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Abstract
Clock drift is a challenge in Bluetooth Low Energy (BLE) multi-hop
networks. It leads to the drift among connections managed by a
single BLE device, and eventually the overlap of radio events. Such
overlaps impact the performance of the BLE multi-hop network,
e.g., by connection loss and network collapse. In this demo, we
present an extremely lightweight and highly effective solution to
mitigate the drift among connections. The core idea is to fine-tune
the anchor point of the connections managed by every BLE node.
Our results show that our solution can help BLEmulti-hop networks
avoid connection drift, thus achieving the stability.

CCS Concepts
• Networks → Topology analysis and generation; Network
manageability; • Hardware→ Clock generation and timing.

Keywords
Bluetooth Low Energy (BLE), Multi-hop, Clock drift, Stability

1 Introduction
Bluetooth Low Energy (BLE) is a point-to-point communication
technology [7]. To make it more suitable for Internet of Things (IoT)
deployment, BLE Mesh appears. However, the performance of BLE
Mesh is not ideal due to its connectionless characteristic, especially
when the network is with a high density and high amount of data [8].
As a more promising solution, researchers establish a multi-hop
network on top of the connection-oriented mode of BLE [6].

A BLE multi-hop network is connection-based, so it expected
to have a more predictable performance than BLE Mesh. However,
after the realization, researchers notice a key challenge, i.e., clock
drift [6]. Since each BLE node connects to multiple other BLE nodes,
the clock difference among themmakes the connections existing on
each node drift slowly. Such drifts accumulate and eventually lead
to the overlap between radio events of the connections on the BLE
node. The overlap forces the BLE node to drop some radio events
and leads to the performance drop, instead of commonly assumed
external interference [4, 5]. Hence, the multi-hop network faces
connection loss and even network collapse.

In this demo, we showcase an extremely lightweight and highly
effective method to mitigate the impact of clock drift in BLE multi-
hop networks. The idea is to introduce minor adjustment to the
anchor point of the BLE connections on each BLE node. We imple-
ment BLE multi-hop networks without and with the method, to
show the effect.

We briefly describe the method and its implementation in sec-
tion 2. We show the demo setup and description in section 3. After-
wards, we illustrate the expected results of the demo in section 4.
A brief discussion is in section 5. Future work is given in section 6.

2 Method and Implementation
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Figure 1: An illustration of the relative drift between two
connections existing on a BLE node. BLE node 2 calibrates its
anchor point of connection 1 according to BLE node 1, and
does not do so for connection 2. As a result, on BLE node 2,
the time length between the neighboring anchor points of
the two connections changes.

In BLE communication, the data exchange between two nodes (cen-
tral role and peripheral role) occurs according to a fixed time inter-
val, i.e., connection interval. The starting point of each connection
interval is an anchor point. When a BLE node plays different roles
in multiple connections, these connections relatively drift, shown
as anchor points moving on the BLE node (see Figure 1).

The core idea of ourmethod is to fine-tune the anchor point of the
connections managed by every BLE device. In Figure 1, node 2 plays
different roles in the two connections, i.e., peripheral in connection 1
and central in connection 2. As a result, the BLE node must calibrate
its anchor point in connection 1 according to its central, but it can
decide the anchor point for connection 2. This offers the opportunity
to mitigate the relative drift by fine-tuning the anchor points of
connection 2. Since the BLE node manages both connections, it
naturally has the information of both of them. This way, without
extra data exchange, the BLE node knows the drift details, such as
the drift direction and speed. By such information, we can manually
manipulate the anchor point of connection 2 to drift in the same
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direction and speed of connection 1. We achieve this by injecting
microsecond-level adjustments into anchor point calculation in the
link layer of BLE. Hence, the two connections realize a relatively
static status on the BLE node.

Our method needs two conditions to support its proper function-
ality. First, there must be a leader device (the node with the largest
MAC address) defined in the network to be the clock source. The
leader device should only be central in all of its connections. Second,
all the other BLE nodes should hold both the central and peripheral
roles. We realize this by repeated disconnection and reconnection.

3 Demo Setup and Description

Table 1: Demo hardware list

Hardware Number
Adafruit Feather nRF52840 Sense 15
Micro USB cable 15
USB hub + power supply 1
Monitor + typec/HDMI cable + power supply 1
Power socket 1

We give the description of our demo setup in this section, to illus-
trate the requirements. We list all the required hardware in Table 1,
and explain their usage in later contents.

The demo bases itself on Adafruit Feather nRF52840 Sense devel-
opment boards. We need 15 of them to establish two BLE networks
separately, one with only 5 BLE nodes and the other one with 10
BLE nodes. The 5 BLE nodes use the pure BLE stack to establish the
network without the implementation of our method. The 10-node
BLE network implements our method on top the BLE stack, thus as
a comparison to the behavior and performance of the 5-node BLE
network.We use 5 more nodes in the second BLE network to further
show the effectiveness of our method. All the implementations are
based on RIOT OS [2].

Due to the 15 BLE nodes, we need 15micro USB cables to program
and power them. To collect and plot data, these 15 nodes must be
connected to our laptop. Hence, we need a USB hub with minimum
15 ports. We collect and plot all the data through a Python script.
To offer a decent demo experience to our audiences, we expect an
external monitor to show the results and dynamic figures. To power
all the devices, i.e., USB hub, monitor, and laptop, we also need a
power socket.

For the development boards (Adafruit Feather nRF52840 Sense),
micro USB cables, and USB hub, we can prepare and bring them to
the conference. However, regarding the monitor and power socket,
we expect the conference to offer them.

In Figure 2, we show the demo setup in our office environment.
All the 15 BLE nodes are connected to the USB hub. We manually
distinguish the 15 BLE nodes into two groups, one group with
5 BLE nodes and the other one with 10 BLE nodes. These two
groups of nodes are two BLE multi-hop networks. They share the
same parameters and settings, except the implementation of our
method on the 10-node BLE network. We program all the nodes to
periodically print out formatted data, e.g., every 1 s. The connection
between our laptop and USB hub allows the data transmission from

Figure 2: Demo setup in the office environment. The numbers
and their corresponding devices are: 5-node BLE network
without implementing our method 1○, 10-node BLE network
with the implementation of our method 2○, micro USB ca-
bles 3○, USB hub 4○, laptop that runs the Python script 5○,
external monitor 6○, and power socket 7○.

all the BLE nodes to our laptop. The laptop runs a Python script to
monitor, collect, and process the data from the two networks. Then,
it plots the data and updates the plot every second on the external
monitor, with a 1-h window.

During the demo, we would like to give the following informa-
tion to our audiences. First, BLE has the capability of establishing
a multi-hop network, but cannot maintain the network in a stable
status. The instability is from the clock drift among the BLE nodes,
and BLE specification does not offer any mechanisms to resolve the
problem. As a result, after establishing a BLE multi-hop network,
we can see frequent connection loss and topology change. We will
show and explain all these through the 5-node network. Second,
we explain the principle and implementation of our method to mit-
igate the impact of clock drift on BLE multi-hop networks. The
core idea is that we introduce a proportional integral (PI) controller
on each BLE node. The PI controller monitors the drifts among all
the connections, and introduces minor adjustments accordingly to
fine-tune them. Third, we compare the 10-node BLE network with
the 5-node one. Our results should illustrate that our method can
prevent connection loss and topology change in BLE multi-hop net-
works. The phenomenon is that we can see frequent disconnection,
reconnection, and unstable topology even when there are only 5
BLE nodes in the network. However, for the 10-node BLE network,
we will not see any disconnection or reconnection. Besides, the
topology will stay consistent throughout the whole demo. We also
use other parameters shown in Figure 3 to illustrate the mitigation
of clock drift.

4 Demo Results
We demonstrate a comparison between two BLE multi-hop net-
works. The two multi-hop networks have different sizes, e.g., 5
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nodes in the multi-hop network without our method and 10 nodes
with our method. This is to illustrate the effectiveness of our so-
lution. Except the implementation of our method, all the other
parameters and settings are the same, such as connection intervals
and data rates.

Figure 3: The expected results for the demo. The left column
plots the real-time data of the 5-node network. The right
column plots the real-time data of the 10-node network. Both
use a time window of 60 minutes.

For the 5-node network, we expect unstable BLE connections,
shown as disconnection from time to time (see left column of Fig-
ure 3). The varying number of connections shows the frequent dis-
connection and reconnection. We observe minimum anchor point
difference changing on each BLE node, meaning relative drift among
connections. We also keep an eye on the slope of the minimum
anchor point difference to see its trend by time. The real-time topol-
ogy plot can show the topology change due to disconnection and
reconnection.

For the 10-node network, we expect to see a stable BLEmulti-hop
network, shown as no connection loss at all (see right column of
Figure 3). Ourmethod introduces adjustment (𝐴) to the anchor point
of connections. The number of connections stays constant on each
BLE node. The minimum anchor point difference on each BLE node
fluctuates around its initial value, meaning our method prevents
connections from drifting. The slope of the minimum anchor point
difference converges to 0 on each node, which suggests that the
time lengths among connections stay constant from the long-term

point of view. As a result, a stable BLEmulti-hop network is realized,
without modifying the timer/clock of hardware or software (IoT
OS). We have also tested the method on larger networks, such 20
nodes, and the method still functions. However, we notice some
performance drop of our method, such as a larger slope of minimum
anchor point difference.

5 Discussion
There is no existing solutions in BLE standards to cope with the
clock drift in BLE multi-hop networks. The current time calibration
mechanism from BLE standards only targets the time synchro-
nization between two nodes, i.e., a central and a peripheral. As a
result, BLE cannot manage multi-hop networks properly. State-of-
the-art solutions highly rely on new time synchronization mecha-
nisms [1, 3]. However, they either introduce extra communication
load or changes to IoT clock/timer systems, or even both.

During the development phase, we tried different setups, such as
network size and connection number on each node. We notice that
the increase of network size and connection number on each node
negatively impacts the effectiveness of our method. For instance,
the slope of minimum anchor point difference becomes larger and
converges more slowly. This can be from the additional coordina-
tion overhead due to managing more concurrent connections.

6 Future Work
First, we aim to increase the connection number allowed on each
BLE node. Second, we would like to investigate the possibility to
remove the leader. Third, the uniform distribution of connections
on each node can be interesting.
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