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a b s t r a c t 

Bluetooth Low Energy (Bluetooth LE) is a key technology in the envisioned Internet of Things (IoT) sce- 

nario. In fact, its extremely low-power characteristics make it one of the most suitable solutions to enable 

wireless communications among battery powered IoT objects ubiquitously deployed in the field with the 

aim of building smart environments. Although Bluetooth LE specification targets a specific set of appli- 

cations mainly devoted to monitoring purposes, innovative solutions can lead to the adoption of such 

technology in different applications, such as multimedia streaming, allowing IoT objects to exploit new 

functionalities. In this direction this article presents BlueVoice, an application targeted to Bluetooth LE 

devices to enable speech streaming services. 

In the article BlueVoice is presented by first detailing the services set extension needed to support 

the new envisioned multimedia service, then a description of application choices is given, followed by 

an evaluation of its performance in real IoT objects. Thanks to the selected speech encoding technique, 

connection design choices and packetization strategies, BlueVoice application requires a communication 

bandwidth of 64.3 kbps to transmit audio at 16 kHz in ADPCM format. BlueVoice performance has been 

evaluated in terms of power consumption, memory and processing requirements, showing feasibility of 

the developed solution in resource constrained devices, thus confirming the correct choices in the appli- 

cation design. The set of performance information obtained show that BlueVoice is a viable solution to 

enable speech communications in ubiquitous wireless IoT nodes based on the Bluetooth LE technology. 

© 2016 Elsevier B.V. All rights reserved. 
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. Introduction 

In the last three decades Internet has experienced a rapid

rowth, penetrating almost every aspect of daily life to improve

ifestyle of millions of connected people. The future Internet ex-

ansion will connect billions or trillions of uniquely identifiable

ireless “Things,” able to communicate among themselves to per-

orm advanced and ubiquitous tasks while interacting with hu-

ans and with the surrounding environment. In such a vision,

Things” can be sensors, actuators, appliances, toys, and in gen-

ral, any other virtual or physical entity capable of being identified.

his new envisioned Internet evolution is referred as the Internet

f Things (IoT). 
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In the IoT vision, all devices are connected in a global net-

ork through wireless interfaces by using standard protocol solu-

ions (i.e., the Internet Protocol). To connect “Things” together, a

lethora of radio technologies exists, though low-power commu-

ication solutions must be considered the most suitable when IoT

bjects are autonomous battery powered devices deployed in the

eld (e.g., wireless sensors for ubiquitous temperature monitoring

pplications). In this respect the IEEE 802.15.4 [1] and Bluetooth

ow Energy (Bluetooth LE) [2] technologies can be considered two

f the most effective solutions for the IoT, and their inclusion in

he Internet world has been either completely defined, as in the

ase of the 802.15.4 [3] , or it is in an early stage of definition as in

he case of Bluetooth LE [4] . Nowadays, both solutions are mainly

dopted in the IoT scenario for monitoring applications in which

ll devices are organized in a low-power Wireless Sensor Network

WSN). For instance in [5] and [6] 802.15.4 is used for climate and

ccess monitoring, while in [7] and [8] Bluetooth LE is used for

ife parameter monitoring purposes. Along with classical monitor-

ng services, new advanced applications, mainly based on 802.15.4,
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started to be investigated in the last few years. In [9] and [10] , for

instance, multimedia communications, both voice and video, have

been proposed and analyzed. On the contrary, the use of Bluetooth

LE for multimedia data transmission is still at an early stage, and

the lack of available solutions mainly depends on the original set of

applications thought for this technology (e.g., healthcare, fitness). 

In the article we address such limitations by proposing

BlueVoice, an application targeted to Bluetooth LE devices to en-

able voice streaming services. Starting from an overview of the

Bluetooth LE technology, we first detail the defined service set

extension necessary to support the new envisioned application.

Then, the application design is presented before discussing the

performance obtained in terms of power consumption, memory

footprint, processing requirements, and communication delay mea-

sured in real hardware platforms. 

The rest of this article is structured as follows: in Section 2 re-

lated works on voice communications over low-power wireless

sensor networks based on both 802.15.4 and Bluetooth LE are pre-

sented. Section 3 details the Bluetooth LE working principle by

describing the whole communication stack, and introducing the

concept of profile. In Section 4 , the BlueVoice application is pre-

sented by detailing its Bluetooth LE profile and design principles,

while its implementation and achieved performance are presented

in Section 5 . Conclusions are drawn in Section 6 . 

2. Related works 

Even if low-power wireless sensor networks have tradition-

ally focused on applications such as environmental monitoring, in

which sensor data are periodically sent at low data-rate (a few

bytes every second or even longer), multimedia streaming ap-

plications over low-power links have gained much attention in

recent years. In particular, there are several works focused on

voice streaming application in the WSN scenario, addressing the

constraints in terms of communication bandwidth, computational

power and energy budget that severely affects the actual stream-

ing capabilities of low-power wireless sensor devices. In [9] , 42

embedded sensors nodes based on 802.15.4 communication stan-

dard were placed in a coal mine in order to address emergency

situations. The system was designed to provide a 2-ways voice

channel and, in order to meet voice streaming real-time require-

ments, a hardware-based global time synchronization mechanism

was used to schedule voice packets. Moreover, in order to face the

low data-rate of the wireless link, the analog signal generated by

the embedded microphone was acquired at 4 kHz, converted in

digital format and then encoded(through the onboard 8 bit micro-

controller) with the ADPCM (Adaptive Differential Pulse Code Mod-

ulation) algorithm. In [11] the authors implemented an 802.15.4

network for high quality secure audio transmission in a point-to-

point communication. In this system, a voice signal is acquired

at 8 kHz, with 8 bit per sample, and encoded with a dedicated

speech vocoder (resulting in an data rate of 8 kbps) while secu-

rity is added via an 128 bit based advanced encryption system. In

[12] a voice quality evaluation methodology is introduced and the

performance of a pure 802.15.4 network for voice transmissions are

investigated using a network simulator. Voice over Sensor Network

(VoSN) based on 802.15.4 are discussed in [13] , where methods to

improve the quality of multiple full duplex voice communication

are deeply described. Real environment performance evaluations

are presented in [14,15] , where several metrics of multi-hop com-

munication such as throughput, jitter, latency and packet loss have

been measured and analyzed, while in [16] a real system evalua-

tion based on users experience is performed. A real-time analysis

of a 802.15.4 wireless link performed on a real system, exploiting

a novel compression mechanism is presented in [17] . Simulations

and experimental results shown in these works have demonstrated
hat the achievable throughput is not enough for high quality audio

treams, but it suffices for most common voice streaming applica-

ions exploiting speech compression algorithms. In fact, from the

nalysis of these works it clearly emerges that speech compres-

ion before the transmission over the wireless channel is a com-

on solution to address the low data-rate available, even though

 trade-off among compression ratio, speech quality and compres-

ion algorithm complexity is required. Speex codec was selected

mong other possible options for the Z-Phone project, presented

n [18] . The implemented headset prototype (working at 8 kbps

nd 11 kbps) proves that the 802.15.4 radio channel has enough

andwidth to support a full-duplex conversation with such a nar-

ow band voice codec. Speex is compared with another advanced

ompression algorithm, named Opus, in [19] where listening re-

ults show that Opus has high speech quality performance, while

o comments are reported in terms of computational power re-

uirements. A multistage coding algorithm is proposed in [20] ,

hile a Linear Predictive Coding (LPC) based approach is intro-

uced and evaluated in simulation in [21] . Finally, a perception ap-

roach for data selection and voice protection, together with a co-

perative transmission mechanism for multi-hop communication is

resented in [22,23] and [24] . 

Although different solutions have been investigated in litera-

ure for low-power wireless networks based on 802.15.4 technol-

gy, only a few research activities focused on voice communica-

ions over a Bluetooth LE link have been proposed yet. In [25] , IPv6

ver BLE is proposed to enable a real-time acoustic data stream-

ng service. A pc-based simulation demonstrates a maximum au-

io bitrate of about 16kbps due to the overhead introduced by

his implementation approach. Research interest on BLE for audio

treaming applications in low power contexts is confirmed by the

ork described in [26] , where the introduced low latency audio

odec is claimed to be suitable for a BLE audio streaming service.

he BlueVoice application envisioned in this article is the first real

ardware device with proven feasibility and performance measure-

ents that enables voice services over Bluetooth LE wireless links.

. Bluetooth LE overview 

Bluetooth Low Energy, also known as Bluetooth Smart, was in-

luded in the Bluetooth Version 4.0 Core Specification in 2010.

ven though the Bluetooth LE design keeps similarities with classic

luetooth [27] , it has been mainly developed for ultra low-power

erformance. Healthcare, fitness, smart homes are only few possi-

le applications in which Bluetooth LE technology can be success-

ully used to connect battery powered devices. 

The whole Bluetooth LE protocol stack, reported in Fig. 1 , is di-

ided in two main parts: the Controller and the Host. Applications

ake use of the services provided by protocols belonging to the

ost layer of the stack. In particular, the Host part is composed of

ve layers: Logical Link Control and Adaptation Protocol (L2CAP),

ttribute Protocol (ATT), Generic Attribute Profile (GATT), Security

anager Protocol (SM), and Generic Access Profile (GAP). The Con-

roller part is instead divided into two layers: the Physical Layer

PHY) and the Link Layer (LL). The Host-Controller Interface (HCI)

epicted in Fig. 1 enables communications between the Controller

nd the Host. 

The Physical Layer is in charge of managing bits modulation to

end and receive data through the wireless channel. In this respect,

luetooth LE defines 40 channels, 3 dedicated to advertising and

7 for data communications, all channels are in the 2.4 GHz ISM

Industrial, Scientific, and Medical) band. In order to reduce inter-

erence, a Frequency Hopping Spread Spectrum (FHSS) solution is

sed. The maximum data rate at physical layer is 1 Mb/s, and the

ypical communication range is in the order of few tens of meters.
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Fig. 1. Bluetooth LE protocol stack. 
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The Link Layer specifies the functionality for bidirectional com-

unications between two devices. Two possible roles are defined

or Bluetooth LE nodes: Master and Slave. Master nodes (e.g., lap-

op, smartphone) usually scan for other devices, while a Slave node

ends data (e.g., body sensor devices) whenever it is necessary. A

lave is usually in sleep mode, and it periodically wakes up to be

iscovered by a Master. Along with communication functionality,

he link layer provides error and flow control capabilities. Errors

nside data packets are detected through a cyclic redundancy check

ode. The successful reception of a data packet is notified through

n acknowledgment. 

Above the link layer, the Logical Link Control and Adaptation Pro-

ocol provides two main functionalities. The main role of the pro-

ocol is to provide multiplexing capabilities encapsulating upper-

ayers multiple protocols data into the standard Bluetooth LE

acket format. Moreover, the L2CAP layer may perform segmen-

ation, retransmission and detection of duplicate packets according

o the L2CAP mode in use. 

The Security Manager Protocol and the Generic Access Profile pro-

ide security and management services respectively. In particular,

uch protocol stack components specify how security keys are gen-

rated and exchanged for a secure communication between peers

SM), as well as how devices interact with each other at lower level

GAP). 

When developing new applications, two essential components

re the Attribute Protocol and the Generic Attribute Profile . The ATT

rotocol is a stateless client/server protocol: without considering

he device role at lower level, Master or Slave, each device can be a

erver, a client or both. The client requests data from a server, and

 server sends data to a client. The data are stored into the server

s attributes ; each attribute contains data managed by the GATT,

nd it is identified by an Universal Unique Identifier (UUID). The

TT protocol creates a communication between a server attribute

nd a client by using a dedicated L2CAP channel. The GATT adds a

ata abstraction model on top of ATT, it is in charge of discovering

he data stored in the ATT protocol in order to exchange charac-

eristics between devices. Each Bluetooth LE device contains a set

f possible attributes (storing services) and characteristics (proper-

ies associated with the storing services). Once a new application is
uilt on top of the Bluetooth LE protocol stack both attributes and

haracteristics must be specified. The whole set of characteristics,

ttributes and low-level specifications for a certain application is

eferred to as a profile . Standard profiles guarantee interoperability

mong devices of different vendors. 

. BlueVoice application 

In this section, the BlueVoice application is presented starting

rom the definition of a voice communication Bluetooth LE pro-

le, and then the application design is described by considering

he communication roles of the involved devices, audio processing

nd compression choices, packetization issues and bandwidth re-

uirements. 

.1. Service definition 

Since the audio streaming use case is not part of the set of pro-

les specified by the standard, in order to enable voice streaming

ervices, the BlueVoice application defines a so-called “vendor spe-

ific profile”, named BlueVoice Service (BVS), on top of the Blue-

ooth LE protocol stack, thus specifying the way voice data are ex-

hanged between server and client devices. 

As previously described, ATT protocol is used by GATT as trans-

ort protocol to exchange data between devices: the smallest en-

ities defined by ATT, the attributes , are addressable pieces of in-

ormation (uniquely identified by a UUID) that may contain user

ata or meta-information regarding the architecture of the at-

ributes themselves such as permissions, encryption, and autho-

ization properties. GATT server attributes, instead, are organized

s a sequence of services, each one starting with a service decla-

ation attribute including one, or more, characteristic with possi-

le descriptors. Each characteristic is an exposed attribute. Besides

tandard profile UUIDs, proprietary and vendor-specific UUIDs can

e used in custom implementations to develop new services with

heir own characteristics, as in the case of the BlueVoice applica-

ion. A BVS profile exported by a server node exposes to clients

ow data are organized in terms of type and format, as well as



54 M. Gentili et al. / Computer Communications 89–90 (2016) 51–59 

Fig. 2. BlueVoice service (BVS) definition. 
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how they can be accessed. The BVS service is defined with the fol-

lowing attributes, shown in Fig. 2 for clarity: 

• Service declaration (Handle 0x0010) 

• UUID: standard 16-bit UUID for a primary service declara-

tion (0x2800). 

• Permission: read. 

• Value: proprietary 128-bit BVS UUID . 

• Characteristic declaration (Handle 0x0011) 

• UUID: standard 16-bit UUID for a characteristic declaration

(0x2803). 

• Permission: read. 

• Value: proprietary 128-bit Audio UUID , notification only,

Handle: 0x012. 

• Characteristic data (Handle 0x0012) 

• UUID: proprietary 128-bit Audio UUID . 

• Permission: none. 

• Value: actual audio data. 

• Characteristic declaration (Handle 0x0014) 

• UUID: standard 16-bit UUID for a characteristic declaration

(0x2803). 

• Permission: read. 

• Value: proprietary 128-bit Sync UUID , notification only, Han-

dle: 0x0015. 

• Characteristic data (Handle 0x0015) 

• UUID: proprietary 128-bit Sync UUID . 

• Permission: none. 

• Value: actual synchronization data. 

According to the standard, the primary Service Declaration is the

first attribute of the service, and its value field contains the defini-

tion of the UUID that the declaration introduces. For the BlueVoice

application, a 128-bit proprietary UUID (BVS UUID) is declared. BVS
ncludes two characteristics, named Audio and Sync Characteristics .

n the Bluetooth LE specification, each characteristic is composed

f at least two attributes: the characteristic declaration defining its

roperties in form of metadata, and the characteristic value con-

aining actual characteristic data. In the case of BlueVoice, both Au-

io and Sync Characteristics include a single attribute defined by a

28-bit proprietary UUID (AudioData and SyncData UUID) contain-

ng actual audio data and side information synchronization values

espectively. Audio and Sync Characteristics declarations define Au-

ioData and SyncData attributes as ”notification only” with no read

nd write permission from the client, meaning that audio and sync

ata are only exchanged in form of notifications, thus without re-

ponse, from Server to Client. Consistently with the hierarchical

rchitecture of Bluetooth LE services, other characteristics may be

dded in future releases of the BlueVoice application as part of the

VS, such as the possibility for a client to configure certain param-

ters on the server side (i.e., volume, speech compression standard,

nabling/disabling voice processing). 

.2. Application design 

The BlueVoice application design is detailed in this section in

erms of (i) Bluetooth LE communication choices, and (ii) audio

rocessing. 

(1) Bluetooth LE communication. 

According to the Bluetooth LE specification, communications

an be either broadcast or connection-based. The BlueVoice appli-

ation relies, at the LL level, on a connection-based communica-

ion paradigm, providing a permanent point-to-point link between

wo devices, one transmitter (Tx module) and one receiver (Rx

odule). Connections involve two separate roles: Central and Pe-

ipheral. The Central (Master) device generally supports complex
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Fig. 3. BlueVoice profile role assignment. 

Fig. 4. BlueVoice transmission chain. 
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unctions with respect to Peripheral (Slave) devices. The Central

evice is the initiator of the connection, handles adaptive fre-

uency hopping, sets encryption and manages communication tim-

ng, defining how data are exchanged between the two devices.

onsidering a scenario in which the BlueVoice application runs

n autonomous battery powered wireless sensor device equipped

ith both microphone and scalar sensors (i.e., the typical IoT sce-

ario for ubiquitous monitoring applications), the Slave role is as-

igned to the Tx module, and the Master role to the Rx mod-

le. Such role assignment is consistent with the asymmetric de-

ign concept of Bluetooth LE where to the device having greater

nergy constraints has fewer operations to perform: a portable de-

ice equipped with a small battery is typically a Slave. 

On top of the LL, the GATT layer defines Client and Server roles

f interacting devices that are independent from Master and Slave

oles described above. A Server is the device which has informa-

ion, while a Client is the device asking or receiving information

pdates. In the BlueVoice application, the Server role is therefore

ssigned to the Peripheral-Slave Tx module with the microphones,

hile the Client role is assigned to the Central-Master Rx module.

oice data streaming is based on periodic Server to Client notifi-

ations which do not require a request or response from the re-

eiving device. At power up the Slave-Server Tx module goes into

dvertising mode and starts sending advertising packets at low fre-

uency. Vice versa, the Master-Client Rx module goes in discov-

ry mode, looking for other devices, and as soon as it detects the

resence of a Slave device, by receiving an advertisement packet,

t sends a connection request. After the connection establishment

hase, server updates are sent to the Client as asynchronous noti-

cation packets containing audio data. Fig. 3 shows BlueVoice role

ssignment at the GATT layer. 

(2) Audio processing. 

Audio processing in the BlueVoice application is designed to

chieve a target audio sampling frequency of 16 kHz at the re-

eiver side. The audio signal transmitted over the Bluetooth LE link

s compressed via an Adaptive Differential Pulse Code Modulation

lgorithm in order to fit into the available data rate, and at the

ame time the compression minimizes radio transmission time as

ell as power consumption. A fully digital solution has been de-

igned by means of digital MEMS microphones, which are suitable

or IoT wireless sensor devices thanks to their interesting features

n terms of dimensions and audio quality. Fig. 4 shows the whole

peech processing chain: the 1 bit Pulse Density Modulation (PDM)
ignal at 1 MHz generated by the digital MEMS microphone is ac-

uired and converted to 16 bit Pulse Code Modulation (PCM) sam-

les at 16 kHz, which are in turn compressed in 4 bit ADPCM sam-

les, at a frequency of 16 ksamples/s, ready to be transmitted. In

ddition, a set of side information synchronization data is sent at

 lower frequency. The resulting bandwidth is equal to 64 kbps of

udio data plus 300 bps of sync information, for a total of 64.3

bps. In the following, the blocks introduced above are described. 

The analog signal generated by the MEMS microphone capaci-

ive sensing element is amplified, sampled at high rate and then

rocessed by the built-in sigma-delta modulator, which combines

he operations of quantization and noise shaping to give in out-

ut a single bit at a high sampling rate in PDM format. PCM con-

ersion is chosen as an intermediate step between PDM and com-

ressed audio data that will be afterwards sent over the wireless

hannel. In order to convert the PDM stream into PCM data, a dec-

mation filter, followed by two individually configurable filters (low

ass and high pass), is used. The output of this process block is a

tream of 16 bit samples in the PCM format. 

The ADPCM encoding block compresses PCM samples in order

o both save transmission bandwidth and reduce energy consump-

ion because of a lower number of transmitted packets. As previ-

usly stated, ADPCM is a compression algorithm for lossy wave-

orm coding which predicts the current signal value from previ-

us values and transmits only the difference between the real and

he predicted value quantized by using an adaptive quantization

tep. The ADPCM compression has been selected, among other pos-

ible compression standards, because it is based on a waveform

oding approach, thus being more suitable to be used in sensor

etwork devices (usually based on microcontrollers), with respect

o more highly complex solutions based on a vocoder approach.

n the BlueVoice application, each 16 bit PCM sample is encoded

nto 4 bit ADPCM data so that the required application transmis-

ion bandwidth is 64 kbps, which is compatible with Bluetooth LE

treaming capabilities. 

As previously reported, the whole bandwidth required by the

lueVoice application is 64.3 kbps because BlueVoice improves the

ommunication robustness by adding additional information when

ata are sent through the channel. Voice data at 64 kbps is sent in

orm of 4 packets of 20 bytes each every 10 ms (the selected con-

ection interval) , thus using for each data packet the maximum

vailable payload. Transmitter side information is sent at a lower

requency in the form of an additional packet of 6 bytes every 16
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Fig. 5. BlueVoice packetization schema. 

Fig. 6. Tx module architecture. 
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connection intervals. The whole data packetization policy on top

of the Bluetooth LE protocol stack is summarized in Fig. 5 : 4 voice

data packets of 20 bytes are sent at each connection interval of

10 ms via Audio characteristics, while transmitter side information

is sent in an additional packet every 160 ms via Sync characteristic.

5. BlueVoice implementation and performance 

In this section, the BlueVoice implementation in real hardware

devices is presented before discussing measured performance in

terms of power consumption, memory footprint, processing re-

quirements, and communication delay. 

5.1. Implementation in real hardware devices 

To evaluate the BlueVoice feasibility in real low-complexity

wireless sensor network platforms supporting Bluetooth LE com-

munications, the whole application, as described in Section 4.2 ,

has been implemented in real hardware devices. The selected plat-

form is the STMicrolectronics STM32 Nucleo F401 board [28] , an

open development platform based on STM32F01, a 168 MHz, 32-bit

ARM Cortex-M4 microcontroller. Despite the fact that the system

embeds a very powerful microcontroller with respect to the usual

platforms used in wireless sensor network applications, the STM32

Nucleo F401 has been chosen because of its flexibility and versa-

tility. In fact, the board is provided with a set of connectivity sup-

ports and expansions headers that make it easy to expand its func-

tionality with a set of specialized expansion boards, thus allowing

exploration, prototyping and validation of new ideas in the IoT sce-

nario. BlueVoice Tx and Rx modules, in their common hardware
onfiguration, are based on a STM32Nucleo expanded with a Blue-

ooth LE connectivity board based on STMicroelectronics BlueNRG

29] , a very low power Bluetooth LE single-mode network pro-

essor compliant with Bluetooth specification v4.0. BlueNRG can

e configured in Master and Slave mode, and it has a maximum

urrent in transmission of 8.2 mA that can be reduced to 1.7 uA

hen the Bluetooth LE stack is active. In the Tx device, speech is

cquired by means of an additional microphone expansion board,

ased on STMicroelectronics MP34DT01 [30] , a digital omnidirec-

ional MEMS microphone with an acoustic overload point of 120

BSPL, 63 dB signal-to-noise ratio and −26 dBFS sensitivity. The

P34DT01 is built with a capacitive sensing element and an in-

egrated circuit that embeds a sigma-delta modulator and a noise

haping mechanism, providing a PDM output at a frequency that

oes from 1 to 3.25 MHz. 

Fig. 6 shows the Tx module architecture schema: the STM32

icrocontroller is configured to acquire PDM samples from the

icrophone via an Inter-IC Sound (I2S) bus connected to a DMA

eripheral, while communication with the BlueNRG component is

erformed via a Serial Peripheral Interface (SPI) by means of a set

f specific Application Programming Interfaces (APIs). The Rx mod-

le architecture is symmetric, except for audio acquisition, and in-

ludes a USB Audio interface to provide reconstructed audio to a

C. Fig. 7 shows the actual prototypes. 

.2. Performance 

The real system described in Section 5.1 has been used as a

aboratory testbed to evaluate the performance of the BlueVoice

pplication in terms of power consumption, memory footprint,

rocessing requirements and communication delay. In particular,
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Fig. 7. Tx and Rx prototypes. 

Table 1 

BlueVoice power consumption of transmitter side 

(Slave/Server). 

Tx module (Slave/Server) power consumption 

State Power consumption 

(mW) 

Advertising 0.297 

Connection 1.855 

Streaming 9.570 
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onsidering a scenario with a set of tiny wireless microphones

odules deployed in the field, and considering the intrinsic asym-

etry of Bluetooth LE (where a Slave device has to be designed to

e as compact and low power as possible), the performance eval-

ation reported in this section is focused on power consumption,

emory footprint and processing requirements of the Tx (Slave)

odule, responsible for speech acquisition and streaming. In addi-

ion, another reported performance indicator is the communication

elay measured at the Rx side: in fact, such a parameter is a key

ndicator of perceived speech quality in voice communications. Ac-

ording to the ITU G.107 standard [31] , the communication delay

composed of encoding, transmission, and decoding delays) is the

ost important contribution in evaluating perceived voice qual-

ty at the receiver side [32] . Lower communication delays results

n higher speech quality values in terms of Mean Opinion Score

MOS) values, a common speech quality measure [33] . 

(1) Power consumption, memory and processing requirements. 

As described in the previous section, the BlueVoice application

as been implemented in a real hardware device composed of a

TMicrolectronics STM32 Nucleo board, acting as host device, and

 Bluetooth LE network module acting as controller device. Since

adio transmission in wireless sensor nodes is the most demanding

spect in terms of energy consumption [34] , we focused the power

onsumption evaluation on the network module only, disregard-

ng the power consumed by the microcontroller. In fact, it must be

tressed that the microcontroller power consumption strictly de-

ends on hardware characteristics and possible low-power config-

rations, thus being an additive platform-dependent value in the

verall computation of consumed power. In Table 1 power con-

umption values for the communication module are reported for

he three main states in which BlueVoice can operate: advertising,
onnection and streaming. Power consumption in the Bluetooth LE

canning phase is not reported because it is related to the Mas-

er module, which is the less critical component of the BlueVoice

pplication in terms of power consumption and which can be the-

retically replaced with any other module running the BlueVoice

rofile. All values reported in Table 1 have been obtained as the

verage of the consumption values given by a precision multimeter

irectly measuring the current going into the network module sub-

ystem operating at 3.3 V. Measured values mainly depend on the

articular connection parameters and communication bandwidth,

nd are in line with simulation results given by the current con-

umption simulator software provided by STMicroelectronics for

he BlueNRG component. 

According to the Bluetooth LE standard, before a connection is

stablished between two nodes the Slave device is in Advertising

ode, while the Master device is in Scanning mode. As soon as the

aster detects the presence of a Slave via an advertising packet,

t establishes the connection. In the BlueVoice solution, the Slave

s the Tx node, acting as server, while the Master is the Rx node,

he client, and periodic notifications are sent from Slave to Master.

uring the Advertising phase, the average power consumed by the

x communication module is a very low 0.297 mW, while power

onsumption is equal to 1.855 mW when the connection is estab-

ished. It is important to note that the power consumption in the

onnection phase is strongly related to the connection interval de-

ign choice: in the BlueVoice solution, it is set to a value close to

he minimum value allowed by the standard (10 ms), so as to have

 minimum latency in the transmission. Once the connection is

stablished, the BlueVoice application goes into a Streaming state

n which the average power consumption is 9.570 mW. Therefore,

onsidering a battery with a capacity of 200 mAh, the ideal life-

ime of an IoT node composed only of the RF part in continuous

treaming mode would be approximately 69 h. Such power con-

umption value demonstrates the suitability of BlueVoice approach

or deployment in IoT context, thus highlighting the correct choices

n application design. 

In addition to the power consumption analysis, the feasibil-

ty of BlueVoice has been evaluated by considering its require-

ents in terms of memory footprint and processing. The BlueVoice

pplication in its actual implementation requires, as reported in

able 2 , 22.66 kB of Flash and 7.52 kB of RAM memory, two

alues which are highly compatible with resource-constrained

ystems. 
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Table 2 

BlueVoice memory footprint at the 

transmitter side 

Memory footprint 

Memory Occupation 

(kB) 

Flash 22 .66 

RAM 7 .52 

Table 3 

BlueVoice encoding phase processing requirements 

Processing requirements 

Function MIPS 

PDM to PCM conversion 5.04 

ADPCM compression 1.60 

Encoding phase 6.64 

Fig. 8. Communication delay distribution. 
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The measured BlueVoice processing requirements are reported

in Table 3 in terms of million instructions per second (MIPS) by

considering both PDM to PCM conversion and ADPCM compres-

sion. The overall encoding process requires 6.64 MIPS which, to-

gether with the reduced requirements in terms of memory foot-

print, make BlueVoice a suitable solution to enable speech com-

munications in IoT nodes deployed in the field to fulfill monitoring

tasks. 

(2) Communication delay. 

The BlueVoice feasibility in terms of power consumption, pro-

cessing requirements and memory footprint does not guarantee to

have a speech signal with a sufficient perceived quality at the re-

ceiver side. According to the E-model reported in [31] a key role in

determining the speech quality is played by the whole communica-

tion delay, evaluated by taking into account encoding, transmission

and encoding delays. In order to evaluate the performance of the

BlueVoice solution, an extensive transmission test has been per-

formed measuring the communication delay at the receiver side

for a high number of audio samples. The resulting distribution is

reported in Fig. 8 . It is important to note that in order to focus the

performance evaluation on communication delay only, reported re-

sults have been obtained running the test in ideal conditions in

terms of Packet Loss Rate (PLR). In fact, since PLR is an indicator

depending on several factors which were out of scope of this study

(e.g., communication distance, antenna design, sources of interfer-
nce), test conditions were imposed to have PLR values equal to

ero. 

The average communication delay is equal to 15.80 ms with a

tandard deviation of 1.64 ms, while in the worst case, the delay is

ower than 29.00 ms. From final results reported in [32] , 185.80 ms

s the maximum communication delay allowed while still reaching

 very satisfactory speech quality in case of a PCM encoding and

o data losses. Although the BlueVoice application uses ADPCM

peech coding technique, requiring a higher number of instructions

ith respect to the PCM encoding, in the worst case the commu-

ication delay is significantly lower than 185.80 ms. In particular,

he maximum measured delay is less than 16% of the maximum

llowed communication delay reported in [32] , showing that the

lueVoice application is able to reach very high speech quality val-

es at the receiver side. 

. Conclusions 

In this article an innovative solution for streaming speech over

luetooth Low Energy is presented. The so-called BlueVoice ap-

lication demonstrates the feasibility of multimedia communica-

ion in constrained sensor devices acting as IoT nodes. In the arti-

le, a vendor specific Bluetooth LE profile for speech communica-

ion is defined, and the BlueVoice design is presented by consider-

ng communication roles of involved devices, audio processing and

ompression choices, packetization issues and bandwidth require-

ents. The BlueVoice application is composed of a Tx node and a

x node, acting as Bluetooth LE Slave/Server and Master/Client re-

pectively. Periodical notifications are sent from the Server to the

lient after the connection is established. On the Tx node, MEMS

icrophone digital output in PDM format is acquired, converted

o PCM and then compressed to ADPCM, resulting in a communi-

ation bandwidth of 64 kbps on the Bluetooth LE link. The pro-

le also defines a side-information mechanism, requiring an addi-

ional bandwidth of 300 bps, for a total bandwidth of 64.3 kbps re-

uired by the application. In order to evaluate the performance of

he proposed solution, the BlueVoice application has been imple-

ented in real hardware devices. Particular focus has been devoted

o the Tx node, which has been implemented as a fully digital sys-

em composed of a MEMS microphone, a microcontroller acting as

ost and a network module acting as Bluetooth LE controller. Per-

ormance evaluation reported in the article shows the feasibility

f the solution for the IoT context in terms of power consump-

ion, processing requirements and memory footprint. In particular,

 power consumption of only 9.570 mW has been measured for

he network module during audio streaming, while completely ac-

eptable memory and processing requirements have been experi-

nced. Moreover, the communication delay has been measured as

 key performance indicator. Such a figure of merit results in an

verage of 15.80 ms and a maximum of 29.00 ms, showing that

he BlueVoice application is able to reach very high speech quality

alues at the receiver side and therefore confirming it as a suitable

olution for advanced applications in the IoT scenario. 
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