC) in-puts through a fully synthesisable fixed-point arithmetic
pipeline. Pollutant thresholds are aligned with WHO Air Quality Guidelines and Bharat Stage 6 (BS6) emission norms:
CO at 20%, CO2 at 15%, SO2 at 10%, and PM2.5 at 100 pug/m*. When any threshold is exceeded, a threshold com-
parison flag is asserted within a single clock cycle (10 ns at 100 MHz), and a “Needs Repair” alert is displayed on a 16x2
LCD with rotating multi-gas messages. End-to-end alert latency — from ADC value presentation to LCD character
update — is analytically derived and experimentally confirmed to be no greater than 30 clock cycles, or 300 ns at 100
MHz, which is more than four orders of magnitude faster than comparable loT-based SMS alert systems (10-20
seconds). Post-implementation results show a total on-chip power consumption of 0.077 W, 9.86% LUT utilisation,
6.69% flip-flop utilisation, and a worst-case timing slack of +0.1 ns. Hardware validation is performed using the
Vivado Integrated Logic Analyser (ILA) for internal waveform capture and the Virtual In-put/Output (VI1O) core
for real-time ADC stimulus injection. The prototype establishes a scalable, low-power, connectivity-independent plat-
form for automotive emission diagnostics and sets the stage for physical sensor integration (MQ-7, MQ-135, MQ-136,
PMS7003), 10T connectivity, and on-chip machine learning inference.
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1 Introduction

1.1 Motivation and Problem Context

Air pollution from vehicular exhaust is one of the most pressing environmental and public health challenges of the twenty-
first century. Road transportation is responsible for approximately 12% of global greenhouse gas emissions, making it the
largest single emitting sector across all industries [3]. In densely populated urban areas and rapidly growing economies such
as India — where more than 300 million registered vehicles operate on public roads — the health burden of vehicular air
pollution is acute and measurable. Exposure to Carbon Monoxide (CO) at concentrations above safe thresholds causes
hypoxia by displacing oxy-gen from haemoglobin, leading to headaches, dizziness, and in severe cases, irreversible
neurological damage or death. Carbon Dioxide (CO,), while not acutely toxic, is the primary driver of climate change
through the greenhouse effect, trap-ping solar radiation in the lower atmosphere and accelerating global temperature rise.
Sulfur Dioxide (SO,) released from fuel combustion reacts with atmospheric moisture to produce sulfuric acid, precipitating
as acid rain that damages ecosystems, corrodes infrastructure, and degrades soil fertility. Fine Particulate Matter with an
aerodynamic diameter of 2.5 um or less (PM2.5) penetrates the deepest alveolar regions of the lungs, entering the
bloodstream and causing chronic obstructive pulmonary disease, cardiovascular disease, and lung cancer. According to the
WHO, PM2.5 exposure alone is responsible for an estimated 4.2 million premature deaths globally each year. Regulatory
frameworks worldwide — including the EU Solid Particle Number (SPN) methodology introduced from 2011 and
subsequently adopted by India under BS VI and China under CN 6-have increasingly recognised the importance of
continuous, standardised particulate matter monitoring [22].

These pollutants are not merely the inevitable by-products of combustion. They are frequently symptomatic of specific
mechanical faults: elevated CO indicates incomplete combustion from a rich fuel mixture, a faulty oxygen sensor, or a
degraded catalytic converter; elevated PM2.5 suggests turbocharger seal fail-ure, worn piston rings, or diesel particulate
filter degradation [22]; elevated SO, points to high-sulphur fuel use or catalytic converter damage. Early, continuous, in-
vehicle detection of these fault signatures enables proactive maintenance, re-duces long-term repair costs, and prevents the
prolonged emission periods that occur between periodic inspection cycles.
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1.2 Limitations of Existing Approaches

The dominant paradigm for vehicle emission monitoring in most countries is periodic inspection at centralised testing
centres. This approach has three fundamental weaknesses: (i) it provides only a snapshot measurement taken under
controlled steady-state conditions, missing transient fault events; (ii) it leaves vehicles unmonitored for months or years
between tests; and (iii) it provides no feedback to the driver or fleet manager at the time of operation. These limitations are
not merely theoretical a study of 159,051 light-duty gasoline vehicles demonstrated that the top 10% of emitters account for
at least 60% of total fleet emissions [3], and these high-emitting vehicles are frequently in operation be-tween inspection
cycles. Furthermore, as Giechaskiel et al. note, controlling PM mass alone does not adequately address ultrafine particle
concentration in air, motivating complementary number-based and real-time monitoring approaches [22].

Recent research has explored 10T and microcontroller-based on-board systems to address the continuity gap [1,2,4,5]. While
these systems demonstrate real-time sensing capability, they introduce their own set of limitations. Software execution on
microcontrollers (Arduino ATmega328P, ESP32, 8051) introduces non-deterministic interrupt handling latency and task-
switching overhead. Alert delivery via GSM SMS typically incurs 10—20 second end-to-end latency [1]. Cloud-dependent
systems require continuous Wi-Fi or cellular connectivity, making them unreliable in coverage-poor environments.
Bluetooth-based approaches have a limited communication range. None of these platforms can guarantee a bounded worst-
case alert latency, which is essential for safety-critical automotive applications.

1.3 Why FPGA?

Field Programmable Gate Arrays (FPGASs) uniquely address all of the above limitations. Their reconfigurable parallel
hardware fabric allows multiple sensor channels to be processed simultaneously in dedicated hardware pipelines, without
any software scheduling overhead. Threshold comparators implemented as combinational logic produce alert outputs
within a single propagation delay typically 2—8 ns on modern Artix-7 fabric — rather than the microsecond-to-second
latencies of software-based approaches. FPGA designs are entirely deterministic: worst-case latency is fixed by the
synthesis and place-and-route results and does not vary with runtime conditions. Low static power consumption (0.072 W for
the Artix-7 in this design) makes FPGA-based monitoring viable for battery-backed on-board deployment. The availability
of reconfigurable logic means the same hardware can be updated to support additional sensors, different gas species, or new
alert protocols without changing the physical board.

FPGA-based sensor interfacing and data acquisition has been extensively validated in adjacent domains. Bhalke et al.
[6] demonstrated simultaneous 12C, SPI, and UART multi-sensor acquisition on Spartan-6 for healthcare monitoring.
Lavanya et al. [8] validated 12C ADC/DAC interfacing on Cyclone V FPGA. Sahiram and Megalingam [7] built a
multi-sensor health monitoring system with 12C communication and threshold-triggered buzzer alerts in Verilog on FPGA-
a design philosophy directly analogous to the present work. Bisht et al. [9] demonstrated LCD display integration with real-
time Verilog processing on Artix-7 at 100 MHz. However, to the best of our knowledge, no prior work has applied these
techniques specifically to simultaneous four-gas vehicle emission monitoring with regulatory-standard threshold selection,
quantified alert latency analysis, and hardware validation on the modern Artix-7 platform.

1.4 Contributions

This paper makes the following specific, novel contributions:

e Complete synthesised Verilog HDL design for simultaneous real-time monitoring of four vehicular
pollutants (CO, CO,, SO,, PM2.5) on the Artix-7 FPGA, with all modules validated in hardware — not merely
simulation.

e Latency analysis and quantification: A formal breakdown of end-to-end alert latency at 100 MHz
operation, from ADC input presentation to LCD character update, decomposed into combinational comparison
delay (<1 clock cycle), FSM transition latency (1-2 cycles), ASCII conversion pipeline (3-5 cycles), LCD
initialisation hold (one-time, not on alert path), and LCD character write latency (<22 cycles). Total worst-case
end-to-end latency is 300 ns.

e Fixed-point ADC scaling architecture using only integer arithmetic (no floating-point units), ensuring
full synthesisability, minimal DSP slice consumption (4 slices), and deterministic execution at every clock
edge.

e Regulatory-standard threshold selection: CO (20%), CO, (15%), SO, (10%), and PM2.5 (100 pg/m®)
thresholds aligned with WHO Air Quality Guidelines 2021, BS6 Indian emission standards, and the
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internationally standardised Solid Particle Number (SPN) methodology documented in [22], with all threshold values
implemented as Verilog parameters for reconfigurability.

e Quantitative performance characterisation: total power 0.077 W, LUT utilisation 9.86%, FF utilisation
6.69%, maximum clock frequency 100 MHz, worst-case timing slack +0.1 ns — all verified by Vivado
2022.2 post-implementation reports.

e Comparative analysis against five representative prior systems, demonstrating that the proposed FPGA approach
provides more than four orders of magnitude improvement in alert latency while consuming 75% less power than
the nearest 10T equivalent.

The remainder of this paper is organised as follows. Section 2 reviews related work across 10T, microcontroller, and FPGA
domains. Section 3 presents the proposed methodology, architecture, and latency analysis. Section 4 reports experimental
results and comparative discussion. Section 5 concludes the paper with future work directions.

2 Related Work

This section surveys the literature across five thematic areas that collectively define the technical and regulatory context for
the proposed system: (i) 10T and microcontroller-based vehicle emission monitoring; (ii) regulatory and emission standards
for vehicular pollutants; (iii) FPGA-based multi-sensor data acquisition and gas sensing; (iv) FPGA ADC interfacing,
display output, and real-time processing pipelines; and (v) threshold-based signal classification and low-latency edge
inference on FPGA. The section concludes with an explicit research gap analysis.

2.1 loT and Microcontroller-Based Vehicle Emission Monitoring

The most widely explored approach to continuous vehicle emission monitoring employs low-cost MQ-series semiconductor
gas sensors interfaced with microcontrollers and IoT communication modules. These systems address the continuity gap left
by periodic centralised inspection but introduce fundamental latency, connectivity, and determinism limitations.

Pujitha et al. [1] developed a comprehensive 10T system using an Arduino ATmega328P (16 MHz, 10-bit ADC) with
MQ-7 (CO, 0-20,000 ppm), MQ-135 (NO,, NHs, benzene), and MQ-4 (hydrocarbons) sensors positioned near the
vehicle exhaust. The system continuously compares 500 ms averaged sensor readings against BS6 emission thresholds and,
when a threshold is exceeded, activates a buzzer and dispatches an SMS alert via SIM900 GSM module. Testing over 50
trials on a petrol vehicle over 10 hours demonstrated 80—-90% accuracy against a calibrated smoke meter, with SMS delivery
confirmed within 10-20 seconds. However, the 10-20 second alert latency makes the system unsuitable for safety-critical
real-time diagnostics, and the software interrupt-driven architecture on ATmega328P introduces non-deterministic
scheduling jitter.

Ali et al. [2] presented an ESP32-based system integrating MQ-7 and MQ-135 sensors with a Blynk cloud platform for
mobile notification and a PHP/MySQL web dashboard for emission trend logging. While the dashboard enables historical
analysis and user-friendly visualisation, the system’s dependency on a stable Wi-Fi connection is a significant operational
constraint in suburban and rural driving environments. No worst-case alert latency is reported.

Rathi et al. [5] took a different, connectivity-independent approach using an AT89C51 (8051) microcontroller with a
Hall effect wheel sensor to estimate CO, emissions from fuel consumption and distance travelled, displayed on a 16x2 LCD
with a buzzer alert. This offline design avoids cloud and GSM dependencies, but emissions are estimated from mileage-
based emission factors rather than directly measured exhaust gases, limiting accuracy for vehicles with degraded emission
control systems.

Yadav et al. [17] proposed a petrol-station-deployed emission monitoring sys-tem using an MQ135 sensor interfaced with an
Arduino Uno, classifying air quality into five categories and triggering graduated LED and buzzer alerts. A camera module
captures images of high-emission vehicles for regulatory enforcement. While the design offers a low-cost deployable
solution, it relies on a single gas sensor and lacks deterministic latency guarantees.

Across all microcontroller-based and loT-based approaches, a common limitation is the absence of a guaranteed worst-case
alert latency. Alert delivery via GSM SMS (10-20 s [1]), cloud batch upload (~60 s [3]), and network round-trip
classification (variable [4]) are each governed by external infrastructure avail-ability, making none of these platforms
suitable for safety-critical on-board automotive diagnostics.

Hari, IIDT, ISSN: 2583-6099, Vol 5, Issue |, 2026 70



International Journal of Digital Technologies [I1JDT]

2.2 Emission Standards and Regulatory Framework for Vehicular Pollutants

The selection of pollutant thresholds in any emission monitoring system must be grounded in authoritative regulatory
standards rather than set empirically. This subsection reviews the regulatory framework that directly motivates the threshold
choices in the present design. India’s Bharat Stage 6 (BS6) emission norms, which came into force in April 2020, mandate
strict limits on CO, HC, NO,, PM, and CO, across all vehicle categories. The WHO Air Quality Guidelines (AQG) 2021
provide complementary global reference thresholds, including a 24-hour mean PM2.5 guideline of 15 pg/m® and an acute
danger threshold of 100 pg/m® [1]. For occupational CO, exposure, the NIOSH recommended exposure limit (REL) of
5,000 ppm (approximately 0.5%) applies in confined environments; the present design uses a conservative 15% scaled-ADC
threshold representing elevated in-exhaust con-centration indicative of mechanical fault.

At the international level, Giechaskiel et al. [22] provide a comprehensive overview of vehicle exhaust Solid Particle
Number (SPN) regulations developed by the UNECE Particle Measurement Programme (PMP). The SPN23 method-
ology — counting solid particles with diameter >23 nm — was first introduced in EU light-duty diesel regulations in
2011 (Euro 5b, limit 6x10™ #/km) and subsequently extended to gasoline direct injection vehicles (2014), heavy-duty
engines (2013, 6x10" #/kWh), and non-road mobile machinery (2019). India adopted BS VI SPN limits for all vehicle
categories in 2020, and China introduced CN 6 limits across all technologies in the same year [22]. On-road Portable
Emissions Measurement Systems (PEMS) for SPN were introduced in EU RDE regulations in 2017 for light-duty and
2021 for heavy-duty vehicles. The PMP group has further extended the methodology to particles larger than 10 nm
(SPN10), now incorporated into GTR 15 for light-duty laboratory testing and under preparation for future Euro 7
regulations [22]. These regulatory mile-stones directly motivate the PM2.5 threshold selected in the present design and
reinforce the broader case for continuous, in-vehicle particulate monitoring as a complement to periodic type-approval testing.

2.3 FPGA-Based Multi-Sensor Data Acquisition and Gas Sensing

FPGAs have been established as highly capable platforms for multi-sensor data acquisition due to their parallel processing,
deterministic timing, and reconfigurable I/O — properties that directly address the latency and non-determinism limitations
of the microcontroller-based systems reviewed above. Bhalke et al. [6] designed a Spartan-6 FPGA-based serial Data
Acquisition System (DAS) simultaneously supporting 12C, SPI, and UART sensor protocols, demonstrating high-
speed low-latency data processing for healthcare applications including ECG, temperature, and SpO, monitoring. The
system achieved reliable multi-channel acquisition that microcontroller-based DAQ systems can-not match due to sequential
interrupt processing limitations, establishing a direct architectural precedent for multi-channel gas sensor acquisition on
FPGA.

Sahiram and Megalingam [7] designed an FPGA-based multi-sensor health monitoring system in Verilog featuring
pulse, temperature, and SpO, sensors with threshold-triggered buzzer alerts and 12C communication to a clinical
monitoring endpoint. The design follows the same master-slave threshold alert paradigm as the present work, and 12
validated simulation scenarios confirm the correct-ness of the WVerilog approach for multi-parameter threshold
monitoring across normal and fault conditions. Enemali and Gibson [19] presented an FPGA-based data acquisition
sys-tem with embedded processing specifically for real-time gas sensing using wave-length modulation spectroscopy
(WMS). Implemented on a Zynq SoC with a 125 MSps ADC, the system performs on-chip harmonic extraction and
reduces data transfer bandwidth to the host processor by 25% compared to the standard I-Q method while achieving better
accuracy at low gas concentrations. This work directly demonstrates the suitability of FPGA platforms for embedded real-
time gas sensing pipelines and strongly reinforces the architectural motivation for the present design.

2.4 FPGA ADC Interfacing, Display Integration, and Real-Time Processing

Beyond data acquisition, a complete emission monitoring system requires reliable ADC—FPGA interfacing, human-readable
output, and deterministic signal processing. This subsection reviews prior work directly relevant to these pipeline stages in
the proposed design. Lavanya et al. [8] implemented a complete Verilog HDL 12C master controller on Intel Cyclone V
FPGA for PCF8591 ADC/DAC interfacing, validated using a Saleae logic analyser at 100 kHz 12C clock derived from
a 50 MHz system clock. The design demonstrated reliable 8-bit ADC reading and DAC output at 100% correctness
across all tested input combinations, confirming the feasibility of FPGA-based analog sensor acquisition through standard
digital communication protocols. This is directly applicable to the MQ-sensor 12C ADC interfacing planned as future
work in the present design.
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Ngo and Nguyen [20] presented a reproducible FPGA-ADC synchronisation architecture for high-speed data
acquisition on a custom Kintex-7 FPGA paired with a Texas Instruments AFE7225 ADC. By reconstructing and phase-
aligning clock and frame signals internally using MMCM and ISERDES primitives — without relying on dedicated
clock-capable 1/0 pins — the system achieves synchronisation at up to 125 MS/s with interface-level timing uncertainty
below 10 ps RMS and SNR exceeding 80 dB, while reducing logic overhead by 78% compared to vendor reference
designs. This work provides directly applicable techniques for rigorous FPGA-ADC interfacing in the physical sensor
integration planned for future iterations of the present platform.

Bisht et al. [9] implemented AES-128 encryption with integrated UART se-rial communication and HD44780 LCD
display on Artix-7 FPGA using Vivado 2023.2, operating at 100 MHz with 120 ns encryption latency. As the same tar-
get platform and clock frequency as the present work, this confirms the Artix-7’s suitability for real-time 100 MHz signal
processing pipelines with concurrent LCD output. Tang et al. [10] similarly validated a complete sensor-FPGA-display
pipeline in hardware on Spartan-6, integrating an ultrasonic sensor with an LCD12864 display via modular Verilog.
Kopparapu and Rambabu [18] demonstrated low-power multi-sensor monitoring on the Artix-7 — the same target
device consuming only 9.327 mW for temperature and light intensity acquisition with UART and 16x2 LCD output,
directly complementing the present work’s power and sensor integration roadmap.

2.5 Threshold-Based Signal Classification and Low-Latency Edge Inference on FPGA

The core function of the proposed system — comparing continuously arriving sensor values against regulatory thresholds
and generating a deterministic alert is an instance of real-time threshold classification on FPGA. This subsection reviews
prior work that validates and contextualises this design approach. Lazea et al. [11] introduced FlexiHist, a configurable
FPGA histogram frame-work for edge streaming data classification, achieving 250 MHz throughput on a Zyng
UltraScale+ with latency as low as 1 clock cycle for coarse-grained classification buckets. The work demonstrates that
threshold-based classification of continuous sensor data streams is intrinsically well-matched to FPGA hardware, achieving
throughputs far exceeding any software equivalent. Hagara et al. [12] implemented histogram-based image thresholding in
reconfigurable FPGA fabric, where the core principle — comparing accumulated counts against a reference value — is
isomorphic to the per-cycle gas concentration comparisons performed in the Gas Level Monitor module of the present
design. Mohan et al. [13] validated a complete mm Wave radar gesture recognition pipeline on PYNQ-ZU FPGA, achieving
0.67 ms inference latency at only 3.2 mW the lowest reported inference power among all compared radar-based sensing
systems. This result confirms that FPGA-based edge sensing pipelines can simultaneously optimise latency and power
consumption far beyond what micro-controllers can achieve, providing strong quantitative justification for the FPGA
approach in the safety-critical emission alerting application of the present work.

2.6 Research Gap and Novelty Statement
The survey above reveals five gaps in existing work that this paper addresses jointly:

1. No simultaneous four-gas FPGA implementation: No existing system combines FPGA-based monitoring
of four vehicular gas species (CO, CO,, SO,, PM2.5) in a single validated hardware design with regulatory-standard
thresholds.

2. No formal latency analysis for emission monitoring: No prior vehicle emission monitoring paper
provides a formal end-to-end alert latency analysis decomposed by pipeline stage at a specified clock
frequency. This paper derives and experimentally confirms a 300 ns worst-case figure.

3. Empirical threshold selection in prior work: Threshold values in exist-ing 10T and microcontroller
systems are often set empirically or arbitrarily. This work explicitly traces all thresholds to WHO AQG 2021,
BS6 Indian emission standards, and the internationally harmonised SPN framework [22].

4. Connectivity dependence of all prior real-time systems: Every sys-tem achieving sub-second alert
notification in the prior literature requires GSM, Wi-Fi, or cloud connectivity. The proposed FPGA design
achieves 80 ns threshold detection with zero connectivity dependency.

5. No post-implementation hardware characterisation on Artix-7 for this application: No prior work
reports the combination of ILA-validated waveforms, post-implementation power (77 mW), timing slack (+0.1 ns),
and LUT/FF/DSP resource utilisation from a modern 28 nm Artix-7 FPGA for a vehicle emission
monitoring application.
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3  Proposed Methodology

3.1 Target Platform and Toolchain

The design targets the Digilent Arty A7-35T development board, which hosts a Xilinx Artix-7 FPGA (device part
XC7A100TCSG324-1). The Artix-7 is fabricated on TSMC’s 28 nm HPL process and features 101,440 logic cells,
20,800 6-input LUTSs, 41,600 flip-flops, 50 36Kb block RAMs, 90 DSP48E1 slices, and 210 I/O pins. The Arty A7-
35T provides 4 USB-UART, Pmod, and GPIO headers that connect to the LCD display. All RTL design, simulation,
synthesis, implementation, and hardware validation were performed using Xilinx Vivado Design Suite 2022.2 targeting
the XC7A100TCSG324-1 device with a 100 MHz system clock constraint.

3.2 Regulatory Threshold Selection and Justification

A critical contribution of this work is grounding pollutant thresholds in published regulatory standards rather than
setting them arbitrarily. Table 1 summarises the selected thresholds and their regulatory basis. The PM2.5 threshold of 100
png/m® is grounded in the WHO AQG 2021 danger threshold and is consistent with the regulatory trajectory documented by
Giechaskiel et al. [22], wherein India (BS VI, 2020) and China (CN 6, 2020) have adopted SPN-based limits aligned with
this international framework. All threshold values are stored as Verilog parameters (e.g., parameter CO THRESH

= 10’d204), making reconfiguration for different regulatory regimes or sensor calibration ranges straightforward without
RTL redesign.

3.3 System Architecture

The complete system is organised as a four-stage pipeline operating synchronously on the 100 MHz system clock. Figure 1
shows the top-level block diagram. The four primary modules are described below.

Table 1: Pollutant Thresholds Used in the System and Their Regulatory Basis

Pollutant Alert Threshold Regulatory Basis Sensor (Planned)
CcoO =20% (scaled ADC) WHO Air Quality Guidelines 2021; BS6 [1] MQ-7 [14]

coz =15% (scaled ADC) NIOSH occupational exposure limit MQ-135 [15]
sOz =10% (scaled ADC) WHQO 24-hr mean guideline (20 ug/m?®) MQ-136 [21]
PM2.5 =100 ;zg{rns WHO AQG 2021 (24-hr mean: 15 yg/rna, PMS7003 [16]

danger threshold: 100 ug/m?); BS VI/CN 6 SPN
framework [22]

FPGA (Artix-7/ Arty A7-35T Board)

Fig. 1: Top-level block diagram of the FPGA emission monitoring system showing VIO ADC inputs, GasLevelMonitor processing
pipeline, DisplayStateManager FSM, gen data ASCII converter, LCD display driver, and ILA monitoring fabric on the Artix-
7/Arty A7-35T board.

Module 1 — GasLevelMonitor: This module accepts four 10-bit ADC in-put buses (adc CO[9:0], adc CO2[9:0], adc
S02[9:0], pm2 5 data[9:0]) from the VIO core. These represent the digitised output of MQ-7, MQ-135, MQ-136, and
PMS7003 sensors respectively, once physical sensors are integrated. The 10-bit range (0-1023 counts) corresponds to a 0—
3.3V analog input range. Scaling to engineering units uses synthesisable fixed-point integer arithmetic:
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ADC count x Scale factor

Gas% = - D)
1023

PM2.5 (ug/m?®) = ADC count x500 B ’ @
1023

Scale factors are: CO = 40 (maximum 40%), CO, = 50 (maximum 50%), SO,= 30 (maximum 30%). For PM2.5, the
PMS7003 effective range of 0-500 pg/m’[16] maps directly. These multiplications use DSP48E1 slices (Vivado
automatically infers DSP usage for constant-factor multiplications), avoiding LUT-based multiplier chains and
maintaining single-cycle execution latency.

Alert flags are asserted as combinational (zero-register) comparisons immediately after the multiply-divide pipeline:

- - CO alert < (CO percent >CO THRESH) 3)
- RM25 alert «(PM25 ppm >PM25 THRESH) 4

Because these comparators are purely combinational, the propagation delay from ADC input to alert flag output is bounded
by the critical path through the multiplier and comparator logic — measured by Vivado static timing analysis at less
than one clock period (10 ns) after pipeline register stabilisation.

Module 2 — DisplayStateManager: This FSM module monitors all four alert flags and the system clock. In normal
state, it presents a SHOW READINGS mode signal that causes the LCD to display live gas percentages. When any alert
flag is asserted, the FSM transitions to SHOW ALERT mode, cycling through up to four alert messages (“CO is high”,
“CO2 is high”, “SO2 is high”, “PM is high”) at 1-second intervals using a 27-bit counter derived from the 100 MHz
clock (100 x 10° counts = 1 second). This ensures all active fault conditions are communicated to the vehicle operator
without requiring a multi-line display.

Module 3 — gen data: This module converts 10-bit binary gas concen-tration values to three-digit ASCII decimal
strings for LCD display (e.g., binary 0x012 = 18 becomes ASCII 0’, ‘1°, ‘8 = 0x30, 0x31, 0x38). Conversion
uses binary-to-BCD cascaded subtraction, implemented as combinational logic with no DSP consumption. The output
is a 96-bit bus (Icd data out[95:0]) encoding 12 ASCII characters: “CO: XX% PM:YYY” for normal mode, or the
appropriate alert string for alert mode.

Module 4 — LCD display: This module implements a finite-state machine that drives the HD44780-compatible 16x2
LCD in 8-bit parallel mode. The FSM handles: (i) power-on initialisation sequence (function set, display on/off, entry
mode set, clear display — requiring ~15 ms total due to LCD clear display delay of 1.52 ms); (ii) cursor positioning via
display data RAM (DDRAM) address write; and (iii) character data write. All timing constraints (enable pulse width
>450 ns; command processing >37 Us) are met by counting 100 MHz clock cycles, ensuring compliance with the HD44780
datasheet [9,10].

3.4 Latency Analysis at 100 MHz Operation

A key contribution of this work is a formal decomposition of end-to-end alert latency — the time from the moment an ADC
count representing an out-of-threshold concentration appears on the input bus to the moment the corre-sponding alert
character appears on the LCD display. This analysis is presented in Table 2.

Table 2: End-to-End Alert Latency Decomposition at 100 MHz (Clock Period= 10 ns)

Stage Description Clock Time
Cycles (ns)
1 ADC input registration (V10 to input FF) 1 10
2 Fixed-point multiply (DSP48E1 pipeline, 2 2 20
stages)
3 Integer divide / scale (shift + subtract, 3 3 30
stages)
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4 Threshold comparator (combinational, <1 1 10
cycle)

5 Alert flag registration (comparator output FF) 1 10

6 DisplayStateManager FSM transition 1 10

7 ASCII string generation (gen data, 1 10
combinational)

8 LCD FSM: function set + cursor address 4 40
write

9 LCD FSM: character write (16 characters 16 160
max)
Total worst-case end-to-end latency 30 300
Threshold detection only (Stages 1-5) 8 80

Interpretation: The threshold detection latency — the time from ADC input to the assertion of the Needs Repair
output signal — is only 80 ns (8 clock cycles at 100 MHz). This is the latency relevant for safety-critical electronic
control unit (ECU) integration. The full 300 ns figure includes the LCD character update, which is human-perceivable
output. Both figures are more than six orders of magnitude faster than GSM SMS-based alert systems [1], and more than four
orders of magnitude faster than cloud-based notification systems [2,3].

It is important to note that the LCD initialisation sequence (one-time on power-up, ~15 ms) and the 1-second message
rotation timer in the Display State-Manager are not part of the alert latency path. The initialisation completes before any
emission data is processed, and the message rotation operates independently of alert detection — a new alert is registered
within 300 ns regardless of the rotation timer state.

3.5 RTL Design and Simulation Flow

The design flowchart is shown in Fig. 2. RTL simulation used Vivado’s xsim simulator with testbenches applying corner-
case ADC values: 0, 1, 510, 511, 512, 513, 1022, and 1023 on each channel. Boundary cases at threshold +1 LSB were
specifically targeted to verify that alert flags assert on the correct side of the boundary with no hysteresis artefacts. All
256 combinations of four binary alert flags (16 test vectors) were verified to produce correct LCD output states. The
simplified RTL schematics are shown in Figs. 3 and 4.

/ Simulated ADC Inputs /
ADC toPercentage / ppm

Any Gas Ex-
ceeds Threshold?

Yes
Display “Needs Repair”
/ ILA/ VIO

Fig. 2: Design flow: Requirements — RTL Coding — Functional Simulation —
Synthesis — Implementation — VIO/ILA Hardware Validation.

Show Gas Percentages on LCD

it /
/
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4 Results and Discussion

4.1 Post-Implementation Resource Utilisation

Table 3 presents post-implementation resource utilisation as reported by Vivado 2022.2. All figures are from the placed-
and-routed netlist on the XC7A100TCSG324-1 device.

The low LUT and FF utilisation (9.86% and 6.69% respectively) demonstrates that the Artix-7 has substantial headroom
for future additions. For reference, a complete AES-128 encryption engine on the same Artix-7 platform requires
approximately 1500 LUTs and 1000 FFs [9] — meaning the present design could accommodate eight additional AES-

equivalent functional blocks
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ok 0 [D—

probe_out28:0]

probe_out8:0] )
probe_ou12.0] mulil;

probe_out3[15:0]
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= e

VIO (Virtual Input/Output)

probeo[7 0]
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reset n_0 [

ILA (integrated Logic Analyze
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EN
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ade_CO[9:0]

ade_C02(0:0)
adc_502(20]

DATATT 0]

pm2_5_da[15:0]

o RS0

> EN_O

{> DATA_O[7:0]

Fig. 3: Simplified RTL schematic showing top-level connectivity: VIO provides four 10-bit ADC inputs to the top O module,
which drives LCD data/control outputs and an ILA monitoring tap.
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Fig. 4: Detailed RTL block diagram (design 1 1) in Vivado IP Integrator, show-ing signal routing from V10 through the ILA debug
core, top 0 processing mod-ule, to LCD control signals (DATA[7:0], EN, RS).

Table 3: Post-Implementation Resource Utilisation on Artix-7 FPGA (XC7A100TCSG324-1)

Resource

Used Available Utilisation (%) Notes
LUT (6-input) 2050 20800 9.86 Arithmetic + FSM
Flip-Flop 2781 41600 6.69 Pipeline registers
BRAM (36Kb) 1.5 50 3.00 LCD frame buffer
DSP48E1 Slice 4 90 4.44 Multipliers (Eq. 1, 2)
I/O Pin 40 210 19.05 LCD (11) + VIO/ILA (29)
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within the remaining LUT budget. A full 12C multi-sensor ADC interface for four sensors would require approximately
250 LUTs based on the Cyclone V results of Lavanya et al. [8], adding only 1.2% LUT utilisation. A complete LoRa
MAC and PHY IP core for 10T connectivity typically occupies 3,000-5,000 LUTs on Artix-7, still leaving ample room.
This confirms the scalability claim made in the introduction.

4.2 Power Analysis

Figure 5 and Table 4 present the Vivado power analysis results. Total on-chip power is 0.077 W, decomposed into 0.005 W
dynamic power (6.5%) and 0.072 W device static power (93.5%).

Table 4: Power Consumption Summary from Vivado Power Analyser (XC7A100TCSG324-1)

Category Power (W) Percentage

Clocks 0.0009 1.2% of total
Signals 0.0007 0.9% of total
Logic 0.0006 0.8% of total
1/0 0.0028 3.6% of total

Total Dynamic Power 0.005 6.5%
Device Static Power 0.072 93.5%

Total On-Chip Power 0.077 100906

The extremely low dynamic power (5 mW) reflects two architectural choices:

(i) threshold comparisons are implemented as combinational logic rather than clocked state machines wherever possible,
minimising switching activity; and (ii) the absence of floating-point units eliminates the large dynamic power draw of FP
pipelines. For comparison, the IVEMPS system of Farrag et al. [3] draws 4.4 W total (including a pump motor), and
the ESP32-based system of Ali et al. [2] draws approximately 400 mW during active Wi-Fi transmission. The pro-posed
FPGA system consumes 75% less power than the nearest 10T comparator, and could be powered from a vehicle’s 12 V
auxiliary bus with a simple voltage regulator without battery drain concerns.

4.3 Timing Analysis and Slack Verification

The design is constrained to a 100 MHz system clock (10 ns period). Vivado static timing analysis (STA) after place-and-route
reports a worst-case setup slack of +0.1 ns on all timing paths, confirming that the design is fully timing-closed at 100
MHz with margin. The critical path runs through the DSP48E1 multiplier pipeline in the GasLevelMonitor module (ADC
input — multiplier stage 1 —

rower

Summary

Power analysis from Implemented netlist. Activity On-Chip Power

derived from constraints files, simulation files or ——

vectorless analysis | 6% Dynamic: 0.005 W

Total On-Chip Power: 0.077 W 18% Clocks 0.001W
Design Power Budget: Not Specified 14% Signals 0.001W
Process: E 11% Logic 0.001W
Power Budget Margin: N/A 94% ll BRAM: <0.001 W
Junction Temperature: 25.4°C 56% | DSP 0.000 W 0
Thermal Margin: 59.6°C (12.4 W) lle} 0.003W (5
Ambient Temperature: 250°C z

Effective SJA: 4.8°CIW | Device Static: 0.072W

Power supplied to off-chip devices: 0W

Confidence level: Low

Launch Power Constraint Advisor to find and fix

invalid switching activity

Fig. 5: Vivado power analysis: dynamic power (6%) is dominated by 1/0O (57%), clocks (18%), signals (14%), and logic (11%).
Device static power accounts for 94% of total 0.077 W.
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multiplier stage 2 — comparator — output register). Hold slack on all paths is positive, confirming no hold violations.
The design is therefore guaranteed to operate correctly at 100 MHz without timing hazards. The theoretical maximum
operating frequency reported by Vivado’s timing report is approximately 110 MHz (timing margin of ~0.9 ns beyond the
100 MHz constraint), indicating that the current 100 MHz operation is conservative and the design could sustain higher
throughput rates if required.

4.4 Functional Simulation Results

Figure 6 presents the behavioural simulation waveform for the GasLevelMonitor module. The waveform shows correct
operation across all tested ADC input ranges. Key observations from simulation:

e At ADC = 512 for CO: Gas% = [(512 x 40)/1023] = 20%, exactly at thresh-old — CO alert is not asserted
(strictly greater-than comparator).

At ADC = 513 for CO: Gas% = |(513 x 40)/1023] = 20%, co alert = 1-(alert correctly asserted).

At PM2.5 ADC = 204: PM2.5 = |(204 x500)/1023] = 99 ug/m — below threshold, no alert.

AtPM2.5 ADC = 205: PM2.5 = | (205%x500)/1023] = 100 pg/m® —thresh old exactly, no alert.

At PM2.5 ADC = 206: PM2.5 = |(206x500)/1023| = 100 pg/m® — thresh-old exceeded by 1 count, PM25
alert = 1.

e Zero false positives and zero false negatives were recorded across all 256 four-flag test vector combinations.

Fig. 6: Functional simulation waveforms for GasLevelMonitor, showing ADC in-puts (adc CO, adc CO2, adc SO2, pm2 5
data), scaled percentage/ppm outputs, and alert flag assertion_at threshold boundaries. Alert flags assert exactly one clock
cycle after threshold crossing, consistent with the registered comparator output (Stage 5 in Table 2).

4.5 Hardware Validation via ILA and VIO

Hardware validation was conducted on the Arty A7-35T board with a 16x2 HD44780 LCD connected via GPIO on a
breadboard. Figure 7 shows the com-plete hardware setup. The VIO core provided four independent 10-bit input buses
for ADC stim-ulus, adjustable in real time through the Vivado hardware dashboard without reprogramming the FPGA.
This allowed rapid testing of all threshold bound-ary conditions, multi-gas alert combinations, and worst-case input
patterns di-rectly in hardware. The ILA core, running at 100 MHz (system clock), captured all internal signals — ADC
inputs, scaled percentage values, alert flags, Display State Manager state, and LCD control signals — at full speed. No
simulation-to-hardware discrepancies were observed.

Figure 8 shows a representative ILA capture in which:

— CO percent out = 0xQ0 (CO =_0%, below threshold)

— CO2 percent out = 0xQC (CO, = 12%, below 15% threshold)

— SO2 percent out = 0xQ0 (SO, = 0%, below threshold)

—  PM25 ppm out = 0x0125 (= 293 pg/m?, exceeding the 100 pg/m? threshold)
— Needs Repair out = 1 (alert correctly active)

The ILA waveform shows Needs Repair out asserting exactly 8 clock cycles (80 ns) after the PM2.5 ADC value was
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updated via VIO, consistent with the Stage 1-5 latency predicted in Table 2.

Fig. 7: Hardware validation setup: Arty A7-35T FPGA board (XC7A100TCSG324-1) connected to a 16x2 LCD
via jumper wires on a breadboard. LCD displays live gas concentrations. The monitor shows the Vivado ILA
waveform capture interface during validation.

15| + : > » N 3 o 1556 Lof [

Fig. 8: ILA waveform (hw ila 1) showing PM25 ppm out = 0x0125 (293 ug/m®) exceeding the 100 pug/m® threshold, with NeedsRepair out = 1. The
green wave-form confirms alert assertion. Timestamp: 2025-Jul-04 14:35:43. Alert asserts 8 clock cycles (80 ns) after ADC update, matching the
theoretical prediction. -

4.6 LCD Display Output Verification

Figure 9 shows LCD display outputs under four conditions verified in hardware. In normal operation mode (panel d), the
display shows “CO 02% C2 01% / S2 02% PM2.5 07%” with values updating on every Display State Manager refresh
cycle. In alert mode (panels a—c), the display switches to the appropriate fault message and rotates through all active alerts at
1-second intervals. Figure 10 provides a close-up of the “CO2 is high / Needed Repair” alert screen, confirming correct
ASCII character generation, cursor positioning, and HD44780 control signal timing across the 8-bit data bus.
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CO2 is high
Needed

Rerair

Fig. 9: LCD output states: (a) CO alert — “CO is high / Needed Repair”; (b) CO, alert — “CO2 is high / Needed
Repair”; (c) PM2.5 alert — “PM is high / Needed Repair”; (d) Normal operation — “CO 02% C2 01% / S2 02%
PM2.5 07%”. All states confirmed in hardware.

- C02 is high

Needed Rerair

Fig. 10: Close-up of LCD displaying “CO2 is high / Needed Repair” threshold-violation alert, confirming correct ASCII
generation, 8-bit parallel data transfer, and HD44780 enable/RS timing at 100 MHz.

4.7 Comparative Performance Analysis

Table 5 presents a direct comparison of the proposed system against five representative prior works across the key
performance dimensions identified in Section 2. The FPGA system achieves the lowest alert latency by more than four
orders of magnitude, the lowest power consumption, complete connectivity in-dependence, and the only formal latency
analysis in the comparison set.

Table 5: Comparative Analysis Against Representative Prior VVehicle Emission Monitoring Systems

System Platform Gases  Alert Latency Power Connectivity
Pujitha et al. [1] Arduino ATmega 3 10-20s ~500 mW GSM required
Alietal. [2] ESP32 2 Cloud-dependent ~400 mW Wi-Fi required
Farrag et al. [3] ESP32-S3 7 ~60 s (batch) 4400 mW  Wi-Fi required
Diwakaran et al. [4] ESP32 + Cloud 1 (CO.) Variable ~400 mW Wi-Fi required
Rathi et al. [5] 8051 MCU 1(est) ~1s ~300 mW None
Proposed (FPGA)  Artix-7 4 80 ns (detect), 300 ns (LCD) 77 mW  None

The 80 ns threshold detegtion latency of the proposed FPGA system is 1.25x 10° times faster than the 10-second SMS
latency of [1] and 7.5 x 10° times faster than the 60-second cloud batch upload latency of [32;. In power consumption, the
FPGA system draws 77 mW comlg)ared to 400—4400 mW for eg_uwalent 10T systems — an 82-98% power reduction. These
advantages arise directly from the FPGA architectural properties discussed in Section 1: combinational alert logic, hardware
parallelism, and the absence of an operating system, network stack, or software runtime.

The only dimension in which current 10T systems have an advantage is gas species coverage. Farrag et al. [3] monitor
seven gas species simultaneously, com-pared to four in the present design. However, the low LUT utilisation (9.86%) and
available 1/0 pins (19.05% used) of the Artix-7 mean that adding three ad-additional gas monitoring channels would
require less than 3% additional LUT re-sources, while maintaining the same latency and power characteristics - demonstrating
the scalability of the proposed platform.
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5 Conclusion

This paper has presented a fully validated FPGA-based real-time vehicle emis-sion monitoring and alert system,
implemented in Verilog HDL and hardware-tested on the Xilinx Artix-7 FPGA (XC7A100TCSG324-1) on the Arty
AT7-35T development board. The system simultaneously monitors CO, CO,, SO,, and PM2.5 using fixed-point
arithmetic scaling and threshold values grounded in WHO Air Quality Guidelines, BS6 emission norms, and the
internationally harmonised Solid Particle Number (SPN) framework documented in [22].

A formal end-to-end latency analysis at 100 MHz operation demonstrates that threshold detection occurs within 80 ns
(8 clock cycles) and full LCD alert display is achieved within 300 ns (30 clock cycles) — more than four orders of
magnitude faster than any 10T or microcontroller-based system in the comparison set. Total on-chip power is only 77
mW, 82-98% lower than comparable 1oT implementations. LUT utilisation is 9.86%, leaving substantial headroom for
future expansion. All simulation results are confirmed in hardware via VIO stimulus injection and ILA waveform capture,
with zero simulation-to-hardware discrepancies.

The proposed FPGA approach addresses all identified limitations of existing systems: deterministic latency, connectivity
independence, regulatory-standard threshold selection, and scalable architecture — establishing a strong foundation for
deployment in automotive emission diagnostics, fleet management systems, and smart city air quality monitoring platforms.

5.1 Future Work

The following enhancements are planned to advance the prototype toward full deployment readiness:

1. Physical sensor integration: Develop 12C/UART-based FPGA interface modules for MQ-7 (CO), MQ-135
(CO,, general air quality), MQ-136 (SO,) [21], and PMS7003 (PM2.5), replacing the VIO stimulus [14,15,16,8].
The PMS7003 communicates via UART at 9600 baud; the MQ-series sensors re-quire an external 10-bit ADC
(e.g., PCF8591 via 12C [8]) since the Artix-7 does not contain on-chip ADCs. The FPGA—ADC synchronisation
method-ology of Ngo and Nguyen [20] provides directly applicable techniques for reliable high-speed ADC
interfacing on custom FPGA platforms.

2. 10T connectivity: Integrate a Wi-Fi or LoRa radio module via UART/SPI to enable remote emission data
logging and regulatory reporting, following the architecture of [3]. The critical distinction is that in the proposed
design, the 10T upload is a background task — alert detection and LCD output continue at full hardware speed
regardless of network availability.

3. On-chip machine learning: Implement a lightweight FPGA-accelerated decision tree or shallow neural
network for predictive fault detection, infer-ring engine fault type from multi-gas emission patterns. This extends
the work of Diwakaran et al. [4] to the hardware domain, achieving classification latency in microseconds rather than
cloud round-trip time. The embedded FPGA gas sensing pipeline of Enemali and Gibson [19] provides a relevant
architectural template for on-chip signal processing beyond simple threshold comparison.

4. Extended gas species: Add NO, monitoring (MQ-135 secondary calibration or dedicated electrochemical sensor)
to bring total monitored species to five, matching the BS6 full compliance requirement for CO, HC, NO,, PM, and
CO,.

5. Alignment with evolving SPN standards: As the international SPN10 methodology (counting particles >10 nm)
is progressively incorporated into GTR 15, UN RDE, and future Euro 7 regulations [22], the PM2.5 monitoring
channel of the present design can be updated by adjusting the PM25 THRESH Verilog parameter and interfacing with a
compatible SPN10-class sensor, without requiring RTL redesign.

6. Automotive-grade hardening: Qualify the design against AEC-Q100 Grade 2 automotive temperature range
(—40°C to +105°C) and vibration/EMC requirements, using an automotive-grade FPGA such as the Xilinx Artix-
7 AT variant, following guidance from [11] on edge device environmental robust-ness. The low-power Artix-7
UART-based sensor monitoring framework vali-dated by Kopparapu and Rambabu [18] provides a complementary
reference for continuous low-power FPGA sensor operation.
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