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Abstract—Bluetooth is a widely used technology for short
range communications. Limited device density and frequency
hopping based communication usually eliminates the chances
of mutual interference among independent Bluetooth piconets.
However, with the advent of Internet of Things, there is a sharp
increase in Bluetooth-equipped devices, especially in wearable
devices. This gives raise to multiple collocated piconets, thus
increasing the mutual interference leading to performance degradation of Bluetooth communication. In this work, we study the
latency and energy consumption by Bluetooth low energy (BLE)
devices under the influence of mutual interference, which has
not been studied in the literature. Based on the experimental
results involving 32 BLE devices, we investigate the influence of
mutual interference and develop models for energy consumption
and latency. These models can be utilized in future BLE enabled
devices.

I.

I NTRODUCTION

Bluetooth low energy (BLE) is a technology for wireless
personal area networks, which was added to the Bluetooth
Core Specification 4.0 [1]. It is designed for applications
where lowering energy consumption is paramount. It operates
in the same 2.4 GHz band like the Bluetooth classic. This
frequency is also shared by various other wireless technologies,
e.g., Wifi, ZigBee, etc. Thus, coexisting communication using
these technologies interfere with Bluetooth communication.
A number of existing works has investigated the effects of
these potential interfering communication technologies [2].
However, these technologies do not use frequency-hopping
mechanisms like Bluetooth. As a result, the interference from
other devices operating in the same band on Bluetooth is
minimal.
Bluetooth devices communicate by forming piconets,
where a device posing as master device controls the simultaneous communications within a piconet. As a result, there
is no chance of collision among the devices within a piconet.
However, mutual interference can occur amongst the devices
belonging to different piconets. Small communication range
and low device density within a close proximity reduces the
chance of mutual interference. It is estimated that over 30
billion wireless-connected devices to be part of the Internet
of Things (IoT) in 2020 [3], and it is assumed that a large
proportion of these devices will be Bluetooth enabled. In fact,
people are using more and more Bluetooth devices in their
daily life, for example in smart phones, tablets, wireless headphones, smart watches, etc. Furthermore, future applications
that can employ BLE for location-based services, for example,
using iBeacon technology, in payment systems, in body area
sensor networks [4], etc.

In crowded environments, such as public transport vehicles,
a large number of Bluetooth enabled devices can coexists.
These devices, owned by individuals will be operating independently (in different piconets), e.g., smart phones communicate
with smart watches, headphones, automated journey tracker
(devices within a vehicle), etc. Intuitively, we can expect high
levels of interference amongst the devices that will influence
the performance. Therefore, in this work we investigate the
impact of interference from other BLE devices on energy
consumption and latency of communication in a crowded
environment.
Most of the Bluetooth enabled devices run on battery
power including smartphones. Energy consumption by various applications is a major concern for smartphone users.
Smartphone batteries have limited capacity, while wireless data
transmission tends to be heavy in terms of energy consumption.
A higher density of Bluetooth-enabled nodes, each wanting
to communicate, influences energy consumption of all the
devices. As a result, any application such as, localization,
automated journey tracking, etc., will be less appealing for the
users if the energy consumption by these applications are not
kept absolute minimum. In this regard, analysis, simulations
and experiments are needed to determine how much energy is
required by a BLE device under various circumstances.
There are some studies that measure energy consumption of Bluetooth devices under the interference of WiFi
and/or ZigBee and vice versa [5]. However, no previous work
considered the influence of mutual interference from BLE
devices on energy consumption and latency. In this article, we
report our experiments with 32 BLE devices and our findings.
Specifically, the main contributions of this work are twofold.
Firstly, we study the energy consumption and latency of a BLE
device for its various operations. We estimate the influence
of simultaneous connection request by multiple devices on
the energy consumption; and we also consider influence of
interference due to parallel Bluetooth based communication
(e.g. headphones, wristbands etc.) on the increased energy
consumption. To the best of our knowledge, this is the first
work that investigated energy consumption and latency of
BLE devices under mutual interference. Secondly, we have
developed models for energy consumption and latency for
BLE, which could be used by application developers to make
their applications energy efficient.
The rest of the article is organized as following. In the next
section, we provide background information that is necessary
to set the context of this work, i.e., we briefly discuss some
of the properties of BLE and existing literature about energy
consumption and latency by a Bluetooth device. In Section III,

we describe the controlled experiments and their results that
are conducted in simulation. Further, we describe the setup for
measuring energy consumption by a BLE device, and measurement results. Based on the simulation and experimental results,
we developed energy consumption and latency models and
validated this using measurement data (Section IV). Finally,
we conclude the article in Section V.
II.

BACKGROUND

To understand the context of the experiments, we need to
understand some of the basic specifications and functionalities
of the BLE protocol. Thus, we provide a brief overview of
BLE. For further details, we refer to [6], [7], [8].
A. Basics of BLE
BLE was first introduced in 2010 with version 4.0 of
the Bluetooth Core Specification [1]. BLE is not compatible
with Bluetooth Classic (BR/EDR), but many devices, such as
smartphones and tablets, are compatible with both BR/EDR
and BLE. BLE is an ideal technology for typical Internet of
Things (IoT) applications, where both the available resources
and data to be transmitted, are limited. This means BLE
is not designed to replace BR/EDR. Both protocols will be
used, because both protocols have their own focusses. One of
the common features for both BR/EDR and BLE is that the
data communication takes place in infrastructure mode, i.e., a
device – known as master – coordinates the communication
with one or more devices (up to 7 slave devices). As a result,
chances of collisions during data transmission and interference
from other slave devices are highly insignificant. The special
(differentiating) features of BLE are described in the following.
1) Low energy aspects: As the name suggests, the goal
of Bluetooth low energy is to operate at low energy budget.
To achieve this goal, a number of measures have been incorporated. Some of the important ones are: (i) the protocol
is designed to operate asymmetrically, (ii) the parameters of
the protocol, such as advertising and connection intervals, can
be tuned specifically for an application to achieve the lowest
energy consumption while still offering acceptable latencies,
etc.
2) Physical and link layer: BLE uses the unlicensed 2.4
GHz ISM band as the Bluetooth classic. However, the band is
divided into 40 channels of 2 MHz as compared to 80 channels
in classic. Out of these 40 channels, 3 channels are used for
advertising messages and the remaining 37 channels are used
for data transmission using frequency-hopping scheme. The
maximum bit rate is 1 Mbps, and the maximum transmission
power is 10 mW. At the maximum transmission power, the
BLE transmission range can be more than 100 m. During connection phase, the devices try to connect at constant intervals,
which is called the connection interval. This value can be set
anywhere between 7.5 ms and 4 s. A channel hopping scheme
switches to a new channel at every connection interval. Since
many other technologies, like WiFi and ZigBee also use this
band, the channel hopping scheme mitigates interference from
them.
3) Application layer: BLE devices can communicate using two topologies: the broadcast-observer topology and the
connection topology. For our experiments, we consider only

Fig. 1: Timeline of the BLE device discovery process.

the connection topology as broadcast-observer is bound to use
more energy during device discovery. We describe the different
phases used during connection: device discovery, connection
setup and data transfer.
Discovery and connection: Three channels are reserved
for advertising, i.e., for device discovery. A timeline illustrating the discovery process is shown in Fig. 1. An advertising device transmits the advertisement packet three times
on three different channels (Channels 37 to 39) within an
advertisement event. The advertisement packet may contain
information about the device name or supported services.
A listening (master) device discovers devices by listening
to these advertisements. After transmitting an advertisement
packet, the device listens for a short period (switch delay) in
which the master device sends a connection setup request. Two
successive advertisement events are separated by a predefined
advertisement interval. To avoid repeated collision among
simultaneous advertising devises a random advertisement delay
is added to the advertisement interval. The length of a scan
interval (for the duration a listening device listens on a
particular advertising channel) is at least equal to the sum
of the lengths of an advertising event and an advertisement
interval. The listening device changes the scanning channel
after each scanning interval.
Connected phase: During a connection, one slave device
(mostly but not necessarily) functions as a Generic Attribute
Profile (GATT) server and offers services containing characteristics to other device(s). These characteristics can be used to
transfer data packets containing a maximum of 20B of payload,
initiated by either the GATT server or client (depending on the
characteristic).
B. Related work
We briefly discuss some of the highly relevant works on
energy consumption and interference for Bluetooth.
Liu et al. [9] developed a model for the analysis of
device discovery in BLE in terms of latency and validated
this with a simulation. This is done for a situation with only
one advertising device. Later, the authors developed a model
and did extensive energy measurements for the BLE device
discovery process while varying advertising and scanning
parameters [10], but they still did not take interference into
account. Chong et al. [11] developed a model for throughput
and energy consumption for ZigBee Network under the presence of Bluetooth Classic interference and validated the model

with a simulation. Stranne et al. [12] performed experiments
to validate the model for the influence of mutual interference
on the throughput of Bluetooth classic from [13]. Howitt [14]
developed a model for interference between independent Bluetooth Classic connections and verified the model for the case
with one interferer by an experiment. Goldenbaum et al. [15]
performed a study of the general trade-off between energy consumption and robustness in multi-antenna sensor networks with
interference but do not perform any experiments. Gomez et al.
[16] developed a model for BLE throughput based on the biterror rate. The model is verified using a simulation. Kindt et
al. [17] presented a very extensive energy model covering all
operating modes of BLE and verified it using an experiment.
Again, interference is not taken into account. Siekkinen et al.
[18] measured energy consumption for BLE and ZigBee.

Variable
Advertising interval
Packet length
Switch delay
Scan interval
Scan window
Number of devices
Number of runs
Simulation length

Value
20,60,100,200ms
376µs
150µs
100ms
100ms
1 to 100 (in steps of 5)
10000
5s

TABLE I: Parameters used in simulation runs.

Summarizing the existing work, we conclude that energy
consumption of Bluetooth Classic devices under mutual interference has been measured, as well as the energy consumption
of BLE under WiFi interference. No prior investigations considered the influence of mutual interference from BLE devices
on energy consumption and latency.
III.

S IMULATIONS AND E XPERIMENTS

The device discovery process for BLE, as described in
Section II-A3, is fairly simple and we want to explore this
for a large number of devices. Thus, we explored the device
discovery latency for a varying number of devices using
simulation. As wireless data transmission is affected by many
physical and environmental parameters, it is impossible to be
sure about its behavior without a real-life validation. For this
reason, we also performed extensive experiments with BLE
devices.
A. Simulation details
The simulations are conducted in M ATLAB. First, a list
of transmitting intervals is generated for every advertising
device. Overlapping intervals between devices are removed
from the list of intervals. For the scanning device, a list of
scanning intervals is generated. The transmitting intervals that
are contained in a scanning interval are then filtered out. From
the resulting intervals, we compute two important metrics:
average latency and reception rate. The average latency is the
time from the start of the first scan window until the moment
the first packet from a certain device is received. The reception
rate is the percentage of transmitted packets that is actually
received by the scanning device.

Fig. 2: Average latency in device discovery for various advertising intervals (AI ) and various number of device.

However, with over 40 devices, the shortest advertising interval
no longer results in the fastest average discovery. This is
because, with smaller advertising intervals, devices advertise
too frequently. This results in a lot of collision at the scanning
device due to simultaneous advertisement packets. As a result,
the average discovery latency increases. Figure 3 shows the
reception rate for various advertising intervals for varying
number of nodes. The lower the advertising interval, the
reception rate decreases at a faster rate with increasing number
of devices.
C. Experimental setup
The experiments were performed using BLE modules from
Bluegiga [19]. These modules combine 8051 microcontroller
with a Bluetooth transceiver. They are available in the form
of a relatively inexpensive USB stick and as a development

The implementation assumes that there is one scanning
device and a number of peripheral devices that are all advertising with the same interval and packet size. If two packets
collide on the same channel, both packets are discarded. If a
packet does not collide and is within a scanning interval, it is
always assumed to be received i.e., we assume ideal channel
conditions.
B. Simulation results
We ran the simulations using the settings as listed in Table
I. In Figure 2, we can see how the discovery latency increases
with the number of simultaneously advertising devices, and
the discovery latency is less with smaller advertising interval.

Fig. 3: Average reception rate for various advertising intervals
(AI ) and various number of device.

3) Device layouts: For our experiments, we have used three
different device layouts (as shown in Fig. 5). The layouts
vary based on the locations of the interfering devices and
the distance between the ‘devices under test’. The devices
marked as central and peripheral are under test and their energy
consumption is measured.

Fig. 4: Experimental setup.

• In Layout A, all pairs of devices communicate over an
approximately equal distance. This means all received signals
will have around the same signal strength. There have been
two cases - all the central devices (i.e., 15 devices) are placed
in Device-block 1 and all the peripheral devices (i.e., another
15 devices) are placed in Block 2 and vice-versa. Please
note that a peripheral device always communicate with a
predefined central device.
• In Layout B, the interfering pairs communicate over a
very small distance and all devices are very close to each
other. This represents a situation where multiple interfering devices are communicating over a short distance, while
situated between two devices communicating over a longer
distance. An example of a similar situation is a smartphone
communicating with a smartwatch, while another smartphone
is communicating with a beacon in a vehicle.
• Layout C is similar to Layout B, but with the devices spread
out over a larger area.

Fig. 5: Device layouts used in the experiments.

kit allowing for easy energy measurements. The modules can
be programmed using BGscript, which is a module-specific
scripting language.
There are two ‘devices under test’: a central (master) and a
peripheral device (slave). Both are powered via a power supply
and connected to an oscilloscope for power measurement.
In addition, the central device is connected to a Matlab
application via USB. It is also connected via a GPIO pin to a
separate oscilloscope channel for sending trigger pulses.
1) Interference generating devices: The interference generating devices work autonomously and are only connected to
a power supply. By default, all the devices are in advertising
mode. A control application is used to switch them to data
transfer mode when needed. In data transfer mode, the devices
transmit at the maximum achievable throughput, which is
around 100 kbps [17], [20]. We used up to 15 pairs1 of
interference generating devices.
2) Energy measurement: The BLE113 development board
from Bluegiga is equipped with a current measurement circuit.
This circuit consists of a shunt resistor and an instrumentation
amplifier, which measures the current flowing to the module
and outputs this as a voltage. This voltage is measured and the
current can be calculated from this voltage using the expression
0
I = 3.3−V
30 , where I is the current flowing to the module and
V0 the measured voltage. The module is powered via a 3.3V
LDO, which means its voltage is constant at 3.3V . Energy
consumption is calculated by trapezoidal numerical integration
over the current measurement multiplied by the voltage.
1 One

pair consists of one central and one peripheral device.

4) Channel limitation: During the experiments, we only
used channels 1-8 for data transmissions instead of all 37
channels (used by the Bluetooth 4). This way, we increased
the influence of interference for the measurements and we
made sure that it can have a significant impact on latency and
energy consumption without needing an excessive amount of
interfering devices. The number of advertising channels is not
limited though, i.e., all the three advertising channels are used.
5) Measurement procedure: For determining the energy
consumption of different operations, a measurement sequence
was generated containing eight phases (Fig. 6). The sequence
is started by a command from the Matlab script to the central
device via USB. The central node controls the rest of the
sequence and sends trigger pulses to the oscilloscope. After
the measurement sequence, the oscilloscope data is sent to the
Matlab script, which splits the current measurement data using
the trigger pulse data.
• When no measurement is active, sleep mode of the central
node is disabled, to be able to receive the start command.
When the sequence is started, sleep cycle is enabled to
minimize the current consumption during measurement.
• In the Discover phase, the central device is listening for
advertisement messages from the peripheral devices. This
phase ends when the first advertisement packet is received.
• In the Connect phase, the central device waits for another
advertisement message, and sends a connection request immediately after receiving this. To check if the connection is really
established, a read request is sent to the peripheral. When a
response to this request is received, the connect phase ends.
When no message is received after 6 connection intervals, the
connection is considered to be lost. The probable reason is that
the connection request packet may have faced a collision and
thus was not received by the peripheral. In this case, a new
connection request is sent.

MatLab
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Peripheral
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in sleep mode for 500ms and calculate the parameter VC for
the current formula in Section III-C2 using the expression
VC = VM + 30 · 9 · 10−7 , where VM is the mean measured
voltage during the sleep period.

^ƚĂƌƚĚŝƐĐŽǀĞƌǇ

2) Measurement method: We tried to collect the energy
measurement data directly via USB streaming mode, controlled
by M ATLAB, which was informed by the Bluegiga module
over UART. However, the timing was not precise enough. We
solved this by adding an extra measurement channel to send the
triggers over GPIO and analyze the data after the measurement
was completed.
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Fig. 6: Schematic view of the measurement sequence.

• In the Update phase, the connection parameters are updated
to use only channels 1-8 as described in Section III-C4.
• In the Transfer phase, a read request is sent by the central
device to the peripheral device. After receiving a response
from the peripheral device this phase ends.
• In the Idle phase, the connection is kept active for 500ms
without transmitting any data.
• In the Disconnect phase, a disconnect request is sent to the
peripheral device. The phase ends when the disconnection is
acknowledged by the peripheral. However, there is no way
to report if the disconnection request times out. When this
happens no trigger is sent and the result of the complete
measurement cycle is discarded.
• In the Sleep phase, both devices are kept in sleep mode to
perform the current calibration as explained in Section III-D1.
• In the Advertising phase, the central device is continuously
scanning, and the peripheral device is continuously advertising.

3) Testing environment: As the 2.4 GHz ISM band is used
by other wireless protocols, the most important being WiFi,
we had to find a suitable location to perform the experiments.
We used a spectrum analyzer to analyze the interference
present in a normal office environment. We tried performing
the experiments inside an EMC testing cage, which blocks
all signals from outside. However, during the experiments, we
observed that a very small change in the setup, like moving
the setup a few centimeters, resulted in completely different
set of measurements. We expect this to be caused by the fact
that the cage was not equipped with proper damping material.
Therefore, all kinds of reflections of the signals could occur
and attenuate or amplify each other. Eventually, we performed
the measurements in a meeting room in a corner of the building
that was covered by only one WiFi AP, which was turned off
for during measurements. We regularly checked if there is any
external interference during the measurements.
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Fig. 9: Measurements for device discovery procedure.

D. Implementation issues

E. Experiment results

During the implementation of the software for the measurement devices and the execution of the experiments, we
encountered some issues. We capture them here and also
describe our solutions.

In this section, we present the measurement results. We experimented with 32 BLE devices, where all the measurements
are done for only one pair or the ‘devices under test’. The
remaining 15 pairs are used to create interference.

1) Current measurement: To measure the Bluetooth module’s energy consumption, we measure its current consumption
as explained in Section III-C2. This current varies from 0.9µA
in Power Mode 2 (which is the lowest possible sleep mode)
to 27.0mA (when the radio is receiving) [21]. We decided
to assume that the current consumption in sleep mode is
0.9µA, as specified by the manufacturer. We put the module

1) Detailed measurements: Fig. 7 and 8 shows the current
consumption from a single measurement cycle for two configurations. In Fig. 7, it can be seen that interfering devices
in advertising mode cause a longer discovery and connect
process, while Fig. 8 shows that a lot of interfering devices in
transferring mode can dramatically increase the time needed
for data transfer.

Fig. 7: Current consumption by the peripheral devices at the presence of 24 advertising devices.

Fig. 8: Current consumption by the peripheral devices at the presence of 30 data transferring devices.
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We have also measured the latency in device discovery
using simulation. Here, we compared the simulation and
experimental results only for the same number of devices.
When comparing them, we see that the shape of the graph is
similar, but there is a constant difference. The difference is due
to the fact that the simulation does not consider reconnection.
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Fig. 10: Measurements for device connect.
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Fig. 11: Measurements for data transmission.
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2) Interference measurements: We measured the influence
of an increasing number of interfering devices on the latency
and energy consumption for the various layouts as shown
in Fig. 5. As the results for different layouts are similar,
here, we present the results for layout C only due to paucity
of space. Fig. 9 shows the latency and energy consumption
measurements for device discovery under interference from
advertising devices. We see that the maximum increase in
energy consumption for discovery is 2.2x when 30 interfering
devices were present.

0
30

Fig. 10 shows the latency and energy consumption measurements for the connection setup operation under interference from advertising devices. Similar to the discovery results,
we see a maximum energy consumption increase of 2.2x when
number of interfering devices increase from 0 to 30.
Fig. 11 shows the measurement results during data transfer
under interference. In this graph, the net transfer energy is the
amount of energy spent during the transfer of a data packet
minus the energy spent to keep the connection idle for the
same period. In other words, the amount of energy spent on
the transfer of the data packet, assuming that a connection
would have been active anyway. The net transfer energy is
calculated as follows:
Eidle
,
Enet = Etransf er − Ltransf er ·
Lidle
where Enet is the net transfer energy, Etransf er is the measured transfer energy, Ltransf er is the transfer latency, Eidle
is the idle energy and Lidle is the time for which the idle

devices. Fig. 13a shows advertising, connect and transfer
latency for different intervals, whereas energy consumption by
a peripheral device is shown in Fig. 13b. From these measurements, we can conclude that longer advertising intervals result
in lower energy consumption but also higher latency.
From the results, we can conclude that the influence of
interfering devices that are advertising on already connected
devices that are transferring data is very small. Moreover,
the influence of connected devices that are transferring on
the devices that are discovering is very small. The maximum
increase of energy consumption and latency is about 3x.
IV.
Fig. 12: Discover, connect and transfer latencies for various
configurations.

M ODEL DEVELOPMENT

Based on the results, we developed models for the energy
consumption and latency of BLE devices. Here, we describe
only the relevant models that are required for the proposed
system. In Table II, we list the functions, parameters, and
symbols that are used in the model.
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600

Adv. 20ms − Conn. 7.5ms
Adv. 50ms − Conn. 20ms
Adv. 100ms − Conn. 50ms
Adv. 200ms − Conn. 100ms
Adv. 400ms − Conn. 200ms

TABLE II: Parameters used in the energy model.
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Fig. 13: Measurements for various advertising and connection
intervals.

energy is measured. From these graphs, we see that the net
energy consumption increases only by 1.3x when number of
interfering devices increase from 0 to 30.
3) Latency comparison: Fig. 12 shows latencies for the
maximum number of interfering devices for all device layouts.
This shows that the influence of interfering devices in advertising mode on the devices transferring (and vice versa) is very
small. The largest latency increase for transferring devices is
3.9x from 0 to 30 devices in Layout C.
4) Connection and advertising intervals: To make a choice
between keeping a connection alive continuously and connecting again for every time data has to be transferred, we
experimented with longer advertising and connection intervals. These measurements were done without any interfering

The discovery latency for a device depends on the advertisement interval (Iadv ) and the number of advertising devices
(Nadv ). We assume that the advertising interval is equal for
all devices. The discovery delay (in ms) is given by,
Tdiscover (Iadv , Nadv ) =
2Nadv

(0.5 · Iadv + Tproc,disc ) · exp 3(0.5·Iadv +Tproc,disc ) . (1)
From the simulation results, we found Tproc,disc = 9.7ms.
We model the connection latency (in ms) as the discovery
time plus three times the connection interval. This is the
connection latency including the check whether the connection
really succeeds as explained in Section III-C5. The connection
latency is given by,
Tconnect (Iadv , Iconn , Nadv ) = Tdiscover (Iadv , Nadv )+3·Iconn .
(2)
B. Data transfer
We model the transfer latency for a packet with the
maximum supported payload of 20B and is given by,
Ttransf er (Iconn , Npkt ) =

3
· Iconn · Npkt .
2

(3)

Similarly, we model the transfer energy (in mJ) for a packet
as,
Etransf er (Npkt ) = Epkt · Npkt ,
(4)
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