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Abstract. The Internet of Things (IoT) has become a key enabling
technology for modern smart systems, where reliable and efficient data
transmission is essential for both operational safety and user satisfaction.
Wireless communication is widely adopted in IoT deployments due to
its ease of installation, device mobility, and flexibility; however, battery-
powered operation imposes strict constraints on energy consumption,
processing capability, and network parameters such as transmission range
and packet size. While short data frames reduce radio activity and power
usage, they also introduce challenges related to the interoperability of
low-power wireless protocols with IP-based networks. To address these
limitations, the Internet Engineering Task Force introduced the 6LoW-
PAN adaptation layer, enabling IPv6 communication over IEEE 802.15.4
links. This paper presents an experimental evaluation of the 6LoWPAN
protocol implemented on the nRF52840 system-on-chip (SoC), focus-
ing on its impact on throughput and communication reliability. In ad-
dition, the communication range of the IEEE 802.15.4 radio link was
assessed using the nRF52840 USB dongle development platform. The
results demonstrate that protocol overhead introduced by 6LoWPAN
reduces achievable network throughput compared to native IP commu-
nication, while header compression mechanisms partially mitigate this
effect by improving application-layer efficiency.

Keywords: 6LoWPAN - Internet of Things - Wireless networks - Sensor
networks.

1 Introduction

The constant development of computer technology, electronics, and telecommu-
nications leads to the emergence of newer communication methods, protocols,
and network standards. Technological developments over the following years have
led to the definition of a subset of computer networks describing the PAN (Per-
sonal Area Network), consisting of devices located in close proximity to their
users or directly on them [1]. Devices that fit this definition include smartphones,
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tablets, smartwatches, electronic readers, and all kinds of wearable devices. Cur-
rently, the most popular wireless PAN (WPAN) protocol used in such networks
is Bluetooth with its low energy version (BLE). Another type of network used
in industrial and consumer electronics, usually covering a single location, en-
abling interconnection between many nodes, are sensor networks. Protocols used
for low-power, short-range communication sensor networks include ZigBee [23],
WirelessHart [20], Matter [21], Thread [22] and others. The mentioned protocols
are efficient in terms of power consumption mainly due to high transmission
power optimisation, short data packets that reduce radio transmission time, and
reduced packet processing complexity, which lowers the computational power
required to implement the protocol. Additionally, integrated circuit producers
implement portions of the functionality of the protocols in hardware, signifi-
cantly reducing the operation time of the processor. The miniaturisation of mi-
croprocessors and the development of low-power data transmission methods have
contributed to the emergence of the Internet of Things (IoT), which has been
continuously expanding its reach since its inception. The IoT concept assumes
the connection of all devices to the global Internet network, which has increased
demand to expand the pool of available IP (Internet Protocol) addresses and
widen the use of the IPv6 version with a 128-bit address field [24]. The issue is
the lack of compatibility between popular WPAN and sensor networks protocols
and IP addressing schemes, as well as differences in packet sizes between IoT
and IP networks [25]. For example, the standard IPv6 packet size is 1280 bytes,
while the maximum Bluetooth packet size is only 251 bytes, and Zigbee is even
shorter - 128 bytes. As the answer to the issue, the Internet Engineering Task
Force (IETF) has published an RFC [2]| describing a new protocol called 6LoW-
PAN, which acts as an intermediary layer between the IEEE 802.15.4 physical
layer and the IP network layer. However, despite the widespread adoption of
6LoWPAN in IoT systems, there is still a lack of detailed experimental analy-
ses quantifying its protocol overhead and practical performance limitations when
implemented on commercially available, low-cost system-on-chip platforms. This
study addresses this gap by providing an in-depth evaluation of the 6LoWPAN
adaptation layer operating on the nRF52840 SoC, complemented by empiri-
cal measurements of radio link range under real-world conditions. The use of
an additional intermediary device that operates on two physical layers (IEEE
802.15.4 and Wi-Fi) enables the transport of packets from WPAN devices to
IP-addressable networks. This work focuses on a detailed analysis of the oper-
ation of a communication stack using the 6LoWPAN protocol implemented in
the nRF52840 system on chip. We also investigated the radio range parameters
achieved by the nRF52840 USB dongle development board.

2 Background and Related Works

The 6LoWPAN protocol can be implemented with a variety of hardware plat-
forms and operating systems. The most popular microcontrollers include Texas
Instruments CC2650 [6], CC2652 [7], STMicroelectronics STM32 [10] processors,
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Nordic Semiconductor nRF52 family of SoCs, Raspberry PI [11] and others. Ac-
cording to [9], IoT-targeted embedded operating systems implementing 6LoW-
PAN include Contiki, TinyOS, Riot, OpenWSN, Mbed OS, and Zephyr. There
are also open-source implementations of the 6LoWPAN stack with ulP-Contiki,
SICSlowpan, 6lowpancli, BELoOWPAN, BLIP, NanoStack and others. They are
comprehensively analysed and compared in [§].

2.1 IPv6 protocol

IP is a protocol of the network layer of the OSI model. It defines methods and a
number of rules for addressing and sending packets over the network infrastruc-
ture of the Internet. With the increasing popularity of the global network, new
challenges have emerged. The pool of addresses provided by the IP standard in
version 4 has begun to be exhausted [4]. This required rebuilding the packets for
the new addressing. The older standard operates on 32-bit addresses, translating
into a pool of 4,294,967,296 addresses. The new standard allocates as many as
128 bits to the address, which, in practice, ensures an inexhaustible amount.
IPv6 has not yet de facto replaced the IP in version 4. The reason is the great
economy in managing available addresses by TANA (Internet Assigned Numbers
Authority). Unused addresses are reintroduced into circulation. The undoubted
advantage of the newer version is the uniqueness of the address.

2.2 6LoWPAN protocol

The main task of the 6LoWPAN layer is to enable the use of the higher IPv6
protocol by the devices with an incompatible IEEE802.15.4 physical layer [5].
The 6LoWPAN itself is an intermediate layer that enables the conversion of
packets between the IPv6 network layer and the IEEE 802.15.4 link layer, as
shown in Fig. 1. Due to its application, it is called an adaptation layer. Creating

Application layer HTTP, MQTT, CoAP

Transport layer TCP, UDPR, TLS

Adaptation layer 6LoWPAN

Link layer 802.15.4 MAC

Physical layer

(radio) 802.15.4 PHY

Network layer [ IPv6, RPL

- A A A A A

Fig. 1. Network layers with 6LoWPAN adaptation layer.

the specification from the beginning caused many problems due to the incom-
patibility of the aforementioned physical layer with the requirements of the IPv6
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protocol. Most of the challenges were described in the RFC 4919 document [3].
The 6LoWPAN adaptation layer serves three primary functions.

— Packet fragmentation and reassembly
— Compression and decompression of headers
— Routing, mainly to implement mesh networking

2.3 Packet fragmentation and reassembly

The IEEES802.15.4 protocol was created to support constrained devices, so the
maximum frame size is 127 bytes. For comparison, the minimum IPv6 packet size
is 1280 bytes. 6LoWPAN enables interoperability by dividing large IPv6 packets
into several smaller IEEE802.15.4 physical layer packets. An additional fragmen-
tation header, composed of the datagram length, tag, and offset, is added. The
datagram length represents the actual length of the datagram when it is not frag-
mented. The datagram fragmentation tag is added to link all frames containing
the fragmented datagram. The datagram offset holds the relative position of the
fragment so that the receiver can reorganise and assemble fragments in proper
positions [15].

2.4 Header compression and decompression

The MAC layer frame of the IEEE802.15.4 has a length of 127 bytes, and the
maximum payload is 102 bytes. In comparison, only the packet header of IPv6 is
40 bytes, which would consume almost a third of the frame. 6LoOWPAN uses the
corresponding packet header compression technology [26], which can effectively
reduce the size of the packet to improve transmission efficiency and save memory
and node energy.

2.5 Similar research

In the paper [13], Bai and Zhang presented the results of the performance eval-
uation focusing on the 6LOWPAN gateway used in the real network built with
devices working under control of the Contiki operating system. They measured
the round-trip times (RTT), delay variance, packet loss, and average throughput.
The authors of [14] presented the research on the effects of the interference result-
ing from the coexistence of 6LoOWPAN and WiFi networks in the same environ-
ment. Performance measurements were based on the varying size of the payload
and the distance between the sensor node and the gateway. The SoC used in the
testbed was Texas Instruments CC2431. In the paper [18], the authors presented
an extensive 6LoWPAN-based network simulated in OPNET modeller. Some pa-
pers focus on the routing protocol RPL and its version HRPL, which reduces
the redundant retransmissions that would cause the routing overhead. In [16],
Mohd Yusoff et al. used the Cooja simulation for the Contiki operating system
to determine control traffic overhead, latency, and energy consumption for this
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routing protocol. In [17], the same authors extended the research with an ex-
periment on Texas Instruments CC2538 microcontrollers. Research by Khattak
et al. [19] presents the performance analysis of OpenThread network implemen-
tation with the use of nRF52840 USB dongles connected to the Raspberry PI
4 model B. Analysing the mentioned literature, we decided to perform comple-
mentary research to [14], [17] in terms of using SoCs from another vendor, to
the [13], [16] in terms of using the Zephyr operating system instead of Contiki
and to [19] by focusing at the 6LoWPAN layer instead of the Thread protocol.
According to our best knowledge, none of the works were focused directly on
the parameters of the Zephyr implementation of the 6LoWPAN protocol and
the transmission range of nRF52840 USB dongles. We decided to conduct the
measurements using real equipment rather than a simulator, which makes the
results even more realistic.

3 Research methodology

Among the many possible parameters for the experiments, we decided to select
those that can serve as a useful source of information in the context of the
6LoWPAN protocol and the nRF52840 environment. These experiments cover:

— Measurements of the range of transmission

— Measurements of the number of received packets per second with different
delays between packets

— Measurements of the communication throughput between network nodes

3.1 Measurements of the transmission range

The measurement of effective network range requires a pair of devices. The first
acts as a transmitter, and the second plays the role of a receiver. The receiv-
ing device must be capable of archiving received data and saving it for further
analysis. The requirements of the transmitting device include the capability to
precisely specify the data sent to ensure repeatability. The nRF52840 USB dongle
is equipped with the RF antenna of the meander type. Typical antenna radiation
pattern studies [27], [28], [29] were referred to precisely position the devices in
space to achieve the highest possible part of the radiation power reaching the
receiver. Both devices were configured as PCs with a Linux operating system
with an nRF52840 USB dongle with 6LoWPAN implementation as shown in
Fig. 2. The measurements were taken in an area away from buildings to avoid
possible interference from other wireless transmission systems. During the tests,
the systems were always within the optical line of sight. One station remained
stationary while the other moved away, and a transmission attempt was made
every two meters. The test was continued until the communication between the
devices was lost. One device sent the packets while the other received them and
stored the packet payload.

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOI] 10.1007/978-3-032-29918-5_25 |



https://dx.doi.org/10.1007/978-3-032-29918-5_25
https://dx.doi.org/10.1007/978-3-032-29918-5_25

6 K. Tokarz et al.

nRF52840 nRF52840
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Fig. 2. Configuration of the measurement environment.

3.2 Measurements of the number of received packets and
throughput

The throughput measurements were conducted by transmitting packets between
two nRF52840 USB dongles. The connection to the computer, although phys-
ically done with USB, is performed as a UART, which significantly limits the
maximum possible transmission speed. Because of this, connections to PCs were
used to start, stop, and gather the results of the measurements instead of trans-
mitting the content of the packets. Devices were programmed with the applica-
tion written for the Zephyr operating system, which prepares the transmission
by executing the following steps:

— initialise the Zephyr Operating System

— set up the network ID and IP addresses of devices

— use of the Neighbourhood Discovery protocol to establish a connection be-
tween devices

Devices were placed at a close distance of around 30 cm, ensuring a stable and
reliable link. The application executed on the sending device generated the data
packets, whilst the receiver gathered the packets and sent the number of properly
received packets per second to the PC. Network performance can be presented
in several ways; thus, we decided to conduct two measurement scenarios.

— Scenario 1. The maximum number of received packets per second with dif-
ferent delays between packets.

— Scenario 2. Measurement of the throughput for different data sizes in the
application layer.

4 Results of experiments

4.1 Range measurements

Maintaining a low number of packet losses is crucial to ensuring network relia-
bility. It can be assumed that about 10% is an acceptable value that allows for
predictable network behaviour. Measurements were taken at distances from 2
meters up to 112 meters. For each distance, we collected the percentage of suc-
cessful transmissions and RSSI (Received Signal Strength Indicator). The results
are presented in Figs. 3 and 4, respectively. At a range of up to 50 meters at

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOI] 10.1007/978-3-032-29918-5_25 |



https://dx.doi.org/10.1007/978-3-032-29918-5_25
https://dx.doi.org/10.1007/978-3-032-29918-5_25

Received packets [%]

100

90

80

70

60

50

40

30

20

10

0

o~

e}

Throughput and Reliability Trade-Offs of 6LoWPAN...

O < 0N WO < 00N
= H NN MmN m

oo
wn

O O < N O O <t 00 N WO

Range [m]

110 =

Fig. 3. Percentage of successfully received packets depending on distance.

-70

-75

RSSI [dBm]

-80

-85

-90

-95

Fig. 4. Results of the RSSI measurements.
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each distance, 20 packets were sent. At distances up to 36 meters, the number
of packet losses does not exceed the aforementioned 10% limit. With each ad-
ditional meter, packet reception began to deteriorate rapidly. Due to significant
packet reception randomness at distances greater than 50, 72, and 98 meters,
the number of frames sent was increased to 100, 400, and 1000, respectively,
which allowed us to calculate the percentage of successfully received packets.
Variability in packet loss may be due to the multipath loss and slight changes in
antenna orientation when manually shifting the distance. This can cause signif-
icant instability when receiving a signal near the sensitivity threshold.

The maximum value of the RSSI was -72.8 dBm, whilst the minimum value
was -95 dBm. Comparing the measurements presented in Fig. 3 with those in
Fig. 4, we can conclude that the probability of receiving a signal with RSSI below
-93 dBm is very low, not exceeding a few per cent. On the other hand, signals
above -88 dBm are correctly received with a probability of at least 90%.

The 112-meter range was the furthest distance at which the packets were
received. It can be observed that the most reliable transmission can be achieved
at distances up to 40 meters in line-of-sight conditions. At longer distances, the
packet loss ratio increases, so successful data transfer requires packet retrans-
missions, which significantly limit the overall throughput of the network.

4.2 Measurement of number of received packets and throughput

The physical limit of the IEEE802.15.4 link transmission speed is 250 kb/s.
Considering the maximum packet size of 127 bytes, the theoretically largest
number of packets sent without any delays between them could reach the value
of 246 per second. The measurements in two scenarios were performed to answer
the question of the throughput achieved in real conditions.

Scenario 1 - the number of received packets per second. In real WPAN
applications, transmission takes place sporadically. For this reason, we decided
to simulate different delays between successive transmissions. Six series of mea-
surements were performed with 500 packets sent between devices. The delay
between packets was set at 100, 50, 25, 10, 5 and 0 ms. The results of the mea-
surements presented in Fig. 5 show the number of packets sent at specific periods
of 1-second length and the time of sending all 500 packets. It is visible that for
shorter delays, the number of packets sent in one-second periods is higher, while
the maximum achievable number of packets in one second is achieved for zero-
delay time between packets (the red line in Fig. 5). The zero-delay scenario
represents the maximum possible throughput achieved by the link. With 200
packets per second, it is nearly 20% less than the theoretical one. This observa-
tion allowed us to calculate the processing time of the packet by the transmitter
and receiver. The transmission time of one packet was 4.064 ms. Packets were
sent effectively every 5 ms. The difference gave the processing time equal to 0.936
ms.
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Fig. 5. The number of packets sent per second with various delays. 500 packets in total

Scenario 2 - throughput measurement. The purpose of the second scenario
was to measure the maximum throughput of the 6LoWPAN protocol. In the first
test, to ensure the best data-to-protocol overhead ratio, the IEEE802.15.4 frame
length was set to the maximum allowable 127 bytes. This means that in a 127-
byte packet, 63 bytes were allocated for the user payload. It should be noted
that the extended addresses defined in IEEE802.15.4 were used in the first test,
which increased the protocol overhead. The additional overhead was added by
the CRC mechanism, which consumes the last two bytes of the frame to verify the
correctness of the data. The maximum throughput achieved was 161 kbps, while
the application layer throughput reached 79.866 kbps. To measure the impact
of the fragmentation mechanism, the transmission of longer packets was tested
with the header compression mechanism enabled. Compression mechanisms had
no noticeable effect on the total network throughput. The maximum recorded
value was 158.4 kbps. As expected, the application layer throughput was higher
with the header compression mechanism enabled. The results obtained for the
data sizes of 128 and 256 bytes reach 92.160 kbps and 99.768 kbps, respectively.
The average throughput obtained in different conditions is presented in Fig. 6.

5 Discussion

Our experimental results provide important practical implications. They demon-
strate the real-world performance limits of IPv6-based communication in low-
power IEEE 802.15.4 networks. They also show that, while the nRF52840 plat-
form enables stable and predictable data transmission in typical line-of-sight
IoT scenarios, network reliability rapidly degrades once signal conditions ap-
proach the sensitivity threshold. This behaviour demonstrates that, in con-
strained WPAN environments, link quality rather than nominal transmission
range becomes the dominant factor determining usable communication distance.
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Fig. 6. The average results of throughput measurements.

Consequently, system designers should prioritise deployment conditions that en-
sure stable RSSI margins, as occasional long-range connectivity offers limited
practical value when packet losses necessitate frequent retransmissions. It should
be noted that the line-of-sight measurement represents the best-case scenario,
rather uncommon in real applications. In indoor environments, signals can suffer
interference, multipath fading, and attenuation due to obstacles, including walls,
furniture and equipment.

The throughput analysis highlights the fundamental trade-offs introduced
by the 6LOWPAN adaptation layer. Although 6LoWPAN enables seamless in-
tegration of low-power devices with IPv6 networks, this interoperability comes
at the cost of additional protocol overhead and processing latency, which re-
duces effective application-layer throughput. Header compression improves pay-
load efficiency but does not eliminate the throughput limitations imposed by
the physical layer and packet processing constraints. These results emphasise
the need to balance interoperability, energy efficiency, and data rate when de-
signing [oT systems. In applications where low power consumption and global IP
connectivity are prioritised, the observed performance penalties are acceptable,
whereas throughput-intensive use cases may require alternative communication
technologies or architectural optimisations.

These observations are consistent with prior studies on IEEE 802.15.4 and
6LoWPAN-based networks presented in [19] showing similar maximum network
throughput. The throughput values measured by authors of [13]| present much
lower values, which can result from limitations introduced by the UART con-
nection between the Linux-based gateway and USB stick. The use of up-to-date
electronic elements, equipped with fast processor cores and hardware accelera-
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tors for local wired and remote radio communication, significantly shortens the
processing time of data packets. In our research, it was estimated at less than
1ms. The range measurements show that the nRF52840 USB dongle achieves
a higher range of transmission in comparison to the module presented in the
work [14]. In the mentioned article, results show that the system the authors
used achieves the same range of RSSI values, ensuring stable transmission, but
reaches a maximum range of 7 meters, while the USB dongle we tested allows for
stable transmission up to 40 m and the signal is lost above 100 m. This demon-
strates that advances in sensor networks and communication systems enable
significantly improved transmission distances. Our observations present that the
use of modern electronic elements allows for the development of fast and reliable
solutions, for example, for V2V technology.

6 Conclusions

The conducted research shows that the maximum range of the network using
the IEEE802.15.4 protocol implemented using nRF52840 systems, allowing for
reliable data transmission, is about 40 meters. The most advantageous arrange-
ment of antennas relative to each other, in direct visibility, and packet loss not
exceeding 10% was assumed. One should expect frequent retransmissions at more
considerable distances, which significantly reduces the network throughput. The
maximum transmission range achieved for nRF52840 systems was about 100m.
Throughput studies have shown that the 6LoWPAN protocol, together with
the IEEE802.15.4 link layer protocol, uses about 50% of the link bandwidth.
It can also be observed that header compression has a small but positive influ-
ence on the effective network throughput. This is especially important for longer
IPv6 data packets that must be divided into many short IEEE802.15.4 protocol
frames. Like the IPv6 protocol, the 6LoWPAN protocol is currently being im-
plemented more and more often in IoT devices. It can be expected that with the
withdrawal of the IPv4 protocol and its replacement by the more modern and
capacious IPv6, the popularity of 6LoWPAN will increase. It has also been imple-
mented as an element of broader solutions such as OpenThread. It is, therefore,
important to thoroughly understand the principles of its operation and reliably
assess its impact on the functioning of networks operating in the IoT segment,
including network throughput. Knowledge of network parameters, such as range,
transmission speed, and packet fragmentation rules, allows for conscious design
of the network topology and layout of key network elements to achieve the best
possible performance and reliability. The presented results of measurements not
only show the maximum throughput of the 6LoWPAN protocol but also can
serve as useful guidance for optimising the network’s performance under various
traffic conditions.
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