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The Bluetooth system has a unique connection establishment procedure. Its uniqueness
is due to the fact that Bluetooth units know nothing about one another prior to
connection. It isthe god of Bluetooth to be a universal standard and therefore, any
Bluetooth-enabled device anywhere in the world should be able to make a connection to
any other Bluetooth-enabled device. The following tasks have to be performed by the
Bluetooth unit for a connection to be established: find out the address of the deviceto be
connected to, guess the clock of the device to be connected to, try to find the proper
frequency to connect to the device using the estimated knowledge of the device' s clock.
In order to find out the address of the other device aprocedure called Inquiry has been
defined. In order to make an actual connection to the other device a procedure called
Paging has been defined.

The procedures of Inquiry and Paging can be quite lengthy due to frequency-time
uncertainties. Mogt efficient connection establishment procedures come at a price of high

power consumption.



ii
In this paper | propose a new way to establish linksin a Bluetooth system. This
new procedure gets rid of the frequency uncertainty that exists before a connection is
established. Timing synchronization matters only because time determines what
frequency isused at a particular ingtant. Since now we know the frequency used at any
indant atime uncertainty isremoved as well.
Andyss of most common connection establishment scenarios reveds that the

new procedure is faster than the old one and less vulnerable to noisy environments.
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Chapter 1: Introduction

The removd of the cable connections between the mobile phone and its
accessories was the origin of the Bluetooth concept. A computer connected to a
keyboard, amouse, apair of loudspeakers, a PDA and so on, is another Stuation wherea
cordless solution would be useful. Y et another motive for the Bluetooth technology is
the problems with connecting and configuring mobile devices. To connect anew device
acable is needed, often specific to the brand of the device. When the physica connection
is established a complicated configuration of connection often follows. The Bluetooth
concept solves the above problems by diminating cable and its limitations regarding
flexibility and range.

Bluetooth is a short-range radio link cagpable of transmitting voice as wdll as data,
intended to replace cables that connect persond electronic devices, such as PDAS,
laptops, wireless headsets and printers. The main advantages of Bluetooth areits
robustness, low complexity, low power emisson, low cost and universdity. The range of
atypicd Bluetooth deviceis 10m. Bluetooth isintended to be a globa standard; one that
will dlow travelers to get connected virtudly anywhere.

In February 1998, the Bluetooth Specid Interest Group (SIG) was founded.
Initidly it consisted of Ericsson Mobile Communications, Intel, IBM, Toshiba and Nokia
Mobile Phones. Today over 1300 companies have joined the SIG to work for an open
standard for the Bluetooth concept. To avoid different interpretations of the Bluetooth

standard regarding how a specific type of application should be mapped to Bluetooth, the



SIG has defined a number of user models and protocol profiles[3]. The SIG dso works

with a Qudlification Process. This process defines criteria for Bluetooth product

qudlification that ensures that products that this process meet the Bluetooth specification.
Link formation or connection establishment in Bluetooth plays an important role

in enabling the protocol to be ubiquitous. The procedure must be genera enough to work

between ANY two devices. The procedure for connecting a PDA to alaptop must be the

same as one for connecting a keyboard to amonitor. A link is established between two

devices by a procedure cdled paging, which hesits andogs in other technologies.

Another procedure caled inquiry is unique to Bluetooth and is insrumenta in making a

connection possible. This procedure is necessary because Bluetooth units do not know

anything about each other prior to connection establishment, including each other’s

addresses. Thisfact makes connection establishment a chalenge. It takestime and

power to overcomethis chdlenge. It isworth our while to investigate Bluetooth

connection establishment procedure and consider ways it can be made more efficient.

We review the Bluetooth protocol in generd in Chapter 2. Analyze the connection

establishment procedure in depth in Chapter 3, and in Chapter 4 we present our technique

to improve connection establishment. In Chapter 5 we compare the current and proposed

techniques.



Chapter 2: Bluetooth Background
2.1 Topology
Severa Bluetooth devices (up to eight) in an ad hoc network configuration
comprise apiconet. The devicethat starts the communication (ak.a. sarts the piconet)
becomes the master and controls the transmission of datain the piconet. Master achieves
thistraffic control by polling the davesin a Deficit Round Robin fashion. Therest of the

devices on the piconet are daves.

‘ - Master

o - Magter in one piconet, dave in another

O -Sae

Figure 2.1: Scatternet
The above figure shows a scatternet. As you can see adave can have more than one
magter and a master can be adave in a different piconet. However, a Bluetooth unit can

be amagter in only 1 piconet. Overlapping piconets comprise a scatternet.



2.2 Physical layer

Bluetooth worksin the unlicensed ISM band (2.4 GHZ). Thisband is globaly
avallable, though the exact location and width of it may vary from country to country.
Same band isused by wirdless LANSs, microwaves and cordless phones. One of the
magor concerns of the wirdess world isthe inevitable interference of 802.11 Wireless
Loca Area Networks and Bluetooth piconets. Mobilian Corporation has done extensve
research in the area of 802.11b/Bluetooth coexistence and concluded that performance of
the WLAN suffers more then the performance of Bluetooth. Severa approachesto
interference mitigation are described in [5]. Cochannel interference between Bluetooth
piconetsis also aconcern. Bluetooth performance under such interference is sudied in
[10].

In the United States 83.5MHz of width isavailable. Seventy-nine IMHzwide
channels are defined in this band. Bluetooth uses frequency hopping. The devices of the
piconet hop synchronoudy over the same hopping sequence condisting of 79 hopping
frequencies. The hop rateis 1600 hops/sec. In other words, the frequency of
transmission changes every 625ns.

Each Bluetooth unit has a free-running native clock, symbolized by CLKN. Itis
never adjusted or turned off. Various offsets are added to CLKN to create temporary
Bluetooth clocks, which creste mutua synchronization. Bluetooth clock determines
timing and hopping of the transcaiver. It isusudly implemented as a 28-bit wrap-around
counter. The least Significant bit of the clock ticks every 312.5ns. There are four periods

in a Bluetooth system, which are important in triggering certain events. These periods



are: 312.5mr, 625n%, 1.25ms, and 1.28s. These periods correspond to timer bits CLK g,
CLK 1, CLK 7 and CLK 12, respectively.

During paging when the clock of areceiving unit can only be guessed or estimated an
estimated clock isused — CLKE. Itisequal to CLKN plus an estimated offset (an offset
obtained by timing information in inquiry messages). During normd traffic exchange
master’s clock isused — CLK. CLK isequa to CLKN(master) and to CLKN(dave) plus
offset.

2.3 Baseband Specification
2.3.1 Physical channe

A channd is represented by a pseudo-random hopping sequence hopping through the
79 RF channels. The hopping sequence used during traffic exchange is called channel
hopping sequence. It is unique for the piconet and is determined by the Bluetooth device
address (BD_ADDR) of the Master. The Bluetooth clock of the master determinesthe
phase in the channel hopping sequence. Hopping sequences used during connection
establishment procedures inquiry and paging are caled inquiry hopping sequence and
page hopping sequence, respectively. They consst of only 32 frequencies. More detall
on thiswill be presented |ater.

The piconet remains a one frequency for 625ms. This period is caled atime dot.
During atime dot one Bluetooth device may tranamit. Time dots are numbered from O
to 22'-1.

The magter darts its transmission in even-numbered time dots only, and the dave

dartsits transmisson in odd-numbered time dots only.
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Figure 2.2: Packet exchange process. Note: f(k) isthe current frequency in the channel
hopping sequence.

Asyou can seein Figure 2.2 the sart of the packet is digned with dot start. Packets can
be aslong asfivetime dots. In the case of a multi-dot packet the frequency of
transmission remains the same for the duration of the packet. The dat following the end
of amulti-dot packet will use the frequency of the channel hopping sequence that is
determined by the current Bluetooth clock value.

Data transmitted has a symbol rate of 1 Msymbols/st. The modulation is
Gaussan-shaped, binary FSK with aBT product of .5.

All of the above-mentioned characteristics of the Baseband layer of the Bluetooth
system have been modeed using network-smulating software called OPNET. The
project was conducted at Nationd Ingtitute of Standards and Technology (NIST).
Modeling and simulation of the MAC protocol for Bluetooth is described in [4].

2.3.2 Physical links

Bluetooth supports 2 types of physical links: Asynchronous Connectionless
(ACL) and Synchronous Connection-Oriented (SCO). Only asingle ACL link can exigt
between amaster and adave. A dave can support up to three SCO links from the same

Master or two SCO links from different Masters.

! Datarateis IMb/s




SCO isasymmetric, point-to-point link between a master and a pecific dave.
The master will send SCO packets at regular intervas - Ts,, Thus, an SCO link can be
consdered to be a circuit-switched connection. SCO links support time-delay senstive
traffic such asvoice. SCO packets are never retransmitted.

An ACL link provides a packet-switched communications between amaster and a
dave. An ARQ schemeisused in ACL linksto ensure dataintegyity.
2.3.3 Bluetooth device address

Bluetooth device address (BD_ADDR) is 48 bitslong and it uniquely identifies each

Bluetooth device. It isused for caculating various access codes, described in detall
below. Accesscodeisafied of aBluetooth packet. There are 3 types of access codes:
Channd Access Code (CAC), Device Access Code (DAC), and Inquiry Access Code
(IAC). 1AC can be generd (GIAC) or dedicated (DIAC). Frequency hopping sequences
are caculated from the access codes. Thus, to know a hopping sequence of adevice one
needs to know the device sBD_ADDR. Every Bluetooth unit knowsthe GIAC, thus
every unit can cdculate the inquiry hopping sequence to perform inquiry. After inquiry
is performed the unit knows the BD_ADDRSs of the units around it and thus can now page
them using a page hopping sequence derived from their BD_ADDRS. The format of the

BD_ADDR isasfollows

| Non-dgnificant addr part | Upper Address Part | Lower Address Part |
<4— 16 hits > < 8 hits > < 24 bits —>

Figure 2.3 Structure of the Bluetooth device address

2.3.4 Packets

A generd format of a Bluetooth packet is showed in Figure 2.4.
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72 bits 54 bits 0-2745 bits
LSB MSB

Figure 2.4: Genera format of a Bluetooth packet
2.3.4.1 Access code

Access code is derived from the Lower Address Part (LAP) of theBD_ADDR.
There are three types of access codes. Channel Access Code (CAC), Device Address

Code (DAC), Inquiry access code (IAC). Theformat of an access code is as follows:

4 bits 64 bits 4 bits
Figure 2.5: Generd format of an access code

The differences between the three types of access codes are summarized in Table 2.1.

Channel Access Code (CAC) - Chaacterizesthe channd of the
piconet and forms the preamble of
al packets exchanged on the
channdl

- Derived from master’'sBD _ADDR

Device Access Code (DAC) - Used during page, page scan, and
page response substates of the
connection establishment procedure

- Derived from paged unit's
BD ADDR

Inquiry Access Code (IAC) - Usad during inquiry, inquiry scan,
and inquiry response subgtates

- Thereisonegenerd IAC (GIAC)
and 63 dedicated |ACs used to
inquire for specific classes of
devices.

Table2.1



Preambleis afixed zero-one pattern of 4 symbols used to facilitate DC
compensation. Sync Word is derived from a 24 bit LAP. Construction guarantees large
Hamming distance between sync words based on different LAPs. Traller isafixed zero-
one pattern
2.3.4.2 Header

The format of the header is asfollows

AM_ADDR| Type | Flow ARQN |SEQN HEC

LsB 3 4 1 1 1 8
Figure 2.6: Generd formeat of a header

The entire header is encoded with arate 1/3 Forward Error Correction Code
(FEC), resullting in a 54 bit header.
AM_ADDR represents an active member address. Slavesthat are disconnected or parked
give up ther AM_ADDR. The4-hit TYPE fidd defines 16 different packet types. The
exact meaning of the TY PE field depends on what type of alink the packet was received
on. Once the type of alink isknown, the type of an SCO or ACL packet can be
determined. Type code aso reved's how many dots the current packet will occupy.
FLOW isused for flow control of packets over an ACL link. Flow zero means stop
tranamitting the receiving buffer isfull. ARON is an acknowledgement indication.
SEQN provides sequentia numbering to order the data packet stream. Thisis required to

filter out retransmissions at the destination. Heeader-Error-Check (HEC) checks header

integrity.

MSB



2.3.5 Packet types

10

The TYPE fidd dlowsfor 16 different types of packets for each of the link types.

However, not dl of the packet types have been defined yet. There are 12 different packet

typesfor ACL links and 12 types for SCO links. There are dso 4 control packets

common to both links. The packet types, their TY PE code and their length are

summarized in Table 2.2.

Segment Type code bsz10 | Sot Occupancy | SCO link ACL link
1 0000 1 NULL NULL
0001 1 POLL POLL
0010 1 FHS FHS
0011 1 DM1 DM1
2 0100 1 - DH1
0101 1 HV1 -
0110 1 HV2 -
0111 1 HV3 -
1000 1 DV -
1001 1 - AUX1
3 1010 3 - DM3
1011 3 - DH3
1100 3 - -
1101 3 - -
4 1110 5 - DM5
1111 5 - DH5
Table2.2

High-Quality Voice (HV) packets are typicdly used for voice transmission.

Voice packets are never retransmitted and don't need a Cyclic Redundancy Check

(CRC). AnHV1 packet carries 10 information bytes. 1t can carry 1.25ms of voice a a

64 kb/srate. In thiscase, thereis one packet every two time dots. An HV2 and HV3

packets carry 20 and 30 bytes of information, respectively. An HV 2 packet can carry

2.5ms of speech at a 64 kb/s rate and therefore hasto be sent every 4 time dots. AnHV3
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packet can carry 3.75ms of voice at a 64 kb/srate. In thiscaseit hasto be sent every 6
timedots.

A DV packet isa combined data and voice traffic. The payload isdivided into a
voicefied of 80 bitsand adatafield of 32 to 150 bits.

DM and DH packets are used to carry asynchronous traffic, which can be data or
control information. DM stands for Data— Medium rate. DM 1 packet contains up to 18
information bytes. Information and CRC hits are coded with rate 2/3 FEC. Unlikein
DM packets datain DH packetsis not FEC encoded. Thusthe name: Data— High rate.
A DH1 packet can carry up to 28 bytes of information. DM3 and DM5 are extended
DM1 packets. Similarly DH3 and DH5 are extended DH1 packets.

An AUX1 packet is similar to a DH1 packet, but it has no CRC code, thusit can
carry up to 30 bytes of information.

A brief summary of control packetsisgivenin Table 2.3.

ID packet - conggsof the DAC or IAC

- hasafixed sze of 68 hits

- usad in paging, inquiry and
response routines

Null packet - consgsts of a CAC and packet
header only

- hasfixed length of 126 bits

- usad to return link informetion to
the source regarding the success of
previous transmission, or status of

the RX buffer

Poll packet - gmilar to null packet, but it does
have to be acknowledged

FHS packet - isagpecia type of acontrol packet

reveding the Bluetooth device
address (BD_ADDR) and the clock
of the sender

- used in page master response,
inquiry responseand in
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master/dave switcht

- inpage mader reponseit is
retransmitted until its reception is
acknowledged; in inquiry response
it doesn’t have to be acknowledged

Table2.3
2.3.5.1 FHS packet in detail
The FHS packet plays an important role in Bluetooth connection establishment.

A detailed description of it is presented below.

Parity | LAP | - |SR|SP|UAP |[NAP | Classof | AM_ADDR Clock 57., Page scan
bits device mode
34 24 22 2 8 16 24 3 26 3
Figure 2.7 FHS packet structure

Parity bits Form the firgt part of the sync word of the
access code of the unit that sends the FHS.

SR Scan Repdtition fidd, indicates the interva
between two consecutive page scan
windows.

SP Scan period, indicates the period in which

the mandatory page scan modeis applied
after tranamisson of an inquiry response
message.

CLK Contains the value of the native system
clock of the unit that sends the FHS packet,
sampled at the beginning of the
transmission of the access code of this
FHS. This clock vaue has a resolution of
1.25ms.

Page Scan Mode Indicates which scan mode is used by
default by the sender of the FHS.

Table2.4

2 A slave becomes a master and a master becomes aslave
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2.4 Connection Establishment

STANDBY

-
‘ Slave
Master Response
Response

Figure 2.8 Connection Establishment’ s Finite State Machine

2.4.1 State diagram

Inquiry
Response

A Bluetooth unit leaves the Standby or the Connection state periodicaly to do
Inquiry or Inquiry Scan. Inquiry procedures enable a unit to discover which unitsarein
range, and their device addresses and clocks. When the unit wishesto establish a
connection with one of the other Bluetooth unitsin range (ak.a the user of the device
wishes to connect to some other device) it initiates a paging procedure. At the end of this

procedure both units are in the Connection state as either amaster or adave.
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2.4.2 Standby state

Standby dateis the default state of the Bluetooth device. In it the device usesa
low power mode and only the native clock (CLKN) is running.
24.31nquiry

It is not specified how often a unit should leave standby or connection to

perform inquiry. 1t might be periodic or upon user request. These choices are left up to
the implementer. A unit that wishes to discover other BT unitsin range enters an inquiry
subgtate. It continuoudy transmits the inquiry message a different hop frequencies. In
the inquiry state the transmitting and receiving frequencies follow the inquiry hopping
sequence and inquiry response hopping sequence and are determined by the Genera
Inquiry Access Code (GIAC) and the native clock of the discovering device. A hopping
sequence congsts of two groups of frequencies: train A and train B (each of which are 16
frequencies long). Between inquiry transmissons the unit listens for responses (which is
an FHS packet). If the responseisreceived it is not acknowledged and the probing unit
continues with the inquiry transmissons. The unit leaves inquiry Sate either when it
received a predetermined number of responses or when the Inquiry TO timer runs out.

According to the Bluetooth standard [1] a single train must be repeated Ninguiry =
256 times before another train isused. At least three train switches are needed (4 train
sequences). Since each train is 10ms long the inquiry procedure can take up to 10.24s.

Because severd units might respond to an inquiry at the same time, we need a
protocol for dave inquiry response in order to avoid or minimize the probability of
calligons. Thus, when adave receives an inquiry message it will generate aRAND

number between 0 and 1023, freeze the current input vaue to the hop sdalection scheme,
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then returns to Connection or Standby state for duration of RAND dots. Then it returns
to the Inquiry Response substate and on the first inquiry message received it will answver
with an FHS packet.
2.4.41nquiry Scan

Aswas mentioned above, Bluetooth units leave Standby or Connectionto scan
the channd for inquiries periodicaly. The period of inquiry scan can be Os (continuous
scan) — RO, 1.28s— R1 mode, or 2.56s— R2 mode. A scanning unit listens for an IAC for
Tw_inquiry_scan S2CONAS. Tw inquiry_scan Should be long enough to scan 16 frequencies (1
train). Because onetrain lasts for 10ms, Ty inquiry_scan Should also be 10ms. During these
10ms the receiver of the scanning device listens on a single frequency determined by the
inquiry scan hopping sequence and the current value of the device' s clock. The scanning
device changesits listening frequency, according to inquiry hopping sequence, every
1.28s.
2.4.5 Page Scan

Page scan works smilarly to inquiry scan, however, in page scan aunit listens for
its own unique DAC and it done can respond. There are 32 paging frequencies, which
comprise a page hopping sequence, determined by the paged unit sBD_ADDR. Every
1.28s adifferent listening frequency is sdlected. During a scan window the unit listens on

one frequency.
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2.4.6 Page

When a Bluetooth unit wants to make a connection to ancther unit it pages that
unit. Paging means sending an ID packet with a certain DAC in it over and over again
until aresponseisreceived. The Master does not know exactly when the dave wakes up
and on which hop frequency, thereforeit transmits atrain of identical DACs & different
hop frequencies and listens in between for responses. The master usesthe dave's
BD_ADDR and an estimate of the dave' s clock to determine the page hopping sequence.
To compensate for the uncertainty in the knowledge of adave s clock, the master will
send its page message during a short time interva on a number of wake-up frequencies.
During each transmisson dot the Magter sequentialy transmits on 2 different hopping
frequencies.

The page hopping sequence of 32 frequenciesis divided into two trains of 16
frequencies each, A and B. Train A includes the 16 hop frequencies surrounding the
current predicted hop frequency f(k). Thus, train A consgts of f(k-8), f(k-7), ...f(K),
f(k+1), f(k+2), ...,f(k+7). When the difference between BT clocks of the master and the
daveisbetween —8*1.28s and 7*1.28s, one of the frequencies used by the Master will be
the hop frequency the daveis currently listening to. Because the master does’t know
when the dave will bein the page scan state, it has to repest train A for Npage times or
until aresponseisreceived. When the difference between the BT clocks of Magter and
Saveislessthan —8*1.28s or greater than 7* 1.28s, more distant hops must be used.
Train B consgs of f(k-16), f(k-15),..., f(k-9), f(k+8), f(k+9),...,f(k+15). Alternate use of
train A and B is continued until aresponse is received or timeout vaue PageTO is

exceeded.



Figure 2.9 shows what happens during a response to paging procedures.
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Page state Master response Connection State

_ A ~— A _— A
K  f(k+D) f(k+1) (k)

Page FHS poll M aster

messas

by ' '

Poll
T Page T FHS ? responise
resnnnse
'(K) ' (k+1) response a(k+D)
- Slave

S ~ N— —— A ~—

Page scan Slave response Connection state

State
< >« >

Page hopping sequence

Figure 2.9: Master and dave page response procedure

Note: f(k) — frequencies of the page hopping sequence indexed by k
' (k)® — frequencies of the page response hopping sequence
g(k) — frequencies of the channd hopping sequence indexed by k

Channel hopping sequence

In the above picture we have a scenario where a dave responds to the first out of

two paging messagesin adot. The response packet is the same as the paging packet and

is sent on the same frequency. The master responds with an FHS packet on the next

frequency in the page hopping sequence. The master’s FHS packet has to be

acknowledged by the dave. After that both units are in Connection state. Now the master

controls al transmissons. It pollsthe daveto seeif it has data to send, and the dave has

3 Frequencies in the page response hopping sequence have a one-to-one correspondence with those of the
page hopping sequence
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to respond with a data packet if it has something to send or with a NULL packet if it
doesn't.

The dave will keep ligtening while FHS packet is not recaived until pagerespTO
isreached. Every 1.25sit will change the hop frequency according to page hop sequence.
If nothing is received the dave will return to page scan for 1 scanperiod. If it doesn't
receive any pages during thisinterva it continues scanning and then returns to whatever
dateit wasin before.

If poll packet is not received by the Save or response is not received by the
Madter within newconnectionTO number of dots, they will return to page/page scan
states.

2.4.7 Connection state

In the connection state channel hopping sequenceisused. It is derived from the
master'sSBD_ADDR. The unit in connection state may be in one of four modes
described below.
2.4.7.1 Active mode

In the active mode the Master schedules the transmissions based on traffic
demands to and from different daves. Active daves listen in master-to-dave dots.
2.4.7.2 Sniff mode

In order to save battery power a sniff mode can be used. In this mode the duty
cycdeof dave sligen activity isreduced. To enter sniff mode, the magter shall issue a
sniff command viathe Link Manager (LM) protocol. This message will contain the sniff

interva Tanire and an offset Dqyire. Master-to-dave sniff dots shdl beinitidized on the
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dotsfor which the clock satisfies one of the following equations (depending on which
initidization procedure is used):
CLK 27.1 mod Tnitt = Dgniit or (CLK 27,CLK 26-1) mod Tnitt = Dgpiit
2.4.7.3 Hold mode

During hold mode the ACL link to adave will, temporarily, not be supported.
The dave unit kegpsiits active member address (AM_ADDR) during hold mode. Before
entering hold mode both Master and Save agree on holdTO vaue, upon expiration of
which hold mode ends.
2.4.7.4 Park mode

When a Slave does not need to participate on the piconet channd, but sill wants
to remain synchronized to the channdl it enters park mode. In this state the Save gives
up itsAM_ADDR, but gets two new addresses. Parked Member Address (PM_ADDR, 8
bits) and Access Request Address (AR_ADDR, 8 bits). The former is used in master-
initiated unpark, the latter in dave-initiated unpark.

Parked dave wakes up at regular intervals to listen to the channel to re-
synchronize and to check for broadcast messages. A beacon channd is established to

support parked daves.
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Chapter 3: Analysis of the Connection Establishment Procedure

3.1 Inquiry Procedures

As was mentioned above, inquiry is done by a Bluetooth unit in order to collect
BD_ADDRs and clocks of other Bluetooth unitsin its range. No requirements are given
in the standard about how often inquiry should be done. Thisis because of a peculiar
nature of theinquiry procedure. It does not establish connections with the unitsin range.
In fact, it may never establish connections with those units. Thus, it makes little senseto
do inquiry periodicaly anceit will be awaste of power. However, the functions of
paging and inquiry are divided such that we MUST do inquiry before a paging procedure
can be done. It would then seem that, optimally, in order not to waste power on
callecting information we might not use, inquiry should be done only when a connection
is requested by an application. Meaning, it will dways be done in conjunction with
paging. The problem with the above scenario is that, as we will seelater, inquiry can
take up to 10.24s, therefore, performing it together with paging when a connection is
requested will Sgnificantly increase the response time of an application.

The reason inquiry takes so long is that device doing inquiry does not know the
frequency or the time window in which other devices might be lisgening. During paging
an gpproximate idea of a paged device s clock isavaladle. Thusdoing inquiry before a
connection is requested does speed up the connection establishment procedure from the

point of view of the application.
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While we can get away with not doing inquiry a regular intervals, if we want our
device to be discovered it isimperative that we do inquiry scan regularly, otherwise the
entireinquiry procedure will never work. A deviceis not required to respond to an
inquiry. This makes sense for persona devices. However, public devices (ex. printers)
must dways dlow themsaves to be discovered.
3.1.1Inquiry scan in detail

Inquiry hopping sequence is derived from the GIAC common to al devices.
Thus, the frequency-hopping pattern of dl units performing inquiry or inquiry scan isthe
same, unlikein paging where the frequency hopping pattern of a paging device depends
on the device being paged. For details on the hop sdlection mechanism refer to [6]. For
reason given above, if inquiry is done at regular intervas, say once per minute, the length
of time between two consecutive inquiries has to be chosen at random so that severd
devices don't synchronize their inquiry procedures. Figure 3.1 shows the timing intervals

involved in an inquiry procedure.

P
Tw_inquiry_scan =10ms
< >

Tinqui ry_scan

Figure 3.1 Inquiry scan state’ stiming
Tw_inquiry_scan Must be long enough to scan 16 frequencies. With 2 frequencies being
scanned per dot it takes 8 dots or 8*625s = Smsto scan 16 frequencies. However, after

each tranamit dot areceive dot follows, thus to account for the receive dots we must add
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5mS. Tw inquiry_scan ISthen equal to 10ms. Increasing Tw inquiry_scan dOes generaly decrease
the time it takes to perform inquiry, but it aso increases power consumption for a
procedure that may or may not be of use. Tinquiry scan Can be at most 2.56s as defined by
the Bluetooth sandard. As mentioned before, the listening frequency of adevicein
inquiry scan changes (according to inquiry hopping sequence) every 1.28s. Therefore, if
Tinquiry_scan 1S grester or equal to 1.28s, then the listening frequency will change every time
the unit wakes up for inquiry scan.

When aunit entersinquiry scan from STANDBY it has no previoudy established
connections, thus it can use dl of its capacity for inquiry scan. When a unit enters
inquiry scan from CONNECTION, at least one connection has aready been established.
If itisan ACL connection it can be put on hold (to adlocate maximum capecity for
inquiry scan). However, if it isan SCO connection, the unit must work around it,
meaning it must increase Tw inquiry scan- |f the period of an SCO connection (Tsco) equas
6 (meaning 1 SCO packet every 6 dots) then Ty inquiry_scan Should be increased to 36 dots
or 22.5ms. Exactly why this happens will become clearer later. The presence of SCO
connections dows down paging as wdl asinquiry. Thus, making new connections (with
new devices) takes more time as the number of existing connections grows. And exigting
ACL connections are affected by connection establishment procedure, because they are
put in the HOLD date.
3.1.21nquiry in Detail

Inquiry messages are |D packets that are sent on various frequencies (2 packets
per dot). The frequencies are organized into 2 10ms-trains— A and B. A dngletrain

must be repeated at least Ninquiry = 256 times before a new one is used because repesting a
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train 256 times takes 2.56s which is the maximum Tinquiry scan. Therefore, no matter when
inquiry startsit is guaranteed to go on long enough for other unitsto start inquiry scan.
Inquiry doesn’t stop after getting aresponse. The point of inquiry isto gather reponses
from ALL devicesinrange. These devices might dl be lisening on different hop
frequencies. Thus at least 3 train switches are needed to gather al possible responses.
Thisshdll take 10.24s. However, inquiry can go on for less than 10.24s if we determine
the number of responses we wish to get and quit inquiry after getting them.

When a Bluetooth device entersinquiry from CONNECTION sate it will dready
have at least one connection established. Since SCO packets have priority over inquiry
packets Ninquiry Will have to be increased if the exigting connection is SCO.  If we assume
it to be a 64 kb/s voice link it means that there’'s 1 SCO packet in every 6 dots (see
Figure 3.2).

SCO packets

12 567 891011121314 123456 789 10 13141516

Figure 3.2 SCO link illugtration

Thusto transmit on al 16 frequencies atrain would have to be repeated twice.
Therefore, Ninguiry Would be doubled if 1 SCO connection existed and tripled if 2 existed.
Because now it takes longer to scan 16 frequencies fully, Tuw inquiry_scan Must be increased

accordingly, as mentioned in the previous section
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3.2 Paging procedures

Paging is used to establish connections between two Bluetooth units.
3.2.1 Page scan in detail

The duration of a page scan interva Tu_page scan Should be long enough to scan 16
frequencies. Thereforeit should be 10ms. Theinterval between two consecutive page
scans Tpage scan CaN be 0s, 1.28s or 2.56s. Depending on which of the three values
Tpage scan takes different modes of paging are performed — RO, R1, or R2, respectively.
Thefirg case, RO, isa continuous scan. 1n mode R1 aunit wakes up every 1.28sfor
10ms to scan for messages. The frequency on which the unit will scan depends on the
page hopping sequence (derived from the unit's DAC) and the current clock, more
gpecifically CLKE;6.12, which determines the phase of the hopping sequence. CLKE;6.12
changes every 1.28s, therefore a different hop frequency is chosen every 1.28s. Thus, in
R1 mode each time the unit will wake up it will listen for pages on a different frequency.
In mode R2 the unit will wake up every 2.56s, therefore the listening frequencies on
which it would wake up would be every other frequency in ahop sequence.
3.2.2 Paging in detall

The way paging is performed depends on the mode of page scan. In RO mode the
number of times we have to repest one train before trying another one, Npge = 1. Since
the other unit is listening cortinuoudy it does't matter when we start paging. In generd,
N page iS such thet paging is aslong as Tpage scan. Thus, in R1 and R2 modes Npage iS 128
and 256, repectively. The presence of SCO connections during a paging procedure will

increase Npage (Seetable 3.1).
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Mode No SCO link One SCO link Two SCO links
RO Npage >= 1 Npage >= 2 Npage >= 3

R1 N page >= 128 N page >= 256 N page >= 384
R2 N page >= 256 N page >= 512 N page >= 768
Table3.1

In order to perform paging a unit needs to know the BD_ADDR of the unit it wantsto
meake a connection to, as well as an estimate clock of that unit. Thisinformation is
obtained from an inquiry procedure. However, while BD_ADDR will not change with
time, an estimate of clock of another Bluetooth unit may outlive its ussfulness with time,
Therefore, there are no guarantees on how good an estimate clock is. In fact, an estimate
clock may be completely wrong. Train A of paging frequenciesis congtructed of 16
frequencies around frequency f(k) that is predicted (using our estimate clock) to be the
ligtening frequency. If the estimate clock is completely wrong we will need to try another

train. This prolongs the paging procedure. Figure 3.3 shows the worst-case scenario for

paging in R1 mode,
Train A (Npage = 128) Train B Train A
Paging [T T T T T e T T T T T T T T T T T
Pagescan — ] ]
b15 b16 al
< >
1.28s
< - >
Paging Delay

Figure 3.3: Maximum possible paging delay (b15, b16 are 15 and 16™ frequencies of
train B page hopping sequence, respectively)
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Maximum penalty iswhen we estimated the train wrong and we miss the first page scan
window at the beginning of trying anew train (B), because we re currently listening at

the last frequency of train B, but we start paging with the first frequency. Then, the next
scan window ligenson atrain A frequency. The Paging Ddlay isthen equd to 1.28s*2 +
1.28*u, where u is a uniformly distributed (from Omsto 10ms) random varigble.

3.2.3 Optional paging scheme

The paging scheme described above is amandatory paging scheme. Al
Bluetooth units must support it. There can be three other (optiond) paging schemes, only
one of which has been defined. An optiond paging scheme can only be used between
devicesthat have “met” before. In aninquiry response message (FHS packet) a
Bluetooth unit will announce which method of paging it is usng.

The main difference between a mandatory paging scheme and an optiond oneis
the way the page trains are constructed. The optional scheme uses 10 dot trains. The
first 8 dots contain 16 ID packets transmitted on frequencies belonging to that particular
train (A or B). The 9" dot contains two marker packets, which indicate the position
where a dave can respond and the frequency on which it should respond. The 10" dot is
therecelve dot. During thisdot apaging unit lisens for a dave response on the

frequency indicated by the markers. Figure 3.4 shows the appearance of apage train.

<+“—>
625us

< >
6.25ms

Figure 3.4: Pagetrain ( D ID packet, Q Marker, ﬁ Receive space)
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Aswe can see the train doesn't pause to listen for responses after every transmisson dot.
Thusit takes only 625us* 10d ots = 6.25ms to page on 16 frequencies, in contrast to
10ms, asisthe case with mandatory schemes.

The frequency ordering in the train and the frequencies used for the marker and
receive dots change after every train. There are 8 possible combinations of frequencies
within atrain. Therefore, 8 unique trains (which will be caled subtrains from now on)
comprise asupertrain, which isrepeated. The length of asupertrainis

6.25ms* 8trains=50ms. An example of train A with an estimated frequency fg isshownin

figure 3.5.

AAABANANARRBIGIAAE ]| e

alstaininqakatalatitidu nanancat IR e
: A

|
14 15, 14¥15

Figure 3.5 Supertrain

Subtrain 8

The optiona paging scheme aso supports RO, R1, and R2 paging modes. The difference
(for R1 and R2 modes) isthat for the optiona scheme we shdl talk about supertrain
repetition Ngyp, when talking about atrain switch, instead of atrain repetition Npage.

Table 3.2 shows the number of times a supertrain has to be repested for R1 and R2 modes

for cases when an SCO link exists and when it does not.
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Mode No SCO link One SCO link
R1 Ngp = 26 Ngp = 52

R2 Ngp = 52 Ngp =103
Table 3.2

Because of the reduced train length we can now use a reduced page scan window:

9.5*625us = 5.9375ms.

The following figure shows a page response routine for an optiond paging

scheme.
M M R R
(k) fk+D) f(k+1) 9(k)
PAGE FHS poll Master
by ! !
f(k)T f(k+1)T o(k+1)
RESPONSE RESPONSE DATA Save
< : : >
Page hopping sequence Channel hopping sequence

Figure 3.6 Response procedure for optiona paging scheme

Asyou can see the dave can only respond after the transmission and reception of a

marker code. Theresponseisan ID packet sent on the frequency identica to that on

which the marker was received. The above two details are the only differences between a

page response routine of an optiona paging scheme and that of a mandatory one.
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3.3 Issues with the existing procedure

The exiting connection establishment procedure is guaranteed to work.
However, the time for it to work can be anywhere from 1.28sto over 80s. Thisistoo
large atime range for something as Smple and as vitd as connection establishment.
Moreover, the existing procedure is complicated — it involves caculaion of two hopping
sequences and it critically depends on perfect timing synchronization between the clocks
of the two devicesinvolved.

The exigting procedure is so asymmetrica — it places the burden of solving the
uncertainty about timing and phase on the paging unit. This means more power
expenditure for the master. However, physicaly the Bluetooth master and the Bluetooth
dave areidentica devices. Thisissueis addressed in [8], where a symmetric protocol for
link formation is proposed. Power consumption is of serious concern for a Bluetooth
device. The protocol itself was developed such that power consumption is minimized.
Thisisdiscussed in [9].

Y et another shortcoming of the current schemeisthat it defines connection
establishment between devices in the same piconet. However, current specification [1]
does not describe a mechanism to create a scatternet. Thisis due to certain outstanding
issues unique to Bluetooth: spontaneous network formation, isolated network operation
(ak.a inahility to rely on infradtructure-based services), and smplicity of devices. To
address these issues and create away to establish scatternets [7] proposes a Cross-Layer
protocol. Another approach called Distributed Scatternet Formation Protocol (DSFP) is

proposed in [8].
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Now we discuss issues with the current link formation procedure itsdlf. The
inquiry scan mode (RO, R1, R2) of one device is not known to another device performing
inquiry. If Ninquiry 1S Set to be less than 256 and the device in inquiry scan isusng R2
mode, it might never respond to inquiry.

The presence of errors prolongs the procedure significantly. So does the presence
of aready existing connections.

Idedlly, we would like to have a deterministic and narrow range time, which is
taken for connection establishment. We would aso like asmpler procedure that isless

prone to interoperability problems.



Chapter 4: New Connection Establishment Procedure

4.1 User model

The following proposa on improving connection establishment procedure of
Bluetooth is based on few assumptions. These assumptions concern the way Bluetooth
devicesare used. Keeping in mind that Bluetooth is awireless Persond Area Network
(PAN) we assume that most interactions Bluetooth devices will have are with other
devices owned by the same person. There will be, of course, times when a person will
wish to connect to a completely foreign device, such asapublic printer. It is, therefore,
safe to assume that, from the point of view of any single Bluetooth device the
connections it will make will be either to devices of kind “mineg”’ or devices of kind
“foreign”. Connectionsto “mineg’ devices are made on daily bass. Connectionsto
“foreign” devices are made infrequently.

We can then take advantage of this kind of thinking by making two separate
connection establishment procedures — onefor “ming’ devices, the other for “foreign”
devices. The former procedure will be shorter and more efficient than regular (current)
connection establishment. The latter procedure will be smilar in function to the exiging
connection establishment procedure, however it will be less complicated and therefore
faster.

We assume that a is the proportion of the time Bluetooth device makes
connections to “mine’ devices, and therefore 1 - a is proportion of the time it connects to

“foreign” devices. We designate the average connection establishment duration of an
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exigting scheme as D4 and that of the new scheme as Dhew. We define two amounts of
improvement: one is the measure of how much faster will the connection establishment
procedure for devices caled “ming’” be compared to the existing procedure — I yine, and
second is the measure of how much faster the connection establishment procedure for
devices cdled “foreign” will be compared to the existing procedure — Iforeign. USNg
above definitions we can define the overdl improvement to the connection establishment
time: | = Dojo/Dnew.

Dold
| =

a* Dold/Imine + (1 - @)* Doid/lforeign

It is our prediction that Bluetooth devices will be used more frequently with other devices
of type“mineg’ then with devices of type “foreign”. Itisour intention to make lnine
grester than lroreign. Therefore, asis obvious from the above formulathe more frequently
“mine’ devices are used compared to “foreign” the more overdl improvement we get.
4.2 Connection Establishment for “mine” devices

Each Bluetooth unit will have a database, which will contain information about
“ming’ Bluetooth devices. Thisinformation will include each device sBD _ADDR and
clocks. Every time a connection is made between any two devices of type “mine’ the
vaue of their clocksis updated in their respective databases. The number of entriesto
the database should be limited to 7, Snceiit is the maximum number of devicesin the
piconet.

There can be two possible implementations for the database: one with static

entries — entries made manudly by the user, and the other with dynamic ones— the
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Bluetooth unit itsdlf will figure our which devices are “ming’ and which are “foreign”
based on the frequency of connections made to each device.

Because the database will contain BD_ADDRs and clocks of “mine’ devices the
need for an inquiry procedure is diminated. Whenever a unit wants to connect to any
other unit desgnated “mine’ it will Smply pageit.

The paging procedure can dso be smplified. Instead of having a page hopping
sequence of frequencies and try to synchronize the hopping of two devices that are out of
phase we can designate one frequency as the paging frequency. The paging messages
will il be the same— ID packets with the Device Access Code of the device we're
trying to reach at the head of the packet. Thisway the devices don’t have to play “catch
up” during paging in order to get their paging message across.

The basic idea of paging remainsthe same. A device will wake up periodicdly to
perform page scan. The period between successive wake ups can remain 1.28s.
However, the length of time for which the unit is required to Stay awake for page scan
(Tw_page scan) Can be sgnificantly reduced. This s because now the unit doesn’t have to
stay awake to scan 16 different frequencies — there's only one frequency on which it can
possibly wake up and it is the same frequency on which the paging messages are
expected to be received. Thus, theoreticaly, Ty page scan Can be reduced to one time dot
or 625us. However, we shdl not be thisambitious. We must take into account the error
prone indoor environment. Paging messages can belogt. Let L be the number of paging
messages lost. Then L can be represented as a geometric random variable with the

following probability digtribution [2, 11]:



p(l-p) 1=012,...
P(l) =

0 otherwise

Where p isthe probability that any packet islos.
The expected value of L istherefore:
E[L] = 1/(1-p)

If we say that any packet has afifty-fifty chance of being lost or delivered, then the
expected valueof L is2. Thisisapessmigic vaue for p, however we want to make sure
to plan for the worst conditions. Thus, it is better to keep our unit awake during page
scan for at leest 3time dots. Kegping in mind that the receive dots are interleaved with
the transmit dots the duration of Ty_page scan COMES OUL t0: 6 * 6250S = 3.75ms, thisin
contrast to 10ms for current Tw_page scan-

If apage packet islogt in the current connection establishment procedure
connection set up is prolonged for another 32 dots because the master has to go through
32 other frequencies of the hopping sequence before it will return to the dave' s lisgtening
frequency again [2]. In the proposed connection establishment procedure if a page packet
islogt the connection set up is prolonged for just one more dot or 625ys.

Reducing Tw_page scan Nas the advantage of saving power of the Bluetooth device.
Saving power trandates to prolonging battery life. The latter isavery important factor
for any portable wireless device.

Paging procedure will consist of sending out 1D packets repeatedly on the same
frequency. With the new paging scheme there’ s no need for different trainsand train
switching. However, the duration of paging gtill hasto equa the repetition interva of

page scan (Tpage scan). | We choseto leave this value at 1.28s we need to keep sending
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paging messages for 1.28s. However, we now have a deterministic vaue for the
maximum duration of a paging, and it is gpproximately haf the vaue of the average page
duration in R1 mode using the current paging technique, which we ve estimated in the
last chapter to be anywhere from 2.56sto 3.84s. In the proposed connection procedure

we are guaranteed to have a page response within 1.28s of starting paging (see Figure

4.).
Max
625US  Receive slots duration
SN T IA THA TIA T EIN Y NI N T R I T =
T Paging started i Paging message received
Page Scan - _
:< 3.75ms ’
Page duration > |
_ _
v

Within any 1.28sit is guaranteed
that one listening window will occur

Figure 4.1: New paging in an error free environment (gray sgnifies unused messages or
ligening dots).

Aswe can see from the above figure Page_Duration = 1.28s*u, where u isauniformly
distributed (from 0 to 1) random variable.

The gtate diagram for new connection establishment is shown in figure 4.2,
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Figure 4.2 New connection establishment state diagram for “mine” devices

4.3 Connection Establishment for “foreign” devices

Devices desgnated as “foreign” are equivaent logicdly (in the current
connection establishment procedure) to any Bluetooth device never met previoudy. As
mentioned above, when devices meet for the firgt time inquiry hasto be donein
conjunction with paging.

The reason for separaing inquiry from paging in the current connection
establishment procedure was to minimize the duration between an application requesting
connection and connection being made. However, if we perform inquiry the same way
we proposed to perform paging in the previous section it dragtically reducesits duration.
It, therefore, might be advantageous to combine inquiry and paging in this case into one
procedure, let uscdl it “pageing”. Thus, whenever a device wishes to connect to another
device of unknown BD_ADDR it will perform “pageing”.

We might gill want to have the functiondity of inquiry — in case no connection is
desired, but what is desred is the information about how many Bluetooth units are within

range and what their BD_ADDRs are. To implement this we can have an option
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availablein “pageing”, where the inquiry packets (or rather pageing packets) will set the
AM_ADDR fidd in the header of the ID packet to dl ones, thus indicating that anyone
who hears this message should respond, but no acknowledgement to this response should
be expected.

Paging shal be done in the following manner. A frequency (different from the
one used for paging in the previous section) shdl be assgned on which units will send
pageing messages or scan for them. The number of times pageing message shdl be sent
will depend on the period of pageing scan. Assuming, aswe did in the previous section,
that pageinq scan isdonein R1 mode or every 1.28swe need to send pageing messages

for 1.28sin order to make sure to catch the pageing scan window of the other device.

Pageinq messages
Pageing
Pageing message
f L received
) Listening
Pageing ] —
scan ¢ I
Tw_pagei ng_scar
< >
l I -I—pageinq_scan:]--28S
Pageinq
duration
Figure 4.3 New pageing procedure

Aswe can see from Figure 4.3 the maximum duration of “pageing” iS Tpaging_scan-
The message exchange between master and dave after receiving a pageing

message will be different from the existing message exchange after receiving a page or an
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inquiry message. There are two possible case scenarios for a*“pageing” response
procedure.

In the first case scenario, we assume that the option to ‘not establish a connection’
has not been enabled. Therefore, adave (unit that is being pageinged) that hears a
message on the frequency reserved for “pageing” will go into dave response sate and
send an FHS packet that will contain its BD_ADDR clock as wedll as the class of device
vaue, which indicates what type of adeviceit is, and other information. The FHS packet

will also act as an acknowledgement of the “ pageing” message. Seefigure 4.4 for detalls.

Pageinq date
A
~ N
Pq fﬁ _‘ foq H _‘ foq H
Pageing Master
messgs
Pageing Pageing Pageing
response response resporise
P4 one frg fWo 2l hree
FHS FHS FHS
N—___ S
Page scan date
< >

All messages are sent on the
frequency reserved for pageing— fyq

Figure 4.4 Message exchange during Pageing/Pageing scan States
The magter (unit that Started paging) will receive many FHS responses from unitsthat are
inrange. When the master receives Neoiiect NUMber of FHS packets it enters master

response state. It will choose the device it wants to connect to (based on BD_ADDR or a



class of device value) and respond only to that device. The response will be an FHS
packet, which will contain master’sBD_ADDR and clock. Thisinformation is needed to
derive the channd hopping sequence, which will be used during normd traffic exchange

between master and daves. Figure 4.5 shows the details.

Pageing sate Master Response State Connection

_ A —— A —— A —
pa foq foa f(t)
—‘ H FHS Poll

Pageing Master

messgs

bl ey !

response A
T (torioft T ID packet Poll
fou one) foh ACK f(t+1) response
FHS —‘

~ Y g 'l ~ Y Sa/e
Page scan state Slave response Connection
< > < >

Messages are sent on fy

Figure 4.5 Pageing response procedure

M essages are sent on
frequencies of the channel

hopping sequence

The number of FHS packets a master should collect (Ncolject) Will be auser-

defined variable. Alternatively, we can define atimeout vaue PageingTO, which will be

the maximum length of time a unit should spend in pageinq Sate. The choice between

the two is up to the implementer.

In the second case scenario the master unit will not acknowledge any of the FHS

packetsit received, nor will it establish a connection with any of the davesthat have
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responded. Thus, the entire procedure for pageing will look like Figure 4.4. The
functiondity of pageing will be exactly the samein this case as that of inquiry procedure.
4.4 The frequency question

Now let us consder the effects on the system we are making by getting rid of the
hopping sequences. Firgt of al we should take the two frequencies we are using for page
and pageing out of regular usage in order to avoid interference between page/pageing
procedures and regular transmissions in connection state. The next step is deding with
possible interference between two units performing page/pageing at the sametime.
Firgly, the same problem exists with the current inquiry procedure — because the hopping
sequence used by dl unitsis the same two units doing inquiry at the same timewill
interfere with each other. Theway this problem is handled in the current sysemisto
randomize the length of time between to consecutive inquiries. That is, if inquiry isto be
done once per minute, the exact time it is performed within that minute is random. The
same can be done in the current scheme. However, in the current scheme devices might
gl interfere with each other because the page/pageing messages are being send out on
the same frequency repeatedly, thus misaligning start time of these procedures in two
deviceswill not solve the problem completely. To solveit we can implement avery
ample CSMA mechanism, smilar to one used by an ALOHA system. The unit will
sense the medium for a presence of another Bluetooth transmission, if none is detected it

may tranamit right away.
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Chapter 5: Analytical Results

5.1 Performance of the existing connection establishment procedure

When we try to evauate the performance of the current connection establishment
procedure we are interested in how much time it takes for the connection to be
established from the time an application requested it. However, there are different
scenarios we must consider.

First we must divide the possible scenarios into two groups. connection
establishment done with inquiry and paging, and connection establishment done with
paging done. We can sart by assuming that roughly 50% of the time connection
establishment is done using the former scenario and the other 50% of the time it is done
using the latter scenario. Second we must decide which mode of inquiry scan and page
scan isbeing used — RO, R1 or R2. A particular unit will use one particular mode.
Therefore we will consider each case separately.

Finaly, we must try to account for the presence of an SCO connection. We will
consder the following scenarios: no SCO connection, one SCO connection and two SCO
connections.

Let us consder some common combinations of scenarios presented in table 5.1.
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Case Number | Case Description Reaults usng the Reaults usng the
current scheme new scheme

Casel Connection Egtablishment with 11.52s .64s
inquiry in R1 mode and paging
in R1 mode and no SCO links

Case 2 Connection Egtablishment with 12.80s 1.28s
inquiry in R1 mode and paging
in R2 mode and no SCO links

Case 3 Connection Egtablishment with 23.04s .64s
inquiry in R1 mode and paging
in R1 mode with 1 SCO link

Case 4 Connection Egtablishment with 25.60s 1.28s
inquiry in R1 mode and paging
in R2 mode with 1 SCO link

Case5 Connection Establishment with 34.56s .64s
inquiry in R1 mode and paging
in R1 mode with 2 SCO links

Case 6 Connection Egtablishment with 38.4s 1.28s
inquiry in R1 mode and paging
in R2 mode with 2 SCO links

Case7 Connection Establishment 1.28s .64s

without inquiry, with paging in

R1 mode and no SCO links
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Case 8 Connection Egtablishment 2.56s 1.28s
without inquiry, with paging in

R2 mode and no SCO links

Case 9 Connection Establishment 2.56s .64s
without inquiry, with paging in

R1 mode and 1 SCO link

Case 10 Connection Establishment 5.12s 1.28s
without inquiry, with paging in

R2 mode and 1 SCO link

Case 11 Connection Establishment 3.84s .64s
without inquiry, with paging in

R1 mode and 2 SCO links

Case 12 Connection Establishment 7.68s 1.28s
without inquiry, with paging in

R2 mode and 2 SCO links

Table5.1

In case 1 the average time it takes a unit to respond to an inquiry is 1.28s.
However, paging doesn't begin right after a dave responds to an inquiry message. The
measter will continue inquiry procedure until either InquiryTO is exceeded or arequired
number of responses are gathered. According to Bluetooth Specification InquiryTO can
be anywhere from 1.28sto 61.44s. However, 10.24sis sufficient to gather al possible

regponses from 7 daves (which is the maximum possible number of daves). Thusit is




reasonable to assume that inquiry will last on average 10.24s. The average duration of
paging is 1.28s. Thus connection establishment will take on average 11.52sin an error-
free environment.

In case 2 inquiry Hill takes about 10.24s. Paging will now take on average 2.56s.
So connection establishment will take 12.80s.

In case 3 the presence of one SCO link doubles the time it takes to page on dl
frequencies of one train, essentialy doubling the time it takes to page aunit. Therefore,
even though we are using R1 mode, paging will last for 2.56s on average. Inquiry will
aso be prolonged due to the presence of an SCO link. The number of timesasingletrain
must be repeated in order to collect all possible responsesis now 512 (as opposed to
256). At least three trains switches are needed, as mentioned in Chapter 3. This makes
inquiry last for 20.48s. The connection establishment will therefore take 23.04s.

In case 4 paging will take 5.12s (double the usua duration of R2 mode paging
2.56s). Connection establishment will then take 25.60s.

In cases 5 and 6 inquiry will take 30.72s, because the presence of 2 SCO links
triples the number of times asingle train must be repested. In case 5 paging will take
3.84sand in case 6 it will take 7.68s. Connection establishment times are 34.56s and
38.4sfor case 5 and case 6, respectively.

In case 7 paging will take 1.28s and since connection establishment procedure
congsts only of paging in this scenario, it will take 1.28s. In case 8 it will take 2.56s

(average duration of apagein R2 mode).
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In case 9 paging and therefore connection establishment will take 2.56s. In case
10 it will take 5.12s. In case 11 the duration of paging in R1 mode with 2 SCO links will
be threetimesitsnormd value— 3.84s. In case 12 it will last for 7.68s.

In al of the above scenarios we considered the error-free case. We will consider
the affects of lost packets later in the chapter.

5.2 Performance of the new connection establishment procedure

Now let us consider the same 12 case scenarios for the new connection
establishment procedure. However, we must modify the terminology a bit before we
begin. Previoudy we divided connection establishmentsinto 2 generd categories. ones
done with inquiry and paging and ones done with paging done. In the new connection
establishment procedure we shdl assume that the first category is equivaent to making a
connection to adevice of type “foreign”, and the second category is equivaent to making
aconnection to a device of type “ming’.

In case 1 paging will be done. The maximum duration of paging in R1 modeis
1.28s. The average duration is .64s, since this duration is uniformly digtributed. Thisis
as0 the average duration of connection establishment in this case, since paging performs
both inquiry and paging at the same time. The difference hereisthat the master doesn’t
have to wait to get the responses from several davesto finish inquiry. Inquiry is stopped
as soon as the desired response is obtained.

Because paging and inquiry are now linked we must modify the meaning of
scenario 2 for the new connection establishment procedure. Instead of inquiry being

donein R1 mode and paging in R2 mode we now ded with paging being done in R2
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mode. The maximum duration of paging in this case is 2.56s and the average duration is
1.28s.

For cases 3 and 4 we must consider how a presence of an SCO link affects the
number of pageing messages that must be sent. An SCO link will take one dot out of Sx
to send its own packet. Thisisa problem for the current connection establishment
procedure because the dot taken away by an SCO link carried messages on 2 frequencies.
For a successful page or inquiry messages must be send on ALL frequencies of thetrain,
therefore the train must be repeated so that the messages are sent on the missing
frequencies. Such a problem smply does not exist for the new connection establishment
procedure because paging messages are only sent on one frequency. If an SCO
connection should take avay one dot we lose 2 messages, but we have 2 more identical
messages coming up in the next dot. So, an SCO link has no affect on the duration of
paging.

Cases 3threeand 4 areidentical to cases 1 and 2. So are cases5 and 6. This
meansin cases 3 and 5 the duration of connection establishment is .64s, and in cases 4
and 6it's1.28s.

Cases 7 through 12 are equivaent to connection establishment with “ming’
devices. Incase 7 paging isdonein R1 mode and its average duration is .64s. Incase 8
paging is done in R2 and its average duration is 1.28s.

As mentioned above, the presence of SCO links has no affect on the duration of
connection establishment under new rules. Soin cases 9 and 11 connection

establishment will take .64s, and in cases 10 and 12 it will take 1.28s.
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5.3 Comparing theresults
Aswe could seein the previous section the new procedure is faster in every case.

Figure 5.1 summarizes these results.
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Figure 5.1 Comparing andyticd results

The exact amount of improvement of new procedure over the existing one depends on the
relative frequency of each case. We can see, for example, if case Six is common the
amount of improvement is greatest. However it is difficult to say which caseis common
and which isn't snce we cannot predict the behavior of users quite yet. So assuming al
cases are equaly frequent the average connection establishment time for the current
procedureis.

(11.5+12.80+23.04+25.6+34.56+38.4+1.28+2.56+2.56+5.12+3.84+7.68)

= 14.078s
12

And the average connection establishment time for the new procedure is .96s.
The new procedure improves upon the current procedure in two ways. Firgt it

separates al devices into two types—“mine’ and “foreign”. If a connection hasto be



madeto a“ming’ device no inquiry procedures (or procedures equivaent to inquiry) are
required).

Let us consder how this dteration aone affects connection establishment time.
We know that the average connection establishment time for the old procedure is Doig =
14.08s. The average connection establishment time for connections set up with the help
of inquiry is 24.32s. The average connection establishment time for connections set up
without inquiry is3.84s. Theformer caseis equivaent to connection set up for “mine’
devices, and the latter is equivaent to connection set up for “foreign” devices. When the
percentage split of the number of connections made to “mine” devices and the number of
connections made to “foreign” devices is fifty/fifty the average connection establishment
time is the same as that for the current procedure. However, when the split is uneven,
favoring the “mine’ devices, the average connection set up timeis less than that of the

current procedure. Figure 5.2 illustrates the above point.

Connection set up duration as a function of a
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Figure 5.2 Connection set up time asafunction of a
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In the above figure a is the proportion of connections madeto “mine’ devices. We
predict that the left-mogt portion of the graph isunlikely. Typica Bluetooth connections
will mogtly involve connecting peripherasto alaptop or a PC, which are examples of
connections between two devices belonging to the same owner. Moreover, it should be
noted that Dy4 isonly seemingly independent of a. In the current scheme we smply
don’t have the concepts of “mine’ and “foreign”, so we cannot adequately represent the
influence of the proportion of “mine” devices on Dyiq: even if devices belong to the same
person they might till have to do inquiry sometimes before connection establishment.
Under the current procedureif a islow, thereisahigher chance that two devices will
have to use inquiry to connect. Sinceit isdifficult to estimate this chance we Smply use
an average vaue for Dyg .

The second part of the improvement was to get rid of hopping sequences and
assign one frequency on which page messages would be sent and another frequency on
which pageing messages would be sent. This had the effect of guaranteeing areply to a
page/pageing message within one scanning period. Thus, the maximum connection
egtablishment time depended on the mode of scanning used. This latter improvement is
mostly responsible for the drastic reduction of the average connection set up time.

The two improvements may be implemented separately or together. The second
improvement aone will give asgnificant reduction in connection establishment, but will
require fundamentd aterations to the protocol and the Bluetooth chip. Thefirst
improvement done will require only minor software dteraions, but will give amore

moderate amount of reduction of connection establishment time. When combined



together, the amount of improvement from the second dteration overwhems the amount

of improvement from the fird.
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Chapter 6: Summary

The Bluetooth system has a complicated and unique way of establishing
connections between itshosts. The reason it is o liesin the fact that Bluetooth is meant
for creating ad-hoc networks. Thus, the respongbility for orchestrating frequency
synchronization isin the hands of devices themselves, not a centra point of control. This
makes the matter complicated, because two devices with absolutely no knowledge of
each other’ stiming or frequency dwelling are supposed to find each other and make a
connection with no outside help.

To solve this problem inquiry and paging procedures have been created. These
were described in generd in Chapter 2 and in detail in Chapter 3. Inquiry accomplishes
the god of finding the addresses of the devicesin range. It accomplishesthisgod by
having some units send out messages on different frequencies arranged in awel-known
sequence cdled Inquiry Hopping Sequence and other units listen on the frequencies
arranged in the same sequence. Because units don't know anything about each other’s
timing the sending and recaiving frequencies are misdigned. It takestime for the
sending unit to catch up to the frequency of the receiving unit and thisis what makes
Bluetooth connection establishment procedure lengthy.

Paging is done in much the same way asinquiry. The difference being that now
the address of the device being paged is known and some information about itstiming
might be known. The latter is not dways the case. Thus, once again it takes some time

for the units to catch up to each other’ s frequencies.
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The main problem with lengthy connection establishment is the fact that it
trandaesinto longer response time for an application. This can affect the performance
of an gpplication and will definitdy annoy users. Additiondly power consumption is of
primary concern in Bluetooth. A trade off hasto be made between idle mode power
consumption and response time: increasing the deep time will reduce power
consumption, but will prolong the time before an access can be made.

My proposal for anew connection establishment procedure makes connection
establishment faster without increasing power consumption. | propose to get rid of
Inquiry Hopping Sequence and Page Hopping Sequences and designate two frequencies
onefor Inquiry and one for Paging. These frequencies should be taken out of regular
usage to provide interference immunity.

On the frequency designated for inquiry, inquiry messages can be sent and
received. This eiminates the importance of knowing the timing of each device you want
to reach. Bascdly, if the deviceis ligening while you're sending out inquiry messages it
will respond immediatdy. Thisis not the case with the existing connection
establishment.

On the frequency designated for paging, page messages can be sent and received,
once again without concern for the timing of the other unit.

The above technique reduces the duration of inquiry and paging. | aso proposed
away to diminate the need to do inquiry in some of the cases of connection
edtablishment. My reasoning held in view of the fact that Bluetooth is a Persond Area
Network and devices that will communicate with each other most often will belong to the

same person. That person can manualy enter addresses of dl devices he ownsinto every
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device. Thus, the owner of the devices completes the function of inquiry. Alternatively a
device can automatically learn and remember the addresses of other devicesthat it
frequently communicates with. Now, when one of these devices requests a connection
with another from the same “set” no inquiry is needed. When a connection hasto be
made to a device whose address is unknown a procedure | call “pageing” is performed. It
is, as the name suggests, a combination of paging and inquiry. It is performed on the
second designated frequency and functions like current inquiry at firdt. It collectsthe
addresses of the devicesin range until adesired oneisreturned. At this point the
exchange of packets becomes similar to that of current Master Response/Slave Response
dtates after paging. In other, words a connection ismade. It isan option under the new
scheme not to establish a connection. In this case it resembles the workings of the

current inquiry procedure.

The proposed procedure for connection establishment is dways faster than the
current one. It dso has the added advantage of being smpler and requiring less power
expenditure then the old one. Also, as we saw in Chapter 5, the duration of connection
establishment doesn't grow linearly with the growing number of dready exigting SCO
connections, as does the old procedure, but is unaffected by it. In fact, in the presence of
errors the new procedure suffers a smaller penalty when a packet islost than the old
procedure, as mentioned in Chapter 4.

6.1 Future Work

The results presented in thiswork were derived andyticaly. A computer

smulation of the new procedure might uncover more advantages or disadvantages of it.



It would also be interesting to further sudy the user modd. Itis rather difficult
to say how people will employ this technology — whether it will be popular at the work
place or & home, whether people will keep one Bluetooth-enabled device asa universal
communicator able to connect to many devices dl over the world or will they have
severa ones to communicate amongst each other asis predicted.

The exact power expenditure on a connection establishment procedureis aso of
interest. It isaconsderable one, since in order to support connection establishment,

procedures like inquiry scan and page scan must continuoudy be performed.
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Table of Acronyms
ACL Asynchronous Connectionless
AM_ADDR Active Member Address
ARQ Automatic Retransmit Query
BD ADDR Bluetooth Device Address
BT Bluetooth
CAC Channd Access Code
CLK Clock
CLKE Clock Egtimated
CLKN Clock Native
CRC Circular Redundancy Check
DAC Device Access Code
DH (packet) Data-High rate
DIAC Dedicated Inquiry Access Code
DM (packet) Data- Medium rate
DV (packet) Data-Voice
FEC Forward Error Correction
FSK Frequency Shift Keying
GIAC General Inquiry Access Code
HEC Header Error Check
HV (packet) High-qudity Voice
IAC Inquiry Access Code
|SM Industrid Scientific Medicdl
LAN Local Area Network
LAP Lower Address Part
LMP Link Manager Protocol
LSB Leagt Sgnificant Bit
MSB Mog Sgnificant Bit
NIST Nationd Indtitute of Standards and Technology
PAN Persona Area Network
RF Radio Freguency
SCO Synchronous Connection-Oriented
SEQN Sequence Number
SG Specid Interest Group
UAP Upper Address Part
WLAN Wireless Loca Area Network
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