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a b s t r a c t

Bluetooth Low Energy (BLE) technology has opened a whole new dimension of single-hop wireless commu-

nication technology due to its inexpensive and low-power properties. This technology makes it possible for

a large number of devices to be connected to the Internet of Things. The BLE mechanism is clearly defined

by the standard, however, there is room for improvements in some aspects of the technology such as the

discovery process. Although the discovery process of traditional Bluetooth architecture has been intensively

investigated through analytical and simulation models over the years, it cannot be applied to the BLE tech-

nology because of many changes introduced in the design of the BLE. Recently, there have been several works

for performance evaluation of BLE discovery process, but they are not still thorough enough in providing a

holistic analysis of the BLE. This has motivated our study for more accurate modeling of the BLE discovery

process. Our work focuses on developing an analytical model and carrying out intensive simulations to in-

vestigate discovery probability and quantitative examination of the influence of parameter settings on the

discovery latency and the energy performance metric of the discovery process.

© 2015 Elsevier B.V. All rights reserved.
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. Introduction

Internet of things (IoT) is a concept that has been introduced

hrough the competitions of access technologies which aim at ful-

lling the internet and data requirement of mobile users. IoT is still

very new concept and, therefore, much time is required before it

an be standardized and implemented. IoT includes both short and

ong range communication services. The traditional wireless tech-

ologies such as WiFi and LTE provide excellent service for long range

ommunication, but they are not ideal in the case of IoT since they

onsume much energy and time in short range communication.

hort-range communication technologies are employed in various IoT

pplications like smart home, health and fitness service, medical ser-

ice, etc.

Bluetooth is considered as one of the technologies that can be

sed to handle short-range communications in the IoT systems. The

raditional versions 2.0 and 3.0 are developed for high data rate com-

unications, thus it cannot be used in low-power and low data rate

ystems. Bluetooth Low Energy (BLE) is an enhanced feature of Blue-

ooth standard and it is published as Bluetooth Version 4.0. First of

ll, the BLE provides a fast and energy-efficient discovery process

andling hundreds or thousands of devices for short-range wireless

pplications. The BLE standard defines various parameters used for
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he discovery process to be appropriately set to various applications.

oreover, the BLE is capable of balancing and optimizing the perfor-

ance metrics such as energy consumption and latency for device

iscovery by selecting an appropriate parameter set to meet the need

f practical use. Similarly, having a wide range of parameter options

rovides the opportunity for BLE devices to customize performance

n specific applications [1–4]. The BLE networking provides the bulk

ransmission capability of previously stored data to support different

ype of sensors. It also offers more robust connectivity by automat-

cally re-establishing connection when devices rejoin the network

ithin a communication range. These capabilities can be best uti-

ized for integrating BLE into wearable devices. The IoT technology

an be used in synergy with the BLE to provide a variety of services

o exchange information for healthcare, medical service, smart home,

mart car, emergency services, etc.

The device discovery of classical Bluetooth protocols has been in-

ensively investigated through experimental, simulation and formal

odeling schemes. The Classical Bluetooth device discovery cannot

e applicable to BLE because of some fundamental design and con-

eptual changes in the discovery mechanism of the BLE. As a result,

nly just a handful of research works has been introduced in the per-

ormance evaluation of the BLE discovery process.

In the last couple of years several approaches have been proposed

o enhance the working of the BLE discovery process. In this regard,

. Liu et al. proposed a 3-channel-based analytical model for neigh-

or discovery in the BLE networks and validated through an NS-2 BLE
overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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extension [5]. Their study could provide a beneficial guidance to cus-

tomize the advertising or scanning behavior to obtain the required

performance. The model could be used to determine mean latency or

mean energy consumption during the course of neighbor discovery.

They also presented a model for analyzing the neighbor discovery en-

ergy in the BLE networks which were built upon measurement results

of CC2540 mini-development kit. They presented an interesting con-

clusion that the parameter used by the device was one of the biggest

factors contributing to the performance tradeoff between the energy

consumption and the latency [6]. In addition, they introduced an idea

based on classical pure ALOHA algorithm, which could allow the BLE

devices to adjust dynamically their parameters after receiving the re-

port [7]. A general model for device discovery on multi-channel at

first, and then simplified and tailored the model for the BLE network

with three broadcasting channels have been proposed in [8]. They

presented three parameter setting strategies to enhance the latency

performance and validated their accuracy and effectiveness.

Kamath [9] described the setup and procedures to measure power

consumption on a CC2541 device operating as a peripheral in a

BLE connection. The current consumption measurements were pre-

sented, and the battery life time was calculated for an application

scenario. They also showed that a variety of factors would influence

the battery life time calculation and final measurements.

Gomez et al. [10] investigated the lifetime of the BLE device in

a data collection application. Their research represented a trade-off

between energy consumption, latency, the piconet size as well as

throughput depending on major parameters like ConnSalveLatency

and ConnInterval. Their theoretical results revealed that the lifetime

of a BLE device powered by a coin cell battery ranged between 2 days

and 14.1 years for the whole range of valid connection interval values

(i.e., from 7.5 ms to 4 s). They pointed out implementation constraints

that might reduce BLE performance in a real scenario.

Sedov et al. [11] introduced a discovery mechanism using the in-

quiry procedure focusing on the time and energy consumption. They

showed that the proposed mechanism was consuming less time and

energy than the traditional mechanisms. However, this mechanism

assumed that all nodes were within each other’s range.

Zanella et al. [12] presented a simple mathematical model for

point-to-point Bluetooth link, which was based on the finite state

Markov chain. The theory of renewal reward processes was applied

to derive the performance of the system in terms of throughput and

energy efficiency. They investigated the potential performance trade-

off between the average traffic rate and various packet formats and

examined the impact of the receiver correlator margin on the system

performance. Although the analysis focused on a piconet with just

two units, their mathematical model could be extended to accom-

modate more complex piconet structures to design energy–efficient

algorithms for the piconet management.

Cho et al. [13] presented an analytical model to investigate discov-

ery latency, as well as the probability of the successful discovery with

a wide variety of parameter settings. They examined to what extent

parameter setting affected the discovery latency through modeling

and simulations for practical BLE networks. Similarly, they considered

a realistic situation where many collisions caused by the contention

among the BLE devices during discovery process.

Previous works for performance evaluation of BLE discovery pro-

cess are not still thorough enough to provide a complete analysis of

the BLE. Our study is motivated by the need to develop a new, ac-

curate latency and energy model for BLE device discovery to analyze

quantitatively latency and energy performance consumed for the dis-

covery process. In this paper, we build analytical models for the dis-

covery probability as well as expected discovery latency and energy

performance with various parameter settings, which are then vali-

dated via extensive simulations and experiments.

The rest of this paper is organized as follows. BLE discovery

overview and two performance criteria are presented in Section 2. An
Please cite this article as: K. Cho et al., Performance analysis of device disc

nications (2016), http://dx.doi.org/10.1016/j.comcom.2015.10.008
nalytical model of the BLE discovery process is presented in Section

. Section 4 validates our latency and energy model, and finally the

onclusion is given in Section 5.

. BLE discovery process and performance criterion

.1. Overview of discovery process

BLE operates in the same spectrum range (2.4 GHz–2.4835 GHz

SM band) as the classical Bluetooth technology. As previously ex-

lained, the advertising channel index is 37, 38, 39 and the rest are

ata channel indexes. In Fig. 1(a), an example topology of BLE net-

ork is shown that demonstrates a number of the architectural fea-

ures of BLE device [3]. A1(S1) is a master in a piconet with S1(A1)

nd S2(A2) as slaves. Each slave communicates on a separate physical

hannel with the master. The A1(S1) and S1(A1) are using one physical

hannel. Similarly, S1(A1) and S2(A2) are using another piconet phys-

cal channel. In broadcast group G3 and S3(A3) is advertising using

connectable event on the advertising physical channel, and device

1(S1) acts is an initiator. A1(S1) can form a connection with S3(A3)

nd add the device to piconet G1 [3].

A BLE device operates in either of three modes, namely advertis-

ng, scanning and initiating, to provide the required functionality as

llustrated in Fig. 1. A device in advertising mode transmits advertis-

ng information in three advertising channels indexed by 37, 38 and

9 as shown in Fig. 1(b). It continuously and sequentially sends Packet

ata Units, called ADV_IND PDUs, via each of the three advertising

hannels during an advertisement interval. It then keeps listening

o the same advertising channel to respond to the SCAN_REQ from

he scanner. Each advertising interval is composed of a fixed AdvIn-

erval (τAI) and a pseudo-random AdvDelay (δ). The pseudo-random

dvDelay is generated by the link layer and is used to separate the

dvertising intervals when two or more advertisers are getting close

5,6]. When all advertisers are set with the same advertising interval,

hen collisions on the first channel will pass to the second and the

hird channels [5,8].

In the scanning mode, a BLE device scans the advertising channels

eriodically to listen to the advertising information from advertisers

s shown in Fig. 1(c) [6]. The scanner sends back a SCAN_REQ to re-

uest additional information of the advertiser whenever it receives

n ADV_IND PDU. When the advertiser receives a SCAN_REQ from a

canner, it sends a reply with SCAN_RSP PDU on the same advertising

hannel [5,6]. In addition, since multiple scanners may respond to

n advertiser simultaneously, back-off procedures are used by each

canner to minimize collision [4]. The scanner scans a different ad-

ertising channel for a duration of ScanWindow (τ SW) during each

canInterval (τ SI). The ScanInterval and ScanWindow should be less

han or equal to 10.24 s.

In the initiating mode, a BLE device shares a similar process with

he scanner while the only exception is that it can only respond to a

pecific type of advertising packets.

.2. Performance criterion

The BLE link Layer is composed of four components namely, the

reamble, the access, PDU and the cyclic redundancy check (CRC).

DU has varying types and is further made up of a header and a pay-

oad. The length of the payload determines the length of the packet,

anging from 0 octets to 37 octets.

The transmission time of the ADV_IND, SCAN_REQ, and SCAN_RSP

re denoted by TADV_IND, TSCAN_REQ, respectively. The time needed to

xchange control messages in the scanning procedure is given by TS

= TSCAN_REQ + TSCAN_RSP + 2TIFS) as shown in Fig. 2. The list of major

iming parameters specified in BLE standard is shown in Table 1.

The discovery latency is defined as the interval for the advertiser

rom entering into the first advertising event by sending an ADV_IND
overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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(a) Example of BLE topology 

(b) Advertising process

(c) Scanning process

Fig. 1. Example of BLE network and device discovery.

Table 1

List of major timing parameters.

Notation Meaning Recommended specification

τ AI advertising interval for three advertising channels Integer multiple of 0.625 ms in [20∼10240] ms

τ WA Advertising period per channel (Max allowable listening time for SCAN_REQ after sending

ADV_IND on each channel)

≤ 10 ms

τ SI ScanInterval Integer multiple of 0.625 ms in [2.5∼10240] ms

τ SW ScanWindow Integer multiple of 0.625 ms in [2.5∼10240] ms (τSW ≤ τSI)

δmax Upper bound to choose a random delay δ ≤ 10 ms
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ntil it successfully receives a SCAN_REQ from the scanner as illus-

rated in Fig. 2. Similarly, the discovery energy is defined as the en-

rgy consumed during the interval for the advertiser from entering

nto the first advertising event by sending an ADV_IND until it suc-

essfully receives a SCAN_REQ from the scanner.

J. Liu et al. [7] have defined some states and operations related to

nergy consumption based on the current consumption of CC2541.

iming, current, and energy in each state are listed in Table 2, where

he energy is simply obtained by the time duration multiplying the

urrent. In Fig. 3, six consecutive Tx and Rx peaks can be observed,
Please cite this article as: K. Cho et al., Performance analysis of device disc

nications (2016), http://dx.doi.org/10.1016/j.comcom.2015.10.008
hich shows the transmission of the advertising PDUs (marked by

2 ). The consequent listening actions is marked by 6©, over the three

dvertising channels. The listening interval duration varies depend-

ng on whether the device discovery process succeeds in the current

dvertising or not. Similarly, as the BLE device goes through several

ifferent states of sleeping ( 9© or 10©), post-processing ( 8©), and chan-

el switching ( 7©),we can observe that the current draw changes be-

ore or after the advertising event.

A device goes through states 2©→ 5©→ 3©→ 5©→ 4©→ 5©→ 6©
hen it succeeds in discovering an advertisement (τWA) after
overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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T

t : Time instance at which the scanner receives an ADV_IND

Fig. 2. Discovery latency and control messages exchanged for discovery process.

Table 2

States defined for energy analysis during device discovery process.

States Meaning

Amount of current

in each state

Time duration

of each state

Energy consumed

in each state

1© INIT Wake-up, pre-process to prepare radio and turn on radio in

preparation of Tx and Rx

iin τin εin = iinτin

2© TADV Send an ADV_IND on an advertising channel itx TADV _IND εta = itxTADV _IND

3© RSCAN Receive a SCAN_REQ irx TSCAN_REQ εrs = irxTSCAN_REQ

4© TSCAN Send a SCAN_RSP on an advertising channel itx TSCAN_RSP εts = itxTSCAN_RSP

5© CONVERT Convert Tx-mode to Rx-mode, or vice-versa ico τco εco = icoτco

6© LISTEN Listen a SCAN_REQ until completion of τWA irx τli εli = irxτli

7© TRANS Tx and Rx on one advertising channel are done, and it takes

some transition time (or waiting time) to continue operating

on the next channel (identical to interframe space)

ich τch εch = ichτch

8© POST Set up the sleep timer in preparation for the next advertising

event

ipo τpo εpo = ipoτpo

9© SLEEP Sleep by turning off irrelative components so as to save energy isl τsl εsl = islτsl

10© DELAY A random delay (AdvDelay) chosen from [0, δmax] to determine

advertising interval

isl δ εδ = ( δmax

2
)isl

Please cite this article as: K. Cho et al., Performance analysis of device discovery of Bluetooth Low Energy (BLE) networks, Computer Commu-

nications (2016), http://dx.doi.org/10.1016/j.comcom.2015.10.008
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(a) Consumed energy in case of successful discovery

(b) Consumed energy in case of discovery failure
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Fig. 3. Consumed energy in case of discovery success and failure.

A1

S2

Sn
S1

S1

A2

An
A1

(a) 1:N network (b) M:1 network (c) M:N network

A1S1

Send ADV_IND
To Discovery

Sn

Send ADV_IND

Send ADV_IND

Send ADV_IND

S2

Send ADV_IND

Fig. 4. Configurations of BLE networks used for our analysis.
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nitialization as illustrated in Fig. 3(a), However, when the discovery

rocess fails on an advertisement, the BLE device goes through states

2 → 5©→ 6© after initialization, as illustrated in Fig. 3(b).

. Analytical model

In this section, we inspect energy performance of the BLE de-

ice discovery from the perspective of a theoretical model that fully

ccords with the BLE specification. In our prior study [13], we have

resented an analytical model for discovery latency considering a re-

listic situation where there are many collisions caused by contention

mong BLE devices during the discovery process. The analysis for en-

rgy performance evaluation is also based on [13].

We investigate the performance of the BLE device discovery from

he perspective of the theoretical model in full accordance with the

LE specification to investigate performance metrics. We first present

n analytical model for the probability of device discovery, which lay
Please cite this article as: K. Cho et al., Performance analysis of device disc

nications (2016), http://dx.doi.org/10.1016/j.comcom.2015.10.008
n important basis to derive an analytical model for latency and en-

rgy cost spent on device discovery.

.1. Probability of successful discovery

Our analysis is derived from focusing on investigating under what

onditions a particular pair of advertiser and scanner (called A1 and

1) successfully discover each other among them. In our analysis, we

onsider three configurations of BLE network as shown in Fig. 4. Fig.

(a) illustrates a network with (N+1) BLE devices, where only A1 acts

s an advertiser and other N devices (S1, S2,…, SN) work as scan-

ers. On the contrary, Fig. 4(b) illustrates a network with (M + 1)

LE devices, where only S1 acts as scanner and other M devices (A1,

2,…, AM) work as advertisers. Fig. 4(c) depicts a more general con-

guration consisting of (M + N) BLE devices where M devices (A1,

,…, A ) work as advertisers and N devices (S , S ,…, S ) work as
2 M 1 2 N

overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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Table 3

Events used for analysis of device discovery process.

Event Meaning

E1 S1 is synchronous with A1.

E2 One or more of S2, S3,… and SN are synchronous with A1.

E3 One or more of A2, A3,… and AM are synchronous with S1.

E4 S1 has enough time to reply to ADV_IND until ScanWindow is finished.

E5 Synchronous scanners of S2, S3,… and SN are sleeping or cannot reply to ADV_IND within their current ScanWindows.

E6 S1 does not receive ADV_IND from A2, A3…, and AM in an interval [t1-Ts, t1+Ts].

Fig. 5. Cases for successful discovery in 1:N network.
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scanners. We define six events to express clearly under what condi-

tions A1 can successfully discover S1, as listed in Table 3.

1) 1:N network

Consider a network with (N + 1) BLE devices, where In this net-

work, A1 can successfully discover S1 if () or () is true, where E2 is

the complementary event of E2 indicating “none of S2,S3,… and SN

is synchronous with A1”. The former case means that only S1 is syn-

chronous with A1 AND S1 has enough time to reply to ADV_IND until

the current ScanWindow is finished. The latter case means S1 and

one or more scanners of S2,S3,…, and SN are synchronous with A1

AND only S1 has enough time to reply to ADV_IND until the current

ScanWindow is finished.

The probability that S1 is synchronous with A1 on receipt of

the ADV_IND on channel 37 is given by . 3C1 represents the prob-

ability of selecting a specific channel out of three channels (37,

38 and 39). Assuming that S1 receives an ADV_IND from A1 at

an arbitrary time instance of t0, the residual time until comple-

tion of ScanWindow is given by (τSW − t0). For successful discov-

ery, S1 should reply to ADV_IND with a SCAN_REQ message and

then should receive a SCAN_RSP from A1 within the residual time. In

other words, S1 should have a sufficient residual time greater than TS

(= TSCAN_REQ + TSCAN_RSP + 2TIFS) until completion of ScanWindow to

reply to ADV_IND. The probability that S1 has sufficient residual time

is given by
τSW −TS

τSI
. So, we have the probability of successful discovery

on channel 37 by

PROB(E1 ∩ E2 ∩ E4) = 3C1

(
1

3

)2(2

3

)N−1(τSW − TS

τSI

)
=

(
1

3

)(
2

3

)N−1(
ρ − TS

τSI

)
(1)

where = τSW
τSI

, which means duty cycle defined as the proportion of

time to express how long a BLE device spends time on scanning
Please cite this article as: K. Cho et al., Performance analysis of device disc

nications (2016), http://dx.doi.org/10.1016/j.comcom.2015.10.008
rocess during a given ScanInterval. There is no doubt that 0 ≤ ρ ≤ 1.

n particular, ρ becomes equal to one in the continuous scanning

ode

Although any other scanner of S2, S3,…, and SN is synchronized

ith A1, it cannot send any message if its residual time is shorter than

IFS until completion of ScanWindow or it receives ADV_IND during

he sleeping period. So, the probability that one or more scanners of

2, S3,…, and SN are synchronous with A1, but they cannot reply to

DV_IND is given by
N−1∑
k=1

N − 1Ck( 1
3 )k( τSI− τSW +TIFS

τSI
)k( 2

3 )N−1−k. Using

lgebra (a + b)N =
N∑

k=0

NCkakbN−k, we have

ROB(E1 ∩ E2 ∩ E4 ∩ E5)

= 3C1

(
1

3

)2(τSW − TS

τSI

){
N−1∑
k=1

N − 1Ck

(
1

3

)k

×
(
τSI − τSW + TIFS

τSI

)k(2

3

)N−1−k
}

=
(

1

3

)(
ρ− TS

τSI

)[{(
1

3

)(
1−ρ+ TIFS

τSI

)
+ 2

3

}N−1

−
(

2

3

)N−1
]

(2)

Summing (10) and (11), we get the probability of successful dis-

overy on channel 37, denoted by P1, by

1 =
(

1

3

)N(
ρ − TS

τSI

)(
3 − ρ + TIFS

τSI

)N−1

(3)

Since A1 sends another ADV_IND on the next advertising channel

channel 38) after a duration of τWA, S1 receives the second ADV_IND

t t0 + τWA. So, the residual time for the second ADV_IND until com-

letion of ScanWindow is ( τSW − t0 − τWA) assuming that τSI is suf-

ciently longer than τ as shown in Fig. 5.
WA

overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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Fig. 6. Cases for successful discovery in M:1 network.
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The probability that S1 has enough time for handshaking control

essages for the second ADV_IND until completion of ScanWindow

s given by ( τSW −τWA−TS
τSI

). Since the probability that S1 is synchronous

ith A1 on receipt of the second ADV_IND is given by 3C1( 1
3 )2, we

ave the probability of discovery successful on channel 38 by

2 =
(

1

3

)N−1(
ρ − τWA

τSI

− TS

τSI

)(
3 − ρ + TIFS

τSI

)N−1

(4)

Similarly, the arrival time of the third ADV_IND at S1 is t0 + 2τWA,

nd thus the residual time for the third ADV_IND until completion

f the ScanWindow is given by (τSW − t0 − 2τWA). Thus, we have the

robability of successful discovery on channel 39 by

3 =
(

1

3

)N−1(
ρ − 2

τWA

τSI

− TS

τSI

)(
3 − ρ + TIFS

τSI

)N−1

(5)

2) M:1 network

Next, we consider a BLE network with (M + 1) BLE devices as

hown in Fig. 6. In this configuration, A1 can successfully discover

1 if (E1 ∩ E2 ∩ E4) or (E1 ∩ E2 ∩ E4 ∩ E6) is true. In the same way as

reviously, we get

ROB
(
E1 ∩ E3 ∩ E4

)
= 3C1

(
1

3

)2(2

3

)M−1(τSW − TS

τSI

)
=

(
1

3

)(
2

3

)M−1(
ρ − TS

τSI

)
(6)

ROB(E1 ∩ E3 ∩ E4 ∩ E6)

= 3C1

(
1

3

)2(τSW − TS

τSI

)[
M−1∑
k=1

N − 1Ck

(
1

3

)k

×
(
τSI − 2TS

τSI

)k(2

3

)M−1−k
]

= 1

3

(
ρ − TS

τSI

)[{
1

3

(
1 − 2TS

τSI

)
+ 2

3

}M−1

−
(

2

3

)M−1
]

(7)

So, we have the probability of successful discovery on channel 37

y

1 =
(

1

3

)M(
ρ − TS

τSI

)(
3 − 2TS

τSI

)M−1

(8)
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Similarly, the probability of successful discovery on channel 38

nd 39, can be computed as follows:

2 =
(

1

3

)M(
ρ − τWA

τSI

− TS

τSI

)(
3 − 2TS

τSI

)M−1

(9)

3 =
(

1

3

)M(
ρ − 2 τWA

τSI

− TS

τSI

)(
3 − 2TS

τSI

)M−1

(10)

3) M:N network

Using the events listed in Table 3, we can derive four cases where

1 can successfully discover S1 as shown in Fig. 7. For example, the

rst case means the situation where only S1 is synchronous with A1

nd at the same time S1 has enough time to reply to ADV_IND until

he current ScanWindow is finished. This case can be expressed by

1 ∩ E4 using events in Table 3. Similarly, we can express the other

hree cases as follows:

1. Case 5: E1 ∩ E2 ∩ E3 ∩ E4

2. Case 6: E1 ∩ E2 ∩ E3 ∩ E4 ∩ E5

3. Case 7: E1 ∩ E2 ∩ E3 ∩ E4 ∩ E6

4. Case 8: E1 ∩ E2 ∩ E3 ∩ E4 ∩ E5 ∩ E6

here E2 and E3 mean the complementary events of E2 and E3, re-

pectively.(
E1 ∩ E2 ∩ E3 ∩ E4

)
= 3C1

(
1

3

)2(2

3

)M+N−2(τSW − TS

τSI

)
=

(
1

3

)(
2

3

)M+N−2(
ρ − TS

τSI

)
(11)

(
E1 ∩ E2 ∩ E3 ∩ E4 ∩ E5

)
= 3C1

(
1

3

)2(2

3

)M−1(τSW − TS

τSI

){
N−1∑
k=1

N − 1Ck

(
1

3

)k

×
(
τSI − τSW + TIFS

τSI

)k(2

3

)N−1−k
}

=
(

1

3

)N(
2

3

)M−1(
ρ − TS

τSI

)[(
3−ρ + TIFS

τSI

)N−1

−2N−1

]
(12)

(
E1 ∩ E2 ∩ E3 ∩ E4 ∩ E6

)
= 3C1

(
1

3

)2(2

3

)N−1(τSW − TS

τSI

){
M−1∑
k=1

N − 1Ck

(
1

3

)k
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Fig. 7. Cases for successful discovery in M:N network.

e

P

×
(
τSI − 2TS

τSI

)k(2

3

)M−1−k
}

=
(

1

3

)M(
2

3

)N−1(
ρ − TS

τSI

)[(
3 − 2TS

τSI

)M−1

− 2M−1

]
(13)

P(E1 ∩ E2 ∩ E3 ∩ E4 ∩ E5 ∩ E6

= 3C1

(
1

3

)2(τSW − TS

τSI

){
M−1∑
k=1

N − 1Ck

(
1

3

)k(τSI − 2TS

τSI

)k

×
(

2

3

)M−1−k
}
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×
{

N−1∑
k=1

N − 1Ck

(
1

3

)k(τSI − τSW + TIFS

τSI

)k(2

3

)N−1−k
}

=
(

1

3

)M+N−1(
ρ − TS

τSI

)[(
3 − 2TS

τSI

)M−1

− 2M−1

]

×
[(

3 − ρ + TIFS

τSI

)N−1

− 2N−1

]
(14)

Summing (11)–(14), we have the probability of successful discov-

ry on the first advertising channel by

1 =
(

1

3

)M+N−1(
ρ − TS

τSI

)(
3 − 2TS

τSI

)M−1(
3 − ρ + TIFS

τSI

)N−1

(15)
overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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Table 4

Latency and consumed energy for successful discovery and the corresponding probability.

AdvInterval Channel ID Probability of successful discovery Latency to successful discovery Consumed energy for successful discovery

1 37 P1 τWA εin + εSUCC

38 (1 − P1)P2 2τWA εin + εFAIL + εSUCC

39 (1 − P1)(1 − P2)P3 3τWA εin + 2εFAIL + εSUCC

2 37 (1 − P1)(1 − P2)(1 − P3)P1 (τAI + δmax

2
) + τWA εAI + εδ + εin + εSUCC

38 (1 − P1)
2(1 − P2)(1 − P3)P2 (τAI + δmax

2
) + 2τWA εAI + εδ + εin + εFAIL + εSUCC

39 (1 − P1)2 (1 − P2)2(1 − P3) P3 (τAI + δmax

2
) + 3τWA εAI + εδ + εin + 2εFAIL + εSUCC

… … …

i 37 (1 − P1)i−1 (1 − P2)i−1(1 − P3)i−1P1 (i − 1)(τAI + δmax

2
) + τWA (i − 1)(εAI + εδ) + εin + εSUCC

38 (1 − P1)
i (1 − P2)

i−1(1 − P3)
i−1P2 (i − 1)(τAI + δmax

2
) + 2τWA (i − 1)(εAI + εδ) + εin + εFAIL + εSUCC

39 (1 − P1)i (1 − P2)i(1 − P3)i−1P3 (i − 1)(τAI + δmax

2
) + 3τWA (i − 1)(εAI + εδ) + εin + 2εFAIL + εSUCC

P

P

c

w

Table 5

Simulation parameters and their values.

Parameters Value Parameters Value

Number of advertises (M) 1∼10 τco 0.105 (ms)

Number of scanners (N) 1∼10 τli 0.767∼9.767 (ms)

τ WA 1∼10 (ms) τch 0.150 (ms)

τ AI 20∼10240 (ms) τpo 0.950 (ms)

τ SI 2.5∼10240 (ms) τsl 2.46∼10234.55 (ms)

τ SW 2.5∼10240 (ms) iin 7.36 (mA)

TIFS 0.150 (ms) ico 7.4 (mA)

TS 0.604 (ms) itx 17.5 (mA)

TADV_IND 0.128 (ms) irx 17.5 (mA)

TSCAN_RSP 0.176 (ms) ich 7.4 (mA)

TSCAN_REQ 0.128 (ms) ipo 7.4 (mA)

δmax 10 (ms) isl 0.001 (mA)

τin 1.2 (ms)

3

n

c

s

i

2=
(

1

3

)M+N−1(
ρ− τWA

τSI

− TS

τSI

)(
3− 2TS

τSI

)M−1(
3−ρ + TIFS

τSI

)N−1

(16)

3=
(

1

3

)M+N−1(
ρ−2

τWA

τSI

− TS

τSI

)(
3− 2TS

τSI

)M−1(
3−ρ + TIFS

τSI

)N−1

(17)

We can summarize the probability of successful discovery on

hannel 37,38,39 as follows:

Configuration Probability of successful discovery on channel 37,38,39

1:N Pk = ( 1
3
)N−1(ρ − (k − 1) τWA

τSI
− TS

τSI
)(3 − ρ + TIFS

τSI
)N−1 (18)

M:1 Pk = ( 1
3
)M(ρ − (k − 1) τWA

τSI
− TS

τSI
)(3 − 2TS

τSI
)M−1 (19)

M:N
Pk =

(
1
3

)M+N−1(
ρ − (k − 1) τWA

τSI
− TS

τSI

)(
3 − 2TS

τSI

)M−1

×
(
3 − ρ + TIFS

τSI

)N−1 (20)

here k = 1,2,3 corresponding to channel 37,38,39, respectively.
Fig. 8. Probability of successful discovery of adver
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.2. Expected discovery latency and energy consumption

The energy consumed for successful discovery depends on the

umber of failures experienced in attempts during the discovery pro-

ess as shown in Table 4, where P1, P2, P3 mean the probability of

uccessful discovery on the first, the second, and the third advertis-

ng channel, respectively, as previously discussed.
tiser as the number of BLE devices increase.
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Fig. 9. Probability of successful discovery of advertiser with various parameter settings.
From Table 4, we can get the expected discovery latency, denoted

by πD, by:

πD =
∞∑

i=1

(1 − P1)
i−1

(1 − P2)
i−1

(1 − P3)
i−1

P1

×
{
(i − 1)

(
τAI + δmax

2

)
+ τWA

}

+
∞∑

i=1

(1 − P1)
i
(1 − P2)

i−1
(1 − P3)

i−1
P2
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×
{
(i − 1)

(
τAI + δmax

2

)
+ 2τWA

}

+
∞∑

i=1

(1 − P1)
i
(1 − P2)

i
(1 − P3)

i−1
P3

×
{
(i − 1)

(
τAI + δmax

2

)
+ 3τWA

}
(21)
overy of Bluetooth Low Energy (BLE) networks, Computer Commu-

http://dx.doi.org/10.1016/j.comcom.2015.10.008


K. Cho et al. / Computer Communications 000 (2016) 1–14 11

ARTICLE IN PRESS
JID: COMCOM [m5G;January 20, 2016;6:50]

Fig. 10. Mean discovery latency and energy of advertiser as the number of BLE devices increase.

π
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o
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o

ε
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e
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E

4

B

c

Using algebra
∞∑

i=0

ixi = x d
dx

(
∞∑

i=0

xi) = x

(1−x)2 , we get:

D =
[

(1 − P1)(1 − P2)(1 − P3)

1 − (1 − P1)(1 − P2)(1 − P3)

](
τAI + δmax

2

)

+
[

1+(1−P1)+(1−P1)(1−P2)−3(1−P1)(1−P2)(1−P3)

1−(1−P1)(1−P2)(1−P3)

]
τWA

(22)

The expected discovery latency of M:N networks can be deter-

ined using Eq. (20) respectively, by substituting the corresponding

robability of successful discovery in Eq. (22).

The energy consumed for an advertisement on a channel depends

n whether the device discovery process succeeds or not. From Fig. 3,

e can get the mean energy consumed for successful discovery on a

hannel by

SUCC = εta + εts + εrs + 3εco + isl

×
(
τWA − TADVIND

− TSCANRSP
− TSCANREQ

− 3τco

)
(23)

Similarly, the mean energy consumed in case of discovery failure

n a channel is given by

FAIL = εta + εco + isl(τWA − TADVIND
− τco) (24)

When the discovery process fails on all three channels (37, 38 and

9) on an advertising interval (τAI), the advertiser spends as much

nergy as

AI = εin + 3εFAIL + 2εch + εpo + εsl + εδ (25)
Table 6

Influence factors and their impacts.

Performance criterion Probability of successful device discovery

Varying factor

As the number of advertisers increases No significant effect

As the number of scanners increases Decreases slowly in a linear way

As ScanInterval is increased No significant effect

As ScanWindow is increased Increases very gradually

As AdvInterval is increased No significant impact
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From Table 4, we can get the expected discovery energy, denoted

y ED, by

D =
∞∑

i=1

(1 − P1)
i−1

(1 − P2)
i−1

(1 − P3)
i−1

P1

×
{
(i − 1)(εAI + εδ) + εin + εSUCC

}
+

∞∑
i=1

(1 − P1)
i
(1 − P2)

i−1
(1 − P3)

i−1
P2

×
{
(i − 1)(εAI + εδ) + εin + εSUCC + εFAIL

}
+

∞∑
i=1

(1 − P1)
i
(1 − P2)

i
(1 − P3)

i−1
P3

×
{
(i − 1)(εAI + εδ) + εin + εSUCC + 2εFAIL

}
(26)

D =
[

(1 − P1)(1 − P2)(1 − P3)

1 − (1 − P1)(1 − P2)(1 − P3)

]
(εAI + εδ)

+
[

(1 − P1)(P2 + 2P3 − 2P2P3)

1 − (1 − P1)(1 − P2)(1 − P3)

]
εFAIL + εin + εSUCC (27)

. Simulation validation

In order to validate the analytical models, we have developed a

LE simulating program which fully complies with the BLE specifi-

ation. The simulative settings accord with the standard definition
Mean discovery latency of advertiser Mean discovery energy of advertiser

No effect No effect

Increases slowly Increases slowly

No meaningful effect No meaningful effect

Decreases linearly Decreases linearly

Increases linearly No effect
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Fig. 11. Mean discovery latency and energy of advertiser with various parameter settings.

b

a

o

p

F

t

as previously described, and we compare the analytical results with

those obtained via simulations. We simulate over 10,000 times for

each scenario to get the average results, where related details of the

experimental settings are listed in Table 5. For the purpose of conve-

nience, we use mA•μs or mA•ms as the unit of energy, which can be

easily transferred into standard Ampere hour (e.g. mAh) units when-

ever necessary.
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Fig. 8 shows the probability of successful discovery as the num-

er of BLE devices is increased. It should be noted that the prob-

bility indicates A1 and S1 successfully discover each other during

ne τWA as aforementioned in the previous section. We record ex-

erimental results and compare them with the theoretical ones. In

ig. 8, we found that the theoretical curves practically coincide with

he simulation. We can see that the discovery probability is very low
overy of Bluetooth Low Energy (BLE) networks, Computer Commu-
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lthough there are not so many devices in the network. For example,

he scanner experiences the success probability of about 0.3 during

ne τWA in discovering process in even 1:1 network, which is totally

ifferent from the behavior of other wireless networks. This is be-

ause BLE devices can be synchronous on one of the three advertising

hannels with a probability of 1/3 to discover each other. Further, the

iscovery probability linearly decreases with the number of scanners

n the network since the discovery process fails more frequently due

o collisions of the abundant control packets such as SCAN_REQ or

CAN_RSP during the discovery process. However, the number of ad-

ertisers does not affect the probability of successful discovery. This

s because ADV_IND packets from different advertisers are not likely

o be collided during a short handshaking time.

Fig. 9 shows results of performance evaluation related to discov-

ry probability in terms of a different set of parameters such as τ AI,

SI and τ SW in the BLE network. The graphs are obtained by vary-

ng one parameter while setting the other two parameters to their

efault values listed in Table 5. For simulation, we set scanners in pe-

iodical scanning mode while letting advertisers begin advertising at

he random time. As can be seen in the graph, we cannot observe any

eaningful change in the probability of discovery as τ SI is increased.

n the contrary, the discovery probability is somewhat comparatively

ffected by τ SW. The probability of discovery increases very gradu-

lly with τ SW when τ SW < 5120 ms. This is because the scanning

uration is only dependent on τ SW and the frequency of scans per

dvertisement is determined by the ratio of τ SW to τ SI. The scanner

tays for long time on each channel for scanning despite less frequent

cans as τ SW is increased. So, we can say that the scanner loses many

hances of device discovery if τ SW becomes shorter than the expec-

ation needed by the advertiser.

On the other hand, the discovery probability is not affected by τ AI

ince this parameter influences neither scanning duration nor the fre-

uency of scans. Instead, τ AI is only used to determine when the ad-

ertiser initiates the next advertisement process.

Fig. 10 shows the mean discovery energy and latency as the num-

er of BLE devices is increased. We record these two performance

riteria with two different y-axes in one graph. In this figure, it can be

ound the theoretical curves coincide with the simulation ones very

ell. As seen in Fig. 10(a), the mean discovery energy and discov-

ry latency slowly rise with the number of scanners. This is, as ex-

lained above, because of collisions of the abundant control packets

rom different scanners. However, we can observe a different thing in

ig. 10(b). The number of advertisers does not affect the energy con-

umption and discovery latency since there are few collisions among

dvertisers, even though, the number of advertisers is increased.

Fig. 11 shows the mean discovery energy and latency in terms

f a different set of parameters such as τ AI, τ SI and τ SW. Fig. 11(a)

hows the results of average energy and latency versus varied Scan-

nterval ranging from 2560 ms to 10.24 s where τ SW = 2560 ms and

AI = 1280 ms, and Fig. 11(b) shows the results of average energy and

atency versus varied ScanWinodw τ SW ranging from 30 ms to the

aximally available 10.24 s where τ SI = 10.24 s and τ AI = 1280 ms.

irst, we can see that the theoretical and experimental curves fit quite

ell over all ranges of parameters which validates our analysis in the

revious section.

The mean discovery energy and latency do not change meaning-

ully on the advertiser side when τ SI < 4000 ms and rises slightly

hen τ SI exceed 4000 ms as shown in Fig. 11(a). However, tuning

he τ SW influences energy expectation of the advertiser in an inverse

roportional way as can be seen in Fig. 11(b). We can see that a small

SW would possibly make the advertiser suffer an undesired high en-

rgy and latency waste in advertising, and the average energy and la-

ency of advertiser keeps decreasing with τ SW (even a slight increase

f τ SW brings a significant drop in energy consumption). The mean

iscovery energy and latency approach to the minimal values when

SW ≈ τ SI, which corresponds to continuous scanning (ρ ≈ 1). At this
Please cite this article as: K. Cho et al., Performance analysis of device disc
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ime, the scanner makes advertisers minimize their energy and la-

ency. This is because continuous scanning provides a guarantee of

n immediate reception for any advertising event, and thus always

ntroduces the minimal energy and latency consumption for the ad-

ertisers. However, there is no doubt that for the whole system, con-

inuous scanning quite naturally leads to maximal energy consump-

ion to the scanner. So, for the BLE scanner, the ScanWindow (τ SW) is

dvisable to set larger than the advertising interval τ AI of the adver-

iser, to avoid unexpected energy consumption.

We can see that the energy and the latency expectation are dif-

erent on the advertiser side, even though, the duty cycle remains

he same. With the same value of duty cycle, the average energy and

atency increase almost linearly with τ SI on the advertiser side. The

arger τ SI is selected, the advertiser consumes yet the larger energy

nd longer latency for its discovery process.

Fig. 11(c) shows the average energy versus advertising interval τ AI

anging from 30 ms to 10.24 s where τ SW is set to a fixed value 2.56 s.

his figure depicts that the mean discovery energy remains almost

onstant with τ AI, but the mean discovery latency increases with τ AI

n a linear way. With τ AI, the sleeping period increases in a linear way,

ut there is little energy consumption during the sleeping period. So,

hange of τ AI do not bring a significant impact to the discovery en-

rgy, while strongly affecting the discovery latency.

In Table 6, we summarize the influence factors their impacts to

how what extent these affect the discovery energy and latency.

. Conclusions

We present analytical models for the discovery probability and

he discovery latency and energy consumption on the advertiser side,

hich are validated through intensive simulations with a wide vari-

ty of environments. It is shown the theoretical results well fit the

imulation ones. The theoretical and simulations results indicate that

wide range of BLE parameters provide high flexibility for BLE de-

ices to customize efficiently with various applications.

We can see that the mean discovery energy slowly rises with the

umber of scanners, but the number of advertisers does not signifi-

antly affect the energy consumption. We can also see that the adver-

iser needs more energy with a shorter ScanWindow(τ SW) due to the

educed listening period for receiving the ADU_PDU. Further, when

canWindow(τ SW) becomes close to ScanInterval(τ SI), the advertiser

onsumes much less energy. In addition, the average energy and la-

ency increase almost linearly with τ SI on the advertiser side with a

xed value of duty cycle. It can be also seen that AdvInterval(τ AI) does

ot affect the energy consumption on the advertiser side.

We believe that our work can provide insights regarding the prac-

ical usage of BLE and helpful guidelines to the design of fast and

nergy-efficient applications for BLE.
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