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Abstract

In modern Internet of Things environments, Wireless Sensor Networks (WSNs) have become
an essential element. particularly, in local monitoring for distributed sensing applications.
Smart homes, environmental observation systems, industrial sites, and even small healthcare
setups are examples of these applications. In most cases, these networks have traditionally
relied on low-power technologies such as ZigBee and Bluetooth Low Energy because those
protocols were built with constrained devices in mind. Still, the growing availability of
inexpensive Wi-Fi-enabled microcontrollers, especially ESP8266-based boards, has made Wi-
Fi a more realistic option for small and medium sensor deployments.

This paper presents an experimental evaluation of a Wi-Fi-based WSN built around a
Raspberry Pi gateway configured as a dedicated wireless access point and three ESP8266-
based WEMOS D1 R1 sensor nodes. The system was tested under several traffic reporting
intervals, namely 1 s, 5 s, and 10 s, and also under a controlled same-channel interference
condition. The evaluation focuses on end-to-end latency, packet delivery ratio, throughput,
jitter, received signal strength indicator, and gateway resource usage in terms of CPU and
memory consumption.

The results suggest that Wi-Fi can support highly reliable sensor communication when
reporting intervals are moderate, with packet delivery ratio remaining above 99% in the less
aggressive cases. Also, more fast in the reporting will introduce greater channel contention
and noticeably less stable timing behavior. Under interference, performance degrades further,
particularly in latency and delivery reliability. Taken together, the findings suggest that Wi-Fi is
a practical option for small-scale sensor networks, though clearly not without trade-offs. The
study also provides a reproducible testbed and grounded deployment insights for edge-based
loT sensing systems.

Keywords: Wireless Sensor Networks, ESP8266, Wi-Fi, Raspberry Pi, Internet of Things, Edge
Computing, Performance Evaluation.
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1 Introduction
Wireless Sensor Networks have, for quite a while now, been one of the quiet foundations
of the Internet of Things. They enable a group of small distributed devices to sense physical
conditions and report them in real time, whether the task is monitoring temperature in a
greenhouse, detecting smoke in a building corridor, or tracking light and humidity in a
smart home environment [1], [2]. The basic idea is not new, but the range of applications
keeps expanding.
Most traditional WSNs have been built around low-power communication technologies
such as Bluetooth Low Energy, ZigBee, and IEEE 802.15.4. That design choice makes sense.
These standards were developed for resource-constrained devices, where battery life
matters as much as communication reliability, and sometimes more[3], [4]. Always, the
same strengths that make such technologies attractive can also become limitations.
Throughput is usually modest, integration with IP-based infrastructure can be less direct,
and deployment often requires additional gateways or protocol translation layers [5].
More recently, low-cost Wi-Fi-capable platforms such as the ESP8266 and ESP32 have
changed the conversation somewhat. These microcontrollers come with integrated TCP/IP
support and direct Internet connectivity, while remaining affordable enough for
experimental and even practical deployment [6]. At the same time, small single-board
computers like the Raspberry Pi have become common gateway platforms because they
combine flexible networking support with enough processing power to handle edge tasks
without much trouble[7]. Since these devices operate over IEEE 802.11 networks, they
naturally invite the question of whether Wi-Fi itself can serve as the communication
backbone of a WSNI8].
That sounds attractive, but it is not entirely straightforward. Wi-Fi was not designed
specifically for sensor traffic. Unlike some low-power protocols, it relies on contention-
based medium access, meaning nodes compete for channel access. In a lightly loaded
system, that may not be a serious issue. Under heavier traffic, however, or in the presence
of nearby wireless interference, the behavior becomes less predictable. Latency can
increase, jitter becomes harder to control, and packet loss may start to appear[9] .
A number of earlier studies have explored Wi-Fi in loT contexts. N. Ahmed et al., for
example, compared ZigBee and Wi-Fi in loT applications and found that Wi-Fi offers higher
throughput, but at the cost of more contention when traffic becomes dense[10]. Similarly,
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Raspberry Pi-based edge gateways have been proposed to reduce dependence on cloud
processing and lower end-to-end delay in loT systems[11].
However, most of the existing literature demonstrates relying on setups rather than careful
experimental performance analysis. There is still limited work that examines latency
variation, jitter, delivery reliability, and interference sensitivity across different reporting
rates in a reproducible Wi-Fi-based WSN setting [12].
This paper reviews that gap by providing an experimental evaluation of a Wi-Fi-based
sensor network built using one Raspberry Pi gateway and three ESP8266 sensor nodes.
Rather than treating Wi-Fi as either obviously suitable or obviously problematic, the work
tries to measure what actually happens under realistic operating conditions.
The main contributions are :
1. A reproducible Wi-Fi-based sensor network architecture using widely available, low-
cost hardware.
2. A multi-rate traffic evaluation using several sensor reporting intervals.
3. An interference sensitivity analysis under a controlled same-channel wireless
interference scenario.
4. A quantitative assessment of latency, jitter, throughput, reliability, RSSI, and gateway
resource utilization.
2 Related Work
Early WSN research was shaped largely by one central concern, namely how to keep tiny sensor
nodes alive for as long as possible. That focus naturally led to energy-aware routing,
lightweight communication, and low-duty-cycle operation[13]. ZigBee-based systems built on
IEEE 802.15.4 became especially common because they were designed for low-power, low-
data-rate environments and could support mesh networking when needed[14]. Bluetooth Low
Energy followed a somewhat similar path. BLE was designed for short-range, low-power
communication and has been used in many loT applications where compact data exchange is
enough. Gomez et al. gave a useful overview of BLE and its performance characteristics in low-
power sensor environments[5]. BLE works well in many cases, though it is not always ideal
when continuous connectivity or broader network integration is required [15].
Wi-Fi, in contrast, was often considered a poor fit for sensor networks because of its higher
power consumption and heavier protocol stack. That assumption was reasonable, especially
given the limited resources of sensor platforms. Still, hardware developments have shifted the
trade-off. Platforms based on the ESP8266 have shown that Wi-Fi-enabled sensing can be
achieved at relatively low cost, and in some cases with acceptable energy behavior depending
on traffic patterns and sleep configuration [16].
Comparative work has highlighted both the strengths and limits of Wi-Fi in this space. Rahman
et al. discovered that Wi-Fi presents a clear throughput advantage over ZigBee. They also
reported that contention becomes more noticeable as traffic increases[17]. That is not
surprising, really. Wi-Fi provides more bandwidth, but it also requires nodes to contend for a
shared medium, which can introduce instability. Mangold et al. discussed quality-of-service
support within IEEE 802.11 and pointed to the role of traffic prioritization in reducing delay,
though practical gains depend a lot on the actual deployment context[18].
Another relevant thread in the literature is edge computing. Instead of pushing all sensor
traffic to remote cloud platforms, edge systems process at least part of the data closer to
where it is generated. Shi et al. argued that this can reduce latency and improve
responsiveness in loT systems[19]. In practice, a Raspberry Pi gateway is often enough for local
aggregation, filtering, dashboarding, or lightweight decision-making, which makes it a practical
option for small deployments [20].
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At the application layer, protocols such as MQTT and CoAP have also been introduced to make
communication more efficient for constrained devices. These protocols affect the overall
behavior of the system, but are not substitutes for the underlying wireless technology. They
can also reduce overhead or simplify message exchange, mainly in the edge-assisted
architectures[21].

Even with these developments, there is still relatively little experimental work that carefully
examines Wi-Fi-based WSNs across multiple traffic rates while accounting for latency stability,
jitter, packet delivery, and interference in a unified setup. That is where this work positions
itself. It does not try to argue that Wi-Fi should replace lower-power technologies in general.
It asks a narrower and possibly more useful question: “Under what conditions does a simple
Wi-Fi-based sensor network perform well enough to be worth using?”

3 System Architecture and Methodology

3.1 Hardware Platform

As shown in Figure 1, the experimental platform consists of one Raspberry Pi 4 Model B
configured as the gateway and three ESP8266-based WEMOS D1 R1 boards acting as sensor
nodes. Each node includes a DHT22 temperature and humidity sensor, a digital light-
dependent resistor connected to pin D7, and a flame detection sensor. The combination was
chosen to represent a small but realistic multi-sensor monitoring setup rather than a single-
purpose test node.

The Raspberry Pi is configured to have two roles in our topology. The first role is to act as the
local Wi-Fi access point, and its second function is as the edge gateway, which receives,
processes, and stores incoming sensor data. That dual role is useful in practice because it
avoids the need for a separate router or cloud relay during experimentation.

== > Gateway ’
Data Collection |

Raspberry Pi 4 Model B
Gateway / Wi-Fi Access Point

Wemos D1R1
(ESP8266)

Figure 1: The Experimental platform
3.2 Network Configuration
The Raspberry Pi gateway operates as a dedicated wireless access point using hostapd and
dnsmasq services. All ESP8266 nodes connect to the access point and communicate directly
with the gateway over a local IPv4 network.
Sensor nodes transmit measurements using HTTP POST requests containing JSON-formatted
payloads.
The gateway processes incoming sensor data using Node-RED, a flow-based programming
platform widely used for rapid development of 10T applications and edge analytics.
3.3 Performance Metrics
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To evaluate the communication behavior of the network, the following metrics were
measured:

¢ End-to-End Latency (ms).

¢ Packet Delivery Ratio (PDR).

e Throughput (kbps).

e Jitter (ms).

¢ Received Signal Strength Indicator (RSSI).

¢ Gateway CPU Utilization (%).

e Gateway Memory Usage (MB).

These metrics were chosen to reflect both sides (network-side and gateway-side)
performance. Latency, jitter, packet delivery, and throughput describe the quality of
communication, while CPU and memory usage help indicate whether the gateway becomes a
bottleneck under the tested conditions.

4 Experimental Scenarios

Four experimental scenarios were considered:

1-second reporting interval.

5-second reporting interval.

10-second reporting interval.

1-second reporting interval with Wi-Fi interference.

NS

Each scenario was executed for 10 minutes with all three sensor nodes operating
simultaneously. The reporting interval was the main independent variable in the baseline
experiments, while the interference condition was introduced to examine how a congested
wireless environment affects performance under aggressive traffic.
The specified intervals reflect a convenient range. The 1-second reporting interval is quite
challenging for this type of sensor network, especially when multiple nodes operate
simultaneously. On the other hand, the 5-second and 10-second intervals are more
forgiving and may better reflect the actual use of many monitoring applications.

5 Results and Analysis
5.1 Latency Analysis

End-to-end latency is the time required for a node to transmit a packet and for the gateway
to receive and process it. Fig.2 shows the mean and 95th percentile latency versus
reporting interval.
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Figure 2: Mean and 95th percentile latency vs reporting interval.

The results indicate a clear trend. Latency decreases when the reporting interval increases.
The network experiences greater contention at the 1-second interval, which leads to higher
mean delay and a wider latency distribution. Also, the system remains functional while it
becomes less consistent. With 5-second and 10-second reporting intervals, communication
stabilizes noticeably and latency becomes much more predictable. Although that outcome is
quite intuitive, it is nonetheless worthwhile to validate experimentally. There is more idle time
on the shared channel and fewer packet conflicts or backoff delays when nodes send less
frequently.

5.2 Packet Delivery Ratio
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Figure 3: Packet Delivery Ratio vs reporting interval.

Packet Delivery Ratio remained above 99% for the 5-second and 10-second scenarios. At the
1-second interval, however, a small but visible decline appears due to increased network
contention. The drop is not ruinous, but it is enough to suggest that pushing Wi-Fi-based sensor
traffic too aggressively begins to affect reliability.
In a casual monitoring application, that may be acceptable. In a system where every reading
subjects, the trade-off becomes harder to ignore.
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5.3 Throughput Performance
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Figure 4: Aggregate network throughput vs reporting interval.

As expected, throughput is increasing as the reporting interval is shortened. When
transmissions happen more frequently, it means we have more traffic per unit time. Even
though there is more throughput, that does not necessarily mean better performance. It can
lead to increased channel occupation, increased contention, and less stable timing behavior.
That is one of those situations where a single metric can mislead when viewed in isolation.

Higher throughput may look favorable, but not if it is accompanied by degraded latency and
increased packet loss.

5.4 Jitter Analysis
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Figure 5: Jitter vs reporting interval.

Jitter increases significantly under high-rate reporting. This reflects the variability in packet
inter-arrival times caused by channel access delays and medium contention. The 1-second
scenario produces the least stable timing behavior, whereas the longer intervals show more
consistent packet timing. For some sensing tasks, a bit of jitter may not matter much. For
others, especially those involving event correlation or time-sensitive edge responses, it can be
more problematic than the average delay itself.
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5.5 Gateway Resource Utilization

Figures 6 and 7 show CPU and Gateway utilization vs. reporting intervals.

CPU mean (%)
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Figure 6: CPU utilization vs reporting interval.
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Figure 7: RAM utilization vs reporting interval.

Across all implemented scenarios, we can clearly see that the Gateway CPU utilization remains
below 10% and that memory usage remains well within the Raspberry Pi’s capabilities. This
suggests that the gateway is not the limiting element in the current setup. The main restrictions
are more likely to come from the wireless medium rather than from local processing capacity.
It means that the Raspberry Pi can comfortably support this scale of deployment and perhaps
relatively larger ones without becoming overloaded.

5.6 RSSI Distribution

RSSI distributions per node are shown in Figure 8.
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Figure 8: RSSI distribution for sensor nodes.

RSSI values remained within acceptable ranges during the baseline experiments, indicating
relatively stable signal quality across all nodes. We can also see that the mean RSSI values were
similar across all scenarios, indicating that the performance differences were mostly due to
traffic conditions rather than drastic changes in radio link quality.

5.7 Interference Impact
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Figure 9: Latency cumulative distribution under baseline and interference scenarios.

The interference experiment produced a substantial increase in latency, especially in the tail of
the distribution. In other words, not only did packets take longer on average, but extreme delays
also became more common. Packet delivery reliability also worsened under interference. This
is probably one of the more practically relevant findings in the paper. In a clean lab setting, Wi-
Fi can look quite capable. In a real deployment surrounded by neighboring routers, phones, and
other access points, the picture may be less tidy. Therefore, channel planning is not a minor
detail. It is part of whether the system works well or just barely works.

5.8 Aggregate Performance Comparison

Tables 1 and 2 summarize the full results from all scenarios.

We can clearly conclude that a few patterns stand out immediately. The best latency and perfect
packet delivery are achieved at the lowest throughput, with 10-second intervals. The 1-second
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baseline shows more frequent data updates but with reduced reliability and higher delay
variation. The interference scenario is the weakest overall, with the highest latency and the
lowest PDR. CPU and memory increase slightly under heavier load, but not to a worrying

extent.
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. RX msgs Pdr Loss rate Latency Later.\cy Latency p95 | Latency std Jitter
Scenario Interference mean median
Total Total Total ms ms ms
ms ms
interval_1s_baseline FALSE 1748 0.970571904 | 0.029428096 | 52.99320883 | 53.02461459 | 75.11079715 | 13.14844653 | 459.462
interval_5s_baseline FALSE 361 0.994490358 | 0.005509642 | 32.0929108 | 31.52865757 | 45.39771372 | 7.905689038 | 2350.76"
interval_10s_baseline FALSE 183 1 0 24.81258021 | 24.3596684 | 34.52653602 | 5.745748667 | 4706.821
interval_1s_interference TRUE 1621 0.899556049 | 0.100443951 | 80.74221423 | 80.00603976 | 116.2236159 | 21.26323117 | 459.131¢
Table 1: latency and jitter results from all implemented scenarios
. Throughput CPU Mean | CPU_p95 | RAM Mean RAM p95 RSSI Mean RSSI MIN RSSI MAX
Scenario
Kbps pct pct mb mb dbm dbm dbm
interval_1s_baseline 5.12733 8.03330427 | 9.180676 | 190.140962 | 191.863061 | -54.3114213 - -
7 8 8 63.25278344 | 45.782519
4
interval_5s_baseline 1.058902 3.53647376 | 4.66797 | 185.091549 | 186.847310 | -54.4948984 - -
6 2 3 67.72591626 | 44.888052
2
interval_10s_baseline 0.536796 2.24431981 | 3.443964 | 180.139617 | 182.009986 | -54.6132468 - -
5 1 8 63.99684057 | 43.995579
1
interval_1s_interferenc 4,754878 9.54929625 | 10.74466 | 192.119834 | 194.038222 | -54.0342384 - -
e 1 3 4 64.19736692 | 44.780010
7

Table 2: throughput, CPU, and RSSI results from all experimental scenarios
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6 Discussion

The experimental results demonstrate that Wi-Fi-based sensor networks can achieve reliable
performance for small-scale deployments when reporting intervals are carefully selected. While
aggressive reporting intervals improve temporal resolution, they significantly increase
contention and jitter.

Additionally, interference experiments highlight the importance of proper channel planning
when deploying Wi-Fi-based WSNs. Compared with ZigBee-based networks, Wi-Fi provides
higher throughput and native IP connectivity. However, the contention-based medium access
mechanism introduces performance variability under high traffic conditions.

7 Conclusion

This paper presented an experimental evaluation of a Wi-Fi-based Wireless Sensor Network
implemented using a Raspberry Pi gateway and ESP8266 sensor nodes. The system was tested
with multiple traffic reporting intervals and controlled interference to assess its communication
behavior under realistic load conditions.

The results indicate that Wi-Fi can serve as a viable communication technology for small-scale
WSN deployments, particularly when paired with edge computing platforms that can process
data locally. Under moderate reporting intervals, the network achieved strong reliability and
acceptable latency. Under more aggressive reporting and interference conditions, performance
degradation became more pronounced, especially in latency, jitter, and packet delivery ratio.
Future work could explore larger node populations, application-layer messaging alternatives
such as MQTT, and a deeper analysis of energy consumption. Those directions would help
clarify whether the observed behavior holds as the network scales and as the system moves
from controlled experimentation toward more realistic deployment environments.
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