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摘要 
 

藍芽（Bluetooth）技術係一新興崛起之個人區域網路標準，並預期在未來無線通訊領

域發展中將扮演著重要的角色；藍芽當初原本是設計用來取代纜線設備（例如：滑鼠，鍵

盤與個人電腦之連接線），但在後來的演進中發現，藍芽的應用面並不僅止於此；隨著市面

上低價藍芽模組的陸續出現，大規模的藍芽設備佈署將很有可能在近期內實現。針對上述

趨勢，我們將分別就藍芽相關通訊議題，提出一系列的解決方案或分析結果，並實作出真

正具有通訊功能的藍芽散網(scatternet)與微網(piconet)，評估不同網路結構對整體通訊

效能的實際影響，以達到驗證理論分析之目的。 

本計畫的主要目標，是建立有效率的藍芽通訊網路並以理論加以評估。在第一年當中，

針對藍芽的主從式網路架構做改善。在藍芽微網的環境下，探討主裝置詢問（poll）從屬

裝置之機制策略，儘量填滿所有的負載欄位（payload field），以及空的數據封包，期望

更有效率地使用每一個藍芽時槽（time slot），藉此提昇藍芽微網最大可容納之生產量

（throughput），使得更多的通訊活動能夠同時被支援。 

本報告將提出第二年的研究成果。第二年的工作重點在於將數個微網連結成一個更大

的網路結構，稱為散網。我們提出一個藍芽散網的環形結構，稱為藍環(BlueRing)。進而

探討並實作藍環之形成(formation)，繞徑(routing)、維持管理(maintenance)以及提供一

種回復機制（recovery mechanism），使藍環網路拓樸結構具有容錯能力，在出現錯誤時能

迅速回復網路結構。此外，我們針對藍芽標準 V1.1 版及 V1.2 版，分析其頻率匹配

(frequency-matching)的延遲時間，並針對分析的結果，提出了三種可以提升藍芽裝置搜尋時

間的方法。 

 

 

 

關鍵詞： 藍芽，散網，微網 
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報告內容 
 

I. 前言 
 

藍芽係採主從裝置之網路結構（master-slave configuration），其基本的網路單元稱

為微網（piconet），將數個微網連結起來可以形成一個更大的網路結構，稱為散網

（scatternet），然而，在藍芽現有的標準規格裡，散網的結構與運作方式並未被清楚定義，

端視各家廠商如何設計﹔因此，一個簡單且具通訊效率的藍芽散網拓樸結構能否被提出，

便成為藍芽是否能成為個人無線區域網路（Wireless Personal-Area Network，WPAN）上

主要標準技術元件的關鍵所在;在本計畫執行的第二年中，我們提出一個藍芽散網之環形結

構，稱為藍環（BlueRing），係將數個微網以環狀的方式串接起來，連接微網與微網之藍芽

主機稱為橋接器（bridge），橋接器負責跨微網（inter-piconet）之封包轉送；除此以外，

在這項研究裡，我們設計藍環（BlueRing）形成（formation）、繞徑（routing）、及維持

管理（maintenance）機制，並評估其在通訊效能（communication efficiency）及容錯能

力（fault tolerance）上，和其它拓樸形狀表現的差異。此外，搜尋藍芽裝置的時間過長，

將會嚴重的影嚮到許多行動應用，因此，我們針對其頻率匹配(frequency-matching)的延遲時

間進行分析，其結果適用於藍芽標準 V1.1 版及 V1.2 版，並根據分析的結果，提出了三種

可以提升藍芽裝置搜尋時間的方法。 
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II. 研究目的 
 

本年度的工作重點在於將數個微網連結成一個更大的網路結構，稱為散網。這個部分

目前藍芽現有的標準規格裡並沒有清楚的定義，端視各家廠商如何設計。而在藍芽設備日

益增加的情況下，欲延伸藍芽的使用，進而形成成個人無限區域網路（Wireless 

Personal-Area Network，WPAN），藍芽散網建立與維持將是關鍵技術。而我們將提出一個

藍芽散網的環形結構，稱為藍環(BlueRing)。進而探討並實作藍環之形成(formation)，繞

徑(routing)、維持管理(maintenance)以及提供一種回復機制（recovery mechanism），使

藍環網路拓樸結構具有容錯能力，在出現錯誤時能迅速回復網路結構。此外，我們針對藍

芽標準 V1.1 版及 V1.2 版，分析其頻率匹配(frequency-matching)的延遲時間，針對分析的

結果，提出了三種可以提升藍芽裝置搜尋時間的方法。 

 

 

III. 研究方法 
 

以下我們將對藍芽散網的環形結構藍環(BlueRing) ，分別詳述其形成(formation)，

繞徑(routing)、維持管理(maintenance)等機制，並分析藍芽裝置搜尋時間且提出如何改

善的方法。 

 
1. 藍環(BlueRing)的形成協定(Formation Protocol) 
 

為了建立藍環，採用集中形成機制（Centralized formation mechanism）。假設所有

藍環裝置皆在無線電波涵蓋的範圍內，為每個藍芽裝置定義一個藍環成員（RING_MEM）參

數，以判別是否為藍環之中的裝置（若值為 1則是，若為 0則否），剛開始 RING_MEM 設為 0。

建立過程分為兩個階段： 

在第一階段中，每個藍芽裝置以機率 p查詢（I）及以機率 1-p 查詢掃描（IS）。當某

個 I 與某個 IS 相符合，則兩個藍芽裝置建立臨時微網，於其中有三個參數被交換：藍環成
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員、搜尋到的藍芽裝置數目以及藍芽裝置位址。首先，比較藍環成員參數。假使某個藍芽

裝置的藍環成員參數為 1，而其它的為 0，則它贏了。 

如果發生平手的狀況，則看哪一個藍芽裝置收集較多的其他藍芽裝置資訊就贏了。假

使無法決定勝利者，則由唯一的藍芽裝置位址參數決定，輸家要提供贏家所有到收集的藍

芽裝置資訊，在交換所有資訊後，臨時微網就被拆掉。假如在查詢時間終止（inquiry 

timeout）（IT）內沒有接收到其它查詢／查詢掃描訊息，贏家可宣稱自己為領導者。接著

領導者進入呼叫狀態，試著去收集其它非領導者，其它非領導者必須進入呼叫掃描狀態，

等待被呼叫。 

在第二階段中，根據所希望建立的環狀拓樸，領導者藉由設立臨時微網，指定數個藍

芽裝置為主裝置。對於每個指定的主裝置，領導者並提供該主裝置旗下從屬裝置的資訊，

包括指定下游和上游橋接器。擁有這樣的資訊後，每一個主裝置就可以各自去呼叫旗下的

從屬裝置，且建立自己的微網。提供橋接器服務的裝置應確定裝置本身的下游和上游主裝

置已成功完成連結。當變成環的一部份，藍芽裝置將藍環成員參數設定為 1。 

 
2. 藍環(BlueRing)的繞徑協定(Routing Protocol) 
 

在這個項目中，主要是在藍環中提供可支援點對點傳送（unicasting）及廣播

（broadcasting）之繞徑協定。項目一中提到，資料封包會沿著藍環的方向進行繞徑，由

於封包沿著藍環流動最後到達目的微網，不需要繞徑搜尋處理（route discovery process）

程序。因此藍環中的繞徑沒有紀錄之前狀態，所以沒有繞徑表需要進行維護；相反的，大

多相對映兩點直接資料傳輸網路（Ad hoc network）之繞徑協定需要維持繞徑表。 

藍環之封包負載格式依據封包繞徑方式分為三種：封包負載格式 a、封包負載格式 b以

及封包負載格式 c。封包負載格式 a係表示在單點跳躍單點傳送傳遞，封包負載格式 b係表

示多點跳躍單點傳送傳遞，而封包負載格式 c係表示廣播傳遞。為了在藍環上繞徑，必須

增加三個控制位元於封包負載標頭之後，根據不同傳輸方式而有不同表現方式。三個控制

位元分別是：廣播位元（Broadcast bit）、中繼位元（Relay bit）、髒位元（Dirty bit）。
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在封包負載格式 52 中另外包括 48 位元之來源藍芽裝置位址（SA，Source BD_ADDR）欄位，

及 48 位元之目的藍芽裝置位址（DA，Destination BD_ADDR），紀錄來源藍芽裝置之位址及

目的藍芽裝置之位址；而封包負載格式 53 包括 48 位元之來源藍芽裝置位址，紀錄來源藍

芽裝置之位址。 

下面是藍環從屬裝置以及主裝置繞徑之示意圖，說明當從屬裝置以及主裝置接收到封

包該如何運作。 

 

接下來是藍環的橋接原則。採用以臨界為基礎（threshold-based）之策略以實施停放／

非停放（park/unpark）要求，使用下述三個參數：(1)Tb：計算橋接器中等候封包數之臨界值；

(2)Tm：計算主裝置中等候封包數之臨界值；以及(3)Tout：計算橋接器切換微網之時間終止值。



 5

在一般情況下，由於大多數時間，橋接器直覺地將連結至其上游微網，在某些臨界條件為

真，將切換至下游微網。當連結至下游微網，橋接器將被下游主裝置視為高優先權以便儘

快排除緩衝區的封包。 

 
3. 藍環(BlueRing)的維持管理(Maintenance Protocol) 

 

在封包繞徑時，容錯是基本的問題，特別是在行動環境下。在藍環中，當任何主裝置

或橋接器離開網路，環會中斷且變成線性路徑，新的藍芽裝置可能會加入。以下敘述如何

解決在單點錯誤和多點錯誤之情況。 

單點錯誤（Single-Point Failure）：假設某一為主裝置之主機或橋接器失去作用，因為在

藍環中有初始繞徑方向，假使封包總是以正向傳送，則主機無法到達另一在反向的主機。

在封包負載標頭後增加一個新的稱為“方向（Direction）＂之控制位元，這個位元協助主機

決定繞徑遵循方向（正向／反向）。 

多點錯誤（Multi-Point Failure）：上述之容錯繞徑協定確定繞徑不受影響，但留下損壞

點沒有修復，在此我們提供了一個回復機制可以重新連結藍環網路。新的主機也可加入現

行的藍環，只需區域重新連結。只要沒有兩個關鍵點同時失去作用，協定可正確運作。 

在藍芽規格裡保留 63 個專屬查詢存取碼（DIACs，Dedicated Inquiry Access Code）以

發現範圍內某些特定的裝置，在此提出使用兩個保留的專屬查詢存取碼，分別為第一專屬

查詢存取碼和第二專屬查詢存取碼，以幫助藍環恢復。同樣地，將使用一般查詢存取碼

（GIAC，General Inquiry Access Code）以吸引主機加入現行藍環。以下範例說明如何處理

橋接器離開（bridge leaving），主裝置離開（master leaving），以及如何藉由產生更多微網以

擴展藍環規模。 

另外，為了使藍環網路更具擴充性，希望可以納入更多新加入之藍芽裝置數目，我們

可以適當增加環內微網的數目，由於藍芽規格本身的限制，使得單一微網所能容納的從屬

裝置數目有限（≦7），因此，增加微網數目意味著增加所能管理的藍芽裝置數目。當某一

主裝置旗下的從屬裝置數目超過預設之臨界值，會將原本屬於同一個微網之主裝置及從屬
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裝置拆成兩個微網，以容納更多欲加入藍環網路之藍芽裝置。 

 
4.  藍芽裝置搜尋(Bluetooth Device Discovery)分析及其加速機制 
 

搜尋藍芽裝置的時間過長，將會嚴重的影嚮到許多行動應用，因此，我們針對藍芽標

準 V1.1 版及 V1.2 版，分析其頻率匹配(frequency-matching)的延遲時間，根據我們分析的

結果，其平均的裝置搜尋時間為 23.55 秒；除此之外，更針對分析的結果，發現主要造成過

長的裝置搜尋時間原因，在於必須長時間的等待從主置發出來的詢問時窗(inquiry 

window)，對此，我們提出了三種可以改善藍芽裝置搜尋時間的方法，分別為： 

 Half Inquiry Interval (HII)：將詢問的週期縮減為一半，其效果可以減少前述的等待

時間。 

 Dual Inquiry Scan (DIS)：從屬裝置將其做詢問頻率增為兩倍，可以增加每次詢問時

窗會被詢問到的機會，因而大量地減少頻率匹配的延遲。 

 Combination of HII and DIS：結合上述兩種方法，其結果將可以大量的使搜尋時間

從 23.55 秒縮短到 11.38 秒。 
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IV. 研究成果 

本計畫依時程順利進行，並獲致豐碩成果，相關論文發表如下，論文全文詳如附錄： 

 T.-Y. Lin, Y.-C. Tseng, and K.-M. Chang, “A New BlueRing Scatternet Topology for 
Bluetooth with Its Formation, Routing, and Maintenance Protocols”, Wireless 
Communications and Mobile Computing, Vol. 3, No. 4, June 2003, pp. 517-537. 
(SCIE)  

 J.-R. Jiang, B.-R. Lin, and Y.-C. Tseng, "Analysis of Bluetooth Device Discovery and 
Some Speedup Mechanisms", Int'l J. of Electrical Engineering, Vol. 11, No. 4, Nov. 
2004, pp. 301-310. (EI)  
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�� ������ 	����	 ���
�� � #)�� ���� ������� ����
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�������� ���� ��� ����� ���� ������� �� ��� �	�
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 ������ 0��� �"!�0��

%��
� �� ��� ��� A!�0� 	���� �� ��
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Intra-piconet-slavecs1 = S-3 ds1 = 2 

Ring-body cs2 = 2R ds2 = R+1 

Inter-piconet-slave cs3 = (S-2)(R-1) ds3 = R+2 

 

(a) Source is a non-bridge slave
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Inter-piconet-slave cm3 = (S-2)(R-1) dm3 = R+1 

 

(b) Source is a master 
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Ring-body cb2 = 2R-1 db2 = R 
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T = 1 Mbps
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Bridge Buffer Threshold = 60%
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Abstract

The device discovery time of Bluetooth is prohibitively long. This may significantly impact many mobile applica-

tions. In this work, we start by analyzing the frequency-matching delay of Bluetooth for both versions V1.1 and V1.2.

We then propose three schemes to speed up the device discovery procedure of Bluetooth. The result is a significant

reduction of average frequency-matching time from 23.55 seconds to 11.38 seconds.

Keywords: Bluetooth, device discovery, frequency-hopping spread spectrum (FHSS), inquiry and scan, wireless

network.

1 Introduction

Bluetooth [2] is a promising technology for short-range, low-power wireless communications. Operating in the

2.4GHz license-free ISM (Industrial, Scientific-Medical) band, Bluetooth adopts a 79-channelFrequency Hopping

Spread Spectrum (FHSS)1 technology with a hopping rate of 1600 hops per second. In Bluetooth, before any two

devices can communicate with each other, they must go through a device discovery procedure which consists of

two steps,inquiry andpaging. The former is for devices to find each other, while the latter is to establish actual

connections. According to the specification [2], the inquiring procedure may take 10.24 seconds or longer, and the

paging, 7.68 seconds or longer. This long connection setup time is fine for static applications, but is intolerable

for mobile applications demanding quick and short connections, such as multi-media name card exchange [4] and

pedestrian surroundings information retrieval [9]. Consequently, many approaches [1, 4, 5, 6, 7, 8, 9] have been

proposed to speed up the Bluetooth device discovery procedure.

One major component in the discovery delay is the longfrequency-matchingtime. Bluetooth adopts a master-

slave architecture. To establish a connection between two devices, a potential master should be in theinquiry state
∗Y. C. Tseng’s research is co-sponsored by the MOE Program for Promoting Academic Excellence of Universities under grant number 89-

E-FA04-1-4, by NSC of Taiwan under grant numbers NSC92-2213-E009-076 and NSC92-2219-E009-013, by the Institute for Information
Industry and MOEA, R.O.C, under the Handheld Device Embedded System Software Technology Development Project, and by the Lee and
MTI Center of NCTU.

1The number of channels may be reduced to 23 in certain countries.
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to periodically send consecutiveID packets on some predefined 32 channels (or frequencies2), and a potential slave

should be in theinquiry scanstate trying to catch anID packet from the right channel at the right time. Only when

a frequency-matching occurs, i.e., the slave correctly receives an ID packet, can the inquiry-paging procedure be

started.

A lot of works [3, 4, 6, 7, 8, 9, 10] have addressed the Bluetooth device discovery speedup problem. Some

[4, 6, 7, 9] suggest to modify the device discovery parameters, some [3, 10] suggest to use auxiliary devices, while

some [8] relies on device cooperation to assist device discovery. The recent Bluetooth specification V1.2 also

proposes a “faster connection” based on the concept of interlaced inquiry scan frequencies.

In this work, we start by analyzing the frequency-matching time of Bluetooth, the major component of delay in

its device discovery, for both versions V1.1 and V1.2. We show through analysis that the average delay is about

23.55 seconds. This motivates us to search for schemes to shorten the frequency-matching time. In this paper, three

schemes are proposed. The reduction is shown to be significant.

The rest of this paper is organized as follows. Section 2 presents some backgrounds. In Section 3, we analyze the

frequency-matching delay of Bluetooth’s device discovery. Section 4 presents our schemes. Concluding remarks

are drawn in Section 5.

2 Backgrounds

2.1 Inquiry and Paging Procedures of Bluetooth

The device discovery in Bluetooth involves two steps:inquiry andpaging. The inquiry procedure is asymmetric.

A potential master must enter the INQUIRY state first, and a potential slave must enter the INQUIRY SCAN state.

The master will periodically broadcast ID packets in everyTinquiry interval (refer to Fig. 1). These ID packets are

hopping on 32 common channels. These 32 channels are divided into two sets, each with 16 channels. ID packets

are grouped intoA trainsandB trains, each using one of the two sets of 16 channels exclusively. In aTw inquiry

interval,Ninquiry A trains, followed byNinquiry B trains,Ninquiry A trains, andNinquiry B trains of ID packets are

sequentially transmitted, whereNinquiry = 256. Each train consists of 16 slots (of lengthTtrain = 10 ms). Two

ID packets on two different channels are placed in one 625-µs slot. So there are 8 slots of ID packets interleaved

by 8 response slots reserved for slaves to reply. Consequently,Tw inquiry takes up to 10.24 seconds to complete

(4× 256 of A/B trains, each of 10 ms), unless the master has collected enough (≥ Ninquiry responses) responses and

determines to abort the INQUIRY procedure earlier. For example, one commonly selected setting is that masters

enter the INQUIRY state every one minute, i.e.,Tinquiry=60 sec.

A potential slave should enter the INQUIRY SCAN state to listen to ID packets (refer to Fig. 1). It sequentially

hops on the aforementioned 32 channels, but at a much slower speed. It takesTinquiryscan seconds to hop from one

channel to another. In each hop, it only enters the listening status forTw inquiryscan=10 ms. Note that it is necessary

thatTw inquiryscan ≥ Ttrain so as to guarantee that the slave can catch an ID packet from the master. The Bluetooth

specification suggests thatTinquiryscan be no longer than 2.56 seconds, which equals the length ofNinquiry A/B

trains. Note that many vendors setTinquiryscan = 1.28 seconds, which will also be adopted in this paper. Table 1

summarizes all the above timing parameters.

2In this paper, the word “channel” and the word “frequency” are used interchangeably.
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Figure 1. Bluetooth inquiry procedure.

Table 1. Timing parameters of inquiry and inquiry scan.
Parameter Description Recommended value
Tinquiry inquiry interval 60s
Tw inquiry inquiry window length 10.24s
Tinquiryscan inquiry scan interval 1.28s
Tw inquiryscan inquiry scan window length 10ms
Ttrain length of a train 10ms
Ninquiry train repetition number ≥ 256
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Upon receiving an ID packet from some channel, sayi, a slave should take a random backoff and then reply a

Frequency Hopping Synchronization (FHS)packet via the same channel. The backoff value is between 0 to 1023

slots to avoid possible collisions with other slaves. After the backoff, the slave should continuously listen to channel

i and reply a FHS immediately after the first ID packet (also on channeli) is heard. Fig. 2 illustrates this procedure.

Note that the average backoff value is 512 slots, which equals 32 trains. This explains why A/B trains need to be

repeated so many times.

2.2 Related Work

Several methods have been proposed to improve the Bluetooth device discovery procedure [3, 4, 6, 7, 8, 9, 10].

Some schemes try to modify the device discovery parameters [4, 6, 7, 9]. Some schemes propose to use auxiliary

devices [3, 10], while some relies on device cooperation to assist the discovery [8].

In [9], three methods are proposed. The first method tries to decrease or even eliminate the random backoff in

INQUIRY SCAN, the second method uses one single 32-frequency train to replace the two 16-frequency trains in

INQUIRY, and the last method is a hybrid one to combine the first two methods. According to [9], these methods

can improve the connection setup time up to 75% without deteriorating the overall system performance. A hardware

empirical testbed is developed to verify these methods in [6]; the result suggests that a single train with no backoff

has the best performance. In [4, 7], each device is assumed to alternate between “potential master” and “potential

slave” modes in a random fashion. Analysis and simulation results show that the connection establishment latency

can be reduced to be 80 ms with a probability of 0.95. In [3, 10], it is suggested to use auxiliary devices, such as

IrDA interfaces or RFID transponders, to facilitate connection setup. In [8], a cooperative device discovery scheme

is proposed to allow devices to exchange their knowledge of nearby devices, such as BD addresses and clocks, to

speed up device discovery. The recent Bluetooth specification V1.2 also proposes a mechanism which requires a

device to perform inquiry scan with interlaced hopping frequency in A and B trains.

3 Analyses for Bluetooth Device Discovery

In this section, we analyze the frequency-matching time of Bluetooth V1.1 and V1.2, which is the major compo-

nent of delay in its device discovery. We start with the analysis for Bluetooth V1.1. Suppose that there is already

a master device performing the scan procedure. According to whether or not the master is sendingID packets, we

divide the time axis intoinquiry windowsandnon-inquiry windows. Now suppose that there is a slave device tuning

to the inquiry scan procedure and starting with an inquiry scan window. We are interested in the frequency-matching

delay, denoted byD, measured by the elapsed time from the time when the slave starts inquiry scan to the time when

it successfully receives anID packet from the master.

By investigating the timing diagram of Fig. 1, the slave may start its inquiry scan in an inquiry window with

probability Tw inquiry

Tinquiry
, and in a non-inquiry window with probabilityTinquiry−Tw inquiry

Tinquiry
. So we have

D =
Tw inquiry

Tinquiry
×X +

Tinquiry − Tw inquiry

Tinquiry
× (

Tinquiry − Tw inquiry

2
+

Tinquiryscan

2
+ Y ), (1)

whereX is the expected delay after the slave starts its inquiry scan andY is the expected delay after the slave’s

first inquiry scan encounters the master’s first inquiry window. Note that in the second case, the slave has to wait
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Figure 3. Eight possible cases for slave to start its inquiry scan. Wmi is the i-th inquiry window of the
master, and Wsi is the i-th inquiry scan window of the slave.
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Figure 4. Illustration of Eq. (2), which contains four subcases of case 1 for frequency-matching between
a master and a slave. A "*" means a "Don’t Care" frequency, because a matching has already appeared
in the previous inquiry scan window.

Tinquiry−Tw inquiry

2 + Tinquiryscan

2 time in average before its first inquiry scan window encounters the master’s first

inquiry window.

In the following analysis, we follow the recommended values of Bluetooth that the length of one inquiry scan in-

terval is one half of a sequence of 256 A/B trains. Therefore, the slave has two chances to match with the frequencies

on which the master sends ID packets. Now, to calculate the expected value ofX, we have to consider all possible

locations where the first inquiry scan window of the slave (denoted byWs1) appears in the first inquiry window of

the master (denoted byWm1). Basically, we evenly divide the windowWm1 into 8 partitions, as illustrated in Fig. 3.

There are 8 cases to consider, which are discussed in the following.

Case 1: (Ws1 in the first 1
8 window ofWm1) In this case, the delay will depend on the frequencies on which the

slave is waiting for the master’s ID packets. Recall that the slave will repeatedly scan all frequencies of train A in

16 consecutive inquiry scan windows, followed by all frequencies of train B in 16 consecutive inuiry scan windows.

So there are 32 possibilities where the slave can catch an ID packet on the right frequency from the master. These

5



A… …A B… …B A… …A B… …B  A…  

 

     A    *                

 

     B    A    A    A    A   

 

     B    B    *          

 

Case 2.1 

Case 2.2 

Case 2.3 

. . . time 

(with prob. 0.5 and delay 0) 

(with prob. 
1

32
 and delay 3Tinquiryscan) 

(with prob. 
15

32
 and delay Tinquiryscan) 

Wm1 Wm2 

Ws1 Ws2 Ws3 Ws4 

Master 

Slave 

Figure 5. Illustration of Eq. (3), which contains three subcases of case 2 for frequency-matching
between a master and a slave.

possibilities can be classified into 4 subcases, as illustrated in Fig. 4. So the expected value ofX in this case can be

approximated by

X1 =
1
32
× Tinquiryscan +

1
32
× (4× Tinquiryscan) +

14
32
× (2× Tinquiryscan). (2)

Note that there is no delay for case 1.1 in Fig. 4. For case 1.2, the delay is one inquiry scan interval, as reflected

in the first term of Eq. (2). Similarly, there are four and two inquiry scan intervals of delays for cases 1.3 and 1.4,

respectively.

Case 2: (Ws1 in the second1
8 window ofWm1) As described in case 1, the slave hops on 32 frequencies

repeatedly. Similarly, there are also 32 possibilities where the slave can catch an ID packet on the right frequency

from the master. These possibilities can be classified into 3 subcases, as illustrated in Fig. 5 So the expected value

of X in this case can be approximated by

X2 =
1
32
× (3× Tinquiryscan) +

15
32
× Tinquiryscan. (3)

Note that there is no delay for case 2.1 in Fig. 5. For cases 2.2 and 2.3, the delays are three and one inquiry scan

interval, respectively.

The next two cases are similar to the above two cases. So we omit the explanations.

Case 3: (Ws1 in the third 1
8 window ofWm1)

X3 =
1
32
× Tinquiryscan +

1
32
× (4× Tinquiryscan) +

14
32
× (2× Tinquiryscan). (4)

Case 4: (Ws1 in the fourth1
8 window ofWm1)

X4 =
1
32
× (3× Tinquiryscan) +

15
32
× Tinquiryscan. (5)

Case 5: (Ws1 in the fifth 1
8 window ofWm1) The 32 frequency-matching possibilities of case 5 can be classified

into four subcases, as shown in Fig. 6. All subcases are similar to earlier discussions, except subcase 5.3, where the

frequency-matching will occur in next inquiry windowWm2. The slave thus has to waitdTinquiry−Tinquiryscan×4
Tinquiryscan

e ×
Tinquiryscan for window Wm2 to appear. In the following analysis, we assume thatTinquiry is a multiple of

6



A… …A B… …B A… …A B… …B  A…  

 

 A    *     

 

 B    A    A    

 

 

 

 

 

 

 

 

 B    B    A    A    A                     

 B    B    B    *   

Case 5.1 

Case 5.2 

Case 5.3 

. . . time 

Case 5.4 
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) 

Figure 6. Illustration of Eq. (6), which contains four subcases of case 5. The frequency-matching of
case 5.3 will occur in window Wm2

Tinquiryscan for simplicity. So the waiting time is simplified to be (Tinquiry − Tinquiryscan × 4). After the wait-

ing, it will takeX1 time more for frequency-matching. So the expected value ofX in this case can be approximated

by

X5 =
1
32
× Tinquiryscan +

1
32
× (Tinquiry − 4× Tinquiryscan + X1) +

14
32
× (2× Tinquiryscan). (6)

The next three cases are similar to case 5. So we omit the explanations.

Case 6: (Ws1 in the sixth1
8 window ofWm1)

X6 =
1
32
× (Tinquiry − 5× Tinquiryscan + X1) +

15
32
× Tinquiryscan. (7)

Case 7: (Ws1 in the seventh18 window ofWm1)

X7 =
1
32
× Tinquiryscan +

15
32
× (Tinquiry − 6× Tinquiryscan + X1). (8)

Case 8: (Ws1 in the eighth1
8 window ofWm1)

X8 =
1
2
(Tinquiry − 7× Tinquiryscan + X1). (9)

We can now get the expected value ofX as follows:

X =
1
8

8∑

i=1

Xi. (10)

Next, we derive the value ofY . It is not hard to see that the calculation is similar to the case 1 ofX. Therefore,

the expected value ofY is

Y =
1
32
× Tinquiryscan +

1
32
× (4× Tinquiryscan) +

14
32
× (2× Tinquiryscan). (11)

Below, we analyze the frequency-matching delay for the interlaced inquiry scan which is proposed in Bluetooth

V1.2. Bluetooth V1.2 tries to interlace the inquiry scan hopping sequence of V1.1. Specifically, letf0, f1, ..., f31
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Figure 7. Three subcases of case 1 for Bluetooth V1.2.

be the hopping sequence in V1.1. Then the hopping sequence in V1.2 will replacefi for each oddi by f ′i =

fi+16(mod 32). Therefore, the Eq. (1) can still be applied to Bluetooth V1.2. We only need to recalculate the values

of X andY .

There are also 8 cases for analyzingX, as discussed below.

Case 1: (Ws1 in the first 1
8 window ofWm1) The analysis is similar to the case 1 ofX in Bluetooth V1.1.

There are also 32 possibilities where the slave can catch an ID packet on the right frequency from the master. These

possibilities can be classified into 4 subcases, as illustrated in Fig. 7. Note that in Fig. 7, a frequency inf0, f1, ..., f15

is denoted by an “A”, and a frequency inf16, f17, ..., f31 is denoted by a “B”. Also note that case 3.1 happens when

frequenciesf31, f16, f1, f18 andf3 appear in windowsWs1,Ws2,Ws3, Ws4 andWs5, respectively. So the expected

value ofX in this case can be approximated by

X1 =
15
32
× Tinquiryscan +

1
32
× (3× Tinquiryscan). (12)

Case 2: (Ws1 in the second18 window ofWm1) This case is shown in Fig. 8.

X2 =
1
32
× Tinquiryscan +

14
32
× (2× Tinquiryscan) +

1
32
× (4× Tinquiryscan). (13)

Case 3: (Ws1 in the third 1
8 window ofWm1) This case is similar to case 1.

X3 =
15
32
× Tinquiryscan +

1
32
× (3× Tinquiryscan). (14)

Case 4: (Ws1 in the fourth1
8 window ofWm1) This case is similar to case 2.

X4 =
1
32
× Tinquiryscan +

14
32
× (2× Tinquiryscan) +

1
32
× (4× Tinquiryscan). (15)

Case 5: (Ws1 in the fifth 1
8 window ofWm1) This case is similar to case 1.

X5 =
15
32
× Tinquiryscan +

1
32
× (3× Tinquiryscan). (16)

Case 6: (Ws1 in the sixth1
8 window ofWm1) This case is similar to case 5 in V1.1. The slave may need to wait

(Tinquiry − Tinquiryscan × 5) for windowWm2 to appear.

X6 =
1
32
× Tinquiryscan +

14
32
× (2× Tinquiryscan) +

1
32
× (Tinquiry − 5× Tinquiryscan + X1). (17)
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Figure 8. Four subcases of case 2 for Bluetooth V1.2.

The next two cases are similar to the above cases. So we omit the details.

Case 7: (Ws1 in the seventh18 window ofWm1)

X7 =
15
32
× Tinquiryscan +

1
32
× (Tinquiry − 6× Tinquiryscan + X1). (18)

Case 8: (Ws1 in the eighth1
8 window ofWm1)

X8 =
1
2
× (Tinquiry − 7× Tinquiryscan + X1). (19)

We can now get the expected value ofX as follows:

X =
1
8

8∑

i=1

Xi. (20)

Next, we want to calculateY . It is not hard to see that the calculation is similar to the case 1 ofX. Therefore, the

expected value ofY is

Y =
15
32
× Tinquiryscan +

1
32
× (3× Tinquiryscan). (21)

If we setTinquiry = 60 andTw inquiry = 10.24 seconds according to Table 1, we get the frequency-matching time

D = 23.55 and 22.53 for Bluetooth V1.1 and V1.2, respectively. If we look in further details, we find thatX = 7.58

and 4.47 andY = 1.32 and 0.72 for V1.1 and V1.2, respectively. The interlaced inquiry scan indeed speeds up the

frequency-matching but overall the improvement does not seem to be significant. The reason is because the value of

Tinquiry is too large. Thus, in Section 4 we propose some methods to speed up the bluetooth device discovery.

4 Speedup Schemes for Bluetooth Device Discovery

In this section, we propose three methods for speeding up the Bluetooth device discovery.

4.1 Half Inquiry Interval (HII)

From the analysis in Section 3, especially in Eq. (1), we note that the frequency-matching time is dominated

by Tinquiry. Thus, we recommend thatTinquiry be halved. In order to keep the same ratio of inquiry time, we
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Figure 9. The case 1 of the HII method.

also recommend thatTw inquiry be halved. As a result of this, the slave has only one chance to match with the

frequencies on which the master sends ID packets during a sequence of 256 A/B trains. Note that here we do not

use the interlacing technique in V1.2.

Below, we analyze the new frequency-matching time due to these changes. Eq. (1) is still applicable. However,

there are only four cases ofX, as discussed below.

Case 1: (Ws1 in the first 1
4 window ofWm1) There are 32 possibilities, which can be classified into 3 subcases as

illustrated in Fig. 9. Note that there is only one chance for frequency matching during a sequence of 256 A/B trains.

The delay is:

X1 =
1
32
× (2× Tinquiryscan) +

15
32
× Tinquiryscan. (22)

Case 2: (Ws1 in the second14 window ofWm1) This case is similar to case 1.

X2 =
1
32
× (2× Tinquiryscan) +

15
32
× Tinquiryscan. (23)

Case 3: (Ws1 in the third 1
4 window ofWm1) The 32 frequency-matching possibilities can be classified into

three subcases, as shown in Fig. 10. All subcases are similar to earlier discussions, except subcase 3.2, where the

frequency-matching will occur in next inquiry windowWm2. Recall that we assume thatTinquiry is a multiple of

Tinquiryscan, so the waiting time is (Tinquiry − Tinquiryscan × 2). The expected value ofX in this case can be

approximated by

X3 =
1
32
× (Tinquiry − 2× Tinquiryscan + X1) +

15
32
× Tinquiryscan. (24)

Case 4: (Ws1 in the fourth1
4 window ofWm1) This case is similar to case 3.

X4 =
1
2
× (Tinquiry − 3× Tinquiryscan + X1). (25)

We can now get the expected value ofX as follows:

X =
1
4

4∑

i=1

Xi. (26)

The calculation ofY is similar to the case 1 ofX. The expected value ofY is

Y =
1
32
× (2× Tinquiryscan) +

15
32
× Tinquiryscan. (27)
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Figure 11. The proposed DIS scheme.

For example, if we setTinquiry = 30 andTw inquiry = 5.12 seconds, then we get the frequency-matching time

D = 12.11 seconds. The reduction is significant. In this case,X is 4.06 seconds andY is 0.68 seconds. So the

reduction is mainly contributed by the reduction ofTinquiry.

4.2 Dual Inquiry Scan (DIS)

In this scheme, we hope that once an inquiry scan window of a slave encounters an inquiry window of a master,

a frequency matching will occur as long as there is sufficient overlapping between these two windows. Toward this

goal, theDual Inquiry Scan(DIS) scheme requires the slave to perform inquiry scan on dual frequencies, one in A

train and the other in B train. To be more precise, for everyTinquiryscan period, the slave should perform inquiry

scan on two frequencies,fi andfi+16, each for a duration ofTw inquiryscan (refer to Fig. 11). Note that the value of

i is increased by 1 (with modulo 32) after each inquiry scan window. As a result, frequency-matching will occur on

eitherfi or fi+16 with a high probability. In order to keep the same ratio of inquiry scan time, we recommend that

Tinquiryscan be doubled.

Below, we analyze the frequency-matching delay for theDIS scheme. Eq. (1) can also be applied to the analysis

except thatY is replaced byX. That is, we have

D =
Tw inquiry

Tinquiry
×X +

Tinquiry − Tw inquiry

Tinquiry
× (

Tinquiry − Tw inquiry

2
+

Tinquiryscan

2
+ X), (28)

whereX is the expected delay after the slave starts an inquiry scan window during an inquiry window. When
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the master is sending an A/B trains which is sufficiently covered by the slave’s inquiry scan window, frequency-

matching will occur with no delay with a probability of about1
2 and withTtrain(= 0.01) delay with a probability of

about12 . Thus, we haveX ≈ 0.005, which givesD ≈ 21.71 seconds.

4.3 Combination of HII and DIS

If we combine the above two strategies by adoptingHII for the master and adoptingDIS for the slave, then further

reduction ofD can be obtained. The analysis is similar and can be obtained from Eq. (28). By settingTinquiry = 30

andTw inquiry = 5.12 seconds,D can be reduced to be11.38 seconds.

5 Conclusions

In this paper, we have analyzed the frequency-matching time of Bluetooth V1.1 and V1.2. The main component

of delay in its long device discovery is the long waiting time for the appearance of inquiry windows from the

master. The proposedHII scheme can reduce the aforementioned waiting time. TheDIS scheme can further reduce

the frequency-matching delay by scanning two frequencies back to back. If we combine these two schemes, the

expected frequency-matching delay can be reduced from 23.55 seconds to 11.38 seconds. The ratio of time for

performing inquiry and inquiry scan does not increased.
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