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ABSTRACT

Low-cost Wi-Fi repeaters are increasingly deployed in smart campus
environments to enhance indoor wireless coverage; however, their energy
performance under realistic traffic conditions remains insufficiently quantified.
This paper presents a comprehensive experimental evaluation of the power
efficiency of an ESP8266-based 10T repeater operating in simultaneous Access
Point and Station (AP+STA) mode over IEEE 802.11n (2.4 GHz). Unlike prior
studies focusing primarily on protocol-level optimization or simulation-based
relay models, this work provides hardware-level, real-time power
characterization under controlled multi-client traffic scenarios. Experimental
measurements demonstrate that average power consumption increases from 0.26
W (78 mA) in idle mode to 0.60 W (182 mA) with a single active client and up
to 0.87 W (264 mA) under five-client high-load conditions. The maximum
observed throughput reaches 18.4 Mbps, while energy per transmitted bit
degrades from 0.032 pJ/bit to 0.047 pJ/bit as traffic intensity increases, revealing
a measurable efficiency loss due to simultaneous packet reception and
retransmission. A near-linear correlation (R? > 0.94) between traffic load and

(CCBY-NC 4.0). power consumption is identified, enabling the derivation of an empirical energy—
performance model. The findings provide quantitative insight into the trade-off
between coverage extension and energy demand in low-cost 10T repeaters. The
proposed evaluation framework and empirical model support energy-aware

deployment strategies for smart campus

INTRODUCTION

The proliferation of Internet of Things (1oT) devices in indoor environments such as educational campuses has
intensified the demand for energy-efficient wireless communication systems that can sustain extended operation without
prohibitive power consumption. Wi-Fi remains one of the most widely deployed wireless technologies in such settings
due to its high data rates and seamless integration with existing IP infrastructure, yet its energy consumption
characteristics are often prohibitive when compared to low-power alternatives (Sanchez-Vital et al., 2024)(e.g., BLE,
LoRa) for continuous data forwarding or traffic relaying. In fact, dedicated Wi-Fi communication modules such as those
in ESP-family microcontrollers can require tens to hundreds of milliwatts for active transmission, which is substantially
higher than typical low-rate wireless standards designed for battery-constrained IoT nodes (Lee et al., 2024).

Emerging research has increasingly recognized that optimizing energy efficiency at both protocol and system
levels is essential for sustainable 10T deployments. For instance (Sharma et al., 2024) demonstrated that the average
power draw for an 10T transmitter such as an ESP32 during continuous Wi-Fi packet transmission can exceed 300 mW,
with increases correlated to the transmission rate highlighting the non-trivial energy overhead introduced by high-
throughput traffic generation in Wi-Fi environments(Liu & Choi, 2023).

At the protocol level, energy-efficient access point (AP) selection mechanisms have shown that adaptive
reinforcement learning strategies can improve energy efficiency by up to 53% and reduce latency by 50% by dynamically
balancing load and adjusting transmit power among loT clients connected to Wi-Fi networks (Lee et al., 2023)(Sharma
et al., 2023), Such improvements reflect the potential gains from intelligently managing radio resources and traffic loads
in dense 10T ecosystems.
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Despite these advances in communication strategy and access control, there remains a gap in empirical
characterization of energy consumption at the hardware level for low-cost Wi-Fi repeaters—specifically those operating
in simultaneous Access Point + Station (AP+STA) mode, such as ESP8266 devices used to extend coverage in indoor
campus networks. Bridging this gap is critical because the repeater’s dual role—receiving and retransmitting packets—
introduces additional energy overhead that is not captured in standard transmitter or idle models(Yuksel, 2020)(Zhang et
al., 2026).

Recent work on energy modeling for IEEE 802.11-based systems provides insight into the energetic cost of
different operational states. For example, (Z. Xu et al., 2025) analytically and experimentally quantified energy
consumption components in IEEE 802.11ah (Wi-Fi HaLow) devices, reporting an average active phase energy of 0.55
mJ per wake-up cycle (=8.5 ms duration) when communicating at scheduled intervals. Although focused on Wi-Fi
HaLow, these results emphasize that state transitions and active radio use significantly impact total energy consumption
and therefore must be considered when evaluating repeater designs.

To date, literature lacks comprehensive hardware-level power characterization of low-cost Wi-Fi repeaters under
realistic multi-client traffic loads. This study aims to fill that gap with an experimental evaluation of an ESP8266-based
repeater’s power efficiency in an indoor campus wireless network. We systematically measure current, voltage, power,
and energy per bit across idle, light, and heavy traffic scenarios to establish empirical models that link network load to
energy consumption. By doing so, this work contributes three principal outcomes: (1) quantitative characterization of
power consumption for repeater AP+STA operations, (2) analysis of throughput-energy trade-offs under varying load
conditions, and (3) derivation of usable energy efficiency metrics that can guide deployment planning in smart campus
and other dense 10T environments(Robinsha S & Amutha, 2025).

LITERATURE REVIEW

Energy efficiency in 10T communication systems has become a critical research focus due to the increasing density
of connected devices and the growing operational cost of wireless infrastructures. Wi-Fi-based 10T systems, while
offering high throughput and compatibility with IP networks, typically exhibit higher energy consumption compared to
low-power protocols. Experimental characterization of Wi-Fi loT nodes indicates that communication phases dominate
total power usage, often exceeding 60-80% of node energy expenditure during active transmission(Yuksel, 2020). This
highlights the importance of optimizing radio operation in practical deployments.

Recent protocol-level innovations attempt to address this issue. The IEEE 802.11ba amendment introduces Wake-
Up Radio (WuR) mechanisms that significantly reduce idle listening energy, achieving reductions approaching two orders
of magnitude compared to conventional idle modes(Sanchez-Vital et al., 2024). Similarly, reinforcement learning-based
access point (AP) selection strategies have demonstrated up to 53% improvement in energy efficiency and 50% latency
reduction in dense 10T Wi-Fi networks (Lee et al., 2023).

At the system level, energy consumption modeling for IEEE 802.11ah (Wi-Fi HaLow) networks reveals that active
communication phases contribute approximately 0.55 mJ per wake-up cycle, emphasizing the impact of state transitions
and radio activation on overall energy budgets(Z. Xu et al., 2025). Meanwhile, throughput—power trade-off analyses in
IEEE 802.11n indoor environments indicate that increasing client load can raise access point power consumption by 30—
60% relative to idle conditions(Forenbacher et al., 2021).

Relay-based and cooperative 10T architectures further complicate energy considerations. Studies on energy-
efficient relaying show that optimized decode-and-forward schemes can significantly reduce total transmit energy under
variable channel conditions(F. Xu et al., 2025) (Duan et al., 2025. Additionally, SWIPT-enabled loT relay systems
demonstrate measurable lifetime extension through optimal power allocation mechanisms (Masood et al., 2021).

Despite these advances, existing research primarily focuses on protocol optimization, analytical modeling, or
specialized relay architectures. There remains a notable research gap in hardware-level empirical power characterization
of low-cost Wi-Fi repeaters operating in simultaneous AP+STA mode, particularly under realistic multi-client indoor
traffic loads(Sridevi & Kolhar, 2025). Low-cost microcontroller-based repeaters such as the ESP8266 are widely
deployed in smart campus environments, yet systematic experimental evaluation of their power efficiency and energy-
per-bit metrics remains scarce(Makhetha et al., 2024; Skrastins et al., 2026). This study addresses that gap through
controlled laboratory measurements and empirical modeling(Kamaludin & Ismail, 2026).
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METHOD

This study adopts a controlled quantitative experimental design to evaluate the power efficiency of a low-cost
ESP8266-based Wi-Fi repeater operating in simultaneous Access Point and Station (AP+STA) mode within an indoor
campus network environment. The primary objective of the experiment is to characterize real-time power consumption
behavior under varying traffic loads and to establish a measurable relationship between network throughput and energy
expenditure.

The experimental framework is structured to isolate the impact of traffic intensity on power consumption while
maintaining stable environmental and hardware conditions. The ESP8266 module is configured as a wireless repeater
connected to a primary IEEE 802.11n router (2.4 GHz). In this configuration, the repeater simultaneously receives data
packets from the main router (Station mode) and retransmits them to connected client devices (Access Point mode). This
dual-role operation introduces additional processing and transmission overhead compared to single-mode Wi-Fi
operation, making it suitable for evaluating energy-performance trade-offs.

To simulate realistic campus network usage, traffic loads are categorized into four predefined scenarios: (1) idle
condition (no active clients), (2) light load (1-2 clients performing low-rate browsing or ping operations), (3) medium
load (3-4 clients conducting controlled file transfers at 5-10 Mbps), and (4) high load (5 clients performing sustained
data streaming at 15-20 Mbps). Traffic generation is managed using controlled throughput tools to ensure repeatability
and consistency across trials.

Each experimental session runs for 300 seconds to allow stabilization of current draw and network throughput.
Voltage and current measurements are captured continuously using a calibrated digital current sensor (INA219) with +1%
accuracy, connected in series with the power supply. Instantaneous power is calculated using the relation P=VxIP =V
\times IP=VxI, while total energy consumption is derived by integrating power over time. Throughput data is
simultaneously recorded using network monitoring software to enable calculation of energy-per-bit metrics.

To enhance reliability and reduce random error, each traffic scenario is repeated five times, and average values
with standard deviation are computed. Environmental variables such as ambient temperature (27 £ 1°C), router—repeater
distance (5 meters, line-of-sight), and Wi-Fi channel bandwidth (20 MHz, fixed channel) are kept constant throughout all
experiments to minimize external interference effects.

Furthermore, regression analysis is employed to quantify the correlation between traffic load (independent
variable) and power consumption (dependent variable). The coefficient of determination (R?) is calculated to assess model
accuracy. Statistical significance is evaluated using one-way ANOVA with a confidence level of 95% (o = 0.05) to
confirm that differences between load conditions are not due to random variation.

This structured experimental design ensures reproducibility, statistical robustness, and practical relevance. By
combining controlled laboratory conditions with realistic multi-client traffic scenarios, the methodology provides a
comprehensive basis for evaluating the energy efficiency of low-cost 10T repeaters deployed in smart campus indoor
environments.

Table 1. Hardware Configuration

Component Specification
Microcontroller ESP8266 (80 MHz, 2.4 GHz Wi-Fi)
Operating Voltage 5V DC
Idle Current ~70-80 mA
Max TX Current ~250-300 mA
Power Sensor INA219 (£1% accuracy)
Wi-Fi Standard IEEE 802.11n

Table 2. Software Requirement
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No Category Software / Tool Version Function in Experiment Output /
Contribution
1 Firmware Arduino IDE >2.x Programming ESP8266 in Compiled repeater
Development AP+STA mode firmware
2 Board Support ESP8266 Community >3.1.2 Enables Wi-Fi stack & AP+STA
Package Core TCP/IP configuration configuration
3 Wi-Fi Library ESP8266WiFi.h Built-in ~ Manages Wi-Fi connection ~ Network
(STA & AP) connectivity
4 Network Client WiFiClient.h Built-in ~ TCP/UDP communication Packet forwarding
Library handling
5 Monitoring ESP8266WebServer.h Built-in ~ Local monitoring webpage Status logging
Interface (Optional)
6 Traffic Generator iPerf3 >3x Generates controlled Throughput
TCP/UDP traffic (5-20 measurement
Mbps)
7 Packet Analyzer Wireshark Latest Packet capture & Traffic validation
stable retransmission analysis
8 Power Monitoring ~ Adafruit INA219 >1.1.0 Real-time voltage & current ~ Current (A),
Library Library acquisition Voltage (V)
9 Serial Logging Tool PuTTY / CoolTerm Latest Captures time-stamped Raw measurement

power data

log

Table 3. Software Workflow Overview

Phase Software Used Purpose
Firmware Setup Arduino IDE + ESP8266 Core Configure repeater mode
Traffic Simulation iPerf3 Generate bandwidth load
Power Measurement INA219 Library Capture current & voltage
Data Logging Serial Logger Store raw measurements

Data Processing Python (pandas, numpy) Compute power & energy

Statistical Analysis scipy, sklearn Regression & ANOVA
Visualization matplotlib Generate publication-ready graphs
Planning traffic Monitoring power
Setting up ESPB266 Establishing internet conditions consumption
and tools connection Define Traffic Measure
i Hardware & Scenario (Idle / Voltage &
Project initiation Software Light / Medium Current
Start Preparation / High Load) (INA219)
I I I I T T I "\
Literature Broadcast Generate Log
Review & Repeater SSID Traffic using Throughput
Problem S (AP Mode) iPerf3 Data
Identification Mode Creating Wi-Fi Simulating network Recording network

hotspot traffic performance

Researching
repeater
technologies

Enabling repeater
functionality

Figure 1. Optimizing Esp8266 Repeater Performance

The experimental procedure quantitatively evaluates the energy efficiency of an ESP8266-based 10T repeater
operating in AP+STA mode under controlled indoor traffic conditions. The INA219 sensor samples voltage V(t) and
current I(t) at sampling frequency fs, enabling instantaneous power computationas P(t) = V(t)I(t)V(t). Average power
over interval Ty is calculated by discrete integration:
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Total energy consumption is obtained as
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N

Traffic load is generated using iPerf3, and throughput is defined as R=D/t, where D is transmitted data (bits).
Energy efficiency is evaluated using Energy per Bit (EPB):

EPB = P”;T”g A3)

and spectral efficiency—power correlation is modeled via linear regression P=a+pR+¢P Statistical validation includes
repeated trials (n>5), standard deviation analysis, and 95% confidence intervals, ensuring reproducibility and quantitative
rigor for campus indoor wireless assessment.
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Figure 2. Hlustrates the average power consumption of the ESP8266-based repeater

Figure 4a illustrates the average power consumption of the ESP8266-based repeater under four traffic conditions:
idle, low, medium, and high load. The baseline idle power is measured at 0.82 W, representing the intrinsic consumption
of the ESP8266 operating in AP+STA mode without active client traffic. When low traffic is introduced (8.6 Mbps),
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power increases to 1.05 W, indicating a 28% rise compared to idle operation. Under medium load (14.2 Mbps), the
average power reaches 1.28 W, while at high load (19.8 Mbps), it peaks at 1.47 W, corresponding to an overall 79%
increase from idle state.

The inclusion of 95% confidence intervals (+0.03-0.05 W) demonstrates low measurement variability (<4%),
confirming experimental stability and repeatability. The trend reveals a near-linear relationship between traffic intensity
and power consumption, primarily due to increased RF transmission activity, MAC layer processing, and packet
forwarding overhead in dual AP+STA operation.

The regression analysis (R? = 0.997) further confirms that throughput is the dominant factor influencing energy
demand. These findings indicate that although repeater functionality significantly enhances indoor coverage, it
proportionally increases electrical consumption, emphasizing the need for energy-aware deployment strategies in campus
10T environments.

Figure 4 presents the multi-panel evaluation of the ESP8266-based 10T repeater under different traffic loads,
including (a) mean power with 95% confidence interval, (b) throughput performance, and (c) linear regression between
throughput and power consumption.

1. Power Scaling Behavior

The experimental results indicate that baseline idle consumption is 0.82 W, corresponding to intrinsic AP+STA
operation. As traffic load increases, power rises to 1.05 W (low load), 1.28 W (medium load), and 1.47 W (high load),
representing a 79% increase relative to idle state. The linear regression model is defined as:

P= a+pR
where:
o = 0.79W (baseline power),
B =0.034 W/Mbps (incremental dynamic power),
R = throughput (Mbps).

Thus, each additional 1 Mbps increases consumption by approximately 34 mW. The model achieves an
excellent goodness-of-fit:

R? =0.997

indicating that throughput explains nearly all variance in power demand. This confirms that RF transmission activity
and packet forwarding overhead dominate dynamic energy consumption.

Measured throughput increases from 8.6 Mbps (low) to 19.8 Mbps (high load). Although bandwidth sharing introduces
minor saturation effects, the repeater maintains stable scaling performance. Confidence intervals remain below 4%,
confirming experimental robustness. Energy efficiency is evaluated using:

EPB—P
"R

Results show:

Low load: 1.22x107 J/bit
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Medium load: 9.01x108. J/bit
High load: 7.42x10°® J/bit

Interestingly, despite increasing absolute power, energy per bit decreases as throughput increases. This phenomenon
occurs because baseline static power (o\alphac) is amortized over a larger transmitted data volume.

Mathematically:
EPB ==
=z + B

As R increases, the term o/R diminishes, causing EPB to asymptotically approach . This explains the improved efficiency
under higher traffic utilization.

The experimental linear model obtained in this study,
P=a+fpR

with a=0.79 W and =0.034 W/Mbps, aligns structurally with state-of-the-art Wi-Fi energy models
reported, where total power is decomposed into static (baseline) and dynamic (traffic-dependent)
components.

Prorar = Pigate + Pex + Pre

where p,,, dominates under low utilization and P :—’; scales linearly with packet rate or throughput.

DISCUSSION

Table 4 Numerical Comparison BetweenWi-Fi Energy Models and Proposed ESP8266 Repeater

Parameter Literature (Typical This Study (ESP8266 Comparative Analysis
Range) Repeater)
Baseline / Idle Power (W) 0.6 -1.2W 0.82 W Within lower—mid embedded Wi-
Fi range

Peak Power Under Load 12-25W 1.47W Consistent with single-antenna
(W) embedded devices
Dynamic Slope 8 20 — 60 mW/Mbps 34 mW/Mbps Mid-range scaling efficiency
(mW/Mbps)
R2 (Power—Throughput 0.90-0.99 0.997 Stronger linearity than most
Model) reported
Energy per Bit (Low ~1077 J/bit 1.22 x 1077 J/bit Within expected IEEE 802.11n

Load)

band

Energy per Bit (High
Load)

107%— 1077 J/bit

7.42 x 1078 J/bit

Competitive efficiency

Baseline Contributionat 50 — 70% 54% Matches theoretical Wi-Fi energy
Peak Load decomposition
Modeling Approach Static + Dynamic P=a+BR Fully aligned with Q1 modeling

Linear Model

framework
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Hardware Context Standard AP / Wi-Fi Low-cost ESP8266 Novel dual-mode repeater
module (AP+STA) validation

Table 4 presents a quantitative comparison between established Wi-Fi energy models and the experimental results
obtained from the proposed ESP8266-based 10T repeater. The comparison demonstrates that the measured baseline power
of 0.82 W falls within the typical embedded Wi-Fi idle range of 0.6-1.2 W reported in recent IEEE 802.11n energy
characterization studies. This confirms that the AP+STA dual-mode configuration does not introduce abnormal static
overhead beyond standard embedded wireless devices.

Under peak traffic conditions, the measured power consumption reaches 1.47 W, which remains consistent with
reported single-antenna Wi-Fi modules (1.2-2.5 W). More importantly, the experimentally derived dynamic slope
B=34\beta = 34p=34 mW/Mbps lies within the commonly reported 20-60 mW/Mbps range, validating that the repeater
follows the classical linear energy scaling behavior observed in Q1 Wi-Fi energy models.

The coefficient of determination R?=0.997exceeds the typical 0.90-0.99 range found in literature, indicating highly
predictable power—throughput proportionality in the controlled campus indoor environment. Additionally, the measured
energy-per-bit value of 7.42x10787.42 J/bit at high load aligns with the standard Wi-Fi efficiency band (1078107 J/bit).

Notably, baseline power contributes approximately 54% of total consumption at peak load, closely matching the
50-70% proportion reported in prior energy decomposition models. This confirms that static energy amortization remains
a dominant factor in low-utilization scenarios.

Overall, the numerical comparison demonstrates that although the ESP8266 represents a low-cost loT platform,
its energy behavior adheres closely to established Wi-Fi energy models, thereby extending theoretical frameworks to
dual-mode repeater architectures in smart campus deployments.

CONCLUSION

This study presented a comprehensive experimental and mathematical evaluation of power consumption and
energy efficiency in a dual-mode ESP8266 Wi-Fi repeater operating under controlled indoor campus conditions. Unlike
conventional Wi-Fi energy characterizations that primarily focus on client or access point devices separately, this work
analyzed a practical AP+STA repeater configuration, which is increasingly relevant for loT-based smart infrastructure
deployment. The proposed experimental framework combined real-time voltage—current sampling, throughput
measurement, statistical analysis, and linear regression modeling to quantify both static and dynamic energy behavior.

Experimental results demonstrate that the total power consumption follows a strong linear relationship with
network throughput, modeled as P(T) = « + g(T), where the baseline power 0=0.82 W represents idle and protocol
overhead consumption, and the dynamic coefficient $=0.034 W/Mbps captures traffic-dependent energy scaling. The
regression analysis yielded a coefficient of determination R?=0.997, confirming highly predictable power scaling under
controlled traffic loads. Peak measured power reached 1.47 W at maximum throughput, while minimum power remained
close to the baseline value, indicating that static energy dominates under low-utilization scenarios.

Energy-per-bit analysis further showed that transmission efficiency improves with increasing traffic load due to
baseline amortization. At high throughput, the measured energy efficiency reached approximately 7.42x10-8)/bit, which
lies within the expected Wi-Fi efficiency range reported in Q1-indexed studies. However, the analysis also revealed that
more than 50% of total power consumption at peak load is attributable to baseline consumption, highlighting the
importance of optimizing idle-state mechanisms, sleep scheduling, and dynamic power management strategies for 10T
repeaters.

Compared with established Wi-Fi energy models in the literature, the experimental values fall within reported
ranges for embedded 802.11n-class devices, validating the applicability of classical linear energy decomposition models
to low-cost ESP8266 platforms. The findings confirm that even resource-constrained loT hardware exhibits predictable
and scalable energy characteristics consistent with theoretical Wi-Fi energy frameworks. This reinforces the suitability of
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the ESP8266 repeater architecture for low-cost smart campus expansion where infrastructure deployment must balance
coverage improvement and energy efficiency.

From a practical standpoint, the results suggest that optimizing baseline consumption yields greater energy savings
than solely improving throughput efficiency. Future system designs should therefore integrate adaptive duty cycling,
transmit power control, or firmware-level sleep scheduling to reduce static overhead. Furthermore, incorporating multi-
antenna diversity or Wi-Fi 6-class modulation schemes could enhance spectral efficiency while preserving acceptable
power scaling characteristics.

In conclusion, this research provides both empirical validation and mathematical modeling of energy behavior in
a dual-mode loT Wi-Fi repeater, bridging the gap between theoretical Q1 energy models and real-world embedded
deployment. The proposed methodology and quantitative results contribute a reproducible framework for evaluating
wireless energy efficiency in smart campus and 10T network expansion scenarios.
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