Contents

Preface . . . . . . . . . . .. Xi

Chapter 1. Wireless Communications using Wi-Fi and Bluetooth . . 1

1.1. Objectivesof Wi-Fi . . .. ... ... ... .. ... . ... ... ... 1
1.1.1. Categorization and development . . . . ... ... .......... 1

1.1.2. Current applications and market . . . . .. ... ... ........ 3

1.2. Objectives of Bluetooth . . . . . .. ... ... ... ........... 5
1.2.1. Categorization and development . . . . . .. ... .. .. ...... 5

1.2.2. Current applications and market . . . . . ... .. .. ........ 7
1.3.References . . . .. ... ... 8
Part 1. Wi-Fi: Advancements in IEEE802.11 . . . ... ... ... .. .. 9
Chapter 2. Functional Overviewof Wi-Fi . . ... ............. 11
2.1.Network overview . . . . . .. .. L L 12
2.1.1. Infrastructuremode . . . . ... ... ... L Lo 12
212.Adhocmode . . . . ... L 13

2.2. Physical level overview . . . . ... . ... ... ... 13
2.2.1. Frequency modulation and Channel definition . . . . ... ... .. 14
2.2.2. Digital-analog modulation . . ... ... ... .. ... ....... 17

2.3. Medium access control level overview . . .. ... ... ... ... .. 19
2.3.1. Wi-Fi discovery and association . . . .. ... ............ 19
2.3.2. Coordination function . . . . . ... .. ... .. .. .. ... ... 23
233.Frameformat. . ... ... ... ... .. .. ... . ... 31

24, References . . . . . . . .. 38



vi  Next Generation of Bluetooth and Wi-Fi

Chapter 3. Wi-Fi Specifications . . .. ... ................. 39
3.1. Overview and taXxonomy . . . . . . . . . v vt vt it 39
3.1.1. Summary and taxonomy of PHY-related amendments . . . . . . . . 39
3.1.2. Summary and taxonomy of MAC-related amendments . . . . . . . 43
3.1.3. Summary and taxonomy of other technologies related to IEEE
802.11basedon functions . . . . ... .. .. ... .. .. .. ... .. 45
3.2. High-speed evolution in the UHF and SHF range . . . . ... ... .. 48
3.2.1. Earlier Wi-Fi technology based on 802.11a/b/g . . . ... ... .. 51
322.Wi-Fi4: IEEE802.11n . . . . . ... .. ... .. .. ... 54
323.Wi-Fi5: IEEE802.11ac . ... ... . ... ............. 62
324 Wi-Fi6: IEEE802.11ax . ... ... ................. 66
325.Conclusion . . ... 72
3.3. High-speed evolution in the extremely high-frequency range . . . . . . 74
3.3.1. WiGig: IEEE802.11ad . . . ... ... ... .. .. .. .. ..... 75
332.IEEE802.11ay . . . . . . . . .. . . 80
3.4. Other amendments based on service . . . . . .. ... ... ....... 83
3.4.1. IEEE 802.11e hybrid coordination function . . ... ........ 83
342 . IEEE802.11smesh . . ... ... ... . ... ... ... ..... 86
343.1EEE 802.11af Super Wi-Fi . . . ... ... .. ... ... ..... 89
344 1EEE 802.11ahHalow . . ... ... . ... ... ... ..... 90
34.5.IEEE 802.11bapowersaving . . . . . . .. .. .. . ... .. 93
3.5. Vehicular amendments . . . . ... ... .. ... ... 93
35.1.IEEE8O02.11pWAVE . . . . .. ... . . . 94
352.IEEE802.11bd . . . . . .. . ... . . 96
3.6. Wi-Fi alliance movements . . . . .. ... ... ... .......... 98
3.6.1. Wi-Fidirect . . ... ... ... .. . ... 99
3.6.2. Wi-Fi display/Miracast . . . .. .. ... ... .. .......... 100
37.References . . . ... 100
Chapter 4. Next Generationof Wi-Fi . ... ... .. ............ 103
4.1. Activities with regard to IEEE 802.11 standardization . . . . . . .. .. 103
41.1.IEEEP802.11az . . . . . .. . .. i 103
412.IEEEP802.11bb . . . . . ... ... .. 104
413.IEEEP802.11bc . . . . . .. . .. 105
414 . IEEEP802.11be . . . . . . . . . ..o 107
4.1.5.IEEEP802.11bf . . . . . . . .. . 107
4.1.6. IEEE P802.11bh and IEEEP802.11bi . . . . ... ... ... .. .. 108
4.1.7.IEEEP802.11bk . . . . . . . .. .. . . L 109
4.1.8.IEEE802.11me . . . . . . ... ..t 109
4.2. Activities with regard to Wi-Fi alliance . . . .. ... ... ... .. .. 110

42 1. Wi-Fibe . .. ... e 110



Contents  vii

422 . Wi-Fihealthcare . . . . .. ... ... ................. 111
423 . Wi-Fiaware . ... ... ... .. .. e 112
424 Wi-Filocation . . ... ... ... ... . ... ..., 113
4.2.5. Wi-Fi-certified easy connect . . . .. ... ... ........... 113
4.2.6. Wi-Fipasspoint . . . .. .. .. ... ... .. .. . ... 114
4.2.7.Wi-Fiagilemultiband . . . . ... ... ... ... .......... 114
4.3. Other future services and applications . . . . ... ... ......... 115
43.1. Wi-Fiinrelationtobigdata . . ... ... ... ... ........ 115
4.3.2. Wi-Fisensing/motion . . . . .. .. ... .. ... .. .. .. .. .. 116
4.3.3. Wi-Fi and joint communication radar JCR) . . ... ... ... .. 117
4.3.4. What is the next step for Wi-Fi? . . . . . ... ... .. ... .. .. 118
4.4, References . . . . . o o it e e 119
Part2. Bluetooth . . . ... ... ... .. ... ... ... . . . 121
Chapter 5. Functional Overview of Bluetooth . . . . . ... ... .. .. 123
5.1. Network architecture and connection . . . .. ... ........... 123
5.1.1. Network based on pairing . . . . . .. ... ... ... ........ 123
5.1.2. Broadcast network basedonLE . . . . .. ... ... ... 126
5.1.3. BLE mesh networking . . .. ... ... ... ............ 126
S.14. Traffictypes . . . .. ... .. .. .. 127
5.2. Bluetooth stack architecture . . .. ... ... .... ... ....... 127
5.2.1. Bluetooth controller . . . . .. ... ... .. ... .......... 128
5.2.2.Bluetoothhost . . . . ... ... ... .. ... . ... ... ..., 131
5.2.3. Host—controller interface . . . . ... ... ... .. ......... 132
5.3. Bluetooth specifications . . . . .. .. ... ... L L 132
5.3.1. Bluetooth V1.0 BR and Bluetooth V20+EDR ... ... .. ... 133
5.3.2. Bluetooth 3.0 + highspeed (HS) . . . . . ... ... ......... 133
5.3.3. Bluetooth4.0 lowenergy (LE) . . . . .. ... ... ......... 134
534.BluetoothS . . . . . . .. .. ... 135
54.Bluetoothprofiles . . . . ... ... ... 137
5.4.1. Bluetooth hands free profile (Bluetooth SIG 2023d) . . . . ... .. 139
5.4.2. Bluetooth LE mesh networking (Bluetooth SIG 2023g) . . . . . . . 139
5.5.References . . . . ... 148
Chapter 6. Bluetooth Core Specification ... ... ............ 151
6.1. BR/EDR controller . . ... ... ... ... ... .. ... .. ..... 151
6.1.1.BREDRPHY . ... ... ... . . . 152
6.1.2. Device manager/link controller . . . .. ... .. ... .. ..... 152
6.1.3. Baseband resource manager . . .. .. .. .. .. ... ... .. 159

6.1.4. Link manager . ... ... .. ... ...t 161



viii  Next Generation of Bluetooth and Wi-Fi

6.1.5. Pairingfor BR/EDR . . . . . .. ... ... . oL oL
6.2. AMP controller . ... ... ... ... ...
6.3.LEcontroller . . . . ... ... ..

6.3.1.LEradioPHY . ... ... ... ... .. ...

6.3.2.Linkcontroller . . . . . ... ... ...
6.3.3.Resource manager . . . . . . . ...

6.3.4. Link manager for LE controller . . ... ... ............

6.3.5.Radiocontrol andusage . . .. ... .. ... ... ... ... ...
6.4.Bluetoothhost . . . . ... ... .. ...

6.4.1.L2CAP . . . . . e

6.4.2. L2CAP channel manager . . . . .. ... ... ............

6.4.3. L2CAP resource manager . . . . . . . .. .. .. ...,

6.4.4. Service Discovery Protocol . . . . . . ... ... ... .. ...

6.4.5. Genericaccessprofile . . . . ... ... . L L L L.

6.4.6. Attribute Protocol . . . . . .. ... L Lo

6.4.7. Generic Attribute Profile . . . . .. .. ... .. ... L.

6.4.8. Enhanced Attribute Protocol . . . . .. .. ... ... ... .....

6.4.9. Security Manager Protocol . . . ... ... ... ... . ... ...

6.4.10. AMP manager . . ... ...... ... .. .. ... ...
6.5. Host—controller interface . . . . ... ... ... ... ..........

6.5.1. Universal asynchronous Rx/Tx . . . ... ... ............

6.5.2. Universal Serial Bus . . . . .. ... ... ... ... .. ...

6.5.3.SDIO tranSport . . . . . . ...
6.6. What is the future of Bluetooth? . . . . ... ... ... ... ......

6.6.1. Need for faster multimedia streaming support for advertising

mode . . . ...

6.6.2. Need for N-to-N advertising? . .. ... ... ... .........

6.6.3. Enhancing accuracy of localization . . .. ... ... ........
6.7.References . . . .. ... ...

Part 3. Integration and Applications . . .. ... ..............

Chapter 7. Potential of Bluetooth and Wi-Fiin 5G/6G . . . .. ... ..

7.1. Interworking with cellular networks . . . . . .. ... ... ... ...,
7.1.1. RAN level WLAN interworking . . . . . ... ... .. .. .....
7.1.2. LTE WLAN aggregation . . . . ... . ... ... ...,
7.13.1Psectunneling . . . . .. .. ... ... ...
7.14.Enhanced LWA . . . ... ... ... ... .. o L
7.1.5. Performance of dual connectivity . . ... ... ...........
7.1.6. How does Bluetooth integrate with cellular networks? . . . .. ..

7.2. IntegrationwithLoRa . . . . . ... .. ... ... .. L L.



Contents  ix

721.LoRaand Wi-Fi . ... ... ... ... ... ... .. ... ... .. 213
7.2.2.LoRaand Bluetooth . . . . ... ... ... ... ... .. ... 214
7.3. Integration with other communication technologies . . . . ... .. .. 215
7.4. Other instances of Wi-Fi integration . . . . . .. ... ... ....... 217
7.4.1. WLAN serial extensionfor USB . . . . .. .............. 217
7.5. Other instances of Bluetooth integration . . .. ............. 220
7.5.1. Bluetoothand IPv6 . . . .. .. ... ... ... ... .. .. ... 220
7.5.2. Suggested methods of Bluetooth and Wi-Fi integration in
specifications . . . . ... L L 223
T.6.Co-€XISENCE . . .« v v v v e e e e e e 224
7.7.References . . . . . ... 225
Chapter 8. Application Specific Issue — Localization ... .. ... .. 227
8.1. Localization using Bluetoothand Wi-Fi . . . .. .. .. .. ... .. .. 228
8.1.1. Detecting the presence of devices . . . . . ... ... ........ 228
8.1.2. Detecting zones of interest . . . . . . ... ... ... ... ... .. 229
8.1.3. Pinpointing devices of interest . . . . . .. .. ... ... ...... 234
8.2. Use cases and future directions . . . . . . . ... .. .. .. ....... 238
8.2.1. Localization of sensors . . . . . .. .. ... .. .. .. ... ... 238
8.2.2. Integration of localization techniques . . . .. .. ... ... .... 239
83.References . . . ... ... 240
Conclusion . . . . .. ... .. 243



