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Abstract—This paper presents a real-time, low-latency commu-
nication and energy- efficient framework for IoT-enabled micro-
mobility systems, specifically targeting gated environments such
as residential campuses, educational institutions and industrial
zones. As a core application platform, an IoT-enabled Segway is
deployed and integrated with the proposed framework, serving
as a practical micro-mobility solution within gated communities.
The proposed system enables both Vehicle-to-Vehicle (V2V)
communication using ESP-NOW, and Vehicle-to-Infrastructure-
to-Vehicle (V2I2V) communication using Wi-Fi-based UDP, im-
plemented using ESP32-S3 and NodeMCU microcontrollers
integrated with IMU, ToF, Ultrasonic, and GPS sensors. To
evaluate performance, end-to-end latency is measured across
varying distances under both Line-of-Sight (LoS) and Non-Line-
of-Sight (NLoS) conditions. Along with the latency measurement,
power profiling system is also implemented using the INA226
sensor, comparing the energy consumption of ESP-NOW and
4G-based communication. To extend this analysis, Simulation
of Urban MObility (SUMO) simulation was performed. Results
demonstrate the effectiveness of the proposed framework in
supporting reliable micro-mobility communication, offering a
practical foundation for intelligent transport in localized smart
environments. This work introduces a novel, energy-efficient, and
infrastructure-independent V2X communication solution tailored
for smart gated communities.

Index Terms—Segway, ToF sensor, Access point, ESP-NOW,
UDP, gated communities, vehicle-to-vehicle communication,
Vehicle-to-Infrastructure-to-Vehicle communication, SUMO.

I. INTRODUCTION

In recent years, the deployment of micro-mobility solu-
tions such as delivery bots, and small autonomous vehicles
has grown significantly [1], especially in gated communities,
university campuses, industrial zones, and residential societies.
These structured environments provide a great opportunity for
the adoption of intelligent transportation systems (ITS) that are
both scalable and infrastructure-light. A critical aspect of en-
suring safety and coordination among such vehicles is the abil-
ity to communicate in real time. For instance, use cases such as
collision avoidance, platooning, and priority-based navigation
require seamless exchange of sensory data like IMU, GPS,
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and proximity measurements. However, implementing such
communication protocols in large-scale ITS frameworks is
often impractical in gated environments due to infrastructure
complexity and cost constraints. Various technologies have
emerged to enable real-time communication between vehicles,
with Dedicated Short-Range Communication (DSRC) and
Cellular Vehicle-to-Everything (C-V2X) leading the way [2].
DSRC, built on IEEE 802.11p, is reliable but depends on
dedicated hardware, which limits its use in low-cost or small-
scale setups and also has inherent flaws that can put the data at
risk [3]. C-V2X, using LTE or 5G, offers advanced capabilities
but often requires cellular infrastructure, subscriptions, and
centralized management [4]—making it complex and expen-
sive for short-range applications in gated communities. Despite
the progress in these areas, there has been limited focus
on low-cost, microcontroller-based V2X solutions tailored to
gated environments. These settings bring unique challenges
like signal blockage from buildings, Line-of-Sight (LoS) and
Non-Line-of-Sight (NLoS) issues, and strict constraints on
power and infrastructure. To bridge this gap, lightweight
wireless communication using affordable microcontrollers is
a promising path. Boards like the ESP32-S3 and NodeMCU
ESP8266 are not only cost-effective and accessible but also
support real-time peer-to-peer and broadcast communication
[5]—making them well-suited for building practical V2V and
V2I2V systems for smart micro-mobility in localized spaces.

This work presents a dual-pronged evaluation of communi-
cation strategies for IoT-based Segways [6] operating within
gated environments, focusing on latency, reliability, and scala-
bility without relying on cellular or centralized infrastructure.
The approach combines real-world hardware implementation
with SUMO-based simulations to assess both direct and
infrastructure-aided communication. In the hardware setup,
three communication modes are explored: (1) V2V using ESP-
NOW for direct peer-to-peer exchange of real-time sensor data,
(2) V2I2V using Wi-Fi and UDP, where data is routed through
an intermediate infrastructure node, and (3) multi-hop V2V
using three nodes, where an additional node acts as a relay
to extend communication range. SUMO simulations replicate
these modes to evaluate latency under varying traffic and mo-



bility scenarios. This integrated framework demonstrates the
viability of lightweight, low-cost V2X protocols for intelligent
micro-mobility in smart gated environments.

This paper is organized as follows, Section 1 explains the
Literature Review. Section 2 explains the Detailed Methodol-
ogy of the proposed V2V and V2I2V Communication system,
Section 3 provides the Results and the Discussions on the
same. Finally Section 4 summarizes this paper.

II. LITERATURE REVIEW

The integration of intelligent personal transport systems
with V2X communication is increasingly seen as a founda-
tional element of next-generation urban mobility. In their work,
Vershinin and Zhan [7] analyzed security flaws in DSRC-based
V2V communication, identifying threats like DoS, Sybil,
and replay attacks. They proposed an RSA-based encryption
framework integrated with IEEE 802.11p MAC frames to
safeguard real-time safety messages. Their simulation demon-
strates lightweight cryptographic protection for reliable, low-
latency V2V data exchange—crucial for intelligent transport
systems. Luu et al. [8] implemented real-time V2V and V2I
communication for autonomous car platooning using low-
cost ESP8266 WiFi modules and Arduino Mega boards. They
transmitted distance data from a lead car to followers over
IEEE 802.11b in both peer-to-peer and router-based modes.
Their tests showed reliable communication with low latency
and minimal errors.

Al-Absi et al. [9] introduced an obstacle-aware radio prop-
agation model for V2V communication that accounts for
signal loss caused by vehicles blocking Line of Sight (LoS).
Simulations across city, highway, and rural settings revealed
that urban environments had better throughput, while rural
areas experienced higher signal degradation. Rjab et al. [10]
compared mmWave and WiFi-based V2V communication us-
ing stochastic geometry and Monte Carlo simulations. They
modeled metrics like STP and AT under different vehicle
densities and distances. The results showed that mmWave
is better in short-range, low-density setups, while WiFi is
more reliable in crowded or obstructed environments. Their
findings highlight the importance of choosing communication
technologies based on specific deployment contexts in V2V
networks.

Nguyen et al. [11] proposed a dynamic multi-hop V2V
forwarding scheme to complement sparse V2I infrastructure
and prevent service disruption in uncovered highway zones.
When a vehicle exits RSU coverage, it selects the farthest
backward-moving neighbor to relay data, maintaining con-
tinuous throughput via V2V paths. Analytical and simula-
tion results confirm improved service continuity and higher
throughput compared to standalone V2I systems. Jaswanth et
al. [12] review various routing protocols for multi-hop vehic-
ular platooning communication. They analyze protocols like
AODV, GPSR, and OLSR, concluding that OLSR performs
best regarding latency, throughput, and delivery ratio.

Fig. 1. Proposed Architecture of the communicating nodes of (a). Peer 1 and
(b). Peer 2 and Peer 3

III. PROPOSED METHODOLOGY

A. Architecture of the Vehicular Communication Nodes

The hardware architecture for the proposed vehicular com-
munication framework comprises two distinct peer units as
shown in Fig. 1, each deployed on IoT-enabled Segway
designed for secure and efficient operation in gated environ-
ments. All the peers are configured to support sensor fusion,
bidirectional communication, and latency evaluation through
real-time packet exchange.

Peer 1 is built around the Seeed Studio XIAO ESP32-S3
Sense microcontroller, chosen for its compact form factor,
dual-core processing, low power consumption, and built-in
support for ESP-NOW, Wi-Fi, and Bluetooth LE. Critically,
this module includes onboard SD card support, which is
utilized for real-time power and sensor data logging, and a
camera interface, allowing for future vision-based mobility
extensions. The ESP32-S3 connects to an MPU6050, a 6-axis
inertial measurement unit (IMU) that provides real-time data
on acceleration and angular velocity, essential for estimating
the Segway’s orientation and motion. A VL53L1X ToF sensor
is included to measure precise distance to nearby obstacles,
enabling responsive short-range navigation. Alongside it, a
DS1302 real-time clock (RTC) ensures accurate timestamp-
ing of sensor events, critical for latency analysis and time-
synchronized communication. An HC-SR04 ultrasonic sensor
complements the ToF by detecting mid-range objects, enhanc-
ing obstacle avoidance in wider fields of view. Furthermore,
a Quectel EC200U 4G LTE module is interfaced via Soft-
wareSerial, providing GPS positioning for real-time location
tracking and offering potential for cloud-based telemetry or
remote diagnostics. The ESP32-S3’s robust computing power
ensures reliable real-time data acquisition, processing, and
packet exchange, including timestamping for latency eval-
uation, without relying on auxiliary microcontrollers. This
makes Peer 1 an ideal primary node for both infrastructure-
free V2V communication and infrastructure-supported V2I2V
networking setups.



Peers 2 and 3 are built around the NodeMCU ESP8266
microcontroller, which acts as the central controller for sensor
acquisition and communication. Similar to Peer 1, each node
integrates an MPU6050 IMU, along with a VL53L1X ToF
sensor, HC-SR04 ultrasonic sensor, and a DS1302 RTC and
a Quectel EC200U Module. These sensors are interfaced
through an Arduino Uno, which extends sensor support and
allows for future scalability. The Arduino communicates with
the NodeMCU via UART protocol. The modular architecture
of Peer 2 and 3 ensures scalability for further autonomous
features such as obstacle avoidance and V2X expansion. While
this architecture adds a latency of 1-2 ms, it does not severely
affect its operation and does not lead to communication failure.
Both the peers timely send the acquired data to Firestore en-
abling permanent cloud based storage for remote monitoring.

Together, the two peers represent a compact yet powerful
V2V communication testbed, offering real-world feasibility,
scalability, and compatibility with infrastructure-free as well
as infrastructure-aided networks.

B. Power Profiling and Measurement Setup

To quantitatively evaluate the energy efficiency of different
V2X communication protocols in micro-mobility systems, a
power profiling subsystem was implemented using the INA226
precision current and power monitor. This setup compares
ESP-NOW and 4G LTE communication modes, focusing on
their real-world power consumption when used in small-scale,
battery-powered vehicles operating in gated environments such
as campuses or residential societies.

The measurements were conducted over a 15-minute inter-
val, logging real-time voltage, current, and power data to an
onboard SD card via the Seeed Studio XIAO ESP32-S3 Sense.
All components were powered using a regulated 5V external
supply, and the INA226 was interfaced with the ESP32-S3
using I2C.

As illustrated in Fig. 2 (a)., the ESP32-S3 was profiled
in-line with the INA226 while it transmitted real-time data
packets to a NodeMCU peer using ESP-NOW. The power
readings active transmission state was logged to the SD card on
the XIAO ESP32-S3 Sense. In the second configuration (Fig.
2 (b).), the Quectel EC200U 4G LTE module was analyzed
while sending HTTP POST requests to a cloud database via
cellular network. The ESP32-S3 was connected to the EC200U
using UART (SoftwareSerial), and INA226 measured power
drawn exclusively by the EC200U module. This profiling
was performed to validate that while 4G LTE modules offer
long-range connectivity, they are unnecessarily power-hungry
for gated communities where communication typically occurs
over short distances. In contrast, ESP-NOW provides sufficient
range with significantly lower power consumption, making it a
more practical and sustainable choice for such environments.

C. Implementation of V2V and V2I2V Communication

The V2V communication system is implemented using the
ESP-NOW protocol, a low-latency and connectionless wireless

Fig. 2. Hardware setup for Power Analysis during (a) ESP-NOW and (b) 4G
operation

communication method developed by Espressif [13]. ESP-
NOW allows direct peer-to-peer data exchange between ESP32
and ESP8266 microcontrollers making it ideal for resource-
constrained, real-time vehicular communication in gated en-
vironments. It operates with very low power and overhead,
making it a great choice for edge devices running on limited
battery.

For the V2I2V mode, a hybrid communication model is
employed where both the ESP32-S3 and NodeMCU Micro-
controllers acting as Station (STA), connect to the temporary
Wireless Local Area Network(WLAN) created by a Mobile
Hotspot which operates as an AP. Data transmission between
them is conducted using the User Datagram Protocol (UDP).
UDP is selected over more complex alternatives such as TCP,
MQTT, or HTTP due to its minimal handshake overhead,
non-blocking nature, and suitability for real-time applications
where speed is critical.

The V2V Communication between 3 peers in a multihop
manner was implemented in a manner similar to the V2V
Communication between 2 vehicles, using the ESP-NOW
protocol. The data flows from Peer 1 to Peer 2 and then finally
to Peer 3.

The communication process begins with acquiring the sen-
sor data from each node. This data is then fused locally
on the microcontroller to form a compact packet containing
the acquired data from the above mentioned sensors. The
payload size for each packet is approximately 120 bytes and no
specific compression techniques were employed. Depending




