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Executive Summary  
6G is supposed to address the demands for consumption of mobile networking services in 2030 
and beyond. These are characterized by a variety of diverse, often conflicting requirements, from 
technical ones such as extremely high data rates, unprecedented sc ale of communicating devices, 
high coverage, low communicating latency, flexibility of extension, etc., to non -technical ones such 
as enabling sustainable growth of the society as a whole, e.g., through energy efficiency of deployed 
networks. On the one ha nd, 6G is expected to fulfil  all these individual requirements, extending thus 
the limits set by the previous generations of mobile networks (e.g., ten times lower latencies, or a 
hundred times higher data rates than in 5G). On the other hand, 6G should also enable use cases 
characterized by combinations of these requirements never seen before (e.g., both extremely high 
data rates and extremely low communication latency).  

In this white paper, we give an overview of the key enabling technologies that constitute the pillars 
for the evolution towards 6G. They include: Terahertz frequencies (Section 1), 6G radio access 
(Section 2), next -generation MIMO (Section 3), integrated sensing and communication (Section 4), 
non -terrestrial networks (Section 5), multimodal sensing, computing, communication and control 
for 6G remote operation (Section 6), distributed and federated artificial intelligence (Section 7), 
intelligent user plane (Section 8), flexible programmable infrastructures (Section 9), and 
sustainability (Section 10). For each enabling technology, we first give the background on how and 
why the technology is relevant to 6G, backed up by a number of relevant use cases. After that, we 
describe the technology in detail, outline the key problems and difficulties, and giv e a 
comprehensive overview of the state of the art in that technology.  

6G is, however, not limited to these ten technologies. They merely present our current 
understanding of the technological environment in which 6G is being born. Future versions of this 
white paper may include other relevant technologies too, as well as dis cuss how these technologies 
can be glued together in a coherent system.  
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1. THz Frequencies  
ÿțǸ ǱȡȓȡʌǍȺ ǸʬɐȺʔʌȡɐɅ ɐȒ ɐʔɶ ɾɐǪȡǸʌʳ ɶǸɵʔȡɶǸɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾǸɶʬȡǪǸɾ ʌɐ ǩǸ ǪɐɅɾʌǍɅʌȺʳ ȡɃɳɶɐʬǸǱṣ =ʳ 
ɃǸǍɅɾ ɐȒ ǸɅțǍɅǪǸǱ ɃʔȺʌȡɃǸǱȡǍ ɾǸɶʬȡǪǸɾṞ ᶴg ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ɃǸɶȓǸ ǱȡȓȡʌǍȺ ǍɅǱ ɳțʳɾȡǪǍȺ ʭɐɶȺǱɾ ǍǪɶɐɾɾ 
ǍȺȺ ǱȡɃǸɅɾȡɐɅɾṞ ɳɶɐʬȡǱȡɅȓ ʔɾǸɶɾ ʭȡʌț Ǎ țɐȺɐȓɶǍɳțȡǪṞ țǍɳʌȡǪṞ ǍɅǱ ɃʔȺʌȡẁɾǸɅɾǸ ǸʲɳǸɶȡǸɅǪǸṣ !ǪǪɐɶǱȡɅȓ 
ʌɐ ʌțǸ uɅʌǸɶɅǍʌȡɐɅǍȺ ÿǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅ ĆɅȡɐɅ ṵuÿĆṶṞ ʌțǸɾǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ʭȡȺȺ ǸɃǸɶȓǸ ǱʔɶȡɅȓ ʌțǸ ɅǸʲʌ 
ǱǸǪǍǱǸ ǍɅǱ ʭȡȺȺ ǩǸ ǪțǍɶǍǪʌǸɶȡʽǸǱ ǩʳ ʌȡȓțʌ ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɅ ʌǸɶɃɾ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ṳᶯṴṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ 
ɾɐɃǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ʭȡȺȺ ɶǸɵʔȡɶǸ ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ʌțǍʌ ǍɶǸ Ʌɐʌ ǪʔɶɶǸɅʌȺʳ ɳɶɐʬȡǱǸǱ ǩʳ ǪǸȺȺʔȺǍɶ ɾʳɾʌǸɃɾṞ 
ɾʔǪț Ǎɾ ǍǪǪʔɶǍʌǸ ɾǸɅɾȡɅȓṞ ɃǍɳɳȡɅȓṞ ǍɅǱ ȺɐǪǍȺȡʽǍʌȡɐɅṣ oɐȺɐȓɶǍɳțȡǪ ʌǸȺǸɳɶǸɾǸɅǪǸ ɶǸɳɶǸɾǸɅʌɾ ǍɅ 
ǸʲǸɃɳȺǍɶʳ ʔɾǸ ǪǍɾǸ ȡɅ ʌțȡɾ ɶǸȓǍɶǱṣ uɅǱǸǸǱṞ ʌțǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ɐȒ ɶǍʭ ᶱE țɐȺɐȓɶǍɃɾ ɶǸɵʔȡɶǸɾ ɃɐɶǸ ʌțǍɅ 
ᶲ ÿǩɳɾ ṳᶰṴṞ ʭțȡȺǸ ʌțǸ ǪǍɳǍǩȡȺȡʌʳ ʌɐ ɾǸɅɾǸ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ ʭȡȺȺ ǍȺȺɐʭ ʌțǸ ɅǸʌʭɐɶȶ ʌɐ ɳɶǸǱȡǪʌ ʔɾǸɶɾẏ 
ɃɐʬǸɃǸɅʌ ʭȡʌțɐʔʌ ǍɅʳ ǸʲɳȺȡǪȡʌ ȒǸǸǱǩǍǪȶṞ ǍɅǱ ǸɅǍǩȺǸ ǍɅ ȡɃɃǸɶɾȡʬǸ ɶǸɃɐʌǸ ǸʲɳǸɶȡǸɅǪǸṣ ñȡɃȡȺǍɶȺʳṞ 
țȡȓț ǱǍʌǍ ɶǍʌǸ ǍɅǱ Ⱥɐʭ ȺǍʌǸɅǪʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɶǸɵʔȡɶǸǱ Ȓɐɶ ȒǍǪʌɐɶʳ ǍʔʌɐɃǍʌȡɐɅ ʭȡȺȺ ǩǸɅǸȒȡʌ ȒɶɐɃ 
ÿǩɳɾ ʌɶǍɅɾɃȡɾɾȡɐɅɾ ṵFigure 1Ṷṣ  

 

 
Figure 1: Tbps transmissions for factory automation.  

ÿɐ ȒȡȺȺ ʌțȡɾ ȓǍɳṞ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ țǍʬǸ ǩǸǸɅ ȡǱǸɅʌȡȒȡǸǱ Ǎɾ ɐɅǸ ɳɶɐɃȡɾȡɅȓ ǪǍɅǱȡǱǍʌǸ Ȓɐɶ ʌțǸ 
ɳțʳɾȡǪǍȺ ȺǍʳǸɶ ȡɅ ᶴgṞ țǍʬȡɅȓ ʌțǸ ɳɐʌǸɅʌȡǍȺ ʌɐ ǸɅǍǩȺǸ ǱǍʌǍ ɶǍʌǸɾ ɐȒ ÿǩɳɾṞ Ǎɾ ʭǸȺȺ Ǎɾ ɳɶɐʬȡǱȡɅȓ ɾǸɅɾȡɅȓṞ 
ɃǍɳɳȡɅȓṞ ǍɅǱ ȺɐǪǍȺȡʽǍʌȡɐɅ ɾǸɶʬȡǪǸɾ ṳᶱṴṣ !ʌ ʌțǸ ğɐɶȺǱ éǍǱȡɐ >ɐɃɃʔɅȡǪǍʌȡɐɅ >ɐɅȒǸɶǸɅǪǸ ᶰᶮᶯᶷ ṵğé>ẁ
ᶰᶮᶯᶷṶṞ uÿĆ țǍɾ ȡǱǸɅʌȡȒȡǸǱ ᶯᶱᶵ goʽ ɐȒ ɾɳǸǪʌɶʔɃ ǩǸʌʭǸǸɅ ᶰᶵᶳ ǍɅǱ ᶲᶳᶮ goʽ ʭțȡǪț ǪǍɅ ǩǸ ʔɾǸǱ Ȓɐɶ ÿoʽ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ṳᶲṴṣ ÿɐȓǸʌțǸɶ ʭȡʌț ʌțǸ ǍȺɶǸǍǱʳ ǍȺȺɐǪǍʌǸǱ ɾɳǸǪʌɶʔɃ ǩǸʌʭǸǸɅ ᶰᶳᶰ ǍɅǱ ᶰᶵᶳ goʽṞ Ǎ ʌɐʌǍȺ 
ɐȒ ᶯᶴᶮ goʽ ȡɾ Ʌɐʭ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸ ɾʔǩẁÿoʽ ɶǍɅȓǸṣ uɅ ᶰᶮᶯᶵṞ ʌțǸ uMMM ᶶᶮᶰ ʭɐɶȶȡɅȓ ȓɶɐʔɳ țǍɾ ǪɐɃɳȺǸʌǸǱ 
ʌțǸ Ȓȡɶɾʌ ʭȡɶǸȺǸɾɾ ɾʌǍɅǱǍɶǱ Ȓɐɶ ǪǍɶɶȡǸɶ ȒɶǸɵʔǸɅǪȡǸɾ ǍɶɐʔɅǱ ᶱᶮᶮ goʽ ṵuMMM ñʌǱ ᶶᶮᶰṣᶯᶳṣᶱǱẁɴ ᶮᶯᶵ ṳᶳṴṳᶱᶷṴṶṣ  

1.1  Use  cases for THz communications  
ÿʭɐ ǪǍʌǸȓɐɶȡǸɾ ɐȒ ʔɾǸ ǪǍɾǸɾ Ȓɐɶ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍɶǸ ɃǸɅʌȡɐɅǸǱ ȡɅ ṳᶲᶮṴṞ ʭțȡǪț ǍɶǸ ǪɐʬǸɶǸǱ ǩʳ 
ṳᶳṴṞ ǍɅǱ ǍɳɳȺȡǪǍʌȡɐɅɾ ʭțǸɶǸ Ǎʌ ȺǸǍɾʌ ɐɅǸ ǸɅǱ ɐȒ ʌțǸ ȺȡɅȶ ȡɾ ɃɐǩȡȺǸṣ uɅ ǍǱǱȡʌȡɐɅṞ Ǎ ʌțȡɶǱ ǪǍʌǸȓɐɶʳ 
ǪɐʬǸɶȡɅȓ ʔɾǸ ǪǍɾǸɾ Ȓɐɶ ȲɐȡɅʌ ǪɐɅɾȡǱǸɶǍʌȡɐɅ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ȺɐǪǍȺȡʽǍʌȡɐɅ ǍɅǱ ɾǸɅɾȡɅȓ ȡɾ ɃǸɅʌȡɐɅǸǱ 
ȡɅ ṳᶯᶶṴṣ uɅ ʌțǸ ȒɐȺȺɐʭȡɅȓṞ ʌțǸɾǸ ʌțɶǸǸ ʔɾǸ cases ǍɶǸ ǩɶȡǸȒȺʳ ǱǸɾǪɶȡǩǸǱṣ 
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1.1.1 Fixed Point -to -Point Applications  

ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ țǍʬǸ ʌțǸ ɳɐʌǸɅʌȡǍȺ ʌɐ ǸɅǍǩȺǸ ǸʲʌɶǸɃǸȺʳ țȡȓț ǱǍʌǍ ɶǍʌǸɾṞ ʌțǍɅȶɾ ʌɐ ʌțǸ ȺǍɶȓǸ 
ǍɃɐʔɅʌ ɐȒ ɶǍǱȡɐ ɶǸɾɐʔɶǪǸɾ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸɾǸ ǩǍɅǱɾṣ oɐʭǸʬǸɶṞ ɾȡȓɅǍȺɾ Ǎʌ ʌțǸɾǸ ȒɶǸɵʔǸɅǪȡǸɾ ǍɶǸ 
ɾʔǩȲǸǪʌ ʌɐ ɾǸʬǸɶǸ ɳɶɐɳǍȓǍʌȡɐɅ ǪɐɅǱȡʌȡɐɅɾṞ ȡɅǪȺʔǱȡɅȓ țȡȓț ɾɳɶǸǍǱȡɅȓ Ⱥɐɾɾ ǍɅǱ ɃɐȺǸǪʔȺǍɶ ǍǩɾɐɶɳʌȡɐɅ 
ǸȒȒǸǪʌṞ ʭțȡǪț ȺȡɃȡʌ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǍɅȓǸṣ ÿɐ ɃȡʌȡȓǍʌǸ ʌțǸɾǸ ɳțǸɅɐɃǸɅǍṞ ÿoʽ ɾʳɾʌǸɃɾ ɃǍȶǸ ʔɾǸ 
ɐȒ ɃʔȺʌȡɳȺǸ ǍɅʌǸɅɅǍɾ ǍɅǱ ǩǸǍɃȒɐɶɃȡɅȓ ʌǸǪțɅȡɵʔǸɾ ʌțǍʌ ȒɐǪʔɾ ʌțǸ ʌɶǍɅɾɃȡʌ ɳɐʭǸɶ ȡɅʌɐ ɅǍɶɶɐʭ 
ǩǸǍɃɾṣ ğțȡȺǸ ǸʲʌǸɅǱȡɅȓ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǍɅȓǸṞ ǩǸǍɃȒɐɶɃȡɅȓ ɶǸɵʔȡɶǸɾ ʌɶǍɅɾɃȡʌʌǸɶɾ ǍɅǱ 
ɶǸǪǸȡʬǸɶɾ ʌɐ ǍȺȡȓɅ ʌțǸȡɶ ǩǸǍɃɾ ǩǸȒɐɶǸ ʌțǸ ǍǪʌʔǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪǍɅ ʌǍȶǸ ɳȺǍǪǸṣ ÿțȡɾ ɐɳǸɶǍʌȡɐɅ ȡɾ 
ǪțǍȺȺǸɅȓȡɅȓṞ ǸɾɳǸǪȡǍȺȺʳ ʭțǸɅ ɅɐǱǸɾ ǍɶǸ ɃɐʬȡɅȓṣ fɐɶ ʌțȡɾ ɶǸǍɾɐɅṞ ɾɐ ȒǍɶ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ țǍʬǸ 
ǩǸǸɅ ǪɐɅɾȡǱǸɶǸǱ ɐɅȺʳ Ȓɐɶ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ǍɳɳȺȡǪǍʌȡɐɅɾṣ uɅ ɳǍɶʌȡǪʔȺǍɶṞ uMMM ᶶᶮᶰṣᶯᶳ ñʌǱ ᶯᶳṣᶱǱẁɴ ᶮᶯᶵ ṳᶳṴṳᶱᶷṴ 
ǱǸȒȡɅǸɾ Ȓɐʔɶ ǍɳɳȺȡǪǍʌȡɐɅ ɾǪǸɅǍɶȡɐɾṞ ʭțȡǪț țǍʬǸ Ǎ ɾʌɶɐɅȓ ǱǸɃǍɅǱ Ȓɐɶ ʔȺʌɶǍẁțȡȓț ǱǍʌǍẁɶǍʌǸ 
ʌɶǍɅɾɃȡɾɾȡɐɅɾṣ ÿțǸʳ ǍɶǸ ǪțǍɶǍǪʌǸɶȡʽǸǱ ǩʳ ȒȡʲǸǱ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ȺȡɅȶɾ ʭțǸɶǸ ʌțǸ ȺɐǪǍʌȡɐɅ ɐȒ ʌțǸ 
ǍɅʌǸɅɅǍɾ ȡɾ ȶɅɐʭɅṞ ɃǍȶȡɅȓ ǱǸʬȡǪǸ ǱȡɾǪɐʬǸɶʳ ǍɅǱ ǩǸǍɃ ǍȺȡȓɅɃǸɅʌ ɐǩɾɐȺǸʌǸṣ ÿțǸ Ȓɐʔɶ ǍɳɳȺȡǪǍʌȡɐɅ 
ɾǪǸɅǍɶȡɐɾ ǍɶǸ ȡɅʌɶǍẁǱǸʬȡǪǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ǪȺɐɾǸ ɳɶɐʲȡɃȡʌʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ʭȡɶǸȺǸɾɾ ȺȡɅȶɾ ȡɅ ǱǍʌǍ 
ǪǸɅʌɶǸɾṞ ǍɅǱ ʭȡɶǸȺǸɾɾ ǩǍǪȶțǍʔȺṩȒɶɐɅʌțǍʔȺ ȺȡɅȶɾ ṳᶴṴṝ 

¶ Intra -device communication  [7] is targeting a wireless communication link within a device 
like a computer, camera, or video projector, making the use of cables inside devices obsolete. 
In this context, THz communications have the potential to make devices cheaper, lighter, 
more compact  and efficient. Also, the absence of wired connections improves their 
reconfigurability and repair ability, since components can be easily replaced.  

¶ Close proximity point -to -point communication [8] [9], like kiosk downloading, is targeting 
wireless exchanges of large amount of data between two electronic devices such as 
smartphones, tablets, or hard disks. This use case enables the realization of Wireless Personal 
Area Networks (WPANs), where personal d evices, such as smartphones, PCs, and monitors, 
can automatically interconnect without user intervention.  

¶ Complementary wireless links in data centres  [10][11][12] enable a faster reconfiguration of 
data centres, avoiding the deployment of large amount of fibre links and reducing the 
installation costs.  

¶ Wireless backhaul and front haul links  [13][14] in cellular networks enable the wireless 
connection of backhaul or front haul links to base stations, where fibre links are not available 
or too expensive.  

1.1.2 Use cases where at least one end of the link is mobile  

ĆɾǸ ǪǍɾǸɾ ʭțǸɶǸ Ǎʌ ȺǸǍɾʌ ɐɅǸ ǸɅǱ ɐȒ ʌțǸ ȺȡɅȶ ȡɾ ɃɐǩȡȺǸ ɶǸɵʔȡɶǸ ǍȺȓɐɶȡʌțɃɾ Ȓɐɶ ǱǸʬȡǪǸ ǱȡɾǪɐʬǸɶʳ ǱʔɶȡɅȓ 
ȺȡɅȶ ǸɾʌǍǩȺȡɾțɃǸɅʌ ṳᶯᶳṴṞ ǩǸǍɃȒɐɶɃȡɅȓ ṳᶯᶴṴ ǍɅǱ ǩǸǍɃ ʌɶǍǪȶȡɅȓ ṳᶯᶵṴṣ uɅǱǸǸǱṞ ʌțɶɐʔȓț ǸȒȒȡǪȡǸɅʌ 
ǩǸǍɃȒɐɶɃȡɅȓ ɾǪțǸɃǸɾṞ ɳɐɾɾȡǩȺʳ ǍɾɾȡɾʌǸǱ ǩʳ ȺɐʭǸɶ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾṞ ᶴg ʭȡȺȺ ǸɅǍǩȺǸ ɾǸǍɃȺǸɾɾ ÿoʽ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍȺɾɐ ȡɅ ɳɶǸɾǸɅǪǸ ɐȒ ʔɾǸɶ ɃɐǩȡȺȡʌʳṣ ñʔǪț ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅǪȺʔǱǸ ǸʲʌǸɅɾȡɐɅɾ ɐȒ ğ¬!¸ẁ
ʌʳɳǸ ṵğȡɶǸȺǸɾɾ ¬ɐǪǍȺ !ɶǸǍ ¸ǸʌʭɐɶȶṶ ǍɳɳȺȡǪǍʌȡɐɅɾ ṳᶯᶶṴṞ Ȓɐɶ ǸʲǍɃɳȺǸ ɳɶɐʬȡǱȡɅȓ ʔɾǸɶɾ ȡɅ ǪɐɅȒǸɶǸɅǪǸ 
ɶɐɐɃɾ ɐɶ țɐʌɾɳɐʌɾ ȡɅ ɳʔǩȺȡǪ ǍɶǸǍɾ ʭȡʌț ʔȺʌɶǍẁțȡȓț ǱǍʌǍ ɶǍʌǸɾṣ ÿțȡɾ ȒʔɅǪʌȡɐɅǍȺȡʌʳ ǸɅǍǩȺǸɾ ʌțǸ ȡɅʌǸɅɾǸ 
ʔɾǸ ɐȒ ʬȡɶʌʔǍȺ ɐɶ ǍʔȓɃǸɅʌǸǱ ɶǸǍȺȡʌʳ ǍɳɳȺȡǪǍʌȡɐɅɾṞ ǸṣȓṣṞ ȡɅ ȡɅǱɐɐɶ ǸɅʬȡɶɐɅɃǸɅʌɾ ǍɅǱ ɳɶɐǱʔǪʌȡɐɅ ȺȡɅǸɾṣ 
!ȺɾɐṞ ȒʔʌʔɶǸ ǍɳɳȺȡǪǍʌȡɐɅɾ Ȓɐɶ ȡɅẁȒȺȡȓțʌ ṳᶯᶷṴ ɐɶ ȡɅẁʌɶǍȡɅ ǸɅʌǸɶʌǍȡɅɃǸɅʌ ṳᶰᶮṴṣ Ȓɐɶ Ǎ ȺǍɶȓǸ ɅʔɃǩǸɶ ɐȒ ʔɾǸɶɾ 
ɶǸɵʔȡɶǸ ʔȺʌɶǍẁțȡȓț ǍȓȓɶǸȓǍʌǸǱ ǱǍʌǍ ɶǍʌǸɾṣ ÿțǸ ȺǍʌʌǸɶ ɶǸɵʔȡɶǸɾ ǩǍǪȶțǍʔȺȡɅȓ Ȓɐɶ ʌțǸ ǍȓȓɶǸȓǍʌǸǱ ǱǍʌǍ 
ɶǍʌǸ ǪɐʬǸɶȡɅȓ ʔɾǸɶɾ ȡɅ ʌțǸ ɃɐʬȡɅȓ ʬǸțȡǪȺǸɾ ṳᶰᶮṴ ÿțǸ ʔɾǸ ɐȒ ʔȺʌɶǍẁțȡȓț ǱǍʌǍ ɶǍʌǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅ ʌțǸ 
ǪɐɅʌǸʲʌ ɐȒ ʬǸțȡǪȺǸẁʌɐẁĤ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɶǸɵʔȡɶǸɾ ǪǍɳǍǩȡȺȡʌȡǸɾ ǸɅǍǩȺȡɅȓ ʌțǸ ǸʲǪțǍɅȓǸ ɐȒ ʌțǸɾǸ ǱǍʌǍ 
ǩǸʌʭǸǸɅ ǪǍɶɾṞ ɐɶ ǩǸʌʭǸǸɅ ǪǍɶɾ ǍɅǱ ʌțǸ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ṳᶰᶯṴṳᶰᶰṴṣ ñɳǍǪǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʔǪț Ǎɾ 
ɾɳǍǪǸṩȓɶɐʔɅǱṞ ȡɅʌǸɶẁɾǍʌǸȺȺȡʌǸ ǍɅǱ ǱǸǸɳẁɾɳǍǪǸ țȡȓț ɾɳǸǸǱ ǱǍʌǍ ȺȡɅȶ ǪǍɅ ǍȺɾɐ ǩǸɅǸȒȡʌ ȒɶɐɃ ÿoʽ ǩǍɅǱɾṣ 
uɅ ǪɐɃɳǍɶȡɾɐɅ ʭȡʌț ȒɶǸǸẁɾɳǍǪǸ ɐɳʌȡǪǍȺ ṵfñÃṶ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ʌțǸ ÿoʽ ȺȡɅȶ ȡɾ ȺǸɾɾ ǍȒȒǸǪʌǸǱ ǩʳ 
ǍʌɃɐɾɳțǸɶȡǪ ǍʌʌǸɅʔǍʌȡɐɅṩɾǪȡɅʌȡȺȺǍʌȡɐɅ ǍɅǱ ȺǸɾɾ limited  ǩʳ ɳɐʭǸɶ ǍɅǱ ɾȡʽǸ ṳᶰᶱṴṳᶰᶲṴ 
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1.1.3 Integrated Sensing and Communication  (ISAC) at THz frequencies  

ᶴg ȡɾ ǸɅʬȡɾȡɐɅǸǱ ʌɐ ǸʲɳȺɐȡʌ ʌțǸ ɾɳǸǪȡȒȡǪ ɳɶɐɳǍȓǍʌȡɐɅ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ɐȒ ɾȡȓɅǍȺɾ ȡɅ ʌțǸ ÿoʽ ɾɳǸǪʌɶʔɃ ʌɐ 
ɶǸǍȺȡʽǸ ǪǸȺȺʔȺǍɶ ɅǸʌʭɐɶȶɾ ʭȡʌț uɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ṵuñ!>Ṷ ṳᶰᶳṴṣ ÿțȡɾ ɅǸʭ ȒǸǍʌʔɶǸ 
ǪǍɅ ȡɃɳɶɐʬǸ ʌțǸ ɾʔɳɳɐɶʌ ʌɐ ɃǍɅʳ ǸɅʬȡɾȡɐɅǸǱ ʔɾǸ ǪǍɾǸɾṞ ɳɶɐʬȡǱȡɅȓ ɾȡʌʔǍʌȡɐɅǍȺ ǍʭǍɶǸɅǸɾɾ ǍɅǱ ǪɐɅʌǸʲʌ 
ȡɅȒɐɶɃǍʌȡɐɅṣ uɅ ɳǍɶʌȡǪʔȺǍɶṞ ÿoʽ ǩǍɅǱɾ ǸɅǍǩȺǸ ɾǸɅɾȡɅȓ ǍɅǱ ȡɃǍȓȡɅȓ ɾǸɶʬȡǪǸɾṞ ɾʔǪț Ǎɾ ɶǍǱȡɐ ǍɾʌɶɐɅɐɃʳ 
ǍɅǱ ǸǍɶʌț ɶǸɃɐʌǸ ɾǸɅɾȡɅȓ ṳᶰᶴṴṞ ʬǸțȡǪȺǸ ɶǍǱǍɶɾ ṳᶰᶵṴṳᶰᶶṴṞ ǪțǸɃȡǪǍȺ ǍɅǍȺʳɾȡɾ ṳᶰᶷṴṞ ǸʲɳȺɐɾȡʬǸɾ ǱǸʌǸǪʌȡɐɅ 
ṳᶱᶮṴṞ ǍɅǱ ɃɐȡɾʌʔɶǸ ǪɐɅʌǸɅʌ ǍɅǍȺʳɾȡɾ ṳᶱᶵṴṣ ¶ɐɶǸɐʬǸɶṞ ÿoʽ ɾȡȓɅǍȺɾ ǪǍɅ ǩǸ ʔɾǸǱ Ȓɐɶ ʭȡɶǸȺǸɾɾ ȓǍɾ ɾǸɅɾȡɅȓṞ 
ǸȺǸǪʌɶɐɅȡǪ ɾɃǸȺȺȡɅȓ ǍɅǱ ɳɐȺȺʔʌȡɐɅ ɃɐɅȡʌɐɶȡɅȓ ṳᶯᶶṴṳᶱᶯṴṣ fɐɶ ǸʲǍɃɳȺǸṞ ȡɅ ṳᶱᶯṴ ʌțǸ Ǎʔʌțɐɶɾ ǱǸɃɐɅɾʌɶǍʌǸ 
ʌțǸ ȒǸǍɾȡǩȡȺȡʌʳ ɐȒ ʔɾȡɅȓ Ǎ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȺȡɅȶ ʌɐ ȡɅȒǸɶ ʌțǸ ǪɐɅǪǸɅʌɶǍʌȡɐɅ ɐȒ ǪǸɶʌǍȡɅ ȓɶǸǸɅțɐʔɾǸ 
ȓǍɾǸɾṣ ÿțǸ ɾǍɃǸ ǍɳɳɶɐǍǪț ǪǍɅ ǩǸ ǍɳɳȺȡǸǱ ʌɐ ɃɐɅȡʌɐɶ ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ ǪțǸɃȡǪǍȺ țǍʽǍɶǱɾ ȡɅ ǪɶȡʌȡǪǍȺ 
ɳȺǍǪǸɾṞ ɾʔǪț Ǎɾ ȒǍǪʌɐɶȡǸɾ ɐɶ ȺǍǩɐɶǍʌɐɶȡǸɾṣ  

ÿoʽ ɾȡȓɅǍȺɾ ǪǍɅ ǍȺɾɐ ǩǸ ʔɾǸǱ Ȓɐɶ ɃǸǱȡǪǍȺ ȡɃǍȓȡɅȓ ǍɅǱ ɃǍʌǸɶȡǍȺ ɾǸɅɾȡɅȓṞ ȡṣǸṣṞ ȡǱǸɅʌȡȒʳ ʌțǸ ɾțǍɳǸ ǍɅǱ 
ɃǍʌǸɶȡǍȺ ǪɐɃɳɐɾȡʌȡɐɅ ɐȒ Ǎ ǪǸɶʌǍȡɅ ɐǩȲǸǪʌ ǩǍɾǸǱ ɐɅ ȡʌɾ ɾɳǸǪʌɶǍȺ ȒȡɅȓǸɶɳɶȡɅʌṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ÿoʽ 
ʌǸǪțɅɐȺɐȓʳ ɐȒȒǸɶɾ ɾʔɳɳɐɶʌ ʌɐ ǸẁțǸǍȺʌț ǍɳɳȺȡǪǍʌȡɐɅɾṞ ɾʔǪț Ǎɾ ɅɐɅẁȡɅʬǍɾȡʬǸ ʌȡɾɾʔǸ ǍɅǍȺʳɾȡɾ ṳᶰᶴṴṳᶱᶰṴ ǍɅǱ 
ɃǸǍɾʔɶǸɃǸɅʌ ɐȒ ȓȺʔǪɐɾǸ ǪɐɅǪǸɅʌɶǍʌȡɐɅ ṳᶱᶱṴṞ ɐɶ ɾʔɶʬǸȡȺȺǍɅǪǸ ǍɳɳȺȡǪǍʌȡɐɅɾṞ ɾʔǪț Ǎɾ ǪɶɐʭǱ ɃɐɅȡʌɐɶȡɅȓ 
ǍɅǱ ɾʌɶǸǸʌ ɾʔɶʬǸȡȺȺǍɅǪǸ ṳᶱᶲṴṣ  

¶ɐɶǸɐʬǸɶṞ ÿoʽ ɾȡȓɅǍȺɾ ǍɶǸ ɾʌɶɐɅȓȺʳ ɶǸȒȺǸǪʌǸǱ ǩʳ ɃǸʌǍȺ ɾʔɶȒǍǪǸɾṣ ÿțȡɾ ɳɶɐɳǸɶʌʳ ǪǍɅ ǩǸ ǸʲɳȺɐȡʌǸǱ Ȓɐɶ 
ɾǸǪʔɶȡʌʳ ɳʔɶɳɐɾǸɾṞ Ȓɐɶ ǸʲǍɃɳȺǸ ʌɐ ǱǸʌǸǪʌ ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ ʭǸǍɳɐɅɾ ǍɅǱ ȡɅ ǪɶȡʌȡǪǍȺ ǸɅʬȡɶɐɅɃǸɅʌɾ 
ṳᶯᶶṴṳᶰᶴṴṞ ɾʔǪț Ǎɾ ȡɅ Ǎȡɶɳɐɶʌɾṣ  

fȡɅǍȺȺʳṞ ʌțǸ ǱȡɶǸǪʌȡɐɅǍȺ ɅǍʌʔɶǸ ɐȒ ÿoʽ ȺȡɅȶɾ ɃǍȶǸɾ ʌțǸɃ ɾʔȡʌǍǩȺǸ ʌɐ ɾʔɳɳɐɶʌ ǍǪǪʔɶǍʌǸ ȺɐǪǍȺȡʽǍʌȡɐɅ ǍɅǱ 
ɃǍɳɳȡɅȓ ɾǸɶʬȡǪǸɾ ṳᶯᶶṴṞ ʌțʔɾ ǸɅǍǩȺȡɅȓ ɅǸʭ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɅǱ ʔɾǸ ǪǍɾǸɾṞ ɾʔǪț Ǎɾ țȡȓțẁɶǸɾɐȺʔʌȡɐɅ ᶱE 
ɃǍɳɳȡɅȓṞ ɃǍɾɾȡʬǸ ʌʭȡɅɅȡɅȓṞ ȡɃɃǸɶɾȡʬǸ țɐȺɐȓɶǍɳțȡǪ ʌǸȺǸɳɶǸɾǸɅǪǸṞ ǍɅǱ ȡɅʌǸɶǍǪʌȡʬǸ ǍɅǱ ǪɐɐɳǸɶǍʌȡʬǸ 
ɶɐǩɐʌȡǪɾ ṳᶰᶳṴṳᶱᶳṴṣ fɐɶ ǸʲǍɃɳȺǸṞ ʌțǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ɐȒ ɶǸǍȺẁʌȡɃǸṞ țȡȓțẁȒȡǱǸȺȡʌʳ țɐȺɐȓɶǍɃɾ ɃǍʳ ɶǸɵʔȡɶǸ 
ǍǪǪʔɶǍʌǸ ȺɐǪǍȺȡʽǍʌȡɐɅ ɾǸɶʬȡǪǸɾṞ ȡɅ ɾʔǪț Ǎ ʭǍʳ ʌɐ ǪȺɐɾǸȺʳ ɃɐǱǸȺ ʔɾǸɶɾẏ ɃɐʬǸɃǸɅʌɾṣ  

ÿțǍɅȶɾ ʌɐ ʌțǸ ʔɅȡɵʔǸ ȒǸǍʌʔɶǸɾ ɐȒ ÿoʽ ɾȡȓɅǍȺɾṞ ȡʌ ʭȡȺȺ ǩǸ ɳɐɾɾȡǩȺǸ ʌɐ ɶǸǍȺȡʽǸ ɶǍǱȡɐ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾ ʭȡʌț 
ʔǩȡɵʔȡʌɐʔɾ ɶǍǱȡɐ ɾǸɅɾȡɅȓ ǍɅǱ ʔɅɳɶǸǪǸǱǸɅʌǸǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪǍɳǍǩȡȺȡʌȡǸɾṣ ÿțȡɾ ǍɳɳɶɐǍǪț ʭȡȺȺ 
ɳɶɐɃɐʌǸ Ǎ ɃɐɶǸ ǸȒȒȡǪȡǸɅʌ ʔɾǍȓǸ ɐȒ ʌțǸ ɾɳǸǪʌɶʔɃṞ ǸɅǍǩȺǸ ɅǸʭ ʔɾǸ ǪǍɾǸɾṞ ǍɅǱ ǍʬɐȡǱ ʌțǸ ɅǸǸǱ ɐȒ ʔɾȡɅȓ 
ʌʭɐ ɾǸɳǍɶǍʌǸ ɾʳɾʌǸɃɾṞ ʌțʔɾ ɶǸǱʔǪȡɅȓ Ǫɐɾʌɾ ṳᶱᶲṴṣ 

ÿțǸ uñ!> ʔɾǸ ǪǍɾǸɾ ǱȡɾǪʔɾɾǸǱ ǍǩɐʬǸ ǍɶǸ ȒɐǪʔɾǸǱ ɐɅ ʌțɐɾǸ ʌțǍʌ ǍɶǸ ɾʔȡʌǍǩȺǸ Ȓɐɶ ÿoʽ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾṣ 
fɐɶ Ǎ ǩɶɐǍǱǸɶ ɾǸʌ ɐȒ ʔɾǸ ǪǍɾǸɾ ǍȺɾɐ ǍɳɳȺȡǪǍǩȺǸ ʌɐ ɐʌțǸɶ ǩǍɅǱɾṞ ʭǸ ɶǸȒǸɶ ʌțǸ ɶǸǍǱǸɶ ʌɐ ñǸǪʌȡɐɅ ᶲṣ 

 

Table 1: THz use cases  

Use case group  Use cases  Reference  

Fixed Point -to -Point 
Applications  
 

Intra -device communication  [7]  

Close proximity point -to -point 
communication  [8] [9]  

Wireless links in data centres  [10][11][12] 

Wireless backhaul and fronthaul 
links  [13][14] 

Use cases where at least one 
end of the link is mobile  

Ultra -high data rate local area 
networks  [18] 

Virtual and augmented reality  [18] 

In -flight / in -train entertainment  [19][20]  

Backhauling for moving vehicles  [20]  
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Use case group  Use cases  Reference  

Vehicle -to -X communications  [21][22] 

Space communication  [23][24]  

Factory automation  [36]  

Integrated sensing and 
communications  

Sensing and imaging services  

Radio astronomy and earth remote 
sensing  

[26]  

Vehicle radars  [27][28]  

Chemical analysis  [29]  

Moisture content analysis  [37]  

Wireless gas sensing  [18] 

Electronic smelling  [18] 

Pollution and greenhouse gases 
monitoring  [31] 

e-health applications  

Non -invasive tissue analysis  [26]  [32] 

Medical imaging  [38]  

Measurement of glucose 
concentration  [33] 

Surveillance and security applications  

Crowd monitoring  [34]  

Street surveillance  [34]  

Detect the presence of hidden 
objects and weapons  

[18][26]  

Explosive detection  [30]  

Accurate localization and mapping services  

Massive twinning  [25] 

Immersive telepresence  [25] 

Interactive and cooperative robotics  [25] 

High -resolution 3D mapping  [35] 

 

1.2 Characterization of THz wireless  channels  
The characterization of wireless channels is of paramount importance for the design of every 
wireless system. This is particularly true for THz bands, since the harsh propagation conditions 
experienced at these frequencies may have a strong impact on the system performance if not 
properly considered. In the following, we provide an overview of mea surement and modelling 
approaches for the characterization of THz wireless channels.  
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1.2.1 THz channel measurements techniques   

ÿțǸ ɃǸǍɾʔɶǸɃǸɅʌ ɐȒ ʭȡɶǸȺǸɾɾ ǪțǍɅɅǸȺɾ Ǎʌ ÿoʽ ȒɶǸɵʔǸɅǪȡǸɾ ɳɐɾǸɾ ɾȡȓɅȡȒȡǪǍɅʌ ǪțǍȺȺǸɅȓǸɾ ʭțȡǪț 
ɃǍȶǸɾ ʌțǸ ǱǸɾȡȓɅ ɐȒ ɃǸǍɾʔɶǸɃǸɅʌ ɾʳɾʌǸɃɾ ɃɐɶǸ ǪɐɃɳȺǸʲ ǪɐɃɳǍɶǸǱ ʌɐ ȺɐʭǸɶ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾṣ 
fɐɶ ǸʲǍɃɳȺǸṞ ȓȡʬǸɅ ʌțǸ ʌǍɶȓǸʌ ǩǍɅǱʭȡǱʌț ʌțǍʌ ȡɾ ǸɅʬȡɾȡɐɅǸǱ Ȓɐɶ ÿoʽ ɾʳɾʌǸɃɾṞ ʌțǸɶǸ ȡɾ ʌțǸ ɅǸǸǱ ʌɐ 
ɳǸɶȒɐɶɃ ɃǸǍɾʔɶǸɃǸɅʌɾ ɐʬǸɶ ȺǍɶȓǸ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾṞ ɳɐɾɾȡǩȺʳ ǸʲǪǸǸǱȡɅȓ ᶰᶮ goʽṣ !ȺɾɐṞ ɳɶɐɳǸɶ 
ǪțǍɶǍǪʌǸɶȡʽǍʌȡɐɅ ɐȒ ʌțǸ EɐɳɳȺǸɶ ǸȒȒǸǪʌ Ǎʌ ʌțǸɾǸ ȒɶǸɵʔǸɅǪȡǸɾ ɶǸɵʔȡɶǸɾ ʬǸɶʳ țȡȓț ɃǸǍɾʔɶǸɃǸɅʌ ɶǍʌǸɾ 
ṳᶳᶲṴ ñɐ ȒǍɶṞ ʌțɶǸǸ ɃǍȡɅ ʌǸǪțɅȡɵʔǸɾ țǍʬǸ ǩǸǸɅ ʔɾǸǱ Ȓɐɶ ʌțǸ ǪțǍɶǍǪʌǸɶȡʽǍʌȡɐɅ ɐȒ ÿoʽ ǪțǍɅɅǸȺɾṝ ʌȡɃǸẁ
ǱɐɃǍȡɅ ɾɳǸǪʌɶɐɾǪɐɳʳṞ ʬǸǪʌɐɶ ɅǸʌʭɐɶȶ ǍɅǍȺʳɾȡɾṞ ǍɅǱ ǩɶɐǍǱǩǍɅǱ ǪțǍɅɅǸȺ ɾɐʔɅǱȡɅȓ ṳᶳᶳṴṣ 

ÿȡɃǸẁǱɐɃǍȡɅ ɾɳǸǪʌɶɐɾǪɐɳʳ ȡɾ Ǎ ɳɐɳʔȺǍɶ ɃǸʌțɐǱ ʌțǍʌ țǍɾ ǩǸǸɅ ʭȡǱǸȺʳ ʔɾǸǱ Ȓɐɶ ʌțǸ ǱǸʌǸɶɃȡɅǍʌȡɐɅ 
ɐȒ ɃǍʌǸɶȡǍȺ ɳɶɐɳǸɶʌȡǸɾ ȡɅ ÿoʽ ǩǍɅǱɾṣ ÿțȡɾ ʌǸǪțɅȡɵʔǸ ɃǍȶǸɾ ʔɾǸ ɐȒ ȺǍɾǸɶ ɳʔȺɾǸɾ ʭȡʌț ɾțɐɶʌ ʌȡɃǸ 
ǱʔɶǍʌȡɐɅ ʌțǍʌ ǍɶǸ ʌɶǍɅɾɃȡʌʌǸǱ ʌɐʭǍɶǱɾ Ǎ ɾǍɃɳȺǸ ɐȒ ʌțǸ ɃǍʌǸɶȡǍȺ ʔɅǱǸɶ ȡɅʬǸɾʌȡȓǍʌȡɐɅṣ ! ǱǸʌǸǪʌɐɶ 
ǍɅǍȺʳɾǸɾ ǍɃɳȺȡʌʔǱǸ ǍɅǱ ɳțǍɾǸ ǱȡȒȒǸɶǸɅǪǸ ɶǸɾʔȺʌȡɅȓ ǍȒʌǸɶ ʌțǸ ȡɅʌǸɶǍǪʌȡɐɅ ɐȒ ʌțǸ ȺǍɾǸɶ ɳʔȺɾǸɾ ʭȡʌț ʌțǸ 
ɾǍɃɳȺǸṞ ʭțȡǪț ǪǍɅ ǩǸ ǸʲɳȺɐȡʌǸǱ ʌɐ ǱǸɶȡʬǸ ʌțǸ ǪțǍɅɅǸȺ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṣ ÿțȡɾ ɃǸʌțɐǱ ʭǍɾ ʔɾǸǱ ʌɐ 
ȡɅʬǸɾʌȡȓǍʌǸ ʌțǸ ǸȒȒǸǪʌ ɐȒ ǍʌɃɐɾɳțǸɶȡǪ ȓǍɾǸɾ ɐɅ ÿoʽ ɾȡȓɅǍȺɾṞ ǍɅǱ ʌɐ ǪțǍɶǍǪʌǸɶȡʽǸ ʌțǸ ɶǸȒȺǸǪʌȡʬǸ 
ɳɶɐɳǸɶʌȡǸɾ ɐȒ ǱȡȒȒǸɶǸɅʌ ɃǍʌǸɶȡǍȺɾṣ 

ĞǸǪʌɐɶ ɅǸʌʭɐɶȶ ǍɅǍȺʳɾȡɾ ȡɾ ǍɅɐʌțǸɶ ɳɐɳʔȺǍɶ ǍɳɳɶɐǍǪțṞ ʭțȡǪț ǸʲɳȺɐȡʌɾ ǍɅǍȺʳɾǸɶɾ ǍǩȺǸ ʌɐ ǱǸʌǸɶɃȡɅǸ ʌțǸ 
ȒɶǸɵʔǸɅǪʳẁǱǸɳǸɅǱǸɅʌ ǍɅǱ ǪɐɃɳȺǸʲẁʬǍȺʔǸǱ ɾǪǍʌʌǸɶȡɅȓ ɳǍɶǍɃǸʌǸɶɾ ȡɅ ɐɶǱǸɶ ʌɐ ǱǸɶȡʬǸ ʌțǸ ǪțǍɅɅǸȺ 
ȡɃɳʔȺɾǸ ɶǸɾɳɐɅɾǸṣ ÿțȡɾ ʌǸǪțɅȡɵʔǸ ȡɾ ɾʔȡʌǍǩȺǸ ʌɐ ɃǸǍɾʔɶǸ ɾʌǍʌȡǪ ɐɶ ɾȺɐʭȺʳẁʬǍɶʳȡɅȓ ǪțǍɅɅǸȺɾ ɐʬǸɶ 
ɶǸȺǍʌȡʬǸȺʳ ɾțɐɶʌ ǱȡɾʌǍɅǪǸɾṞ ȓȡʬǸɅ ʌțǍʌ ʌțǸ ɃǸǍɾʔɶǸɃǸɅʌ ǸɅǱɳɐȡɅʌɾ ɅǸǸǱ ʌɐ ǩǸ ǪɐɅɅǸǪʌǸǱ ǩʳ ʭȡɶǸṣ 

fȡɅǍȺȺʳṞ ǩɶɐǍǱǩǍɅǱ ǪțǍɅɅǸȺ ɾɐʔɅǱȡɅȓ ǍɶǪțȡʌǸǪʌʔɶǸɾ țǍʬǸ ǍȺɾɐ ǩǸǸɅ ǱǸʬǸȺɐɳǸǱṣ ÿțǸɾǸ ɾʳɾʌǸɃɾ ǍɶǸ 
ǪɐɃɳɐɾǸǱ ɐȒ Ǎ ʌɶǍɅɾɃȡʌʌǸɶṞ ʭțȡǪț ʌɶǍɅɾɃȡʌɾ Ǎ ɳǸɶȡɐǱȡǪ ɳɾǸʔǱɐẁɶǍɅǱɐɃ ǩȡɅǍɶʳ ɾǸɵʔǸɅǪǸṞ ǍɅǱ Ǎ 
ɶǸǪǸȡʬǸɶṞ ʭțȡǪț ɶǸǪǸȡʬǸɾ ʌțǸ ɾǸɵʔǸɅǪǸ ǍɅǱ ɳǸɶȒɐɶɃɾ Ǎ ǪɐɶɶǸȺǍʌȡɐɅ ʌɐ ǸʲʌɶǍǪʌ ʌțǸ ǪțǍɅɅǸȺ ȡɃɳʔȺɾǸ 
ɶǸɾɳɐɅɾǸṣ ğȡʌț ʌțȡɾ ɃǸʌțɐǱṞ ȡʌ ȡɾ ɳɐɾɾȡǩȺǸ ʌɐ ɳǸɶȒɐɶɃ ȡɅɾʌǍɅʌǍɅǸɐʔɾ ɃǸǍɾʔɶǸɃǸɅʌɾ ɐȒ ʌțǸ ȒʔȺȺ ɾʳɾʌǸɃ 
ǩǍɅǱʭȡǱʌțṞ ǍɅǱ ʌɐ ɃǸǍɾʔɶǸ ʌțǸ ɳɶɐɳǍȓǍʌȡɐɅ ǸȒȒǸǪʌɾ ǸʬǸɅ ʭțǸɅ ʌțǸ ʭȡɶǸȺǸɾɾ ǪțǍɅɅǸȺ ʬǍɶȡǸɾ ɐʬǸɶ 
ʌȡɃǸṣ 

ÿțǸ ȒɐȺȺɐʭȡɅȓ ʌǍǩȺǸ ǪɐɅʌǍȡɅɾ Ǎ Ⱥȡɾʌ ɐȒ ÿoʽ ǪțǍɅɅǸȺ ɃǸǍɾʔɶǸɃǸɅʌɾ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸ ȺȡʌǸɶǍʌʔɶǸṣ 

 

Table 2: THz channel measurements  

Reference  Frequency  Method  Use Case  

[41] 260 -400 GHz  VNA Intra -device communication  

[42]  
60 and 300 
GHz VNA Intra -device communication  

[43]  220 Ṿ 340 GHz  VNA Close proximity point -to -
point communication  

[44]  300 GHz  VNA Wireless links in data centres  

[45]  300 GHz  
Broadband channel 
sounding  Wireless links in data centres  

[46]  300 GHz  
Broadband channel 
sounding  

In -flight / in -train 
entertainment  

[56]  300 GHz  
Broadband channel 
sounding  

Vehicle -to -X 
communications  

[57]  142 GHz  Broadband channel 
sounding  

Factory automation  
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1.2.2 Modelling approaches for THz channels  

ÿoʽ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ǪǍɅ ǩǸ ǱȡʬȡǱǸǱ ȡɅʌɐ ʌțɶǸǸ ɃǍȡɅ ǪǍʌǸȓɐɶȡǸɾṝ ǱǸʌǸɶɃȡɅȡɾʌȡǪṞ ɾʌɐǪțǍɾʌȡǪṞ ǍɅǱ țʳǩɶȡǱṣ  

EǸʌǸɶɃȡɅȡɾʌȡǪ ɃɐǱǸȺɾ ɃǍȶǸ ʔɾǸ ɐȒ Ǎ ᶱE ɶǸɳɶǸɾǸɅʌǍʌȡɐɅ ɐȒ ʌțǸ ɾʔɶɶɐʔɅǱȡɅȓ ǸɅʬȡɶɐɅɃǸɅʌ ǍɅǱ ǍɳɳȺʳ 
ɶǍʳ ʌɶǍǪȡɅȓ ɐɶ ɶǍʳ ȺǍʔɅǪțȡɅȓ ʌǸǪțɅȡɵʔǸɾ ʌɐ ɃɐǱǸȺ ɃʔȺʌȡɳǍʌț ɳɶɐɳǍȓǍʌȡɐɅṣ ÿțȡɾ ǍɳɳɶɐǍǪț ǸɅǍǩȺǸɾ ʌțǸ 
ǍǪǪʔɶǍʌǸ ɃɐǱǸȺȺȡɅȓ ɐȒ ʭȡɶǸȺǸɾɾ ǪțǍɅɅǸȺɾṞ ǩʔʌ ɶǸɵʔȡɶǸɾ ȡɅẁǱǸɳʌț ȶɅɐʭȺǸǱȓǸ ɐȒ ʌțǸ ɳɶɐɳǍȓǍʌȡɐɅ 
ǸɅʬȡɶɐɅɃǸɅʌ ǍɅǱ ɳɶɐǱʔǪǸɾ ɾȡʌǸẁɾɳǸǪȡȒȡǪ ɶǸɾʔȺʌɾṣ EǸʌǸɶɃȡɅȡɾʌȡǪ ÿoʽ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ țǍʬǸ ǩǸǸɅ 
ǱǸʬǸȺɐɳǸǱ Ȓɐɶ ʬǍɶȡɐʔɾ ɾǪǸɅǍɶȡɐɾṞ ȡɅǪȺʔǱȡɅȓ ȡɅǱɐɐɶ ǍɅǱ ʔɶǩǍɅ ǸɅʬȡɶɐɅɃǸɅʌɾ ṳᶲᶵṴṣ 

ÃɅ ʌțǸ ɐʌțǸɶ țǍɅǱṞ ɾʌɐǪțǍɾʌȡǪ ɃɐǱǸȺɾ ǍɶǸ ɐǩʌǍȡɅǸǱ ǩʳ ɳǸɶȒɐɶɃȡɅȓ ǪțǍɅɅǸȺ ɃǸǍɾʔɶǸɃǸɅʌɾ ǍɅǱ 
ǱǸɶȡʬȡɅȓ Ǎ ɃǍʌțǸɃǍʌȡǪǍȺ ɶǸɳɶǸɾǸɅʌǍʌȡɐɅ ʭțȡǪț ǸɅɾǸɃǩȺǸɾ ʌțǸ ɾʌǍʌȡɾʌȡǪɾ ɐȒ ɶǸǍȺ ǪțǍɅɅǸȺɾṣ !ɾ ɾʔǪțṞ 
ɾʌɐǪțǍɾʌȡǪ ɃɐǱǸȺɾ Ǳɐ Ʌɐʌ ɶǸɵʔȡɶǸ Ǎ ǱǸʌǍȡȺǸǱ ȶɅɐʭȺǸǱȓǸ ɐȒ ʌțǸ ɳɶɐɳǍȓǍʌȡɐɅ ǸɅʬȡɶɐɅɃǸɅʌ ǍɅǱ 
ʌțǸɶǸȒɐɶǸ ɶǸɳɶǸɾǸɅʌ Ǎ ʬǍȺʔǍǩȺǸ ʌɐɐȺ Ȓɐɶ ɾʳɾʌǸɃ ǱǸɾȡȓɅṣ ñǸʬǸɶǍȺ ɾʌɐǪțǍɾʌȡǪ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ʌǍɶȓǸʌȡɅȓ 
ǱȡȒȒǸɶǸɅʌ ʔɾǸ ǪǍɾǸɾ țǍʬǸ ǍȺɶǸǍǱʳ ǩǸǸɅ ɳɶɐɳɐɾǸǱṣ fɐɶ ǸʲǍɃɳȺǸṞ ṳᶲᶶṴ ɳɶɐɳɐɾǸǱ Ǎ ǪȺʔɾʌǸɶẁǩǍɾǸǱ 
ɾʌɐǪțǍɾʌȡǪ ɃɐǱǸȺ ǱǸɶȡʬǸǱ ȒɶɐɃ ɃǸǍɾʔɶǸɃǸɅʌɾ ȡɅ ǱǍʌǍ ǪǸɅʌɶǸɾṞ ṳᶲᶷṴṳᶳᶮṴṳᶳᶯṴṳᶳᶰṴ ȡɅʌɶɐǱʔǪǸǱ ɃɐǱǸȺɾ Ȓɐɶ 
ȡɅǱɐɐɶ ǸɅʬȡɶɐɅɃǸɅʌɾṞ ǍɅǱ ṳᶲᶴṴ ǱǸǍȺʌ ʭȡʌț ʌțǸ ʌɶǍȡɅẁʌɐẁȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ɾǪǸɅǍɶȡɐṣ 

fȡɅǍȺȺʳṞ țʳǩɶȡǱ ɃɐǱǸȺɾ ǍɶǸ ǪɐɅɾȡǱǸɶǸǱ Ǎɾ Ǎ ɃȡǱǱȺǸ ȓɶɐʔɅǱṞ Ǎɾ ʌțǸʳ ȡɅǪȺʔǱǸ ǩɐʌț ǱǸʌǸɶɃȡɅȡɾʌȡǪ ǍɅǱ 
ɾʌɐǪțǍɾʌȡǪ ǪɐɃɳɐɅǸɅʌɾṣ !Ʌ ǸʲǍɃɳȺǸ ɐȒ ʌțȡɾ ǍɳɳɶɐǍǪț ȡɾ ǱǸɾǪɶȡǩǸǱ ȡɅ ṳᶳᶱṴṞ ʭțǸɶǸ Ǎ țʳǩɶȡǱ ɶǍʳẁʌɶǍǪȡɅȓẁ
ɾʌǍʌȡɾʌȡǪǍȺ ɃɐǱǸȺ Ȓɐɶ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ȡɾ ɳɶɐɳɐɾǸǱṣ 

ÿțǸ ȒɐȺȺɐʭȡɅȓ ʌǍǩȺǸ ɳɶɐʬȡǱǸɾ ǍɅ ɐʬǸɶʬȡǸʭ ɐȒ ÿoʽ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸ ȺȡʌǸɶǍʌʔɶǸṣ 

Table 3: THz channel models  

Reference  Scenario  Notes  

[48]  Data centre  Cluster -based model derived from 
measurements  

[49]  
Laboratory, Conference 
room, Office  

Cluster -based model derived from 
measurements  

[46]  T2I inside station  Quadriga -based channel model with custom 
parameters derived from measurements  

[9]  Kiosk downloading  
Ray-based channel model derived from 
measurements  

[51] Indoor office  Ray-based channel model  

[50]  
THz indoor 
communications in a 
rectangular room  

Geometric -statistical channel model for system -
level simulation  

[52] Small indoor scenario  
Abstract scattering model in the  
AoA/AoD/ToA domain for THz propagation 
simulations  

[58]  Indoor  
Extension of 3GPP 38901 for 100 -300 GHz derived 
from ray -tracing simulations  

[59]  Nanonetworks  
Wideband multiple scattering channel model for 
THz frequencies  

[60]  Indoor office  
Spatial statistical channel model for an indoor 
office building up to 150 GHz  

[61] 
Different scenarios whose 
transmission distances 
range from tens of meters 

Three -dimensional space -time -frequency non -
stationary geometry -based stochastic model  
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Reference  Scenario  Notes  

to a few centimetres  

[62]  Intrabody Nanoscale  
Novel channel model for intrabody 
communication in iWNSNs in the THz band  

[63]  Scenarios with mobility  
Three -dimensional space -time -frequency non -
stationary massive multiple -input multiple -
output channel model  

[64]  Urban micro  
Spatial statistical MIMO channel model for urban 
microcells at 142 GHz  

 

1.2.3 Mode lling challenges and new approaches  

!Ⱥʌțɐʔȓț ɃǍɅʳ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ʌǍɶȓǸʌȡɅȓ ÿoʽ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾ țǍʬǸ ǍȺɶǸǍǱʳ ǩǸǸɅ ɳɶɐɳɐɾǸǱṞ 
ɶǸɾǸǍɶǪț ɐɅ ʌțȡɾ ʌɐɳȡǪ ȡɾ ɾʌȡȺȺ ȡɅ ȡʌɾ ȡɅȒǍɅǪʳṣ uɅǱǸǸǱṞ ɾǸʬǸɶǍȺ ɐɳǸɅ ǪțǍȺȺǸɅȓǸɾ ɳɶǸʬǸɅʌ ʌțǸ 
ǪțǍɶǍǪʌǸɶȡʽǍʌȡɐɅ ɐȒ ÿoʽ ɳɶɐɳǍȓǍʌȡɐɅ ȡɅ ɃǍɅʳ ǱȡȒȒǸɶǸɅʌ ɾǪǸɅǍɶȡɐɾ ǍɅǱ ʔɾǸ ǪǍɾǸɾṞ ʌțǸɶǸȒɐɶǸ ɅǸʭ ʭɐɶȶ 
țǍɾ ʌɐ ǩǸ ǪǍɶɶȡǸǱ ɐʔʌṣ  

ÿțǸ Ȓȡɶɾʌ ǪțǍȺȺǸɅȓǸ ȡɾ ɶǸȺǍʌǸǱ ʌɐ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ǍǱǸɵʔǍʌǸ ɃǸǍɾʔɶǸɃǸɅʌ ɾʳɾʌǸɃɾ ǍǩȺǸ ʌɐ ɐɳǸɶǍʌǸ 
Ǎʌ țȡȓț ǪǍɶɶȡǸɶ ȒɶǸɵʔǸɅǪȡǸɾ ǍɅǱ ɐʬǸɶ ȺǍɶȓǸ ǩǍɅǱʭȡǱʌțɾṣ uɅ ʌțȡɾ ɶǸȓǍɶǱṞ ʌțǸ ɾțɐɶʌ ǪɐțǸɶǸɅǪǸ ʌȡɃǸ ɐȒ 
ÿoʽ ǪțǍɅɅǸȺɾ ɶǸɵʔȡɶǸɾ ȒǍɾʌ ɃǸǍɾʔɶǸɃǸɅʌ ɾɳǸǸǱɾṞ ʭțȡȺǸ ʌțǸ țȡȓț ɳǍʌț Ⱥɐɾɾ ǸʲɳǸɶȡǸɅǪǸǱ Ǎʌ ʌțǸɾǸ 
ȒɶǸɵʔǸɅǪȡǸɾ ɶǸɵʔȡɶǸɾ țȡȓț ǱʳɅǍɃȡǪ ɶǍɅȓǸ ǍɅǱ ɾǸɅɾȡʌȡʬȡʌʳṣ 

¶ɐɶǸɐʬǸɶṞ ɅǸʲʌẁȓǸɅǸɶǍʌȡɐɅ ʭȡɶǸȺǸɾɾ ɾʳɾʌǸɃɾ ǍɶǸ ǸʲɳǸǪʌǸǱ ʌɐ ɃǍȶǸ ʔɾǸ ɐȒ ʔȺʌɶǍẁɃǍɾɾȡʬǸ ¶u¶Ã 
ǍɅʌǸɅɅǍɾ ǍɅǱ ɶǸȒȺǸǪʌȡʬǸ ȡɅʌǸȺȺȡȓǸɅʌ ɾʔɶȒǍǪǸɾṣ ÿțǸ ȡɅʌɶɐǱʔǪʌȡɐɅ ɐȒ ʌțǸɾǸ ɅǸʭ ǸȺǸɃǸɅʌɾ ʌɶȡȓȓǸɶɾ ɅǸʭ 
ɳɶɐɳǍȓǍʌȡɐɅ ɳțǸɅɐɃǸɅǍ ʌțǍʌ țǍʬǸ ʌɐ ǩǸ ʌǍȶǸɅ ȡɅʌɐ ǪɐɅɾȡǱǸɶǍʌȡɐɅṞ ɾʔǪț Ǎɾ ɃʔʌʔǍȺ ǪɐʔɳȺȡɅȓ ǍɅǱ 
ɅǸǍɶẁȒȡǸȺǱ ǸȒȒǸǪʌɾṣ  

fȡɅǍȺȺʳṞ ʌțǸ uñ!> ɳǍɶǍǱȡȓɃ ɶǸɵʔȡɶǸɾ ɅǸʭ ǪțǍɅɅǸȺ ɃɐǱǸȺȺȡɅȓ ɃǸʌțɐǱɐȺɐȓȡǸɾṞ Ǎɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ 
ɾǸɅɾȡɅȓ ɐɳǸɶǍʌȡɐɅɾ ɅǸǸǱ ʌɐ ǩǸ ȲɐȡɅʌȺʳ ǪɐɅɾȡǱǸɶǸǱṣ 

1.2.4 Machine learning tools for channel  modelling  

¶ǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ṵ¶¬Ṷ ʌǸǪțɅȡɵʔǸɾ ǪɐʔȺǱ Ǎɾɾȡɾʌ ȡɅ ɃɐɶǸ ǸȒȒȡǪȡǸɅʌ ǪțǍɅɅǸȺ ɃɐǱǸȺȺȡɅȓ Ȓɐɶ ÿoʽ ǩǍɅǱɾṣ 
ÿțɶǸǸ ǱȡɶǸǪʌȡɐɅɾ ǍɶǸ țȡȓțȺȡȓțʌǸǱ ǩǸȺɐʭṝ ɾǪǸɅǍɶȡɐ ȡǱǸɅʌȡȒȡǪǍʌȡɐɅṞ ɃʔȺʌȡẁɳǍʌț ǪɐɃɳɐɅǸɅʌɾ ǪȺʔɾʌǸɶȡɅȓ 
ǍɅǱ ǪțǍɅɅǸȺ ɳɶǸǱȡǪʌȡɐɅɾ Ǎɾ ȡɅǱȡǪǍʌǸǱ ȡɅ ṳᶴᶷṴṣ 

1.2.4.1 Scenario Identification  

!ɾ țȡȓțǸɶ ɐɳǸɶǍʌȡɅȓ ȒɶǸɵʔǸɅǪȡǸɾ ɐȒ ʭȡɶǸȺǸɾɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɶɐʬȡǱǸ ʌțǸ ɳɐɾɾȡǩȡȺȡʌʳ ɐȒ ȺǍɶȓǸ 
ǩǍɅǱʭȡǱʌț ǍɅǱ țǸɅǪǸ țȡȓț ǱǍʌǍ ɶǍʌǸɾ Ȓɐɶ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪțǍɅɅǸȺɾṞ ɳǍʌț Ⱥɐɾɾ ǩǸǪɐɃǸɾ Ǎ ȺȡɃȡʌȡɅȓ 
ȒǍǪʌɐɶṣ ÿɐ ǪɐɃǩǍʌ ɳǍʌț ȺɐɾɾṞ ǱȡɶǸǪʌȡɐɅǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȺȡɅȶɾ ǍɶǸ ǍǱɐɳʌǸǱ ʌɐȓǸʌțǸɶ ʭȡʌț ʌțǸ ʔɾǸ ɐȒ 
Ǎ ȺǍɶȓǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾṣ ¶ɐɶǸɐʬǸɶṞ ʌțǸ ǸȺǸǪʌɶɐɃǍȓɅǸʌȡǪ ɳɶɐɳǍȓǍʌȡɐɅ ɐɅ ÿoʽ ǩǍɅǱɾ ȡɾ ɃɐɶǸ 
ɾʔɾǪǸɳʌȡǩȺǸ ʌɐ ǱȡɾɳǸɶɾȡɐɅ ȡɅ ʌȡɃǸ ǍɅǱ ȒɶǸɵʔǸɅǪʳ ǱɐɃǍȡɅɾṞ ʭțȡǪț ȺǸǍǱɾ ʌɐ ʌȡɃǸẁʬǍɶʳȡɅȓ ǪțǍɅɅǸȺɾ ǍɅǱ 
EɐɳɳȺǸɶ ɾɳɶǸǍǱɾṣ ÿțǸ ǍȒɐɶǸɃǸɅʌȡɐɅǸǱ ǪțǍɅɅǸȺ ɳǸǪʔȺȡǍɶȡʌȡǸɾṞ ʭțȡǪț ȓǸɅǸɶǍʌǸɾ ʔɅʔɾʔǍȺȺʳ ȺǍɶȓǸ 
ǍɃɐʔɅʌ ɐȒ ɃǸǍɾʔɶǸɃǸɅʌ ǱǍʌǍ ǍɅǱ ǍɶǸ ɾʔɾǪǸɳʌȡǩȺǸ ʌɐ ȒǍɾʌ ʌȡɃǸ ʬǍɶȡǍʌȡɐɅɾṞ ɳɶɐɃɐʌǸ ʌțǸ ʔɾǸ ɐȒ ¶¬ 
ȡɅɾɳȡɶǸǱ ǍȺȓɐɶȡʌțɃɾ ʌɐ ǱǸʌǸǪʌ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾǪǸɅǍɶȡɐṞ ȡṣǸṣ ʭțǸʌțǸɶ ȡʌ ȡɾ Ǎ ¬ɐñ ɐɶ Ǎ ¸¬ɐñ ǪǍɾǸṣ 

ñǪǸɅǍɶȡɐ ȡǱǸɅʌȡȒȡǪǍʌȡɐɅ ȡɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ¬ɐñṩ¸¬ɐñ ǪțǍɅɅǸȺɾ ȡɾ ǸɾɾǸɅʌȡǍȺ ʌɐ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅʬɐȺʬȡɅȓ 
ȺɐǪǍȺȡʽǍʌȡɐɅ ʌǍɾȶɾ ǍɅǱ ʌɐ ǪțǍɅɅǸȺ ɃɐǱǸȺȺȡɅȓ ȡɅ ȓǸɅǸɶǍȺṣ uɅ ɳǍɶʌȡǪʔȺǍɶṞ ¬ɐñ ǪțǍɅɅǸȺɾ ǍɶǸ ȒʔɅǱǍɃǸɅʌǍȺ 
ʌɐ ʌțǸ ɶǸǍȺȡʽǍʌȡɐɅ ɐȒ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ǍɅǱ ȶɅɐʭȡɅȓ ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ Ǎ ¬ɐñ ȺȡɅȶ Ƀȡȓțʌ ȡɃɳǍǪʌ ʌțǸ 
ȒǸǍɾȡǩȡȺȡʌʳ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɐʬǸɶ ÿoʽ ȒɶǸɵʔǸɅǪȡǸɾṣ fɐɶ ȡɅɾʌǍɅǪǸṞ ȡɅ ʌțǸ ǍǩɾǸɅǪǸ ɐȒ Ǎ ¬ɐñ ȺȡɅȶṞ Ǎ 
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ɾʳɾʌǸɃ ǱǸɾȡȓɅǸɶ Ƀȡȓțʌ ɶǸɾɐɶʌ ʌɐ multi ẁțɐɳ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ʌțɶɐʔȓț éuñɾ ɐɶ ɾȡɃɳȺʳ ʌțɶɐʔȓț ɶǸȺǍʳɾ 
ʭȡʌț ǱȡȒȒǸɶǸɅʌ ɃǸǱȡǍʌȡɅȓ ɳɶɐʌɐǪɐȺɾṣ 

1.2.4.2 Channel Prediction  

¶ǍǪțȡɅǸ ȺǸǍɶɅȡɅȓṞ ǸɾɳǸǪȡǍȺȺʳ ǱǸǸɳ ȺǸǍɶɅȡɅȓṞ țǍɾ ɳɶɐʬǸǱ ʌɐ ǩǸ Ǎ ɳɐʭǸɶȒʔȺ ʌɐɐȺ Ȓɐɶ ɃɐǱǸȺȺȡɅȓ ɅɐɅẁ
ȺȡɅǸǍɶȡʌȡǸɾ ɐȒ ǍȺȺ ȶȡɅǱɾṣ uɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ǪțǍɅɅǸȺ ɃɐǱǸȺȺȡɅȓṞ ʌțǸ ɶǸȺǍʌȡɐɅ ǩǸʌʭǸǸɅ ǱǸɾȡɶǸǱ ǪțǍɅɅǸȺ 
ɃɐǱǸȺ ǍɅǱ ʌțǸ ȶɅɐʭɅṩǪɐȺȺǸǪʌǸǱ ȡɅȒɐɶɃǍʌȡɐɅ ǍȺɾɐ Ǹʲțȡǩȡʌɾ ɾʔǪț ɅɐɅẁȺȡɅǸǍɶȡʌʳṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸɶǸ țǍɾ 
ǩǸǸɅ ɳȺǸɅʌʳ ɐȒ ʭɐɶȶ ɐɅ ʔɾȡɅȓ ¶¬ ɃɐǱǸȺṞ ɾɳǸǪȡȒȡǪǍȺȺʳ ɅǸʔɶǍȺ ɅǸʌʭɐɶȶɾṞ ʌɐ ǪɐɅɾʌɶʔǪʌ ɃǍɳɳȡɅȓ 
ǩǸʌʭǸǸɅ ǪɐȺȺǸǪʌǸǱ ɃǸǍɾʔɶǸɃǸɅʌɾ ǍɅǱ ʌțǸ ʌǍɶȓǸʌ ǪțǍɅɅǸȺ ɃɐǱǸȺṣ  

gȡʬǸɅ Ǎ ǪǸɶʌǍȡɅ ǍɶǸǍ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾǸʌʔɳṞ ȡʌ ȡɾ ǩǸɅǸȒȡǪȡǍȺ ʌɐ țǍʬǸ ȶɅɐʭȺǸǱȓǸ ɐȒ ʌțǸ ǪɐʬǸɶǍȓǸ ɐȒ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸɾɐʔɶǪǸɾ ɾɐ Ǎɾ ʌɐ ǍǱȲʔɾʌ ʌțǸ ǱǸɾȡȓɅ ɐɶ ȡɃɳɶɐʬǸ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃṣ 
oɐʭǸʬǸɶṞ ʌɐ ȓǸʌ Ǎ ɳɶǸǪȡɾǸ ǱǸɾǪɶȡɳʌȡɐɅ ɐȒ ʌțǸ ǪțǍɅɅǸȺ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṞ ɾʔǪț Ǎɾ ɳǍʌț Ⱥɐɾɾ ȡɅ Ǎ ȺǍɶȓǸ ǍɶǸǍṞ 
ʌțǸ ǪɐɃɃɐɅ ǍɳɳɶɐǍǪț ɐȒ ɶǍʳ ʌɶǍǪȡɅȓ ǸɅʌǍȡȺɾ țȡȓț ǪɐɃɳʔʌǍʌȡɐɅǍȺ Ǫɐɾʌɾṣ ÿɐ ʌțȡɾ ǸɅǱṞ ǪɐɃǩȡɅǸǱ ʭȡʌț 
ʌțǸ ɶǸǪǸɅʌ ǍǱʬǍɅǪǸɃǸɅʌ ȡɅ ǪɐɃɳʔʌǸɶ ʬȡɾȡɐɅṞ ɶǸɾǸǍɶǪțǸɶɾ țǍʬǸ ǩǸǸɅ ʭɐɶȶȡɅȓ ɐɅ ʔɾȡɅȓ ɃǍʌʔɶǸ 
ǪɐɃɳʔʌǸɶ ʬȡɾȡɐɅ ʌǸǪțɅȡɵʔǸɾ ʌɐ ǱȡɶǸǪʌȺ rȓǸɅǸɶǍʌǸ ɃǍɳɾ ɐȒ ɶǍǱȡɐ ɶǸɾɐʔɶǪǸɾ ȓȡʬǸɅ ʌțǸ ᶰE ȡɃǍȓǸ 
ǱǸɾǪɶȡɳʌȡɐɅ ɐȒ ʌțǸ ɾǪǸɅǸɾ Ǎɾ ȡɅɳʔʌṣ 

uɅ ṳᶵᶮṴṞ ɾǍʌǸȺȺȡʌǸ ɳțɐʌɐɾ ɐȒ Ǎ ɾʔǩʔɶǩǍɅ ǍɶǸǍ ǍɶǸ ɳɶǸẁɳɶɐǪǸɾɾǸǱ ʌɐ ǸʲɳȺȡǪȡʌȺʳ ɶǸɳɶǸɾǸɅʌ ʌțǸ ȺɐǪǍʌȡɐɅɾ ɐȒ 
ǩʔȡȺǱȡɅȓɾ ǍɅǱ ɐʌțǸɶ ɐǩȲǸǪʌɾṞ ʌțǸɅ ȒǸǱ Ǎɾ ȡɅɳʔʌ ʌɐ ȓǸɅǸɶǍʌǸ ʌțǸ ɶǸǪǸȡʬǸɶ ɾȡȓɅǍȺ ɾʌɶǸɅȓʌț Ǎʌ Ǎ ɾȡɅȓȺǸ 
ȺɐǪǍʌȡɐɅ ǩʳ ʌțǸ ǪɐɅʬɐȺʔʌȡɐɅǍȺ ɅǸʔɶǍȺ ɅǸʌʭɐɶȶ ṵ>¸¸Ṷṣ ñɳǸǪȡȒȡǪǍȺȺʳṞ ʌțǸ ɶǸǪǸȡʬȡɅȓ ǍɅʌǸɅɅǍɾẏ 
ȡɅȒɐɶɃǍʌȡɐɅ ȡɾ ǍȺɾɐ ǸɅǪɐǱǸǱ ȡɅ ʌțǸ ɾʌɶʔǪʌʔɶǸ ɐȒ ʌțǸ >¸¸ṣ ¬ǸʬȡǸ Ǹʌ ǍȺṣ ṳᶵᶯṴ ǍǱɐɳʌǸǱ Ǎ ɾȡɃȡȺǍɶ ǍɳɳɶɐǍǪțṞ 
ǩʔʌ ʭȡʌț Ǎ ǪɐɃɳȺǸʌǸ ɶǍǱȡɐ ɃǍɳ Ǎɾ ɐʔʌɳʔʌ ǍɅǱ ɾȡɃʔȺǍʌǸǱ ǱǍʌǍ Ȓɐɶ ʌɶǍȡɅȡɅȓ ǍɅǱ ǸʬǍȺʔǍʌȡɐɅṣ !ʌǸɾ Ǹʌ ǍȺṣ 
ṳᶵᶰṴ ȒȡɶɾʌȺʳ ǪǍʌǸȓɐɶȡʽǸ ʌțǸ ɳǍʌț Ⱥɐɾɾ ɳǍɶǍɃǸʌǸɶɾ ǍɅǱ ʌțǸɅ ǍɳɳȺȡǸǱ >¸¸ ʌɐ ǪȺǍɾɾȡȒʳ ʌțǸ ȡɅɳʔʌ ɾǪǸɅǍɶȡɐɾ 
ɶǸɳɶǸɾǸɅʌǸǱ ǩʳ ɾǍʌǸȺȺȡʌǸ ȡɃǍȓǸɾṣ uɅ ṳᶵᶱṴṞ >¸¸ ȡɾ ǍɳɳȺȡǸǱ ʌɐ ȓǸɅǸɶǍʌǸ țȡȓțẁɶǸɾɐȺʔʌȡɐɅ ɶǍǱȡɐ ɃǍɳɾ ɐɅ 
ɃʔȺʌȡɳȺǸ ɃǸʌɶȡǪɾṞ ǩǍɾǸǱ ɐɅ ʌțǸ ȺɐʭẁɶǸɾɐȺʔʌȡɐɅ ȡɃǍȓǸɾ ȓǸɅǸɶǍʌǸǱ ǩʳ ȒǍɾʌ ǩʔʌ ȺɐʭẁȓɶǍɅʔȺǍɶȡʌʳ 
ɾȡɃʔȺǍʌȡɐɅṣ 

uɅ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ʭțǸɶǸ ʌțǸ ǪțǍɅɅǸȺ Ǹʲțȡǩȡʌɾ țȡȓț ǱȡɶǸǪʌȡʬȡʌʳ ǍɅǱ ɾʔȒȒǸɶɾ ȒɶɐɃ ǩȺɐǪȶǍȓǸṞ ʌțǸ 
ɶǍǱȡɐ ɃǍɳ ȓǸɅǸɶǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ɃǸɅʌȡɐɅǸǱ ǍǩɐʬǸ ǍɶǸ ǸʲɳǸǪʌǸǱ ʌɐ ȡǱǸɅʌȡȒʳ ǱȡɶǸǪʌȡɐɅ ǍɅǱ ǩȺɐǪȶǍȓǸ 
ɃɐɶǸ ɵʔȡǪȶȺʳ ʌțǍɅ ȡʌǸɶǍʌȡɅȓ ɐɅ ǍȺȺ ɳɐɾɾȡǩȺǸ ɶǍʳɾ Ǎɾ ȡɅ ɶǍʳ ʌɶǍǪȡɅȓ ɃǸʌțɐǱɾṣ fʔɶʌțǸɶɃɐɶǸṞ ɶǸǪǸɅʌ 
ǍǱʬǍɅǪǸɃǸɅʌɾ ȡɅ ǪɐɃɳʔʌǸɶ ʬȡɾȡɐɅ ɐȒ ᶱE ɳɐȡɅʌ ǪȺɐʔǱɾ ǍȺɾɐ ɳɶɐʬȡǱǸ ʌțǸ ɳɐɾɾȡǩȡȺȡʌʳ ɐȒ ȓǸɅǸɶǍʌȡɅȓ ẌɶǍǱȡɐ 
ɾɳǍǪǸẍ ȓȡʬǸɅ ʌțǸ ɳɐȡɅʌ ǪȺɐʔǱɾ ɐȒ Ǎ ɾǪǸɅǸ Ǎɾ ȡɅɳʔʌṣ fɐɶ țȡȓț ȒɶǸɵʔǸɅǪʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʔǪț Ǎɾ ÿoʽ 
ʭțǸɶǸ ʌțǸ ɶǍɅȓǸ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪɐʔȺǱ ǩǸ ɶǸȺǍʌȡʬǸȺʳ ɾțɐɶʌ ǍɅǱ țǸǍʬȡȺʳ ɶǸȺʳȡɅȓ ɐɅ ¬ɐñṞ ʔɾȡɅȓ ¶¬ 
ʌǸǪțɅȡɵʔǸɾ ȡɅ ᶱE ʬȡɾȡɐɅ Ƀȡȓțʌ ȒǍǪȡȺȡʌǍʌǸ ʌțǸ ȓǸɅǸɶǍʌȡɐɅ ɐȒ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ȡɅ ᶱE ɾǪǸɅǍɶȡɐɾṣ 

1.2.4.3 Clustering of multipath components  

¶ǍɅʳ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ǍɾɾʔɃǸ ʌțǍʌ ʭȡɶǸȺǸɾɾ ɳɶɐɳǍȓǍʌȡɐɅ țǍɳɳǸɅɾ ʌțɶɐʔȓț Ǎ ȒȡɅȡʌǸ ɅʔɃǩǸɶ ɐȒ 
ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾṞ ǸǍǪț ɶǸɳɶǸɾǸɅʌȡɅȓ Ǎ ɳȺǍɅǸ ʭǍʬǸ ʌɶǍʬǸȺȺȡɅȓ ǍȺɐɅȓ Ǎ ǱȡȒȒǸɶǸɅʌ ɳǍʌțṣ MǍǪț 
ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌ ȡɾ ǪțǍɶǍǪʌǸɶȡʽǸǱ ǩʳ ȡʌɾ ǪɐɃɳȺǸʲ ǍɃɳȺȡʌʔǱǸṞ ǱǸȺǍʳṞ ǱȡɶǸǪʌȡɐɅ ɐȒ ǍɶɶȡʬǍȺ ǍɅǱ 
ǱǸɳǍɶʌʔɶǸṣ ÿʳɳȡǪǍȺȺʳṞ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾ ʌțǍʌ Ǹʲțȡǩȡʌ ɾȡɃȡȺǍɶ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ǍɶǸ ȓɶɐʔɳǸǱ ȡɅʌɐ Ǎ 
ǪȺʔɾʌǸɶṣ uɅ ʌțȡɾ ǪɐɅʌǸʲʌṞ ǱȡȒȒǸɶǸɅʌ ɃǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ʌǸǪțɅȡɵʔǸɾ țǍʬǸ ǩǸǸɅ ǸʲɳȺɐȡʌǸǱ ʌɐ ȡǱǸɅʌȡȒʳ 
ǪȺʔɾʌǸɶɾ ȡɅ ǍɅ ǍʔʌɐɃǍʌȡǪ ɃǍɅɅǸɶṣ uɅ ṳᶵᶲṴṞ Ǎʔʌțɐɶɾ ɳɶǸɾǸɅʌǸǱ ʌțǸ ©æɐʭǸɶ¶ǸǍɅɾṞ Ǎ ʬǍɶȡǍɅʌ ɐȒ ʌțǸ 
ɳɐɳʔȺǍɶ ©ẁɃǸǍɅɾ ǍȺȓɐɶȡʌțɃ ʌțǍʌ ǍǪǪɐʔɅʌɾ Ȓɐɶ ʌțǸ ɳɐʭǸɶ ɐȒ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾ ʌɐ ǪɐɃɳʔʌǸ 
ǪȺʔɾʌǸɶɾ ǪǸɅʌɶɐȡǱɾṣ ÿțǸ ɾǍɃǸ ǍȺȓɐɶȡʌțɃ ʭǍɾ ʔɾǸǱ ȡɅ ṳᶵᶳṴ ǍɅǱ ṳᶵᶴṴ Ȓɐɶ ʌțǸ ȡǱǸɅʌȡȒȡǪǍʌȡɐɅ ɐȒ ɃʔȺʌȡɳǍʌț 
ǪȺʔɾʌǸɶɾ Ǎʌ ɃɃğǍʬǸ ǍɅǱ ÿoʽ ȒɶǸɵʔǸɅǪȡǸɾṣ ¬ȡ Ǹʌ ǍȺṣ ṳᶵᶵṴ ǪɐȺȺǸǪʌǸǱ ǪțǍɅɅǸȺ ɃǸǍɾʔɶǸɃǸɅʌɾ Ǎʌ ÿoʽ 
ȒɶǸɵʔǸɅǪȡǸɾ ǍɅǱ ǍɳɳȺȡǸǱ ʌțǸ E=ñ>!¸ ǍȺȓɐɶȡʌțɃ ṳᶵᶶṴ ʌɐ ȡǱǸɅʌȡȒʳ ʌțǸ ɃʔȺʌȡɳǍʌț ǪȺʔɾʌǸɶɾṣ >țǸɅ Ǹʌ ǍȺṣ 
ṳᶵᶷṴ ǸʲɳȺɐȡʌǸǱ ÿoʽ ǪțǍɅɅǸȺ ɃǸǍɾʔɶǸɃǸɅʌɾ ǍɅǱ ɶǍʳ ʌɶǍǪȡɅȓ ɾȡɃʔȺǍʌȡɐɅɾ Ȓɐɶ ǪȺʔɾʌǸɶȡɅȓ ǍɅǱ ɃǍʌǪțȡɅȓ 
ɐȒ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾṣ fȡɶɾʌṞ ʌțǸ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾ ɐǩɾǸɶʬǸǱ ȡɅ ɶǸǍȺ ɃǸǍɾʔɶǸɃǸɅʌɾ ǍɶǸ 
ǪȺʔɾʌǸɶǸǱ ʔɾȡɅȓ ʌțǸ E=ñ>!¸ ǍȺȓɐɶȡʌțɃṣ ÿțǸɅṞ ʌțǸ ȡǱǸɅʌȡȒȡǸǱ ǪȺʔɾʌǸɶɾ ǍɶǸ ɃǍʌǪțǸǱ ʭȡʌț ʌțɐɾǸ 
ɐǩɾǸɶʬǸǱ ȡɅ Ǎ ɶǍʳ ʌɶǍǪȡɅȓ ɾȡɃʔȺǍʌɐɶ ǩǍɾǸǱ ɐɅ ʌțǸ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌ ǱȡɾʌǍɅǪǸ ṵ¶>EṶ ɃǸʌɶȡǪṣ uɅ 
ṳᶶᶮṴṞ Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸǱ Ǎ ǪȺʔɾʌǸɶȡɅȓ ǍȺȓɐɶȡʌțɃ ʌțǍʌ ȡǱǸɅʌȡȒȡǸɾ ȡɅǱǸɳǸɅǱǸɅʌ ǪȺʔɾʌǸɶɾ ǩǍɾǸǱ ɐɅ Ǎ ȶǸɶɅǸȺ 
ǱǸɅɾȡʌʳ ɃǸǍɾʔɶǸṣ uɅ ṳᶶᶯṴṞ Ǎ ɅɐʬǸȺ ǪȺʔɾʌǸɶȡɅȓ ǍɳɳɶɐǍǪț ǩǍɾǸǱ ɐɅ fʔʽʽʳẁǪẁɃǸǍɅɾ ȡɾ ɳɶǸɾǸɅʌǸǱṣ uɅ ṳᶶᶰṴṞ 
Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸǱ Ǎ ɅǸʭ ǪȺʔɾʌǸɶȡɅȓ ǍȺȓɐɶȡʌțɃ ǩǍɾǸǱ ɐɅ ʌțǸ ɶǸȓȡɐɅ ǪɐɃɳǸʌȡʌȡɐɅ ǍȺȓɐɶȡʌțɃ ṳᶶᶱṴṞ ǍɅ 
ɐɳʌȡɃȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸ ɐɶȡȓȡɅǍȺȺʳ ǱǸʬǸȺɐɳǸǱ Ȓɐɶ ȡɃǍȓǸ ɾǸȓɃǸɅʌǍʌȡɐɅṞ ǍɅǱ ʌțǸ ȶʔɶʌɐɾȡɾ ɃǸǍɾʔɶǸṣ uɅ 
ṳᶶᶲṴṞ ǪȺʔɾʌǸɶȡɅȓ ȡɾ ʌɶǸǍʌǸǱ Ǎɾ Ǎ ɾɳǍɶɾȡʌʳẁǩǍɾǸǱ ɐɳʌȡɃȡʽǍʌȡɐɅ ɳɶɐǩȺǸɃ ʌțǍʌ ǸʲɳȺɐȡʌɾ ʌțǸ ɳțʳɾȡǪǍȺ 
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ɳɶɐɳǸɶʌʳ ʌțǍʌ ʌțǸ ɳɐʭǸɶ ɐȒ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾ ǱǸǪɶǸǍɾǸɾ ǸʲɳɐɅǸɅʌȡǍȺȺʳ ʭȡʌț ɶǸɾɳǸǪʌ ʌɐ ʌțǸ 
ǱǸȺǍʳṣ 

1.2.5 Characterization of dielectric properties  of materials  

gȡʬǸɅ ʌțǸ ɾțɐɶʌ ɳɶɐɳǍȓǍʌȡɐɅ ɶǍɅȓǸṞ ʌțǸ ɃǍȲɐɶȡʌʳ ɐȒ ʔɾǸ ǪǍɾǸɾ ʌțǍʌ țǍʬǸ ǩǸǸɅ ȡǱǸɅʌȡȒȡǸǱ Ȓɐɶ ÿoʽ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍɶǸ ȡɅǱɐɐɶṣ uɅ ʌțǸɾǸ ǸɅʬȡɶɐɅɃǸɅʌɾṞ ʭȡɶǸȺǸɾɾ ɾȡȓɅǍȺɾ ȡɅʌǸɶǍǪʌ ʭȡʌț ɃʔȺʌȡɳȺǸ ɐǩȲǸǪʌɾ 
ǪǍʔɾȡɅȓ ɶǸȒȺǸǪʌȡɐɅṞ ǱȡȒȒɶǍǪʌȡɐɅṞ ǍɅǱ ʌɶǍɅɾɃȡɾɾȡɐɅ ɳțǸɅɐɃǸɅǍṣ ÿțǸ ǩǸțǍʬȡɐʔɶ ɐȒ ʌțǸɾǸ ɳțǸɅɐɃǸɅǍ ȡɾ 
ȡɅȒȺʔǸɅǪǸǱ ǩʳ ʌțǸ ǱȡǸȺǸǪʌɶȡǪ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ʌțǸ ɐǩȲǸǪʌṞ ʭțȡǪț ǱǸɳǸɅǱ ɐɅ ɳțʳɾȡǪǍȺ ȒǸǍʌʔɶǸɾ ɾʔǪț Ǎɾ 
ɾțǍɳǸṞ ɃǍʌǸɶȡǍȺṞ ɶɐʔȓțɅǸɾɾṞ ǸʌǪṣ fɐɶ ʌțǸ ǱǸʌǸɶɃȡɅȡɾʌȡǪ ɃɐǱǸȺȺȡɅȓ ɐȒ ʭȡɶǸȺǸɾɾ ǪțǍɅɅǸȺɾ ṵǸṣȓṣṞ ǩʳ ɃǸǍɅɾ 
ɐȒ ɶǍʳ ʌɶǍǪȡɅȓṶ ǪțǍɶǍǪʌǸɶȡʽȡɅȓ ʌțǸ ǱȡǸȺǸǪʌɶȡǪ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ʌțǸ ȡɅʌǸɶǍǪʌȡɅȓ ɐǩȲǸǪʌɾ ȡɾ ȡɃɳɐɶʌǍɅʌ ʌɐ 
ǍǪțȡǸʬǸ ǍǪǪʔɶǍʌǸ ɶǸɾʔȺʌɾṣ ÿțǸ uÿĆẁé ɶǸǪɐɃɃǸɅǱǍʌȡɐɅ æṣᶰᶮᶲᶮẁɵ  ṳᶶᶳṴ ɳɶɐʬȡǱǸɾ ȓʔȡǱǸȺȡɅǸɾ ǍɅǱ 
ɳǍɶǍɃǸʌǸɶɾ Ȓɐɶ ɃɐǱǸȺȺȡɅȓ ʌțǸ ǱȡǸȺǸǪʌɶȡǪ ǩǸțǍʬȡɐʔɶ ɐȒ ǪɐɃɃɐɅ ǩʔȡȺǱȡɅȓ ɃǍʌǸɶȡǍȺɾṣ oɐʭǸʬǸɶṞ Ƀɐɾʌ ɐȒ 
ʌțǸ ɳǍɶǍɃǸʌǸɶɾ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸ ǱɐǪʔɃǸɅʌ ǍɶǸ ʬǍȺȡǱ ʔɳ ʌɐ ᶯᶮᶮ goʽṞ ʌțʔɾ ɶǸɵʔȡɶȡɅȓ ȒʔɶʌțǸɶ ʭɐɶȶ Ȓɐɶ 
ǸʲʌǸɅǱȡɅȓ ʌțǸ ɃɐǱǸȺ ʔɳ ʌɐ ÿoʽ ȒɶǸɵʔǸɅǪȡǸɾṣ  

ÿțǸ ɃǸʌțɐǱɐȺɐȓȡǸɾ ʌțǍʌ ǍɶǸ ǪɐɃɃɐɅȺʳ ǍǱɐɳʌǸǱ Ȓɐɶ ɃǸǍɾʔɶȡɅȓ ʌțǸ ǱȡǸȺǸǪʌɶȡǪ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ɃǍʌǸɶȡǍȺɾ 
ǪǍɅ ǩǸ ǱȡʬȡǱǸǱ ȡɅʌɐ ʌțɶǸǸ ɃǍȡɅ ȓɶɐʔɳɾṝ ṵȡṶ ʭǍʬǸȓʔȡǱǸɾṞ ṵȡȡṶ ɶǸɾɐɅǍʌɐɶɾṞ ǍɅǱ ṵȡȡȡṶ ȒɶǸǸ ɾɳǍǪǸ ɃǸʌțɐǱɾṣ 

1.2.5.1 Waveguides  

ÿțǸ ɾǍɃɳȺǸ ʔɅǱǸɶ ʌǸɾʌ ȡɾ ȡɅɾǸɶʌǸǱ ȡɅ Ǎ ɾǸǪʌȡɐɅ ɐȒ ʭǍʬǸȓʔȡǱǸ ǍɅǱ ǪțǍɶǍǪʌǸɶȡʽǸǱ ǩʳ ɃǸǍɾʔɶȡɅȓ ʌțǸ 
ʌɶǍɅɾɃȡɾɾȡɐɅ ǍɅǱ ɶǸȒȺǸǪʌȡɐɅ ǪɐǸȒȒȡǪȡǸɅʌɾ ɐȒ ʌțǸ M¶ ʭǍʬǸ ɳɶɐɳǍȓǍʌȡɅȓ ǍȺɐɅȓ ʌțǸ ȺȡɅǸṣ ÿțȡɾ ɃǸʌțɐǱ 
ɳɶɐʬȡǱǸɾ țȡȓț ǍǪǪʔɶǍǪʳṣ oɐʭǸʬǸɶṞ ȡʌ ɶǸɵʔȡɶǸɾ ɾɃǍȺȺ ʌɐȺǸɶǍɅǪǸɾ Ȓɐɶ ʌțǸ ɳɶǸɳǍɶǍʌȡɐɅ ɐȒ ʌțǸ ɾǍɃɳȺǸ ǍɅǱ 
ȡʌɾ ȡɅɾǸɶʌȡɐɅ ȡɅʌɐ ʌțǸ ʭǍʬǸȓʔȡǱǸṣ fɐɶ ȒɶǸɵʔǸɅǪȡǸɾ ǩǸʳɐɅǱ ᶯᶮᶮ goʽṞ ʌțȡɾ ɃǸʌțɐǱ ǩǸǪɐɃǸɾ ȡɃɳɶǍǪʌȡǪǍȺ 
ǩǸǪǍʔɾǸ ʌțǸ ɾȡʽǸ ɐȒ ʌțǸ ʭǍʬǸȓʔȡǱǸ ǩǸǪɐɃǸɾ ǸʲʌɶǸɃǸȺʳ ɾɃǍȺȺ ṵȡɅ ʌțǸ ɐɶǱǸɶ ɐȒ ɃȡǪɶɐɃǸʌɶǸɾṶṣ 

1.2.5.2 Resonators  

ÿțȡɾ ɃǸʌțɐǱ ǸʲɳȺɐȡʌɾ ʌțǸ ɳǸɶʌʔɶǩǍʌȡɐɅ ʌțǸɐɶʳ ɐȒ ɶǸɾɐɅǍɅʌ ǪǍʬȡʌȡǸɾṞ ȡṣǸṣṞ ɾʌɶʔǪʌʔɶǸɾ ǸʲțȡǩȡʌȡɅȓ Ǎ 
ɶǸɾɐɅǍɅʌ ǩǸțǍʬȡɐʔɶ Ǎʌ ɾɳǸǪȡȒȡǪ ȒɶǸɵʔǸɅǪȡǸɾṣ ğțǸɅ ȡɅʌɶɐǱʔǪȡɅȓ ǍɅ ɐǩȲǸǪʌ ȡɅɾȡǱǸ ʌțǸ ǪǍʬȡʌʳṞ ȡʌɾ 
ɶǸɾɐɅǍɅʌ ɃɐǱǸɾ ǍɶǸ ɳǸɶʌʔɶǩǸǱ ȡɅ Ǎ ʭǍʳ ʭțȡǪț ǱǸɳǸɅǱɾ ɐɅ ʌțǸ ǱȡǸȺǸǪʌɶȡǪ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ʌțǸ ɐǩȲǸǪʌṣ 
!ȒʌǸɶ ɃǸǍɾʔɶȡɅȓ ʌțǸ ɳǸɶʌʔɶǩǍʌȡɐɅ ǪǍʔɾǸǱ ǩʳ ʌțǸ ɾǍɃɳȺǸ ʔɅǱǸɶ ʌǸɾʌṞ ȡʌ ȡɾ ɳɐɾɾȡǩȺǸ ʌɐ ǱǸʌǸɶɃȡɅǸ ȡʌɾ 
ɳǸɶɃǸǍǩȡȺȡʌʳ ǍɅǱ ɳǸɶɃȡʌʌȡʬȡʌʳ ǩʳ ǍɳɳȺʳȡɅȓ ʌțǸ ǪǍʬȡʌʳ ɳǸɶʌʔɶǩǍʌȡɐɅ ʌțǸɐɶʳṣ MʲǍɃɳȺǸɾ ɐȒ ɾʌɶʔǪʌʔɶǸɾ 
ʌțǍʌ ǍɶǸ ǪɐɃɃɐɅȺʳ ʔɾǸǱ Ȓɐɶ ʌțȡɾ ɳʔɶɳɐɾǸ ȡɅǪȺʔǱǸ ɾɳȺȡʌẁǪǍʬȡʌʳ ɶǸɾɐɅǍʌɐɶɾṞ fǍǩɶȡẁæǸɶɐʌ ɐɳǸɅ ɶǸɾɐɅǍʌɐɶɾ 
ṳᶶᶴṴṞ ǍɅǱ ɶǸɾɐɅǍʌɐɶɾ ǩǍɾǸǱ ɐɅ ğțȡɾɳǸɶȡɅȓ gǍȺȺǸɶʳ ¶ɐǱǸɾ ṳᶶᶵṴṣ EǸɾɳȡʌǸ ɳɶɐʬȡǱȡɅȓ ǍǪǪʔɶǍʌǸ ɶǸɾʔȺʌɾṞ 
ʌțǸɾǸ ɃǸʌțɐǱɾ ǍɶǸ ʌʳɳȡǪǍȺȺʳ ɅǍɶɶɐʭǩǍɅǱ ǍɅǱ Ʌɐʌ ǍɳɳȺȡǪǍǩȺǸ ʌɐ ɃǍʌǸɶȡǍȺ ʭȡʌț țȡȓț ȺɐɾɾǸɾṣ 

1.2.5.3 Free -space methods  

ÿțǸ ɾǍɃɳȺǸ ʔɅǱǸɶ ʌǸɾʌ ȡɾ ɳȺǍǪǸǱ ǩǸʌʭǸǸɅ ʌɶǍɅɾɃȡʌ ǍɅǱ ɶǸǪǸȡʬǸ ǍɅʌǸɅɅǍɾṣ ÿțǸ ʌɶǍɅɾɃȡʌ ǍɅʌǸɅɅǍ 
ȓǸɅǸɶǍʌǸɾ Ǎ ʭȡɶǸȺǸɾɾ ɾȡȓɅǍȺ ʭțȡǪț ȡɾ ɶǸȒȺǸǪʌǸǱ ɐɶ ɶǸȒɶǍǪʌǸǱ ʌțɶɐʔȓț ʌțǸ ɾǍɃɳȺǸ ǍɅǱ ɃǸǍɾʔɶǸǱ ǩʳ ʌțǸ 
ɶǸǪǸȡʬǸ ǍɅʌǸɅɅǍṣ =ʳ ǪɐɃɳǍɶȡɅȓ ʌțǸ ɾȡȓɅǍȺ ɶǸɾɳɐɅɾǸ ʭȡʌț ǍɅǱ ʭȡʌțɐʔʌ ʌțǸ ɾǍɃɳȺǸṞ ȡʌ ȡɾ ɳɐɾɾȡǩȺǸ ʌɐ 
ǱǸʌǸɶɃȡɅǸ ʌțǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ǍɅǱṩɐɶ ɶǸȒȺǸǪʌȡɐɅ ǪɐǸȒȒȡǪȡǸɅʌɾṣ ÿțǸɅṞ ʌțǸ ǱȡǸȺǸǪʌɶȡǪ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ʌțǸ 
ɾǍɃɳȺǸ ǪǍɅ ǩǸ ǱǸɶȡʬǸǱ ǩʳ ǍɳɳȺʳȡɅȓ ʌțǸ ¸ȡǪɐȺɾɐɅẁéɐɾɾẁğǸȡɶ ǍȺȓɐɶȡʌțɃ ṳᶶᶶṴṣ  ÿțȡɾ ɃǸʌțɐǱ ǱɐǸɾ Ʌɐʌ 
ɶǸɵʔȡɶǸ ǍɅʳ ǪɐɅʌǍǪʌ ʭȡʌț ʌțǸ ɾǍɃɳȺǸṞ ʌțʔɾ ɶǸɳɶǸɾǸɅʌȡɅȓ Ǎ ɾʔȡʌǍǩȺǸ ɾɐȺʔʌȡɐɅ Ȓɐɶ ɳǸɶȒɐɶɃȡɅȓ ɅɐɅẁ
ǱǸɾʌɶʔǪʌȡʬǸ ʌǸɾʌɾṣ EȡȒȒǸɶǸɅʌ ʌǸǪțɅȡɵʔǸɾ ǍɶǸ ǍʬǍȡȺǍǩȺǸ Ȓɐɶ ǪɐɅǱʔǪʌȡɅȓ ȒɶǸǸẁɾɳǍǪǸ ɃǸǍɾʔɶǸɃǸɅʌɾṞ ʌțǸ 
Ƀɐɾʌ ɳɐɳʔȺǍɶ ǩǸȡɅȓ ʬǸǪʌɐɶ ɅǸʌʭɐɶȶ ǍɅǍȺʳɾȡɾ ǍɅǱ ʌȡɃǸ ǱɐɃǍȡɅ ɾɳǸǪʌɶɐɾǪɐɳʳṣ ğȡʌț ʌțǸ ȺǍʌʌǸɶ ɶǸǪǸɅʌȺʳ 
ɅʔɃǸɶɐʔɾ ʌʳɳȡǪǍȺ ǩʔȡȺǱȡɅȓ ɃǍʌǸɶȡǍȺɾ țǍʬǸ ǩǸǸɅ ɃǸǍɾʔɶǸǱ Ȓɐɶ ʌțǸ ɳʔɶɳɐɾǸ ɐȒ ʔɾȡɅȓ ȡʌ ȡɅ ɾȡɃʔȺǍʌȡɐɅɾ 
Ȓɐɶ ÿoʽ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ṳᶶᶷṴṣ 

1.3 THz device technology  
ğțȡȺǸ ȒɶɐɅʌ ǸɅǱɾ Ǎʌ MẁǩǍɅǱ ṵᶵᶯ ẁ ƫ ᶴ goʽṞ ᶶᶯ ẁ ʉ ᶴ goʽṶ ǍɶǸ ǍȺɶǸǍǱʳ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸ ɃǍɶȶǸʌṞ ʌțǸ 
ʌǸǪțɅɐȺɐȓʳ Ȓɐɶ ȺȡɅȶɾ ǍǩɐʬǸ ᶯᶮᶮ goʽ ȡɾ ɾʌȡȺȺ Ǎʌ ʌțǸ ɳɶɐʌɐʌʳɳǸ ȺǸʬǸȺṣ ÿʭɐ ɃǍȲɐɶ ɐǩɾʌǍǪȺǸɾ țǍʬǸ ʌɐ ǩǸ 
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ɶǸɾɐȺʬǸǱṝ ṵȡṶ țǍɶɾț ɳɶɐɳǍȓǍʌȡɐɅ ǪɐɅǱȡʌȡɐɅɾṞ ǍɅǱ ṵȡȡṶ ǸɵʔȡɳɃǸɅʌ Ǫɐɾʌṣ ÿǸɅɾ ɐȒ Ǳ= ɐȒ ǍʌʌǸɅʔǍʌȡɐɅ țȡȓțǸɶ 
ʌțǍɅ ɃȡǪɶɐʭǍʬǸ ȒɶǸɵʔǸɅǪȡǸɾ ṵǸṣȓṣṞ ǱʔǸ ʌɐ ɶǍȡɅṞ țʔɃȡǱȡʌʳ ǍɅǱ ȓǍɾǸɾṶ Ȓɐɶ ʌțǸ ɾǍɃǸ ɶǍɅȓǸ ɳɐɾǸ ɾǸɶȡɐʔɾ 
ʌǸǪțɅɐȺɐȓʳ ǪɐɅɾʌɶǍȡɅʌɾ ʌɐ ɾǍʌȡɾȒʳ ʌțǸ ȺȡɅȶ ǩʔǱȓǸʌṣ ÿțǸ Ⱥɐʭ ʌɶǍɅɾɃȡɾɾȡɐɅ ɳɐʭǸɶ ɐȒ ɾɐȺȡǱẁɾʌǍʌǸ ɳɐʭǸɶ 
ǍɃɳȺȡȒȡǸɶɾ ǪǍɅ ǩǸ ɳǍɶʌȡǍȺȺʳ ǪɐɃɳǸɅɾǍʌǸǱ ǩʳ Ǎ țȡȓț ǍɅʌǸɅɅǍ ȓǍȡɅṣ oɐʭǸʬǸɶṞ Ǎʌ ʌțǸ ȡɅǪɶǸǍɾǸ ɐȒ ʌțǸ 
ȓǍȡɅ ṵǍǩɐʬǸ ᶲᶮ ẁ ɸ ᶳ Ǳ=ȡṶ ʌțǸɶǸ ǍɶǸ ɳɶɐǩȺǸɃɾ ɐȒ ɾʭǍʳ ȡɅ ǪǍɾǸ ɐȒ ʭȡɅǱṞ ȺǍɶȓǸ ȒɐɐʌɳɶȡɅʌ ǍɅǱ Ǫɐɾʌ ǱʔǸ ʌɐ 
ʌțǸ ɶǸɵʔȡɶǸǱ țȡȓț ȒǍǩɶȡǪǍʌȡɐɅ ǍǪǪʔɶǍǪʳṣ 

ÃɅ ʌțǸ ɐʌțǸɶ țǍɅǱṞ ÿoʽ țȡȓț ǍʌʌǸɅʔǍʌȡɐɅ ȡɾ ǍȺɾɐ ǍǱʬǍɅʌǍȓǸɐʔɾ ǩǸǪǍʔɾǸ ȡʌ ɳǸɶɃȡʌɾ ǍɅ ǸȒȒǸǪʌȡʬǸ ɾɳǍʌȡǍȺ 
ǱȡʬȡɾȡɐɅṞ ȒɶǸɵʔǸɅǪʳ ɶǸʔɾǸ ǍɅǱ Ⱥɐʭ ȡɅʌǸɶȒǸɶǸɅǪǸ ǸʲɳǍɅǱȡɅȓ ʌțǸ ɳɐʌǸɅʌȡǍȺ ɐȒ ÿo ̔ʌǸǪțɅɐȺɐȓʳṣ 

uɅ ɶǸǪǸɅʌ ʳǸǍɶɾṞ ɅʔɃǸɶɐʔɾ ÿoʽ ʭȡɶǸȺǸɾɾ ȒɶɐɅʌ ǸɅǱ ʭǸɶǸ ɳɶǸɾǸɅʌǸǱ ʔɳ ʌɐ ᶲᶮᶮ goʽ ʭȡʌț ǱȡȒȒǸɶǸɅʌ 
ʌǸǪțɅɐȺɐȓȡǸɾ ǍɅǱ ɳǸɶȒɐɶɃǍɅǪǸ ṳᶴᶳṴṳᶱᶳṴṣ ñʔǩɾʌǍɅʌȡǍȺ ǍǱʬǍɅǪǸɃǸɅʌɾ ǍɶǸ ɶǸɳɐɶʌǸǱ ȡɅ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ 
ɐȒ ǪțȡɳɾǸʌ ǩǍɾǸǱ ɐɅ ǱȡȒȒǸɶǸɅʌ ɳɶɐǪǸɾɾǸɾ ɾʔǪț Ǎɾ >¶ÃñṞ uɅæṞ gǍ!ɾṞ ñȡ gǸ ǍɅǱ gǍ¸Ṟ ɃɐɾʌȺʳ Ȓɐɶ Ⱥɐʭ 
ɳɐʭǸɶ ǸȺǸǪʌɶɐɅȡǪɾ ʌɐ ɾʔɳɳɐɶʌ ɃʔȺʌȡẁgǩṩɾ ʌɶǍɅɾɃȡɾɾȡɐɅṣ ÿțǸ ǱǍʌǍ ɶǍʌǸ ǸʲǪǸǸǱɾ ɳᶮɾ gǩṩɾ Ȓɐɶ Ƀɐɾʌ ɐȒ ʌțǸ 
ɳɶɐʌɐʌʳɳǸɾṣ oɐʭǸʬǸɶṞ ʌțǸ ɶǍɅȓǸ ɐȒ ǍȺȺ ʌțǸɾǸ ɾʳɾʌǸɃɾ ȡɾ ȺȡɃȡʌǸǱ ʌɐ ʌǸɅɾ ɐȒ ɃǸʌǸɶɾṞ ʭȡʌț ʌțǸ ɅǸǸǱ Ȓɐɶ 
ʬǸɶʳ țȡȓț ȓǍȡɅ ǍɅʌǸɅɅǍɾṞ ǱʔǸ ʌɐ ȺǍǪȶ ɐȒ ʌțǸ ɶǸɵʔȡɶǸǱ țȡȓț ʌɶǍɅɾɃȡɾɾȡɐɅ ɳɐʭǸɶ Ȓɐɶ ɾǍʌȡɾȒʳȡɅȓ ȺɐɅȓ ȺȡɅȶ 
ɶǍɅȓǸṣ gǍȺȺȡʔɃ ȡ̧ʌɶȡǱǸ ṵgǍ¸Ṷ ȡɾ ʌțǸ Ƀɐɾʌ ɳɶɐɃȡɾȡɅȓ ɾǸɃȡǪɐɅǱʔǪʌɐɶ ɳɶɐǪǸɾɾ Ȓɐɶ țȡȓț ɳɐʭǸɶṞ ǩʔʌ 
ɳɶǸɾǸɅʌȺʳ ȡɾ ȺȡɃȡʌǸǱ ʌɐ Ǎǩɐʔʌ ᶯᶮᶮ goʽṣ 

ÿțǸ ɾțɐɶʌ ʭǍʬǸȺǸɅȓʌț ṵǸṣȓṣ ᶱ ɃɃ Ǎʌ ᶯᶮᶮ goʽṞ ᶯ ɃɃ Ǎʌ ᶱᶮᶮ goʽṶ ɃǍȶǸɾ ȒǍǩɶȡǪǍʌȡɐɅ ǍɅǱ ǍɾɾǸɃǩȺʳ 
ǱȡȒȒȡǪʔȺʌ ǱʔǸ ʌɐ ʌțǸ ɾɃǍȺȺ ǱȡɃǸɅɾȡɐɅɾ ɐȒ ɳǍɶʌɾ ʌțǍʌ ǍȺɾɐ ɶǸɵʔȡɶǸ ʌȡȓțʌ ʌɐȺǸɶǍɅǪǸɾṣ ğȡʌț ʌțǸ ȡɅǪɶǸǍɾǸ ɐȒ 
ȒɶǸɵʔǸɅǪʳṞ ȒǍǩɶȡǪǍʌȡɐɅ ʌǸǪțɅɐȺɐȓȡǸɾ ɅǸǸǱ ʌɐ ǩǸ ȡɃɳɶɐʬǸǱ ǍɅǱ ǩǸ ɃɐɶǸ ǍȒȒɐɶǱǍǩȺǸṣ ÿțǸ țȡȓț 
ɃǍɅʔȒǍǪʌʔɶȡɅȓ Ǫɐɾʌ ɐȒ ÿoʽ ǸɵʔȡɳɃǸɅʌ ȡɾ Ǎ ǪɶȡʌȡǪǍȺ ȒǍǪʌɐɶ Ȓɐɶ ȡʌɾ ʭȡǱǸ ǱǸɳȺɐʳɃǸɅʌṣ 

!ʌ ʌțǸ ɾǍɃǸ ʌȡɃǸṞ ʌțǸ ɾțɐɶʌ ʭǍʬǸȺǸɅȓʌț ɳǸɶɃȡʌɾ Ⱥɐʭ ɾȡʽǸ ǍɅʌǸɅɅǍɾ ǍɅǱ ǪɐɃɳɐɅǸɅʌɾ Ȓɐɶ țȡȓț 
ȡɅʌǸȓɶǍʌȡɐɅ ǍɅǱ Ⱥɐʭ ȒɐɐʌɳɶȡɅʌṞ ǸɅǍǩȺȡɅȓ ǍɅ ǸǍɾȡǸɶ ȡɅɾʌǍȺȺǍʌȡɐɅ ǍɅǱ ǱǸɳȺɐʳɃǸɅʌ ʭȡʌț țȡȓț ǱǸɅɾȡʌʳ ȡɅ 
ʔɶǩǍɅ ǸɅʬȡɶɐɅɃǸɅʌṞ ɶǸǱʔǪȡɅȓ ʌțǸ Ǫɐɾʌ ɐȒ ɾȡʌǸ ɶǸɅʌȡɅȓṣ 

æɐȡɅʌẁʌɐẁɳɐȡɅʌ ǍɅǱ ɳɐȡɅʌẁʌɐẁɃʔȺʌȡɳɐȡɅʌ ǱȡɾʌɶȡǩʔʌȡɐɅ Ǎʌ ÿoʽ ȒɶǸɵʔǸɅǪʳ ʭɐʔȺǱ ɳǸɶɃȡʌ ᶯᶮᶮɾ gǩṩɾṩȶɃ ɴ
ǍɶǸǍ ǪǍɳǍǪȡʌʳṞ ɅǸǸǱǸǱ Ȓɐɶ ɾʔɳɳɐɶʌȡɅȓ ᶴg ǪɐɅǪǸɳʌɾṣ ÿʭɐ MʔɶɐɳǸǍɅ ɳɶɐȲǸǪʌɾṞ ÿğMMÿoMé ǍɅǱ 
Ć¬ÿé!ğ!ĞM ṳᶴᶴṴ ǸʲɳȺɐɶǸǱ ʌțǸ ʔɾǸ ɐȒ ğẁǩǍɅǱ ṵᶷᶰ Ṿ ʊ ᶳ goʽṶṞ ǍɅǱ EẁǩǍɅǱ ṵᶯᶲᶯ Ṿ ɳ ᶲᶶṣᶳ goʽṶ Ȓɐɶ æɐȡɅʌ 
ʌɐ ɃʔȺʌȡ æɐȡɅʌ ǱȡɾʌɶȡǩʔʌȡɐɅ ṳᶴᶵṴ ǍɅǱ gẁǩǍɅǱ ṵᶰᶵᶳ Ṿ ɵ ᶮ ʂgoṶ̔ Ȓɐɶ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ʌɶǍɅɾɳɐɶʌṣ ÿțǸ ȶǸʳ 
ʌǍɶȓǸʌ ȡɾ Ǎ Ⱥɐʭ Ǫɐɾʌ ɳǸɶ ǩȡʌṞ ǪɐɃɳǸʌȡʌȡʬǸɅǸɾɾ ʭȡʌț ʌțǸ ȒȡǩɶǸ ǍɅǱ ȺɐɅȓ ɶǍɅȓǸṣ ÿțǸ ɅɐʬǸȺʌʳ ɐȒ ʌțǸɾǸ 
ɳɶɐȲǸǪʌɾ ȡɾ ʌțǸ ȡɅʌɶɐǱʔǪʌȡɐɅ ɐȒ Ǎ ɅǸʭ ȓǸɅǸɶǍʌȡɐɅ ɐȒ ʌɶǍʬǸȺȺȡɅȓ ʭǍʬǸ ʌʔǩǸɾ ǩǸȡɅȓ ǍǩȺǸ ʌɐ ɳɶɐǱʔǪǸ ɃɐɶǸ 
ʌțǍɅ ɐɅǸ ɐɶǱǸɶ ɐȒ ɃǍȓɅȡʌʔǱǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ɳɐʭǸɶ ʌțǍɅ Ǎ ɾɐȺȡǱẁɾʌǍʌǸ ǍɃɳȺȡȒȡǸɶ ṳᶴᶶṴṣ ÿțǸ țȡȓț 
ʌɶǍɅɾɃȡɾɾȡɐɅ ɳɐʭǸɶ ǍʬǍȡȺǍǩȺǸ ṵǸṣȓṣṞ ᶯᶮ ğ Ǎʌ EẁǩǍɅǱṶ ɳǸɶɃȡʌɾ ȺɐɅȓ ɶǍɅȓǸ ȺȡɅȶɾ ǪȺɐɾǸ ʌɐ ᶯ ȶɃ ǩɐʌț ȡɅ 
ɳɐȡɅʌ ʌɐ ɃʔȺʌȡɳɐȡɅʌ ǍɅǱ ɳɐȡɅʌ ʌɐ ɳɐȡɅʌṣ 
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2. 6G Radio Access (6GRA)  

2.1 Introduction and Motivation  
ᶴg ɶǍǱȡɐ ǍǪǪǸɾɾ ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ɳɶɐʬȡǱǸ ǸʲʌǸɅǱǸǱ ɾʔɳɳɐɶʌ Ȓɐɶ ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ᶳg ʔɾǸ ǪǍɾǸɾṝ ǸɅțǍɅǪǸǱ 
ɃɐǩȡȺǸ ǩɶɐǍǱǩǍɅǱ ṵǸ¶==ṶṞ ʔȺʌɶǍẁɶǸȺȡǍǩȺǸ Ⱥɐʭ ȺǍʌǸɅǪʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ṵĆé¬¬>ṶṞ ǍɅǱ ɃǍɾɾȡʬǸ 
ɃǍǪțȡɅǸẁʌʳɳǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ṵɃ¶ÿ>Ṷ Ṿ ʌțǍʌ ȡɾṞ ȡɅǪɶǸǍɾǸǱ ʌțɶɐʔȓțɳʔʌṞ ȺɐʭǸɶ ȺǍʌǸɅǪʳ ǍɅǱ 
ȡɅǪɶǸǍɾǸǱ ɶǸȺȡǍǩȡȺȡʌʳṞ ǍɅǱ ȓɶǸǍʌǸɶ ɾǪǍȺǍǩȡȺȡʌʳṣ oɐʭǸʬǸɶṞ ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ẎɾɳǍǪǸẏ ɐȒ ᶴg ǍɳɳȺȡǪǍʌȡɐɅɾ ʭȡȺȺ 
ǩǸ ɃʔǪț ʭȡǱǸɶṞ ȡɅǪȺʔǱȡɅȓ ȒȺɐʭẁȺǸʬǸȺ ʌȡɃȡɅȓ ɃǸʌɶȡǪɾṞ ɾǸɶʬȡǪǸ ǍʬǍȡȺǍǩȡȺȡʌʳṞ ɾǸɶʬȡǪǸ ǪɐɅʌȡɅʔȡʌʳṞ ǍɅǱ 
ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ɾǪɐɳǸ ɐȒ ᶴg ɶǍǱȡɐ ǍǪǪǸɾɾ ǸʲɳǍɅǱɾ ʭǸȺȺ ǩǸʳɐɅǱ Ȳʔɾʌ ǸʲʌǸɅǱȡɅȓ ʌțǸ 
ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ ᶳgṣ ñɳǸǪȡȒȡǪǍȺȺʳṞ ʌțǸ ᶴg ɶǍǱȡɐ ǍǪǪǸɾɾ ǱǸɾȡȓɅ Ƀʔɾʌ ǩǸ ȒȺǸʲȡǩȺǸ ǍɅǱ ɶǸɾɐʔɶǪǸẁǸȒȒȡǪȡǸɅʌṞ 
ǩǸȡɅȓ ǪǍɳǍǩȺǸ ɐȒ ǍǱǍɳʌȡɅȓ ȡɅ ɶǸǍȺẁʌȡɃǸṞ ǩɐʌț Ǎʌ ʌțǸ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ǍɅǱ ʌțǸ ʔɾǸɶ ʌǸɶɃȡɅǍȺ ɾȡǱǸṞ ʭțȡȺǸ 
ǍȺɾɐ ȒʔȺȒȡȺȺȡɅȓ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ɶǸɵʔȡɶǸɃǸɅʌɾṣ fʔɶʌțǸɶɃɐɶǸṞ ȡʌ ȡɾ ǸɾɾǸɅʌȡǍȺ ʌɐ ǪɐɅɾȡǱǸɶ ǍǱʬǍɅǪǸǱ ȒȺɐʭẁ
ȺǸʬǸȺ ʌȡɃȡɅȓ ɃǸʌɶȡǪɾ ɾʔǪț Ǎɾ !ȓǸ ɐȒ uɅȒɐɶɃǍʌȡɐɅ ṵ!ɐuṶṞ ĞǍȺʔǸ ɐȒ uɅȒɐɶɃǍʌȡɐɅ ṵĞɐuṶ ǍɅǱ ɾǸɃǍɅʌȡǪɾ ɐȒ 
ȡɅȒɐɶɃǍʌȡɐɅṞ Ǎɾ ʭǸȺȺ Ǎɾ ȓɐǍȺẁɐɶȡǸɅʌǸǱ ɃǸʌɶȡǪɾ ʌțǍʌ ȓɐ ʭǸȺȺ ǩǸʳɐɅǱ ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ɳǍǪȶǸʌẁȺǸʬǸȺ ʌȡɃȡɅȓ 
ɃǸʌɶȡǪṝ ȺǍʌǸɅǪʳ ǍɅǱ ɶǸȺȡǍǩȡȺȡʌʳṣ EɐȡɅȓ ɾɐ ʭɐʔȺǱ ǍȺȺɐʭ ʌțǸ ɅǸʌʭɐɶȶ ʌɐ ǪǍɳʌʔɶǸ ʌțǸ ɶǸǍȺ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ 
ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɅǱṞ țǸɅǪǸṞ ǪɐɅǱʔǪʌ ɐɳʌȡɃǍȺ ɶǸɾɐʔɶǪǸ ɾȺȡǪȡɅȓṞ ǍȺȺɐǪǍʌȡɐɅṞ ǍɅǱ ʔɾǸɶ ɾǪțǸǱʔȺȡɅȓ ʭȡʌț 
ɃǍʲȡɃʔɃ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳṣ 

2.2 Reference use cases  

2.2.1 Tactile Internet  

fɐǪʔɾǸǱ ɐɅ țǍʬȡɅȓ ɃȡʲǸǱ ʌɶǍȒȒȡǪ ṵǩɶɐǍǱǩǍɅǱ ǍɅǱ Ćé¬¬>ẁȺȡȶǸṶ ȡɅ ʌțǸ ɾǍɃǸ ɾǸɶʬȡǪǸṝ oȡȓț ǱǍʌǍ ɶǍʌǸɾ 
ǍɶǸ ɅǸǸǱǸǱ Ȓɐɶ ʬȡǱǸɐṩǍʔǱȡɐ ȒǸǸǱǩǍǪȶ ʭțǸɶǸǍɾ ʌțǸ ǪɐɅʌɶɐȺ ǪɐɃɃǍɅǱɾ ǍɅǱ ɾǸɅɾɐɶʳ ṵȡṣǸṣṞ ʌɐʔǪțṶ 
ȒǸǸǱǩǍǪȶ Ƀʔɾʌ ǩǸ ʌɶǍɅɾɃȡʌʌǸǱ ʭȡʌț ʔȺʌɶǍẁȺɐʭ ȺǍʌǸɅǪʳ ǍɅǱ țȡȓț ɶǸȺȡǍǩȡȺȡʌʳ ṵĆé¬¬>ẁȺȡȶǸṶṣ ÿțǸ ɳɶɐǩȺǸɃ 
ǩǸǪɐɃǸɾ ǪɐɃɳȺǸʲ Ǎɾ ᶯṶ ʌțȡɾ ǪɐɃǩȡɅǍʌȡɐɅ ɐȒ ʌɶǍȒȒȡǪ ʌǍȶǸɾ ɳȺǍǪǸ ȡɅ ǩɐʌț ʔɳȺȡɅȶ ǍɅǱ ǱɐʭɅȺȡɅȶ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅṨ ᶰṶ ʌțǸ ɾɐʔɶǪǸ ɐȒ ǩɶɐǍǱǩǍɅǱ ǍɅǱ Ćé¬¬> ʌɶǍȒȒȡǪ ɃǍʳ ǩǸ ȒɶɐɃ ǱȡȒȒǸɶǸɅʌ ǱǸʬȡǪǸɾṨ ǍɅǱ 
ᶱṶ ʌțǸ Ćé¬¬>ẁȺȡȶǸ ʌɶǍȒȒȡǪ ɃǍʳ Ʌɐʌ ǩǸ ȒʔȺȺʳ ɳǸɶȡɐǱȡǪṞ ǍɅǱ ȡʌɾ ɳǍʌʌǸɶɅ ɃǍʳ ǪțǍɅȓǸ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ 
ɾʌǍʌʔɾ ɐȒ ʌțǸ ǪɐɅʌɶɐȺ Ⱥɐɐɳṣ ÿțǸɶǸȒɐɶǸṞ ǍȺȺɐǪǍʌȡɅȓ ɳɶǸẁǱǸȒȡɅǸǱ ɶǸɾɐʔɶǪǸɾ ʌɐ Ćé¬¬> ʌɶǍȒȒȡǪ ɃǍʳ ȺǸǍǱ ʌɐ 
ɐʬǸɶẁɳɶɐʬȡɾȡɐɅȡɅȓ ǍɅǱ Ǎ ɃɐɶǸ ǸȒȒȡǪȡǸɅʌ ǍɅǱ ȒȺǸʲȡǩȺǸ ǍȺȺɐǪǍʌȡɐɅ ȡɾ ɅǸǸǱǸǱṣ !ʔȓɃǸɅʌǸǱṞ ʬȡɶʌʔǍȺṞ ǍɅǱ 
Ǹ̡ ʌɶǸɃǸ ɶǸǍȺȡʌʳ ṵ!éṩĞéṩĤéṶ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɶǸ ǸʲǍɃɳȺǸɾ ʭțǸɶǸ Ćé¬¬> ǍɅǱ ǩɶɐǍǱǩǍɅǱ ʌɶǍȒȒȡǪ ǪɐǸʲȡɾʌṣ 
ñɳǸǪȡȒȡǪǍȺȺʳṞ ȺǍɶȓǸ ʬɐȺʔɃǸɾ ɐȒ ǱǍʌǍ ṵʬȡǱǸɐṶ ǍɶǸ ʌɶǍɅɾɃȡʌʌǸǱ ȡɅ ʌțǸ ǱɐʭɅȺȡɅȶ ʭțȡȺǸ ɾțɐɶʌ ȒǸǸǱǩǍǪȶ ǍɅǱ 
ǪɐɅʌɶɐȺ ɃǸɾɾǍȓǸɾ Ƀʔɾʌ ǩǸ ʌɶǍɅɾɃȡʌʌǸǱ ȡɅ ʌțǸ ʔɳȺȡɅȶ ʭȡʌț țȡȓț ɶǸȺȡǍǩȡȺȡʌʳṞ ǸʬǸɅ ʌțɐʔȓț Ǎ ȒǸʭ 
ǪɐɅɾǸǪʔʌȡʬǸ ɳǍǪȶǸʌ ȺɐɾɾǸɾ Ƀȡȓțʌ ǩǸ ʌɐȺǸɶǍʌǸǱṣ 

2.2.2 Remote control of cyber -physical systems  

ÿțȡɾ ʔɾǸ ǪǍɾǸ ȒɐǪʔɾǸɾ ɐɅ ȒȺɐʭẁȺǸʬǸȺ ©æuɾ ɶǍʌțǸɶ ʌțǍɅ ɳǸɶẁɳǍǪȶǸʌ ɶǸȺȡǍǩȡȺȡʌʳṣ ᶱgææ ɶǸǪǸɅʌȺʳ ǱǸȒȡɅǸǱ ʌțǸ 
ɾʔɶʬȡʬǍȺ ʌȡɃǸ Ǎɾ ʌțǸ ɃǍʲȡɃʔɃ ʌȡɃǸ Ǎ ǪʳǩǸɶẁɳțʳɾȡǪǍȺ ǪɐɅʌɶɐȺ ɾʳɾʌǸɃ ɃǍʳ ǪɐɅʌȡɅʔǸ ȡʌɾ ɐɳǸɶǍʌȡɐɅ 
ʭȡʌțɐʔʌ ɶǸǪǸȡʬȡɅȓ ǍɅ ǍɅʌȡǪȡɳǍʌǸǱ ɃǸɾɾǍȓǸ ṳᶯṴṣ ñǸʬǸɶǍȺ ɐʌțǸɶ ɃǸʌɶȡǪɾ ɾʔǪț Ǎɾ !ȓǸ ɐȒ uɅȒɐɶɃǍʌȡɐɅ ṵ!ɐuṶ 
țǍʬǸ ǍȺɾɐ ǩǸǸɅ ǱǸȒȡɅǸǱ Ȓɐɶ ɾʳɾʌǸɃɾ ʌɶǍɅɾɃȡʌʌȡɅȓ ʔɳǱǍʌǸɾṞ ʭțǸɶǸ ʌțǸ ɅǸʭǸɾʌ ʔɳǱǍʌǸ ȡɃɃǸǱȡǍʌǸȺʳ 
ɶǸɳȺǍǪǸɾ ɳɶǸʬȡɐʔɾ ɐɅǸɾṣ ¸ǸʬǸɶʌțǸȺǸɾɾṞ !ɐu ɾʌȡȺȺ ɃǍȡɅʌǍȡɅɾ ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ʬȡǸʭ ɐȒ ǱǍʌǍ ʌɶǍɅɾɃȡɾɾȡɐɅ 
ǩǸȡɅȓ ʌțǸ ǸɅǱ ȓɐǍȺ ɐȒ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɶɐǪǸɾɾ ǍɅǱ ɃǍȶǸɾ ʌțǸ ɾʌɶɐɅȓ ǍɾɾʔɃɳʌȡɐɅ ʌțǍʌ ǍȺȺ ʌțǸ 
ȓǸɅǸɶǍʌǸǱ ǱǍʌǍ ǩǸȺɐɅȓɾ ʌɐ ʔɳǱǍʌǸɾ ɐȒ Ǎ ɾɳǸǪȡȒȡǪ ɳɶɐǪǸɾɾṣ uɅɾʌǸǍǱṞ ʬǍȺʔǸ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅ ṵĞɐuṶṞ 
ɾǸɃǍɅʌȡǪɾ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅṞ ǍɅǱ ȓɐǍȺẁɐɶȡǸɅʌǸǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ṵgÃ>ɐɃṶ ɶǸȺʳ ɐɅ țǍɶɅǸɾɾȡɅȓ ʌțǸ ȒǍǪʌ 
ʌțǍʌ ǱǍʌǍ ȡɾ ǪɐɃɃʔɅȡǪǍʌǸǱ ʭȡʌț ʌțǸ ɐǩȲǸǪʌȡʬǸ ɐȒ ǍǪțȡǸʬȡɅȓ Ǎ ɳǍɶʌȡǪʔȺǍɶ ǸɅǱ ȓɐǍȺ ɾǸʌ ǩʳ ʌțǸ 
ǍɳɳȺȡǪǍʌȡɐɅ ṳᶱᶯṴṳᶲᶱṴṽȡɅ ʌțȡɾ ǪǍɾǸṞ ʌțǸ ǪɐɅʌɶɐȺ ɐȒ Ǎ ǪʳǩǸɶẁɳțʳɾȡǪǍȺ ɾʳɾʌǸɃṣ ÃɅȺʳ ǩʳ ǪɐɅɾȡǱǸɶȡɅȓ ʌțȡɾ 
ȺǍʌʌǸɶ ǍɾɳǸǪʌ ȡʌ ʭɐʔȺǱ ǩǸ ɳɐɾɾȡǩȺǸ ʌɐ ǸɾǪǍɳǸ ʌɶǍǱȡʌȡɐɅǍȺ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳ ȓɐǍȺɾ ȡɅǪȺʔǱȡɅȓṞ Ȓɐɶ 
ǸʲǍɃɳȺǸṞ ǸɅǸɶȓʳ ɳǸɶ ǩȡʌ ǍɅǱ ɾɳǸǪʌɶǍȺ ǸȒȒȡǪȡǸɅǪʳṞ ǍɅǱ ǍǪțȡǸʬǸ ʔɅɳɶǸǪǸǱǸɅʌǸǱ ȺǸʬǸȺɾ ɐȒ ɶǸɾɐʔɶǪǸ 
ǸȒȒȡǪȡǸɅǪʳ ǩʳ ʌɶǍɅɾɃȡʌʌȡɅȓ ȺǸɾɾ ǱǍʌǍ ǩʔʌ ǸɵʔǍȺ ǍɃɐʔɅʌɾ of ȡɅȒɐɶɃǍʌȡɐɅṣ  



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

22 

2.2.3 Industry  4.0  

ÿțȡɾ ʔɾǸ ǪǍɾǸ ȒɐǪʔɾǸɾ ɐɅ ɾǪǸɅǍɶȡɐɾ ʌțǍʌ ȡɅǪȺʔǱǸ uɐÿ ǱǸʬȡǪǸɾ ʌțǍʌ ʌɶǍɅɾɃȡʌ ȺǍɶȓǸ ǍɃɐʔɅʌɾ ɐȒ ǱǍʌǍ ɾʔǪț 
Ǎɾ ʬȡǱǸɐ ɾʔɶʬǸȡȺȺǍɅǪǸ ǪǍɃǸɶǍɾ ǩʔʌ ǍȺɾɐ ɐʌțǸɶ ǱǸʬȡǪǸɾ ʌțǍʌ ʌɶǍɅɾɃȡʌ ɾɃǍȺȺ ǍɃɐʔɅʌɾ ɐȒ ǱǍʌǍ ȡɅ Ǎ 
ɳǸɶȡɐǱȡǪṞ ɵʔǍɾȡẁɳǸɶȡɐǱȡǪṞ ɐɶ ɾɳɐɶǍǱȡǪ ȒǍɾțȡɐɅṣ fʔɶʌțǸɶɃɐɶǸṞ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ Ƀʔɾʌ ɶǸɾɳɐɅǱ ɶǸȺȡǍǩȺʳ 
ǍɅǱ ʭȡʌț ʔȺʌɶǍẁȺɐʭ ȺǍʌǸɅǪʳ ʌɐ ǸɃǸɶȓǸɅǪʳ ɾȡʌʔǍʌȡɐɅɾṞ ɾʔǪț Ǎɾ ɳɐʭǸɶ ɐʔʌǍȓǸɾṞ ȡɅǪɶǸǍɾǸ ȡɅ ʌǸɃɳǸɶǍʌʔɶǸṞ 
ɐɶ ɃǍȺȒʔɅǪʌȡɐɅ ɐȒ ȡɅǱȡʬȡǱʔǍȺ ǸȺǸɃǸɅʌɾ ȡɅṞ Ȓɐɶ ǸʲǍɃɳȺǸṞ ǍɅ ǍɾɾǸɃǩȺʳ ȺȡɅǸṣ oǸɅǪǸṞ ʌțǸ ɅǸʌʭɐɶȶ Ƀʔɾʌ 
ɾʔɳɳɐɶʌ ǱȡȒȒǸɶǸɅʌ ɃǸǪțǍɅȡɾɃɾ ʌɐ ȡɅǪɶǸǍɾǸ ʌțǸ ǸȒȒȡǪȡǸɅǪʳ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɅ ʌțǸɾǸ ʔɾǸ ǪǍɾǸɾṣ !Ʌ 
ǸɾɾǸɅʌȡǍȺ ɵʔǸɾʌȡɐɅ ʌɐ ǍɅɾʭǸɶ ʌɐ ȡɅǪɶǸǍɾǸ ʌțǸ ǸȒȒȡǪȡǸɅǪʳ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɾ țɐʭ ȒɶǸɵʔǸɅʌȺʳ ʌțǸ 
ǱǸʬȡǪǸɾ ɅǸǸǱ ʌɐ ɾǍɃɳȺǸ ǍɅǱ ʌɶǍɅɾɃȡʌ ǱǍʌǍṣ ÿțǸɶǸȒɐɶǸṞ ǪɐɅɾȡǱǸɶȡɅȓ ʌțǸ ɾǸɃǍɅʌȡǪɾ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅ ȡɾ ɐȒ 
ʔʌɃɐɾʌ ȡɃɳɐɶʌǍɅǪǸ ʌɐ ɶǸǱʔǪǸ ʌțǸ ǍɃɐʔɅʌ ɐȒ ȓǸɅǸɶǍʌǸǱ ǍɅǱ ʌɶǍɅɾɃȡʌʌǸǱ ǱǍʌǍ ʭȡʌțɐʔʌ ǍȒȒǸǪʌȡɅȓ ʌțǸ 
ǍɃɐʔɅʌ ɐȒ ǪɐɅʬǸʳǸǱ ȡɅȒɐɶɃǍʌȡɐɅ ṳᶱᶯṴṞ ǩʔʌ ǍȺɾɐ ʌɐ ɾǪțǸǱʔȺǸ ʌțǸ ʔɾǸɶɾ ǍɅǱ ǍȺȺɐǪǍʌǸ ɶǸɾɐʔɶǪǸɾ 
ɐɳʌȡɃǍȺȺʳṣ 

2.2.4  Smart metering  

ÿțȡɾ ʔɾǸ ǪǍɾǸ ȒɐǪʔɾǸɾ ɐɅ ǸʲɳȺɐɶȡɅȓ ǍɅǱ ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ȡɅȒȺʔǸɅǪǸ ɐȒ ɾɳǍǪǸ ǍɅǱ ʌȡɃǸ ȡɅ ʌțǸ ǩǸțǍʬȡɐʔɶ 
ɐȒ ʌțǸ ɾǸɅɾɐɶ ɅɐǱǸɾṣ ÿțǸɾǸ ȡɅȒȺʔǸɅǪǸ ʌțǸ ɾɳǍʌȡǍȺẁʌǸɃɳɐɶǍȺ ǪɐɶɶǸȺǍʌȡɐɅ ɐȒ ʌțǸ ǱǍʌǍṞ ʭțȡǪț Ƀʔɾʌ ǩǸ 
ǪɐɅɾȡǱǸɶǸǱ ʌɐ ɃǍʲȡɃȡʽǸ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳṣ ÿțǍʌ ȡɾṞ ȡɅ ɾɃǍɶʌ ɃǸʌǸɶȡɅȓ ǍɳɳȺȡǪǍʌȡɐɅɾṞ ʌțǸ ɾɳǍʌȡǍȺ 
ǱȡɾʌɶȡǩʔʌȡɐɅ ǱǸʌǸɶɃȡɅǸɾ ʌțǸ ɳɐʌǸɅʌȡǍȺ ȡɃɳǍǪʌ ɐȒ ʌțǸ ȡɅʌǸɶȒǸɶǸɅǪǸ ȒɶɐɃ Ǎ ʔɾǸɶ ʌɐ ȡʌɾ ɅǸȡȓțǩɐʔɶɾ ǍɅǱṞ 
țǸɅǪǸṞ ɾǸʌɾ ʌțǸ ǩǍɾȡɾ Ȓɐɶ ʌțǸ ǪɐɃɳǸʌȡʌȡɐɅ Ȓɐɶ ɶǸɾɐʔɶǪǸɾṣ uɅ ǍǱǱȡʌȡɐɅṞ ȡʌ ǍȺɾɐ ǱǸʌǸɶɃȡɅǸɾ ʌțǸ ɅǍʌʔɶǸ ɐȒ 
ʌțǸ ǪɐȺȺǸǪʌǸǱ ǱǍʌǍṞ Ǎɾ ɾɳǍǪǸ ȡɅǱʔǪǸɾ ǪɐɶɶǸȺǍʌȡɐɅ ǍɃɐɅȓ ʌțǸ ɾǸɅɾɐɶ ɶǸǍǱȡɅȓɾṞ ʭțȡǪț ǪǍɅ ǩǸ ȺǸǍɶɅǸǱ 
ǍɅǱ ǸʲɳȺɐȡʌǸǱ ʌɐ ǱǸɾȡȓɅ ǱǸɳȺɐʳɃǸɅʌẁ ǍɅǱ ǍɳɳȺȡǪǍʌȡɐɅẁɾɳǸǪȡȒȡǪ ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃɾṣ 

2.2.5 Smart city  

ÿțȡɾ ʔɾǸ ǪǍɾǸ ȒɐǪʔɾǸɾ ɐɅ ʌțǸ ǪɐǸʲȡɾʌǸɅǪǸ ɐȒ ǱȡʬǸɶɾǸ ɾǸɶʬȡǪǸɾ ʭȡʌț țǸʌǸɶɐȓǸɅǸɐʔɾ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɅǱ 
ʌɶǍȒȒȡǪ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṞ ȡɅǪȺʔǱȡɅȓ Ǎ ǪɐɃǩȡɅǍʌȡɐɅ ɐȒ ɳɶǸʬȡɐʔɾȺʳ ȺȡɾʌǸǱ ʔɾǸ ǪǍɾǸɾṞ Ǎʌ Ǎ ȺǍɶȓǸ ɾǪǍȺǸṣ 
>ɐǸʲȡɾʌȡɅȓ ɾǸɶʬȡǪǸɾ ȡɅǪȺʔǱǸṞ Ȓɐɶ ǸʲǍɃɳȺǸṞ Ğéṩ!éṩĤéṞ ĞᶰĤ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ɶɐǩɐʌɾ ǍɅǱ ǪɐǩɐʌɾṞ ɾɃǍɶʌ 
ɃǸʌǸɶȡɅȓṞ ǍɅǱ ǸẁțǸǍȺʌțṣ ÿțȡɾ ȺǸǍǱɾ ʌɐ ɳɐʌǸɅʌȡǍȺȺʳ ɃǍɾɾȡʬǸ ǍǪǪǸɾɾ ɾǪǸɅǍɶȡɐɾ ʭȡʌț ʌȡɃǸẁʬǍɶʳȡɅȓ ʌɶǍȒȒȡǪ 
ǱǸɃǍɅǱɾ ʌțǍʌ ʭɐʔȺǱ ǩǸɅǸȒȡʌ ȒɶɐɃ ǱʳɅǍɃȡǪ ɾǪǍȺȡɅȓ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ɶǸɾɐʔɶǪǸɾ ǍɅǱ ȒɶɐɃ ɃɐǩȡȺǸ 
ɅǸʌʭɐɶȶ ǸȺǸɃǸɅʌɾ ɾʔǪț Ǎɾ ǱɶɐɅǸɾṞ țȡȓțẁǍȺʌȡʌʔǱǸ ɳȺǍʌȒɐɶɃɾṞ ǍɅǱṩɐɶ ɾǍʌǸȺȺȡʌǸɾ ʌɐ ɐȒȒȺɐǍǱ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ 
ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṣ 

2.3 SotA on the main topics  towards 6G radio access  

2.3.1 5G standardization and limitations in the radio  access network 
(RAN)  

ñȡɅǪǸ ȡʌɾ ȡɅʌɶɐǱʔǪʌȡɐɅ ȡɅ ʌțǸ ᶱɶǱ gǸɅǸɶǍʌȡɐɅ æǍɶʌɅǸɶɾțȡɳ æɶɐȲǸǪʌ ṵᶱgææṶ ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅ ȡɅ éǸȺǸǍɾǸ 
ᶯᶳṞ ʌțǸ ᶳg ɾʌǍɅǱǍɶǱɾ țǍʬǸ ǸʬɐȺʬǸǱ ǩʳ ȡɅǪȺʔǱȡɅȓ ɃǸǪțǍɅȡɾɃɾ ʌɐ ɶǸǱʔǪǸ ʌțǸ ʔɾǸɶẁ ǍɅǱ ǪɐɅʌɶɐȺẁɳȺǍɅǸ 
ȺǍʌǸɅǪʳṣ ! ɾȡɃȡȺǍɶ ɳǍʌț țǍɾ ǩǸǸɅ ȒɐȺȺɐʭǸǱ ǩʳ uɅʌǸɶɅǸʌ ɐȒ ÿțȡɅȓɾ ṵuɐÿṶ ʌǸǪțɅɐȺɐȓȡǸɾ ɾʔǪț Ǎɾ 
ɅǍɶɶɐʭǩǍɅǱ uɐÿ ṵ¸=ẁuɐÿṶ ǍɅǱ ¬ÿMẁ¶Ṟ ȡɅʌɶɐǱʔǪǸǱ ȡɅ ᶱgææ éǸȺǸǍɾǸ ᶯᶱ ṳᶰṴṣ ÿțǸɾǸ ǸɅțǍɅǪǸɃǸɅʌɾ ȡɅǪȺʔǱǸ 
ɅǸʭ ɅʔɃǸɶɐȺɐȓȡǸɾ ȡɅ ᶳgṞ ȓɶǍɅʌẁȒɶǸǸ ɶǍɅǱɐɃ ǍǪǪǸɾɾ ǍɅǱ ǍǱʬǍɅǪǸǱ ȓɶǍɅʌẁǩǍɾǸǱ ɃǸǪțǍɅȡɾɃɾṞ ǍȺɐɅȓ 
ʭȡʌț ɳɶȡɐɶȡʌʳ țǍɅǱȺȡɅȓ ɃǸǪțǍɅȡɾɃɾṣ éǸȓǍɶǱȡɅȓ ʌțǸ ȒɶǍɃǸ ɾʌɶʔǪʌʔɶǸṞ ʌțǸ ɅǸʭ ɅʔɃǸɶɐȺɐȓȡǸɾ ȡɅ ᶳg 
ǍȺȺɐʭ ʌɐ ɶǸǱʔǪǸ ʌțǸ ȺǸɅȓʌț ɐȒ Ǎ ɾȺɐʌ ṵʌțǸ ɃȡɅȡɃʔɃ ɶǸɾɐʔɶǪǸ ʔɅȡʌ Ȓɐɶ ǍȺȺɐǪǍʌȡɐɅṶ ȡɅ ʌțǸ ʌȡɃǸ ǱɐɃǍȡɅ 
ǩʳ ȡɅǪɶǸǍɾȡɅȓ ʌțǸ ɾʔǩǪǍɶɶȡǸɶ ɾɳǍǪȡɅȓ ṳᶳṴṣ  

uɅ ʌțǸ ǱɐʭɅȺȡɅȶṞ ǩǸɾȡǱǸɾ ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ɾǪțǸǱʔȺȡɅȓ ɃǸǪțǍɅȡɾɃ ǩǍɾǸǱ ɐɅ ʌțǸ ɾȡʽǸ ɐȒ ʌțǸ 
ʌɶǍɅɾɃȡɾɾȡɐɅ ǩʔȒȒǸɶɾṞ ᶳg ɳɐɾɾǸɾɾǸɾ ɳɶǸẁǸɃɳʌȡʬǸ ɾǪțǸǱʔȺȡɅȓ ǍɅǱ ɾǸɃȡẁɳǸɶɾȡɾʌǸɅʌ ɾǪțǸǱʔȺȡɅȓ ṵñæñṶ 
ɃǸǪțǍɅȡɾɃɾṞ ʭțȡǪț ǍȺȺɐʭ ʌɐ ǍǪțȡǸʬǸ ȺɐʭẁȺǍʌǸɅǪʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ æɶǸẁǸɃɳʌȡʬǸ ɾǪțǸǱʔȺȡɅȓ ṳᶵṴṞ 
ʔɾʔǍȺȺʳ ɶǸȒǸɶɶǸǱ ʌɐ Ǎɾ ɳʔɅǪʌʔɶȡɅȓ ṳᶯᶮṴṳᶯṴṞ ǍȺȺɐʭɾ ʌɐ ǪǍɅǪǸȺ ʌțǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ɐȒ Ⱥɐʭẁɳɶȡɐɶȡʌʳ ṵȡṣǸṣṞ 
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ǩɶɐǍǱǩǍɅǱṶ ǱǍʌǍ ȡɅ ɾɳǸǪȡȒȡǪ ʌȡɃǸẁȒɶǸɵʔǸɅǪʳ ǱɐʭɅȺȡɅȶ ɶǸɾɐʔɶǪǸɾ ɾɐ ʌțǸɾǸ ǪǍɅ ǩǸ ʔɾǸǱ Ȓɐɶ ʌțǸ 
ʌɶǍɅɾɃȡɾɾȡɐɅ ɐȒ țȡȓțẁɳɶȡɐɶȡʌʳ ṵȡṣǸṣṞ ȺǍʌǸɅǪʳẁɾǸɅɾȡʌȡʬǸṶ ǱǍʌǍ ȡɅɾʌǸǍǱṣ ÿțǸɅṞ ǍɅ ȡɅʌǸɶɶʔɳʌǸǱ ʌɶǍɅɾɃȡɾɾȡɐɅ 
Ƀʔɾʌ ǩǸ ɾǸɅʌ ʌɐ ʌțǸ ǍȒȒǸǪʌǸǱ ĆMṣ ÃɅ ʌțǸ ɐʌțǸɶ țǍɅǱṞ ñæñ ǍɾɾȡȓɅɾ ɶǸɾɐʔɶǪǸɾ ʌɐ Ǎ ĆM ɳǸɶȡɐǱȡǪǍȺȺʳṞ ɾɐ 
ʌțǸɾǸ ǍɶǸ ǍʬǍȡȺǍǩȺǸ ȡȒ ɅǸǸǱǸǱṣ EǍʌǍ ʌɶǍɅɾɃȡɾɾȡɐɅ ȡɅ ʌțǸ ǱɐʭɅȺȡɅȶ ɐɅȺʳ ɐǪǪʔɶɾ ȡɅ ǪɐɅɅǸǪʌǸǱ ɃɐǱǸṣ 
oɐʭǸʬǸɶṞ ʔɳȺȡɅȶ ǱǍʌǍ ʌɶǍɅɾɃȡɾɾȡɐɅ ǪǍɅ ɐǪǪʔɶ ȡɅ ǩɐʌț ǪɐɅɅǸǪʌǸǱ ǍɅǱ ǱȡɾǪɐɅɅǸǪʌǸǱ ɃɐǱǸɾṣ  

ĆɳȺȡɅȶ ǍǪǪǸɾɾ ȡɅ ǪɐɅɅǸǪʌǸǱ ɃɐǱǸ ȡɾ ɳʔɶǸȺʳ ȓɶǍɅʌẁǩǍɾǸǱṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ʔɾǸɶɾ Ƀʔɾʌ Ȓȡɶɾʌ ʌɶǍɅɾɃȡʌ Ǎ 
ɾǪțǸǱʔȺȡɅȓ ɶǸɵʔǸɾʌ ṵñéṶ ṳᶶṴ ǍɅǱ ʌțǸɅṞ ʌțǸʳ Ƀʔɾʌ ɶǸǪǸȡʬǸ Ǎ ɾɳǸǪȡȒȡǪ ȓɶǍɅʌ ȒɶɐɃ ʌțǸ ȓ¸= ʌțǍʌ ȡɅǪȺʔǱǸɾ 
ʌțǸ ɶǸɾɐʔɶǪǸɾ ǍȺȺɐǪǍʌǸǱ Ȓɐɶ ʌțǸȡɶ ʌɶǍɅɾɃȡɾɾȡɐɅɾṣ ĆɅʌȡȺ éǸȺǸǍɾǸ ᶯᶴṞ ʔɳȺȡɅȶ ɾǪțǸǱʔȺȡɅȓ ɾʔɳɳɐɶʌɾ ñæñṞ 
ǍȺɐɅȓ ʭȡʌț ǪǍɅǪǸȺȺǍʌȡɐɅ ȡɅǱȡǪǍʌȡɐɅ ṵ>uṶ ǍɅǱ ǪɐɅȒȡȓʔɶǸǱ ȓɶǍɅʌ ɃǸǪțǍɅȡɾɃɾṣ ¬ȡȶǸ ɳɶǸẁǸɃɳʌȡʬǸ 
ɾǪțǸǱʔȺȡɅȓ ȡɅ ʌțǸ ǱɐʭɅȺȡɅȶṞ >u ǍȺȺɐʭɾ Ȓɐɶ ɐʔʌẁɐȒẁɐɶǱǸɶ ɾǪțǸǱʔȺȡɅȓ ȡɅ ʌțǸ ʔɳȺȡɅȶṣ ñɳǸǪȡȒȡǪǍȺȺʳṞ ʌțǸ ȓ¸= 
ǪǍɅ ɾǸɅǱ Ǎ >u ɃǸɾɾǍȓǸ ʌɐ Ǎ ʔɾǸɶ ʭȡʌț ʔɳȺȡɅȶ ɶǸɾɐʔɶǪǸɾ ǍȺȺɐǪǍʌǸǱ ɳɶǸʬȡɐʔɾȺʳ ǍȒʌǸɶ ɶǸǪǸȡʬȡɅȓ ǍɅ ñé 
ȒɶɐɃ Ǎ ʔɾǸɶ ʭȡʌț ȺǍʌǸɅǪʳẁɾǸɅɾȡʌȡʬǸ ǱǍʌǍ ʌɐ ʌɶǍɅɾɃȡʌṣ uɅ ɾʔǪț Ǎ ǪǍɾǸṞ ʌțǸ ʔɾǸɶ ɶǸǪǸȡʬȡɅȓ ʌțǸ >u ʭȡȺȺ 
ǪǍɅǪǸȺ ʌțǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ȡɅ ʌțǸ ȡɅǱȡǪǍʌǸǱ ɶǸɾɐʔɶǪǸɾṣ  

ÿțǸ ǩǍɾǸȺȡɅǸ ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃ ȡɅ ǱȡɾǪɐɅɅǸǪʌǸǱ ɃɐǱǸ ṵȡṣǸṣṞ ɶǍɅǱɐɃ ǍǪǪǸɾɾṶ ȡɅ ᶳgṞ ¸=ẁuɐÿṞ ǍɅǱ ¬ÿMẁ
¶ ȡɾ ȓɶǍɅʌẁǩǍɾǸǱṣ ÿțȡɾ ɃǸǪțǍɅȡɾɃ ȡɾ ȶɅɐʭɅ Ǎɾ ʌțǸ ɶǍɅǱɐɃ ǍǪǪǸɾɾ ṵé!Ṷ ɳɶɐǪǸǱʔɶǸ ǍɅǱ ǪɐɅɾȡɾʌɾ ɐȒ Ǎ 
ȒɐʔɶẁɃǸɾɾǍȓǸ țǍɅǱɾțǍȶǸ ṳᶶṴṣ uɅȡʌȡǍȺȺʳṞ ɐɅȺʳ ǍȒʌǸɶ ǪɐɃɳȺǸʌȡɅȓ ʌțǸ ɳɶɐǪǸǱʔɶǸ ʭɐʔȺǱ ʌțǸ ĆMɾ ǩǸ 
ǍȺȺɐʭǸǱ ʌɐ ʌɶǍɅɾɃȡʌ ǱǍʌǍ ǩʳ Ȓȡɶɾʌ ʌɶǍɅɾɃȡʌʌȡɅȓ ǍɅ ñéṣ oɐʭǸʬǸɶṞ ɾǸʬǸɶǍȺ ǸɅțǍɅǪǸɃǸɅʌɾ țǍʬǸ ǩǸǸɅ 
ɃǍǱǸ ʌɐ ʌțǸ ɳɶɐǪǸǱʔɶǸ ʌɐ ɶǸǱʔǪǸ ʌțǸ ǪɐɅʌɶɐȺ ɐʬǸɶțǸǍǱ ɐȒ ǱǍʌǍ ʌɶǍɅɾɃȡɾɾȡɐɅṣ ÿțǸ Ƀɐɾʌ ɅɐʌǍǩȺǸ 
ǸɅțǍɅǪǸɃǸɅʌ ȡɾ ʌțǸ ÿʳɳǸẁɴ  é! ɳɶɐǪǸǱʔɶǸ ǱǸȒȡɅǸǱ ȡɅ éǸȺǸǍɾǸ ᶯᶳ ɐȒ ᶳg ¸é ṳᶴṴṣ ÿțǸ ʌʳɳǸẁɴ  é! 
ɳɶɐǪǸǱʔɶǸ ǩǸȓȡɅɾ ʭȡʌț ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ɳɶǸǍɃǩȺǸ ʌɶǍɅɾɃȡɾɾȡɐɅṞ ǩʔʌ ȡʌ ȡɾ ǍǪǪɐɃɳǍɅȡǸǱ ǩʳ Ǎ ɾțɐɶʌ 
ʔɳȺȡɅȶ ǱǍʌǍ ʌɶǍɅɾɃȡɾɾȡɐɅṣ ÿțǸ ɾǸȺǸǪʌǸǱ ɳɶǸǍɃǩȺǸ ǱǸʌǸɶɃȡɅǸɾ ʌțǸ ɾɳǸǪȡȒȡǪ ʌȡɃǸẁȒɶǸɵʔǸɅǪʳ ɶǸɾɐʔɶǪǸɾ 
Ȓɐɶ ʌțǸ ʔɳȺȡɅȶ ʌɶǍɅɾɃȡɾɾȡɐɅṣ ÿțȡɾ ȡɾṞ ǸȒȒǸǪʌȡʬǸȺʳṞ Ǎ ȓɶǍɅʌẁȒɶǸǸ ǍǪǪǸɾɾ ɳɶɐʌɐǪɐȺ ʭțɐɾǸ ǪǍɳǍǪȡʌʳ ȡɾ ȺȡɃȡʌǸǱ 
ǩʳ ʌțǸ ɅʔɃǩǸɶ ɐȒ ɳɶǸǍɃǩȺǸɾṣ  

EǸɾɳȡʌǸ ʌțǸ ǍǱʬǍɅǪǸɾ ȡɅ ɾǪțǸǱʔȺȡɅȓ ɃǸǪțǍɅȡɾɃɾ Ȓɐɶ ɐɶʌțɐȓɐɅǍȺ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ǍɅǱ ǪɐɅʌǸɅʌȡɐɅẁ
ǩǍɾǸǱ ɶǍɅǱɐɃ ǍǪǪǸɾɾṞ ʌțǸɶǸ ǍɶǸ ɾʌȡȺȺ ɾǸʬǸɶǍȺ ǍɾɳǸǪʌɾ ʌțǍʌ ɶǸɵʔȡɶǸ Ǎ ɶǸǱǸɾȡȓɅ ɐȒ ʌțǸ ɶǍǱȡɐ ǍǪǪǸɾɾ 
ɅǸʌʭɐɶȶ ʌɐʭǍɶǱɾ ᶴgṣ fɐɶ ȡɅɾʌǍɅǪǸṞ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳ ǍɅǱṞ ǪɐɅɾǸɵʔǸɅʌȺʳṞ ʌțǸ ɅʔɃǩǸɶ ɐȒ ɾʔɳɳɐɶʌǸǱ 
ʔɾǸɶɾ ȡɾ ȺȡɃȡʌǸǱ ǩʳ ɾʌɶȡǪʌ ɶʔȺǸɾ Ȓɐɶ ɐɶʌțɐȓɐɅǍȺ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅṣ !ɾ ǍɅ ǸʲǍɃɳȺǸṞ ɾǸɶʬȡǪǸɾ ʭȡʌț 
Ćé¬¬>ẁȺȡȶǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ǩʔʌ ʭȡʌț ʔɅǪǸɶʌǍȡɅʌʳ ȡɅ ʌțǸ ǍǪʌȡʬǍʌȡɐɅ ȡɅ ᶳg ǍɶǸ ȺȡɃȡʌǸǱ ʌɐ ʔɾȡɅȓ ǸȡʌțǸɶ 
ʌȡɃǸẁǪɐɅɾʔɃȡɅȓ ȓɶǍɅʌẁǩǍɾǸǱ ǍǪǪǸɾɾ ṵǸṣȓṣṞ ʬȡǍ ñé ǍɅǱ >u Ȓɐɶ ɳɶǸʬȡɐʔɾȺʳ ǍȺȺɐǪǍʌǸǱ ʔɾǸɶɾ ṳᶴṴṶ ɐɶ ɾɐɃǸ 
ȒɐɶɃ ɐȒ ñæñṞ ʭțȡǪț ȺǸǍǱɾ ʌɐ ɶǸɾɐʔɶǪǸ ʭǍɾʌǍȓǸṣ fʔɶʌțǸɶɃɐɶǸṞ ǸʬǸɅ ʌțɐʔȓț ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ țǍɾ 
ǩǸǸɅ ɳɶǸʬȡɐʔɾȺʳ ȡɅʌɶɐǱʔǪǸǱṞ ʌțǸ ǪǸȺȺẁǩǍɾǸǱ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ǱɐǸɾ Ʌɐʌ ɳɐɾɾǸɾɾ ɾʌǍɅǱǍɶǱȡʽǸǱ 
ɃǸǪțǍɅȡɾɃɾ ʌɐ ȒʔȺȺʳ ǸʲɳȺɐȡʌ ʌțǸ ɃʔȺʌȡɳȺǸ ȺȡɅȶɾ ʌɐ ʌțǸ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṣ ¶ɐɶǸɐʬǸɶṞ ʌțǸ ȡɃɳȺǸɃǸɅʌǸǱ 
ɾǪțǸǱʔȺȡɅȓ ɃǸǪțǍɅȡɾɃɾ ǍɅǱ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɳǍɶǍɃǸʌǸɶɾ ǍɶǸ ʔɾʔǍȺȺʳ ɾʌǍʌȡǪ ǍɅǱ Ƀʔɾʌ ǩǸ ǱǸɾȡȓɅǸǱ 
ǍɅǱ ɾǸȺǸǪʌǸǱ ǩʳ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶɾ ṵ¶¸ÃɾṶṞ ʭțȡǪț ǪɶǸǍʌǸɾ Ǎ ɃȡɾɃǍʌǪț ǩǸʌʭǸǸɅ ʌțǸ ɳɶǸẁ
ɳȺǍɅɅǸǱ ɾǸɶʬȡǪǸ ɳɶɐʬȡɾȡɐɅȡɅȓ ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ ʌțǸ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ǍɅǱ ʌțǸ ǍǪʌʔǍȺ ʔɾǸɶ ǱǸɃǍɅǱɾṣ ÿɐ ȒʔȺȒȡȺ 
ʌțǸ ɾɳǸǪȡȒȡǪ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ǍǱʬǍɅǪǸǱ ᶴg ǍɳɳȺȡǪǍʌȡɐɅɾ ʭțȡȺǸ ɃǍʲȡɃȡʽȡɅȓ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳṞ 
ɾǸȺȒẁɐɳʌȡɃȡʽǍʌȡɐɅ ɃǸǪțǍɅȡɾɃɾ Ȓɐɶ ɳǍɶǍɃǸʌǸɶ ɾǸȺǸǪʌȡɐɅ ǍɅǱ ɾȺȡǪȡɅȓ ɐȒ ʌțǸ ɶǍǱȡɐ ǍǪǪǸɾɾ ɶǸɾɐʔɶǪǸɾ 
Ƀʔɾʌ ǩǸ ɳʔʌ ȡɅʌɐ ɳȺǍǪǸṞ ȡɅ ǪɐɃǩȡɅǍʌȡɐɅ ʭȡʌț Ǎ ʭȡǱǸ ʬǍɶȡǸʌʳ ɐȒ ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃɾṣ ÿțȡɾ ǪɐɃǩȡɅǍʌȡɐɅ 
ɐȒ ǪǍɳǍǩȡȺȡʌȡǸɾ ȡɾ ǪǍȺȺǸǱ uɅʌǸȺȺȡȓǸɅʌ MǱȓǸ ṳᶴᶱṴṣ  

2.3.2 Orthogonal and non -orthogonal  RAN slicing and resource 
allocation  

uɅ ʌțǸ ǱɐʭɅȺȡɅȶṞ é!¸ ɾȺȡǪȡɅȓ ȡɅ ᶳg ǩǸʌʭǸǸɅ Ǹ¶== ǍɅǱ Ćé¬¬> ʔɾǸɶɾ ǪɐɶɶǸɾɳɐɅǱɾ ʌɐ ʌțǸ ɶǸɾɐʔɶǪǸ 
ǍȺȺɐǪǍʌȡɐɅ ɳɶɐǩȺǸɃ ɐȒ ȡɅǪɐɃȡɅȓ ǱǍʌǍ ʭȡʌț ʌʭɐ ǱȡȒȒǸɶǸɅʌ ɶǸɵʔȡɶǸɃǸɅʌɾṣ uɅ ṳᶷṴṞ ʌțǸ Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸǱ 
Ǎ ǱǸǸɳ ɶǸȡɅȒɐɶǪǸɃǸɅʌ ȺǸǍɶɅȡɅȓ ǍɳɳɶɐǍǪț ʌɐ ǍȺȺɐǪǍʌǸ ɶǸɾɐʔɶǪǸɾ ʌɐ ǩɐʌț ɾǸɶʬȡǪǸ ʌʳɳǸɾṣ ÿțǸ ɶȡɾȶ ɐȒ Ǎ 
ɾɳǸǪȡȒȡǪ ǍȺȺɐǪǍʌȡɐɅ ṵȡṣǸṣṞ ʌȡɃǸ ǍɅǱ ȒɶǸɵʔǸɅǪʳ ɶǸɾɐʔɶǪǸɾṶ Ȓɐɶ Ćé¬¬> ʔɾǸɶɾ ȡɅ ʌțǸ ȒȡɅȡʌǸ ǩȺɐǪȶ ȺǸɅȓʌț 
ɶǸȓȡɃǸ ȡɾ ʔɾǸǱ Ǎɾ ʌțǸ ȡɅɳʔʌ ʌɐ Ǎ ȺǸǍɶɅȡɅȓ ǍȓǸɅʌṣ ÿțǸ Ćé¬¬> ʔɾǸɶɾ ʭǸɶǸ ʔɅȡȒɐɶɃȺʳ ǱȡɾʌɶȡǩʔʌǸǱ ʭȡʌțȡɅ 
ʌțǸ ǪǸȺȺ ǍɶǸǍṞ ǸǍǪț Ćé¬¬> ɳǍǪȶǸʌ ȡɾ ʌɶǍɅɾɃȡʌʌǸǱ ʌɐ Ǎ ǱȡȒȒǸɶǸɅʌ Ćé¬¬> ʔɾǸɶ ṵȡṣǸṣṞ Ʌɐ ɃǸɃɐɶʳ ɳǸɶ ʔɾǸɶṶṞ 
ǍɅǱ ʌțǸ Ǹɶɶɐɶ ɳɶɐǩǍǩȡȺȡʌʳ Ǎʌ ǸǍǪț Ćé¬¬> ɳǍǪȶǸʌ ʌɶǍɅɾɃȡɾɾȡɐɅ ʭǍɾ ʔɾǸǱ ʌɐ ǪǍȺǪʔȺǍʌǸ ʌțǸ ɐʬǸɶǍȺȺ 
ɶǸȺȡǍǩȡȺȡʌʳṣ ÿțǸ ǍɳɳɶɐǍǪț ȡɾ ȡɅʌǸɶǸɾʌȡɅȓ ǩʔʌ ǪǍɅɅɐʌ ǩǸ ǱȡɶǸǪʌȺʳ ǍɳɳȺȡǸǱ ȡɅ ɳɶǍǪʌȡǪǸ ǱʔǸ ʌɐ ʌțǸ 
ɾȡɃɳȺȡȒȡǪǍʌȡɐɅ ɐȒ ʌțǸ ǪǍȺǪʔȺǍʌȡɐɅ ɐȒ ʌțǸ ɶǸȺȡǍǩȡȺȡʌʳ ɐȒ Ćé¬¬> ʔɾǸɶɾṣ ¸ǸʬǸɶʌțǸȺǸɾɾṞ ȡʌ ȡɅȒȺʔǸɅǪǸǱ ɐʌțǸɶ 
ʭɐɶȶɾ ʌțǍʌ ʌǍɶȓǸʌ ʌțǸ ȺǍʌǸɅǪʳ ǍɾɳǸǪʌ ɐȒ Ćé¬¬>ṣ fɐɶ ǸʲǍɃɳȺǸṞ ȡɅ ṳᶯᶮṴṞ ʌțǸ ɾȺȡǪȡɅȓ ɐȒ ʌțǸ ɶǸɾɐʔɶǪǸɾ ȡɾ 
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ɳǸɶȒɐɶɃǸǱ ǍɾɾʔɃȡɅȓ ʌțǍʌṞ ȡȒ Ćé¬¬> ȡɾ ɾǪțǸǱʔȺǸǱ ʭȡʌț ɾʔȒȒȡǪȡǸɅʌȺʳ Ⱥɐʭ ȺǍʌǸɅǪʳṞ ʌțǸ ɶǸȺȡǍǩȡȺȡʌʳ ǍɾɳǸǪʌɾ 
ǍɶǸ ǪɐʬǸɶǸǱṣ oǸɅǪǸṞ ṳᶯᶮṴ ȒɐǪʔɾǸɾ ɐɅ ʌțǸ ȡɃɳɐɶʌǍɅǪǸ ɐȒ ʌțǸ Ⱥɐɾɾ ɃɐǱǸȺ Ȓɐɶ ʌțǸ ɳʔɅǪʌʔɶǸǱ Ǹ¶== ʌɶǍȒȒȡǪṞ 
ǪɐɅɾȡǱǸɶȡɅȓ Ǎ ȺȡɅǸǍɶṞ ʌțɶǸɾțɐȺǱẁǩǍɾǸǱṞ ǍɅǱ ɵʔǍǱɶǍʌȡǪ Ⱥɐɾɾ ɃɐǱǸȺ Ǎɾ Ǎ ȒʔɅǪʌȡɐɅ ɐȒ ʌțǸ ɳʔɅǪʌʔɶǸǱ 
ɶǸɾɐʔɶǪǸɾṣ fʔɶʌțǸɶɃɐɶǸṞ ṳᶴᶶṴ ǸʲɳȺɐɶǸɾ ʌțǸ ɳɐʌǸɅʌȡǍȺ ɐȒ ɐɳʌȡɃȡʽȡɅȓ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ʭȡʌț ȒȺǸʲȡǩȺǸ 
ɅʔɃǸɶɐȺɐȓʳ ȡɅ ȒɶǸɵʔǸɅǪʳ ǱɐɃǍȡɅ ǍɅǱ ʬǍɶȡǍǩȺǸ ȒɶǍɃǸ ɾʌɶʔǪʌʔɶǸ ȡɅ ʌȡɃǸ ǱɐɃǍȡɅṞ ʭȡʌț ɾǸɶʬȡǪǸɾ ɐȒ ʭȡʌț 
ǱȡȒȒǸɶǸɅʌ ʌʳɳǸɾ ɐȒ ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɅǪȺʔǱȡɅȓ Ćé¬¬>ṣ  

EǸɾɳȡʌǸ Ʌɐʌ ǩǸȡɅȓ ȡɅǪȺʔǱǸǱ ȡɅ ʌțǸ ᶳg ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅṞ ɅɐɅẁɐɶʌțɐȓɐɅǍȺ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ṵ¸Ã¶!Ṷ 
ɳɶǸɾǸɅʌɾ ȡɅʌǸɶǸɾʌȡɅȓ ǍǱʬǍɅʌǍȓǸɾ ʭțǸɅ ǪɐɃɳǍɶǸǱ ʌɐ ɐɶʌțɐȓɐɅǍȺ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ṵÃ¶!Ṷ ɾǪțǸɃǸɾṣ 
ñɳǸǪȡȒȡǪǍȺȺʳṞ ¸Ã¶! ɃǍʳ ɶǸɾʔȺʌ ȡɅ ǍɅ ȡɅǪɶǸǍɾǸǱ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳ ǍɅǱ ɾǪǍȺǍǩȡȺȡʌʳṞ ǍȺɐɅȓ ʭȡʌț ȺɐʭǸɶ 
ȺǍʌǸɅǪʳ ʌțǍɅ ʌɶǍǱȡʌȡɐɅǍȺ Ã¶! ɾǪțǸɃǸɾṣ ÃɅ ʌțǸ ǱɐʭɅɾȡǱǸṞ ¸Ã¶! ɾǪțǸɃǸɾ ʔɾʔǍȺȺʳ ɶǸɵʔȡɶǸ Ǎ țȡȓț 
ȺǸʬǸȺ ɐȒ ǪɐɅʌǸʲʌʔǍȺ ǍʭǍɶǸɅǸɾɾ ṵǸṣȓṣṞ ʌțǸ ɶǍʌȡɐ ɐȒ ǪțǍɅɅǸȺ ɵʔǍȺȡʌȡǸɾ ǍɃɐɅȓ ʔɾǸɶɾṶ ǍɅǱ ɃɐɶǸ ǪɐɃɳȺǸʲ 
ǸɅǪɐǱȡɅȓ ǍɅǱ ǱǸǪɐǱȡɅȓ ɃǸǪțǍɅȡɾɃɾṣ  

!Ʌ ǸʲǍɃɳȺǸ ɐȒ ʌțǸ ȺǍʌʌǸɶ ȡɾ ɳɶɐʬȡǱǸǱ ȡɅ ṳᶲᶷṴ ǪɐɃɳǍɶȡɅȓ ʌțǸ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʔɾȡɅȓ Ã¶! ǍɅǱ 
¸Ã¶! Ǎɾ ɾǪțǸǱʔȺȡɅȓ ɾɐȺʔʌȡɐɅɾ Ȓɐɶ Ǹ¶== ǍɅǱ Ćé¬¬> ʌɶǍȒȒȡǪṣ uɅ ɳǍɶʌȡǪʔȺǍɶṞ ʌțǸ ɾǪțǸɃǸɾ ɳɶɐɳɐɾǸǱ ȡɅ 
ṳᶲᶷṴ ǸʲɳȺɐȡʌ ʌțǸ ǍʬǍȡȺǍǩȺǸ ǪțǍɅɅǸȺ ɾʌǍʌǸ ȡɅȒɐɶɃǍʌȡɐɅ ṵ>ñuṶ ɐȒ ʌțǸ Ǹ¶== ʔɾǸɶɾṞ ʭțȡȺǸ ɶǸȺʳȡɅȓ ɐɅ 
ɾʌǍʌȡɾʌȡǪǍȺ >ñu ɐɅȺʳ Ȓɐɶ ʌțǸ Ćé¬¬> ʔɾǸɶɾṞ ʌɐ ǍȺȺɐǪǍʌǸ ʌțǸ ɶǸɾɐʔɶǪǸɾ Ȓɐɶ ǩɐʌț ɾǸɶʬȡǪǸ ʌʳɳǸɾṣ éǸɾʔȺʌɾ ȡɅ 
ṳᶲᶷṴ ɾțɐʭ ʌțǍʌ ¸Ã¶! ǍʌʌǍȡɅɾ ȺɐʭǸɶ ɳɐʭǸɶ ǪɐɅɾʔɃɳʌȡɐɅ ʌțǍɅ Ã¶! ȡɅ Ƀɐɾʌ ǪǍɾǸɾṞ ǸʲǪǸɳʌ ʭțǸɅ ʌțǸ 
ǍʬǸɶǍȓǸ ǪțǍɅɅǸȺ ȓǍȡɅ ɐȒ ʌțǸ Ćé¬¬> ʔɾǸɶ ȡɾ ǸʲǪǸǸǱȡɅȓȺʳ țȡȓțṣ MʬǸɅ ȡɅ ʌțǸɾǸ ǪǍɾǸɾṞ ʌțǸ ȓǍɳ ǩǸʌʭǸǸɅ 
¸Ã¶! ǍɅǱ Ã¶! ȡɾ ɅǸȓȺȡȓȡǩȺǸṞ ɾțɐʭȡɅȓ ʌțǸ ǪǍɳǍǩȡȺȡʌʳ ɐȒ ¸Ã¶! ʌɐ ɶǸǱʔǪǸ ʌțǸ ɳɐʭǸɶ ǪɐɅɾʔɃɳʌȡɐɅ 
ǍɅǱ ȓʔǍɶǍɅʌǸǸ ǪȺɐɾǸẁʌɐẁʌțǸẁɐɳʌȡɃǍȺ ɐɳʌȡɃǍȺ ɳǸɶȒɐɶɃǍɅǪǸ ȡɅ ɳɶǍǪʌȡǪǍȺȺʳ ǸʬǸɶʳ ǪɐɅǱȡʌȡɐɅṣ 

uɅ ʌțǸ ʔɳȺȡɅȶṞ Ǹ¶== ɃǍʳ ǪɐǸʲȡɾʌ ʭȡʌț Ćé¬¬> ɾǸɶʬȡǪǸɾṞ ǩʔʌ ǍȺɾɐ ʭȡʌț ɐʌțǸɶ uɐÿẁȺȡȶǸ ɾǸɶʬȡǪǸɾ ʭȡʌț 
ǱȡʬǸɶɾǸ ʌȡɃȡɅȓ ɶǸɵʔȡɶǸɃǸɅʌɾṣ fɐɶ ǸʲǍɃɳȺǸṞ ɾǸɶʬȡǪǸɾ ʌțǍʌ ɶǸɵʔȡɶǸ ǸȡʌțǸɶ Ǎ ᶯṶ țȡȓț ɶǸȺȡǍǩȡȺȡʌʳ ʭȡʌț 
ɾȺȡȓțʌȺʳ ɶǸȺǍʲǸǱ ȺǍʌǸɅǪʳ ɐɶ ᶰṶ Ǎ ȒȺɐʭẁȺǸʬǸȺ ʌȡɃȡɅȓ ɃǸʌɶȡǪ ɾʔǪț Ǎɾ !ɐu ṳᶳᶱṴṣ  

ÿțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ¸Ã¶! ǍɅǱ Ã¶! ɃǸǪțǍɅȡɾɃɾ ȡɅ ʌțǸ ʔɳȺȡɅȶ țǍɾ ǩǸǸɅ ɾʌʔǱȡǸǱ ȡɅ !ɐuẁȒɐǪʔɾǸǱ 
ɾǪǸɅǍɶȡɐɾ ʭȡʌț țɐɃɐȓǸɅǸɐʔɾ ʔɾǸɶɾ ṳᶱᶶṴṣ fʔɶʌțǸɶɃɐɶǸṞ Ã¶! ǍɅǱ ¸Ã¶! ɃǸǪțǍɅȡɾɃɾ țǍʬǸ ǩǸǸɅ 
ȡɅʬǸɾʌȡȓǍʌǸǱ ʭȡʌț ǪɐǸʲȡɾʌȡɅȓ Ǹ¶== ǍɅǱ uɐÿ ʔɾǸɶɾṞ ʭțǸɶǸ ʌțǸ ȺǍʌʌǸɶ ɶǸɵʔȡɶǸ ǸȡʌțǸɶ Ⱥɐʭ ȺǍʌǸɅǪʳ ǍɅǱ 
țȡȓț ɶǸȺȡǍǩȡȺȡʌʳ ɐɶ !ɐu ȡɅ Ǎ ǪɐȺȺȡɾȡɐɅ ǪțǍɅɅǸȺ ɃɐǱǸȺ ṳᶯᶷṴṳᶱᶳṴṣ MʬǸɅ ʌțɐʔȓț ʌțǸ ǪɐȺȺȡɾȡɐɅ ǪțǍɅɅǸȺ ɃɐǱǸȺ 
ȡɾ Ʌɐʌ ȒǍʬɐʔɶǍǩȺǸ Ȓɐɶ ¸Ã¶!Ṟ ɶǸɾʔȺʌɾ ɾțɐʭǸǱ ʌțǍʌ ¸Ã¶! ɃǍʳ ɐʔʌɳǸɶȒɐɶɃ Ã¶! Ȓɐɶ ȺǍʌǸɅǪʳẁɐɶȡǸɅʌǸǱ 
ɾǸɶʬȡǪǸɾṞ ʭțǸɶǸǍɾ !ɐuẁɐɶȡǸɅʌǸǱ ʔɾǸɶɾ ǍɶǸ ȺǸɾɾ ɾǸɅɾȡʌȡʬǸ ʌɐ ʌțǸ ɾǸȺǸǪʌȡɐɅ ɐȒ ǍǪǪǸɾɾṩɾȺȡǪȡɅȓ ɃǸǪțǍɅȡɾɃṣ 
ÿțǸ ɶǸǍɾɐɅ Ȓɐɶ ʌțȡɾ ȡɾ ʌțǍʌ ʌțǸ ȡɅʌǸɶẁǍɶɶȡʬǍȺ ʌȡɃǸɾ ʌǸɅǱ ʌɐ ǱɐɃȡɅǍʌǸ ʌțǸ !ɐu ǍɅǱṞ ɐɅǪǸ Ǎ ɾʔȒȒȡǪȡǸɅʌȺʳ 
țȡȓț ɶǸȺȡǍǩȡȺȡʌʳ ȡɾ ǍǪțȡǸʬǸǱṞ ʌțǸ ǱȡȒȒǸɶǸɅǪǸɾ ȡɅ ɳǸɶẁɳǍǪȶǸʌ ȺǍʌǸɅǪʳ ǩǸʌʭǸǸɅ ¸Ã¶! ǍɅǱ Ã¶! țǍʬǸ Ǎ 
ɾɃǍȺȺ ȡɃɳǍǪʌ ɐɅ !ɐuṣ ÿțǸ ǍɅǍȺʳɾǸɾ ǪɐɅǱʔǪʌǸǱ ȡɅ ṳᶯᶷṴṳᶱᶳṴ ʭǸɶǸ ɶǸǪǸɅʌȺʳ ǸʲʌǸɅǱǸǱ ȡɅ ṳᶰᶮṴ ʌɐ Ǎ ɾǪǸɅǍɶȡɐ 
ʭȡʌț ǍɅ ǸɅɶȡǪțǸǱ ǪțǍɅɅǸȺ ɃɐǱǸȺ ʭțǸɶǸ ǪǍɳʌʔɶǸ Ƀȡȓțʌ ɐǪǪʔɶ ʭțǸɅ ʌțǸ ñu¸é ɐȒ ɐɅǸ ɐȒ ʌțǸ 
ɐʬǸɶȺǍɳɳȡɅȓ ɾȡȓɅǍȺɾ ȡɾ ɾʔȒȒȡǪȡǸɅʌȺʳ țȡȓțṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ǱȡʬǸɶɾǸ ɐʔʌǪɐɃǸɾ Ȓɐɶ Ǎ ǪțǍɅɅǸȺ ɶǸǍȺȡʽǍʌȡɐɅ ǍɅǱ 
ʌțǸȡɶ ɳɶɐǩǍǩȡȺȡʌȡǸɾ ʭǸɶǸ ǪɐɅɾȡǱǸɶǸǱ ʌɐ ǱǸɶȡʬǸ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ Ã¶! ǍɅǱ ¸Ã¶! ȡɅ ʌțǸ ʔɳȺȡɅȶṣ ÿțǸ 
ɶǸɾʔȺʌɾ ɾțɐʭǸǱ ʌțǍʌ ʌțǸ ɳɶɐǩǍǩȡȺȡʌʳ ɐȒ ǪǍɳʌʔɶǸ ȓɶǸǍʌȺʳ ǸɅțǍɅǪǸɾ ʌțǸ ǍǱʬǍɅʌǍȓǸɾ ɐȒ ¸Ã¶! ȡɅ ʌțǸ 
ȺǍʌǸɅǪʳẁɐɶȡǸɅʌǸǱ ɾǪǸɅǍɶȡɐṞ ǍȺȺɐʭȡɅȓ ʌțǸ uɐÿ ʔɾǸɶɾ ʌɐ ǍǪțȡǸʬǸ ǪɐɅɾȡǱǸɶǍǩȺʳ Ⱥɐʭ ǱǸȺǍʳ ǍɅǱ Ǎ ɅǸǍɶẁ
ɐɳʌȡɃǍȺ ɳǸɶȒɐɶɃǍɅǪǸ Ȓɐɶ ʌțǸ Ǹ¶== ʔɾǸɶɾṞ ʭțȡǪț ǍɶǸ ʔɅǍʌʌǍȡɅǍǩȺǸ ʭȡʌț Ã¶!ṣ 

uɅ ṳᶲᶰṴ ʌțǸ ȡɅʌǸɶɳȺǍʳ ǩǸʌʭǸǸɅ ǱǸȺǍʳ ʬȡɐȺǍʌȡɐɅ ɳɶɐǩǍǩȡȺȡʌʳ ǍɅǱ ʌțǸ ǍʬǸɶǍȓǸ !ɐu ȡɅ Ǎ ʭȡɶǸȺǸɾɾ ɃʔȺʌȡɳȺǸ 
ǍǪǪǸɾɾ ǪțǍɅɅǸȺ ʭȡʌț ɃʔȺʌȡɳǍǪȶǸʌ ɶǸǪǸɳʌȡɐɅ ǪǍɳǍǩȡȺȡʌʳ ǍɅǱ țǸʌǸɶɐȓǸɅǸɐʔɾ ʌɶǍȒȒȡǪ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ȡɾ 
ɾʌʔǱȡǸǱṣ fʔɶʌțǸɶṞ ʌțǸ ǪɐǸʲȡɾʌǸɅǪǸ ɐȒ Ǎ ɳɶȡɃǍɶʳ ʔɾǸɶ ʌțǍʌ ǍȡɃɾ ʌɐ ɃȡɅȡɃȡʽǸ ʌțǸ !ɐu ʭȡʌț ɾǸǪɐɅǱǍɶʳ 
ʔɾǸɶɾ ʌțǍʌ ǪɐɃɃʔɅȡǪǍʌǸ ǍɃɐɅȓ ʌțǸɃ ȡɅ Ǎ ǪɐȓɅȡʌȡʬǸ ɅǸʌʭɐɶȶ ʭǍɾ ɾʌʔǱȡǸǱ ȡɅ ṳᶱᶰṴṣ ÿțǸ ȺǍʌʌǸɶ 
ȡȺȺʔɾʌɶǍʌǸɾ țɐʭ ʌțǸ !ɐu ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ɳɶȡɃǍɶʳ ʔɾǸɶ ȺȡɃȡʌ ʌțǸ ǍȓȓɶǸȓǍʌǸ ʌțɶɐʔȓțɳʔʌ Ȓɐɶ ʌțǸ 
ɾǸǪɐɅǱǍɶʳ ʔɾǸɶɾṣ fʔɶʌțǸɶɃɐɶǸṞ ȡʌ ȡɾ ɾțɐʭɅ ʌțǍʌ ʌțǸ ǍȓȓɶǸȓǍʌǸ ʌțɶɐʔȓțɳʔʌ ɶǸɃǍȡɅɾ ɶǸȺǍʌȡʬǸȺʳ ɾʌǍǩȺǸ 
Ǎɾ ʌțǸ ɅʔɃǩǸɶ ɐȒ ɾǸǪɐɅǱǍɶʳ ʔɾǸɶɾ ǩǸǪɐɃǸɾ ȺǍɶȓǸṣ  

2.3.3 Random access (RA) mechanisms : grant -based and grant -free  

ÿɐ ǍǪțȡǸʬǸ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ʔɾǸɶɾṞ ǱȡȒȒǸɶǸɅʌ é! ɃǸǪțǍɅȡɾɃɾ Ƀʔɾʌ ǩǸ 
ȡɃɳȺǸɃǸɅʌǸǱ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ʌɶǍȒȒȡǪ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ǍɅǱ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǪɐɅʌǸɅǱȡɅȓ ʔɾǸɶɾṣ 
EȡȒȒǸɶǸɅʌȺʳ ȒɶɐɃ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾṞ ʭțǸɶǸ ʌțǸ ʔɾǸɶɾ ǍɶǸ ȶɅɐʭɅ ǍɅǱ ʌțǸʳ ǍɶǸ ǍɾɾʔɃǸǱ ʌɐ ǩǸ ǍǪʌȡʬǸṞ ɐɅǸ 
ɐȒ ʌțǸ ɃǍȡɅ ǪțǍȺȺǸɅȓǸɾ ȡɅ é! ȡɾ ǍǪʌȡʬȡʌʳ ǱǸʌǸǪʌȡɐɅṞ ʭțȡǪț Ƀʔɾʌ ǩǸ ɳǸɶȒɐɶɃǸǱ ǩǸȒɐɶǸ ǱǸǪɐǱȡɅȓ ʌțǸ 



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

25 

ǱǍʌǍṣ gɶǍɅʌẁǩǍɾǸǱ é! țǍɾ ǩǸǸɅ ʭȡǱǸȺʳ ʔɾǸǱ ȡɅ ᶲg ǍɅǱ ɃǍɅʳ ɐʌțǸɶ ɾʳɾʌǸɃɾ ȒɐǪʔɾǸǱ ɐɅ ǩɶɐǍǱǩǍɅǱ 
ʌɶǍȒȒȡǪṞ ʭțǸɶǸ ʌțǸ ɐʬǸɶțǸǍǱ ɐȒ ʌțǸ ȡɅȡʌȡǍȺ țǍɅǱɾțǍȶǸ ǩǸǪɐɃǸɾ ɅǸȓȺȡȓȡǩȺǸṣ MȒȒǸǪʌȡʬǸȺʳṞ ȓɶǍɅʌẁǩǍɾǸǱ é! 
ɾɐȺʬǸɾ ʌțǸ ǍǪʌȡʬȡʌʳ ǱǸʌǸǪʌȡɐɅ ɳɶɐǩȺǸɃ ǩʳ ʔɾȡɅȓ ɐɶʌțɐȓɐɅǍȺ ɳȡȺɐʌ ɾȡȓɅǍȺɾ ṵǸṣȓṣṞ ɳɶǸǍɃǩȺǸɾ ȡɅ ᶲg ǍɅǱ 
ᶳgṶ ǱʔɶȡɅȓ ǍɅ ȡɅȡʌȡǍȺ ɶǸɾǸɶʬǍʌȡɐɅ ɳțǍɾǸṣ oɐʭǸʬǸɶṞ ɅʔɃǸɶɐʔɾ ʭɐɶȶɾ ɳɶɐʬǸǱ ȡʌɾ ȡɅǸȒȒȡǪǍǪʳ ȡɅ ɃǍɾɾȡʬǸ 
é! ɾǪǸɅǍɶȡɐɾ ṵȡṣǸṣṞ Ƀ¶ÿ>Ṷ ṳᶲṴṳᶳᶵṴṣ ÿțǸɶǸȒɐɶǸṞ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ǍɃɐʔɅʌ ɐȒ ɶǸɾǸǍɶǪț țǍɾ ǩǸǸɅ ɳǸɶȒɐɶɃǸǱ ɐɅ 
ȓɶǍɅʌẁȒɶǸǸ é! ɃǸǪțǍɅȡɾɃɾ ṳᶲᶳṴ ǍɅǱ ɐɅ ʔɅǱǸɶɾʌǍɅǱȡɅȓ ʌțǸ ɅǍʌʔɶǸ ɐȒ ɳǍǪȶǸʌ ʌɶǍɅɾɃȡɾɾȡɐɅɾ ȡɅ ʌțǸ 
ȒȡɅȡʌǸẁǩȺɐǪȶ ȺǸɅȓʌț ɶǸȓȡɃǸ ṳᶲᶳṴṳᶴᶵṴṣ  

MʬǸɅ ʌțɐʔȓț ɾȺɐʌʌǸǱ !¬Ão! ɃǸǪțǍɅȡɾɃɾ țǍʬǸ ǩǸǸɅ ǍɶɐʔɅǱ Ȓɐɶ ɃǍɅʳ ʳǸǍɶɾ ɅɐʭṞ Ƀɐɾʌ ǍǱʬǍɅǪǸǱ 
é! ɃǸǪțǍɅȡɾɃɾ ǍɶǸ ʬǍɶȡǍʌȡɐɅɾ ɐȒ ʌțǸɾǸṣ fɐɶ ȡɅɾʌǍɅǪǸṞ ʌțǸ ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃɾ ȡɅ ¸=ẁuɐÿ ǍɶǸ ǩǍɾǸǱ 
ɐɅ ʌɶǍɅɾɃȡʌʌȡɅȓ ǪɐɅɾǸǪʔʌȡʬǸ ɶǸɳǸʌȡʌȡɐɅɾ ɐȒ ʌțǸ ɳǍǪȶǸʌɾ ȡɅ ɃʔȺʌȡǪțǍɅɅǸȺ ɾȺɐʌʌǸǱ !¬Ão! ǪțǍɅɅǸȺṣ ÿțǸ 
ɶǸɳǸʌȡʌȡɐɅɾ ȡɅ ¸=ẁuɐÿ Ƀȡȓțʌ ǸȒȒǸǪʌȡʬǸȺʳ ǪɐʔɅʌǸɶǍǪʌ ʌțǸ ǸȒȒǸǪʌɾ ɐȒ ȒǍɾʌ ȒǍǱȡɅȓ ǩʔʌ ǪɐɃǸ Ǎʌ ʌțǸ Ǫɐɾʌ ɐȒ 
ȡɅǪɶǸǍɾǸǱ ɶǸɾɐʔɶǪǸ ʔʌȡȺȡʽǍʌȡɐɅ ǍɅǱṞ țǸɅǪǸṞ ɶǸǱʔǪǸǱ ǍǪǪǸɾɾ ǪǍɳǍǪȡʌʳ ṵȡṣǸṣṞ ɳǍǪȶǸʌɾ ɳǸɶ ʌȡɃǸ ɾȺɐʌṶ ṳᶴᶲṴṣ 
ÿɐ ȡɅǪɶǸǍɾǸ ʌțǸ ǪǍɳǍǪȡʌʳ ɐȒ ʌțǸ ǍǪǪǸɾɾ ǪțǍɅɅǸȺṞ ȡɶɶǸȓʔȺǍɶ ɶǸɳǸʌȡʌȡɐɅ ɾȺɐʌʌǸǱ !¬Ão! ṵuéñ!ṶṞ 
ȡɃɳȺǸɃǸɅʌɾ Ǎ ǱǸȓɶǸǸ ǱȡɾʌɶȡǩʔʌȡɐɅṞ ʭțȡǪț ȡɾ Ǎ ȒʔɅǪʌȡɐɅ ʌɐ ɳȺǍǪǸ ʌțǸ ɶǸɳǸʌȡʌȡɐɅɾ ɶǍɅǱɐɃȺʳ ǍǪɶɐɾɾ ʌțǸ 
ȒɶǍɃǸɾ ṳᶰᶯṴṣ >ɐǱǸǱ æȡȺɐʌ !ǪǪǸɾɾ ṵ>æ!Ṷ ȡɾ Ǎ ǪȺɐɾǸȺʳ ɶǸȺǍʌǸǱ ɃǸǪțǍɅȡɾɃ ʌɐ uéñ!Ṟ ʭțǸɶǸ ǱǍʌǍ ɳǍǪȶǸʌɾ ǍɶǸ 
ǍǪǪɐɃɳǍɅȡǸǱ ǩʳ ɳȡȺɐʌ ɾȡȓɅǍȺɾ ʌțǍʌ ǍȡǱ ʌțǸ ǱǸǪɐǱȡɅȓ ɐȒ ʌțǸ ǱǍʌǍ ȡɅ ɃǍɾɾȡʬǸ ¶u¶Ã ɾʳɾʌǸɃɾ ṳᶳᶰṴṣ  

!Ʌ ǍɶǸǍ ɐȒ ɶǸɾǸǍɶǪț ʌțǍʌ țǍɾ ǍʌʌɶǍǪʌǸǱ ɾȡȓɅȡȒȡǪǍɅʌ ǍʌʌǸɅʌȡɐɅ ɶǸǪǸɅʌȺʳ ȡɾ ɾɳǍɶɾǸ ǸɾʌȡɃǍʌȡɐɅṣ !ǱʬǍɅǪǸɾ 
ȡɅ ǪɐɃɳʔʌȡɅȓ ɳȺǍʌȒɐɶɃɾ ǍɅǱ ǍȺȓɐɶȡʌțɃɾ ǪǍɅ Ʌɐʭ ǩǸ ʔɾǸǱ ʌɐ ɾɐȺʬǸ ʔɅǱǸɶǱǸʌǸɶɃȡɅǸǱ ɾʳɾʌǸɃɾ ɐȒ 
ǸɵʔǍʌȡɐɅɾ ǩʳ ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ɾɳǍɶɾȡʌʳ ɐȒ ʌțǸ ɾɐȺʔʌȡɐɅṣ !ɃɐɅȓ ʌțǸɾǸṞ ǪɐɃɳɶǸɾɾǸǱ ɾǸɅɾȡɅȓ ṵ>ñṶ țǍɾ 
ǩǸǸɅ ʭȡǱǸȺʳ ǸʲɳȺɐɶǸǱ Ȓɐɶ ǍǪʌȡʬȡʌʳ ǱǸʌǸǪʌȡɐɅ ǍɅǱ ǸɾʌȡɃǍʌȡɐɅ ṳᶷṴṳᶰᶵṴṣ uɅ ɃǍɾɾȡʬǸ ǍǪǪǸɾɾ ɾǪǸɅǍɶȡɐɾṞ >ñ 
ǪǍɅ ǩǸ ǍɳɳȺȡǸǱ ʌɐ ǱǸʌǸɶɃȡɅǸ ʌțǸ ǍǪʌȡʬǍʌȡɐɅ ǍɅǱ ʌɐ ǸɾʌȡɃǍʌǸ ʌțǸ ǪțǍɅɅǸȺ ǪɐǸȒȒȡǪȡǸɅʌɾ ɐȒ Ǎ ɶǸȺǍʌȡʬǸȺʳ 
ɾɃǍȺȺ ɾʔǩɾǸʌ ɐȒ ʔɾǸɶɾ ȒɶɐɃ ʌțǸȡɶ ɐʬǸɶȺǍɳɳǸǱ ɅɐɅẁɐɶʌțɐȓɐɅǍȺ ɾȡȓɅǍȺɾṣ 

2.3.4  Multi -connectivity  

¶ǍȡɅʌǍȡɅȡɅȓ ɃʔȺʌȡɳȺǸ ȺȡɅȶɾ ʌɐ ʌțǸ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ǍȺȺɐʭɾ ʔɾǸɶɾ ʌɐ ȡɅǪɶǸǍɾǸ ʌțɶɐʔȓțɳʔʌ ǍɅǱ ɶǸȺȡǍǩȡȺȡʌʳ 
ʭțȡȺǸ ɶǸǱʔǪȡɅȓ ȺǍʌǸɅǪʳṣ ÿțȡɾ ȡɾ ǍǪțȡǸʬǸǱ ǩʳ ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ɃǍǪɶɐẁǱȡʬǸɶɾȡʌʳ ɐȒ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ ȡɅ 
ʌǸɶɃɾ ɐȒ ɾɳǍǪǸ ṵǸṣȓṣṞ ǩʳ ǪɐɅɅǸǪʌȡɅȓ ʌɐ ǱȡȒȒǸɶǸɅʌ =ñɾṶ ǍɅǱṩɐɶ ȒɶǸɵʔǸɅǪʳ ṵǸṣȓṣṞ ǩʳ ǪɐɅɅǸǪʌȡɅȓ ʌɐ ʌțǸ 
ɾǍɃǸ =ñ ǩʔʌ ɐɅ ȒɶǸɵʔǸɅǪʳ ǱȡȒȒǸɶǸɅʌ ǩǍɅǱɾṶ ʭțȡǪț ȡɅǪɶǸǍɾǸɾ ʌțǸ ɶǸɾɐʔɶǪǸɾ ǍȺȺɐǪǍʌǸǱ ɳǸɶ ʔɾǸɶ ṳᶴᶳṴṣ 
ÿțǸɶǸȒɐɶǸṞ ʭțȡȺǸ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ ɃǍʳ ǩǸɅǸȒȡʌ ɾɳǸǪȡȒȡǪ ʔɾǸɶɾṞ ǪǍɶǸȒʔȺ ǍȺȺɐǪǍʌȡɐɅ ɐȒ ɶǸɾɐʔɶǪǸɾ ȡɾ 
ɅǸǸǱǸǱ ʌɐ ǍʬɐȡǱ ɶǸɾɐʔɶǪǸ ʭǍɾʌǍȓǸ ǍɅǱṞ țǸɅǪǸṞ ʌțǸ ɅʔɃǩǸɶ ɐȒ ʔɾǸɶɾ ǍɅǱ ʌțǸȡɶ ɶǸɵʔȡɶǸɃǸɅʌɾ Ƀʔɾʌ 
ǩǸ ǪɐɅɾȡǱǸɶǸǱṣ fʔɶʌțǸɶɃɐɶǸṞ ʌțǸ ǱǸɳǸɅǱǸɅǪȡǸɾ ǩǸʌʭǸǸɅ ʌțǸ ǱȡȒȒǸɶǸɅʌ ǪțǍɅɅǸȺɾ ṵȡṣǸṣṞ ȺȡɅȶɾṶ ǪǍɅ ǩǸ 
ǸʲɳȺɐȡʌǸǱ ʌɐ ɃȡɅȡɃȡʽǸ ɐʔʌǍȓǸ ɳɶɐǩǍǩȡȺȡʌʳ ǍɅǱṞ ɳɐɾɾȡǩȺʳṞ ɐɳʌȡɃȡʽǸ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ǍɅǱ ȺȡɅȶ 
ɾǸȺǸǪʌȡɐɅ ṳᶯᶯṴṣ !Ʌ ǍȺȓɐɶȡʌțɃ Ȓɐɶ ʌțǸ ȺȡɅȶ ɾǪțǸǱʔȺȡɅȓ ɐɳʌȡɃȡʽǍʌȡɐɅ ʌțǍʌ ɃǍʲȡɃȡʽǸɾ ʌțǸ ɅǸʌʭɐɶȶ 
ʌțɶɐʔȓțɳʔʌ Ȓɐɶ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ ȡɅ ɃȡȺȺȡɃǸʌɶǸẁʭǍʬǸ ǪǸȺȺʔȺǍɶ ɅǸʌʭɐɶȶɾ ȡɾ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶳᶴṴṣ ÿțǸ 
ǪɐɅɾȡǱǸɶǸǱ ǍɳɳɶɐǍǪț ǸʲɳȺɐȡʌɾ Ǎ ǪǸɅʌɶǍȺȡʽǸǱ ǍɶǪțȡʌǸǪʌʔɶǸṞ ȒǍɾʌ ȺȡɅȶ ɾʭȡʌǪțȡɅȓṞ ɳɶɐǍǪʌȡʬǸ ǪɐɅʌǸʲʌ 
ɳɶǸɳǍɶǍʌȡɐɅ ǍɅǱ ǱǍʌǍ ȒɐɶʭǍɶǱȡɅȓ ǩǸʌʭǸǸɅ ɃȡȺȺȡɃǸʌɶǸẁʭǍʬǸ ǍǪǪǸɾɾ ɳɐȡɅʌɾ ǍɅǱ ʌțǸ ʔɾǸɶɾṣ  

fʔɶʌțǸɶɃɐɶǸṞ Ǎ ɾɳǸǪȡȒȡǪ ʌʳɳǸ ɐȒ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ ʭțǸɶǸ ǱȡȒȒǸɶǸɅʌ ȡɅʌǸɶȒǍǪǸɾ ȡɾ ʔɾǸǱ ȡɾ ʌǸɶɃǸǱ 
ȡɅʌǸɶȒǍǪǸ ǱȡʬǸɶɾȡʌʳṣ uɅ ṳᶰᶳṴṞ ʌɶǍɅɾɃȡɾɾȡɐɅ ɳɐȺȡǪȡǸɾ ǍɅǱ ʌțǸ ǩǸɅǸȒȡʌɾ ɐȒ ȡɅʌǸɶȒǍǪǸ ǱȡʬǸɶɾȡʌʳ ʭȡʌț ǍɅ ¬ÿM 
ǍɅǱ Ǎ ğufȡ ȡɅʌǸɶȒǍǪǸ ʭǸɶǸ ȡɅʬǸɾʌȡȓǍʌǸǱ Ȓɐɶ ǪʳǩǸɶẁɳțʳɾȡǪǍȺ ɾʳɾʌǸɃɾ ʭțǸɶǸ ɳǸɶȡɐǱȡǪ ʔɳȺȡɅȶ 
ʌɶǍɅɾɃȡɾɾȡɐɅɾ ʌǍȶǸ ɳȺǍǪǸṣ uɅ ṳᶯᶶṴṞ ʌțǸ ǸȒȒǸǪʌ ɐȒ ǩʔɶɾʌʳ ʌɶǍȒȒȡǪ ȡɅ ǍɅ ¬ÿM ǍɅǱ ğȡẁfȡ !ȓȓɶǸȓǍʌȡɐɅ ṵ¬ğ!Ṷẁ
ǸɅǍǩȺǸǱ ɅǸʌʭɐɶȶ ȡɾ ȡɅʬǸɾʌȡȓǍʌǸǱṣ ÿțǸ ¬ÿM ǩǍɾǸ ɾʌǍʌȡɐɅ ɶɐʔʌǸɾ ɳǍǪȶǸʌɾ ɐȒ ʌțǸ ɾǍɃǸ uæ ȒȺɐʭ ʌțɶɐʔȓț 
ʌțǸ ¬ÿM ǍɅǱ ğȡẁfȡ ȺȡɅȶɾ ȡɅǱǸɳǸɅǱǸɅʌȺʳṣ ñʔɳǸɶɳɐɾȡʌȡɐɅ ǪɐǱȡɅȓ ȡɾ ʔɾǸǱ Ǎʌ ʌțǸ ¬ğ!ẁɃɐǱǸ ğȡẁfȡ ǍǪǪǸɾɾ 
ɳɐȡɅʌ ṵ!æṶ ɾɐ ʌțǍʌ ȡʌ ǪǍɅ ɾǸɶʬǸ ¬ğ! ʔɾǸɶɾ ǍɅǱ ğȡẁfȡ ʔɾǸɶɾ ɾȡɃʔȺʌǍɅǸɐʔɾȺʳṣ ÿțǸɅṞ Ǎ ǪɐɅȓǸɾʌȡɐɅẁǍʭǍɶǸ 
ɶǍɅǱɐɃẁǍǪǪǸɾɾ ɳɶɐʌɐǪɐȺ ȡɾ ǍɳɳȺȡǸǱ ʌɐ ǍʬɐȡǱ ȡɃɳǸǱȡɅȓ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ʌțǸ ¬ğ!ẁǸɅǍǩȺǸǱ 
ɅǸʌʭɐɶȶṣ 

A detailed discussion of 3GPP support for interface diversity can be found in Section 5.4.3. 

2.3.5 Self -optimization mechanisms  

ÿțǸ ȲɐȡɅʌ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɐȒ ʌțǸ ǍǪǪǸɾɾ ɳǍɶǍɃǸʌǸɶɾ ǍɅǱ ɶǸɾɐʔɶǪǸ ɾȺȡǪȡɅȓ ǍɅǱ ǍȺȺɐǪǍʌȡɐɅṞ ǩɐʌț ȡɅ Ǎ ɶǸǍȺẁ
ʌȡɃǸ ǍɅǱ ɐȒȒẁȺȡɅǸ ɃǍɅɅǸɶṞ ȡɾ Ǎ ǪɐɃɳȺȡǪǍʌǸǱ ʌǍɾȶṣ ÿɐ ǍǪțȡǸʬǸ ǍɅ ɐɳʌȡɃǍȺ ʔɾǸ ɐȒ ɅǸʌʭɐɶȶ ɶǸɾɐʔɶǪǸɾṞ ʌțǸ 
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ɳǸɶȒɐɶɃǍɅǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾṞ ʌɶǍȒȒȡǪ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṞ ǪțǍɅɅǸȺ ǪɐɅǱȡʌȡɐɅɾṞ ǍɅǱ ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ ʌțǸ ɾǸɶʬǸǱ 
ʔɾǸɶɾ Ƀʔɾʌ ǩǸ ȶɅɐʭɅṣ ¸ǍʌʔɶǍȺȺʳṞ ʌțǸ ʔɾǸ ɐȒ ʌɶǍǱȡʌȡɐɅǍȺ ɐɳʌȡɃȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾṞ ȡɅǪȺʔǱȡɅȓ ǪɐɅʬǸʲ 
ɐɳʌȡɃȡʽǍʌȡɐɅ ǍɅǱ ǱʳɅǍɃȡǪ ɳɶɐȓɶǍɃɃȡɅȓṞ ɳɶɐʬȡǱǸɾ ɅʔɃǸɶɐʔɾ ǩǸɅǸȒȡʌɾ ɾʔǪț Ǎɾ ɐɳʌȡɃǍȺȡʌʳ 
ȓʔǍɶǍɅʌǸǸɾ ǍɅǱ ʌțǸ ǪɐɅǱȡʌȡɐɅɾ ʔɅǱǸɶ ʭțȡǪț ɐɳʌȡɃǍȺȡʌʳ ǪǍɅ ǩǸ ǍǪțȡǸʬǸǱṣ fʔɶʌțǸɶɃɐɶǸṞ ʌțǸ ʬǍɾʌ 
ȺȡʌǸɶǍʌʔɶǸ ɐɅ ʌțǸɾǸ ʌǸǪțɅȡɵʔǸɾ ǍȺȺɐʭɾ ʔɾ ṵʔɅǱǸɶ ɾɐɃǸ ǪɐɅǱȡʌȡɐɅɾṶ ʌɐ ʔɅǱǸɶɾʌǍɅǱ ʌțǸ ɳɶɐǪǸɾɾ ǍɅǱ ʌțǸ 
ɶǍʌȡɐɅǍȺǸ Ȓɐɶ ʌțǸ ɐǩʌǍȡɅǸǱ ɐʔʌǪɐɃǸɾṣ >ɐɅɾǸɵʔǸɅʌȺʳṞ ʌɶǍǱȡʌȡɐɅǍȺ ɐɳʌȡɃȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ɾțɐʔȺǱ 
ɶǸɃǍȡɅ ʌțǸ ɳɶǸȒǸɶɶǸǱ ɐɳʌȡɐɅ Ȓɐɶ ɾǸȺȒẁɐɳʌȡɃȡʽǍʌȡɐɅ ɃǸǪțǍɅȡɾɃɾṣ oɐʭǸʬǸɶṞ ʌțǸ ȡɅǪɶǸǍɾǸǱ ǪɐɃɳȺǸʲȡʌʳ 
ǪǍʔɾǸǱ ǩʳ ʌțǸ ʔɾǸ ɐȒ ǱǸʌǍȡȺǸǱ ɃɐǱǸȺɾ Ȓɐɶ ʌțǸ ǪțǍɅɅǸȺṞ ʌɶǍȒȒȡǪṞ ǍɅǱ ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ ʌțǸ ʔɾǸɶɾ 
ǪɐɃɳȺȡǪǍʌǸɾ ʌțǸ ʔɾǸ ɐȒ ʌɶǍǱȡʌȡɐɅǍȺ ɐɳʌȡɃȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾṞ ǍȺɐɅȓ ʭȡʌț ʌțǸ ǱǸɾȡȓɅ ǍɅǱ ǍɅǍȺʳɾȡɾ ɐȒ 
ʌțǸ ǪɐɅɾȡǱǸɶǸǱ ǍǪǪǸɾɾ ɾǪțǸɃǸɾṣ  

¶ǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ʌǸǪțɅȡɵʔǸɾṞ ʭțȡǪț ǍɶǸ ǸɅʬȡɾȡɐɅǸǱ ʌɐ ɳȺǍʳ Ǎ ɃǍȲɐɶ ɶɐȺǸ ȡɅ ᶴg ṳᶰᶲṴṞ ǪǍɅ ǩǸ ʔɾǸǱ ʌɐ 
ǪɐɃɳȺǸɃǸɅʌ ʌɶǍǱȡʌȡɐɅǍȺ ɐɳʌȡɃȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ȡɅ ɐʬǸɶȺʳ ǪɐɃɳȺȡǪǍʌǸǱ ɾǪǸɅǍɶȡɐɾṣ fɐɶ ȡɅɾʌǍɅǪǸṞ 
ɶǸǍȺȡɾʌȡǪ ɳǸɶȒɐɶɃǍɅǪǸ ǸʬǍȺʔǍʌȡɐɅ ǍɅǱ ɐɳʌȡɃȡʽǍʌȡɐɅ ȡɅ ɶǍɅǱɐɃ ǍǪǪǸɾɾ ɾǪǸɅǍɶȡɐɾ ɳɶǸɾǸɅʌ Ǎ ɃǍȲɐɶ 
ǪțǍȺȺǸɅȓǸṣ ÿțʔɾṞ Ƀɐɾʌ ɐȒ ʌțǸ ǱǸʬǸȺɐɳǸǱ ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃɾ ɐʬǸɶɾȡɃɳȺȡȒʳ ʌțǸ ǱȡȒȒǸɶǸɅʌ ǪțǍɅɅǸȺ 
ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ǍɅǱ ɳǸɶȒɐɶɃǍɅǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ʔɾǸɶɾṞ ʭțȡǪț Ƀȡȓțʌ ǩǸ ȓɶǸǍʌȺʳ ǱȡȒȒǸɶǸɅʌṣ uȒ 
ʌțǸɾǸ ǱȡȒȒǸɶǸɅǪǸɾ ǍɶǸ ɅǸȓȺǸǪʌǸǱṞ ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃɾ ɃǍʳ ǸȡʌțǸɶ ɾʔȒȒǸɶ ȒɶɐɃ Ⱥɐʭ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳ 
ɐɶ ȒǍȡȺ ʌɐ ɃǸǸʌ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ȓʔǍɶǍɅʌǸǸɾ ɐȒ ʌțǸ ʔɾǸɶɾṣ ¶¬ ʌǸǪțɅȡɵʔǸɾ ȡɅǪȺʔǱȡɅȓṞ ǍɃɐɅȓ ɐʌțǸɶɾṞ 
ǱǸǸɳ ȺǸǍɶɅȡɅȓṞ ṵǱǸǸɳṶ ɶǸȡɅȒɐɶǪǸɃǸɅʌ ȺǸǍɶɅȡɅȓṞ ɃʔȺʌȡẁǍɶɃǸǱ ɐɶ ǪɐɅʌǸʲʌʔǍȺ ǩǍɅǱȡʌɾṞ ǪǍɅ ǩǸ ʔɾǸǱ ʌɐ 
ǍǪțȡǸʬǸ ɐɅẁʌțǸẁȒȺʳ ɾǸȺȒẁǍǱǍɳʌǍʌȡɐɅ ɐȒ ʌțǸ é!¸Ṟ Ȓɐɶ ǸʲǍɃɳȺǸṞ Ȓɐɶ é!¸ ɾȺȡǪȡɅȓ ṳᶷṴ ǍɅǱ ɶǸɾɐʔɶǪǸ 
ǍȺȺɐǪǍʌȡɐɅṣ fʔɶʌțǸɶɃɐɶǸṞ ȺȡȓțʌʭǸȡȓțʌ ¶¬ ʌǸǪțɅȡɵʔǸɾ ǪɐʔȺǱ ǩǸ ǱǸɳȺɐʳǸǱ Ǎʌ ʌțǸ ʔɾǸɶ ɾȡǱǸ Ȓɐɶ ʌțǸ 
ȡɅǱȡʬȡǱʔǍȺȡʽǸǱ ǍǱǍɳʌǍʌȡɐɅ ɐȒ ʌțǸ ʔɾǸɶɾẏ ǩǸțǍʬȡɐʔɶ ṵȡṣǸṣṞ ɳɐȺȡǪʳṶṣ oɐʭǸʬǸɶṞ ɾɐɃǸ ɐȒ ʌțǸ ɃǍȲɐɶ ǪțǍȺȺǸɅȓǸɾ 
Ȓɐɶ ǍɳɳȺʳȡɅȓ ¶¬ ǍɅǱ ɐʌțǸɶ ǱǍʌǍẁǱɶȡʬǸɅ ɐɳʌȡɃȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ǍɶǸ ʌțǸ ǍɃɐʔɅʌ ɐȒ ʌɶǍȡɅȡɅȓ ǱǍʌǍ ʌțǍʌ 
ȡɾ ɅǸǸǱǸǱ ǩʳ ʌțǸ ǍȺȓɐɶȡʌțɃɾ ṳᶯᶱṴ ǍɅǱ ʌțǸ ȡɃɳǍǪʌ ɐȒ ʌțǸ ȶɅɐʭȺǸǱȓǸ ǍɅǱ ȒʔɅǱǍɃǸɅʌǍȺ ǍɾɾʔɃɳʌȡɐɅɾ 
Ǎǩɐʔʌ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌṞ Ȓɐɶ ǸʲǍɃɳȺǸṞ ʌțǸ ǪțǍɅɅǸȺ ṳᶯᶮṴṣ 

2.3.6 Advanced Channel Coding and Modulation  

¶ɐǱǸɶɅ ǪțǍɅɅǸȺ ǪɐǱȡɅȓ ɾǪțǸɃǸɾ ȺȡȶǸ ¬Eæ> ǍɅǱ æɐȺǍɶ ǪɐǱǸɾṞ ȡɅʌɶɐǱʔǪǸǱ ȡɅ ʌțǸ ᶳg ¸é ɾɳǸǪȡȒȡǪǍʌȡɐɅṞ 
ɳɶɐʬȡǱǸ ɅǸǍɶẁǪǍɳǍǪȡʌʳ Ǹɶɶɐɶ ǪɐɶɶǸǪʌȡɐɅ ɳǸɶȒɐɶɃǍɅǪǸṣ oɐʭǸʬǸɶṞ ʭțǸɅ ǪɐɃǩȡɅȡɅȓ ʌțǸɾǸ ʭȡʌț țȡȓțǸɶ 
ɐɶǱǸɶ ɃɐǱʔȺǍʌȡɐɅ ɾǪțǸɃǸɾṞ Ǎ ȓǍɳ ȡɅ ǪǍɳǍǪȡʌʳ Ǹʲȡɾʌɾ ṳᶱᶰṴṣ ÃɅǸ ɐȒ ʌțǸ ɶǸǍɾɐɅɾ Ȓɐɶ ʌțȡɾ Ⱥɐɾɾ ȡɾ ǱʔǸ ʌɐ ʌțǸ 
ɅɐɅẁɐɳʌȡɃǍȺ ɳɶɐǩǍǩȡȺȡʌʳ ǱȡɾʌɶȡǩʔʌȡɐɅ ɐȒ ʌɶǍɅɾɃȡʌʌǸǱ ɾʳɃǩɐȺɾṣ uɅ ṳᶯᶲṴ ǍɅǱ ṳᶱᶵṴ ɳɶɐǩǍǩȡȺȡɾʌȡǪ ɾțǍɳȡɅȓ 
ǍɅǱ ȓǸɐɃǸʌɶȡǪ ɾțǍɳȡɅȓ ɾǪțǸɃǸɾṞ ɶǸɾɳǸǪʌȡʬǸȺʳṞ ǍɶǸ ȡɅʌɶɐǱʔǪǸǱ ʌțǍʌ ǍʬɐȡǱ ʌțȡɾ ɾɐẁǪǍȺȺǸǱ ɾțǍɳȡɅȓ Ⱥɐɾɾṣ 
uʌ ʭǍɾ ɾțɐʭɅ ȡɅ ṳᶳᶷṴ ʌțǍʌ ɳɶɐǩǍǩȡȺȡɾʌȡǪ ɾțǍɳȡɅȓ ǪǍɅ ǩǸ ȡɃɳȺǸɃǸɅʌǸǱ ȲɐȡɅʌȺʳ ʭȡʌț ɳɐȺǍɶ ǪɐǱȡɅȓṞ ǩʳ 
ǸɃɳȺɐʳȡɅȓ ʌțǸ ɾʔǪǪǸɾɾȡʬǸ ǪǍɅǪǸȺȺǍʌȡɐɅ ǱǸǪɐǱǸɶ ǩɐʌț Ǎʌ ǸɅǪɐǱǸǱ ǍɅǱ ǱǸǪɐǱǸɶ ɾȡǱǸɾṣ fʔɶʌțǸɶɃɐɶǸṞ 
ǍɅ ǸʲɳȺȡǪȡʌ ǪɐǱǸ ǪɐɅɾʌɶʔǪʌȡɐɅ ǍȺȓɐɶȡʌțɃ ʭǍɾ ɳɶǸɾǸɅʌǸǱṣ ¶ɐʬȡɅȓ ȒɐɶʭǍɶǱ ʌɐ ᶴgṞ ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐɅ 
ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳṞ ȺǍʌǸɅǪʳ ǍɅǱ ʌțɶɐʔȓțɳʔʌ ǍɶǸ ɐɅȺʳ ǸʲɳǸǪʌǸǱ ʌɐ ȡɅǪɶǸǍɾǸṣ ÿțȡɾ ǱǸɃǍɅǱɾ ȒʔɶʌțǸɶ 
ȡɅʬǸɾʌȡȓǍʌȡɐɅɾ ɐȒ Ǎ țǍɶǱʭǍɶǸ ȒɶȡǸɅǱȺʳ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ ǸȒȒȡǪȡǸɅʌ ɾțǍɳȡɅȓ ɾǪțǸɃǸɾṣ éǸǪǸɅʌȺʳ ȲɐȡɅʌ 
ɳɶɐǩǍǩȡȺȡɾʌȡǪ ǍɅǱ ȓǸɐɃǸʌɶȡǪ ɾțǍɳȡɅȓ ȡɾ ʔɾǸǱ ʌɐ ǱǸɾȡȓɅ ǪɐɅɾʌǸȺȺǍʌȡɐɅɾ ȡɅ ṳᶳᶰṴ ʭȡʌț ǍɅ ǍʔʌɐǸɅǪɐǱǸɶ ʌɐ 
ȺǸǍɶɅ ʌțǸ ǪɐɅɾʌǸȺȺǍʌȡɐɅ ɐʬǸɶ Ǎ ʭȡǱǸ ɶǍɅȓǸ ɐȒ ñ¸é ɳǸɶȒɐɶɃȡɅȓ ǪȺɐɾǸ ʌɐ ǪǍɳǍǪȡʌʳṣ  

fʔɶʌțǸɶɃɐɶǸṞ ᶴg ɾʳɾʌǸɃɾ ʭȡȺȺ țǍʬǸ ʌɐ ɾʔɳɳɐɶʌ ɾǸʬǸɶǍȺ ʌʳɳǸɾ ɐȒ ʌɶǍȒȒȡǪ ʭȡʌț ǸʲʌɶǸɃǸȺʳ ǱȡʬǸɶɾǸ 
ɶǸɵʔȡɶǸɃǸɅʌɾṞ ȡɅǪȺʔǱȡɅȓ ȒɶǍɃǸ Ǹɶɶɐɶ ɶǍʌǸṞ ǸɅǱẁʌɐẁǸɅǱ ǱǍʌǍ ȺǍʌǸɅǪʳṞ ǱǍʌǍ ǩȺɐǪȶ ɾȡʽǸ ǍɅǱ ʌɶǍɅɾǪǸȡʬǸɶ 
ɳɐʭǸɶ ǪɐɅɾʔɃɳʌȡɐɅṣ ÿțǸɾǸ ɶǸɵʔȡɶǸɃǸɅʌɾ Ƀʔɾʌ ǩǸ ɾʔɳɳɐɶʌǸǱ ǩʳ ʌțǸ ǍɳɳɶɐɳɶȡǍʌǸ ȒɐɶʭǍɶǱ Ǹɶɶɐɶ 
ǪɐɶɶǸǪʌȡɐɅ ʌǸǪțɅȡɵʔǸɾṣ fɐɶ ᶳgṞ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ɐȒ ɳɐȺǍɶ ǪɐǱǸɾ ʭǍɾ ȺȡɃȡʌǸǱ ʌɐ ǪɐɅʌɶɐȺ ǪțǍɅɅǸȺ ɐɅȺʳṞ 
ʭțǸɶǸ ɾɃǍȺȺ ǩȺɐǪȶɾ ɐȒ ǱǍʌǍ ǍɶǸ ʌɶǍɅɾɃȡʌʌǸǱṞ ǱʔǸ ʌɐ ʌțǸ ȒɐȺȺɐʭȡɅȓ ɶǸǍɾɐɅɾṝ  

1. ¬ɐɅȓ ɳɐȺǍɶ ǪɐǱǸɾ ɶǸɵʔȡɶǸ ȺǍɶȓǸ Ⱥȡɾʌ ɾȡʽǸ ȡɅ ʌțǸ ɾʔǪǪǸɾɾȡʬǸ ǪǍɅǪǸȺȺǍʌȡɐɅ Ⱥȡɾʌ ǱǸǪɐǱǸɶ ʌɐ ǍǪțȡǸʬǸ 
ɶǸȺȡǍǩȺǸ ɳǸɶȒɐɶɃǍɅǪǸṣ ÿțȡɾ ɶǸɾʔȺʌɾ ȡɅ Ǎ țȡȓț ǱǸǪɐǱȡɅȓ ǪɐɃɳȺǸʲȡʌʳṣ  

2. ÿțǸ ɾʔǪǪǸɾɾȡʬǸ ǪǍɅǪǸȺȺǍʌȡɐɅ ǱǸǪɐǱȡɅȓ ǍȺȓɐɶȡʌțɃ ǍɅǱ ȡʌɾ ǱǸɶȡʬǍʌȡʬǸɾ ɾʔȒȒǸɶɾ ȒɶɐɃ țȡȓț ǱǸǪɐǱȡɅȓ 
ȺǍʌǸɅǪʳṣ  
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oɐʭǸʬǸɶṞ ɾɃǍȺȺ ǩȺɐǪȶ ȺǸɅȓʌț ɳɐȺǍɶ ǪɐǱǸɾ ǪǍɅ ǍȺɾɐ ɳɶɐʬȡǱǸ ǸʲǪǸȺȺǸɅʌ ɳǸɶȒɐɶɃǍɅǪǸ ʭȡʌț ǸʲʌɶǸɃǸȺʳ Ⱥɐʭ 
ǱǸǪɐǱȡɅȓ ǪɐɃɳȺǸʲȡʌʳṣ  

ñʔɳɳɐɶʌȡɅȓ ɃʔȺʌȡɳȺǸ ʌʳɳǸɾ ɐȒ ǪɐǱǸɾ ɶǸɾʔȺʌɾ ȡɅ ǸʲǪǸɾɾȡʬǸ ǪɐɃɳȺǸʲȡʌʳ ǍɅǱ ɳɐʭǸɶ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʌțǸ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ țǍɶǱʭǍɶǸṣ uʌ ȡɾ ʌțǸɶǸȒɐɶǸ țȡȓțȺʳ ǱǸɾȡɶǸǱ ʌɐ țǍʬǸ Ǎ ʔɅȡȒȡǸǱ ǪɐǱȡɅȓ ɾɐȺʔʌȡɐɅṞ ʭțȡǪț 
ǪɐʔȺǱ ǩǸ ǍǱǍɳʌǸǱ ʌɐ ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʬǍɶȡɐʔɾ ʌɶǍȒȒȡǪ ʌʳɳǸɾ ǍɅǱ ǩȺɐǪȶ ȺǸɅȓʌțɾ ǍɅǱ ʭɐʔȺǱ ȒǍǪȡȺȡʌǍʌǸ 
ǱȡȒȒǸɶǸɅʌ ǱǸǪɐǱȡɅȓ ǍɳɳɶɐǍǪțǸɾ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ǍɃɐʔɅʌ ɐȒ ǪɐɃɳʔʌȡɅȓ ɳɐʭǸɶ ǍʬǍȡȺǍǩȺǸ Ǎʌ ʌțǸ 
ɶǸǪǸȡʬǸɶṞ ǍȒȒɐɶǱǍǩȺǸ ȺǍʌǸɅǪʳ ǍɅǱ ʌǍɶȓǸʌ ɳǸɶȒɐɶɃǍɅǪǸṣ  

ÿțǸ ǪɶʔǪȡǍȺ ɳǍɶǍɃǸʌǸɶ ʭțȡǪț ɶǸȺǍʌǸɾ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ǍɅǱ ǩȺɐǪȶ ȺǸɅȓʌț Ȓɐɶ Ǎ ȒǍɃȡȺʳ ɐȒ ǪɐǱǸɾ ȡɾ ʌțǸ 
ɾǪǍȺȡɅȓ ǸʲɳɐɅǸɅʌṣ ÃɳʌȡɃǍȺ ɾǪǍȺȡɅȓ ǸʲɳɐɅǸɅʌ ɐȒ ᶰ ȡɾ ǍǪțȡǸʬǸǱ ǩʳ ɶǍɅǱɐɃ ǪɐǱǸɾ ṳᶴᶶṴṞ ʭțǸɶǸǍɾ !ɶȡȶǍɅ 
ɳɐȺǍɶ ǪɐǱǸɾ ǍɅǱ ¬Eæ> ǪɐǱǸɾ ǍǪțȡǸʬǸ ǍɅ ɾǪǍȺȡɅȓ ǸʲɳɐɅǸɅʌ ɐȒ ᶱṣᶴᶰᶵ ṵȒɐɶ ʌțǸ ǪǍɾǸ ɐȒ ʌțǸ ǩȡɅǍɶʳ ǸɶǍɾʔɶǸ 
ǪțǍɅɅǸȺṶ ǍɅǱ ᶱṞ ɶǸɾɳǸǪʌȡʬǸȺʳ ṳᶱᶷṴṳᶲᶮṴṣ æɐȺǍɶ ǪɐǱǸɾ ʭȡʌț ȺǍɶȓǸ ȶǸɶɅǸȺɾ ʭǸɶǸ ɾțɐʭɅ ʌɐ ǍɾʳɃɳʌɐʌȡǪǍȺȺʳ 
ǍǪțȡǸʬǸ Ƀốᶰ ṳᶰᶴṴṣ ñǸʬǸɶǍȺ ǪɐɅɾʌɶʔǪʌȡɐɅɾ ɐȒ ɳɐȺǍɶȡʽǍʌȡɐɅ ȶǸɶɅǸȺɾ ǍɶǸ ǍʬǍȡȺǍǩȺǸ ṳᶱᶴṴṳᶲᶶṴṣ oɐʭǸʬǸɶṞ ʌțǸȡɶ 
ɳɶǍǪʌȡǪǍȺ ɃǸɶȡʌɾ ǱǸɳǸɅǱ ɐɅ ʌțǸ ǪɐɃɳȺǸʲȡʌʳ ɐȒ ʌțǸ ȶǸɶɅǸȺ ɳɶɐǪǸɾɾȡɅȓ ṵǍȺɾɐ ȶɅɐʭɅ Ǎɾ ȶǸɶɅǸȺ 
ɃǍɶȓȡɅǍȺȡʽǍʌȡɐɅṶ ɐɳǸɶǍʌȡɐɅṞ ȡṣǸṣ ǪɐɃɳʔʌȡɅȓ ʌțǸ ȺɐȓẁȺȡȶǸȺȡțɐɐǱ ɶǍʌȡɐɾ ǍɶȡɾȡɅȓ ȡɅ ʌțǸ ɾʔǪǪǸɾɾȡʬǸ 
ǪǍɅǪǸȺȺǍʌȡɐɅ ǱǸǪɐǱȡɅȓ ǍȺȓɐɶȡʌțɃṣ uɅ ȓǸɅǸɶǍȺṞ ʌțǸ ȶǸɶɅǸȺ Ƀʔɾʌ ǩǸ ǪǍɶǸȒʔȺȺʳ ɐɳʌȡɃȡʽǸǱ ɐȒȒȺȡɅǸ ʌɐ ǸɅɾʔɶǸ 
ʌțǍʌ ȡʌɾ ɳɶɐǪǸɾɾȡɅȓ ȡɾ ɾȡɃɳȺǸ ǸɅɐʔȓțṞ ʭțȡȺǸ ȡʌɾ ɳɐȺǍɶȡʽǍʌȡɐɅ ɳɶɐɳǸɶʌȡǸɾ ǍɶǸ ɾʔȒȒȡǪȡǸɅʌȺʳ ȓɐɐǱ ṳᶴᶮṴṣ uʌ ȡɾ 
ɳɐɾɾȡǩȺǸ ʌɐ ɾțɐʭ ʌțǍʌ Ȓɐɶ ʭǸȺȺẁɐɳʌȡɃȡʽǸǱ ȶǸɶɅǸȺɾ ʔɅǱǸɶ ɾʔǪǪǸɾɾȡʬǸ ǪǍɅǪǸȺȺǍʌȡɐɅ Ⱥȡɾʌ ǱǸǪɐǱȡɅȓ ȡʌ ȡɾ 
ɳɐɾɾȡǩȺǸ ʌɐ ɐǩʌǍȡɅ ǩɐʌț ǩǸʌʌǸɶ ɳǸɶȒɐɶɃǍɅǪǸ ǍɅǱ ȺɐʭǸɶ ǱǸǪɐǱȡɅȓ ǪɐɃɳȺǸʲȡʌʳ ǪɐɃɳǍɶǸǱ ʌɐ ʌțǸ ǪɐǱǸɾ 
ǩǍɾǸǱ ɐɅ ʌțǸ !ɶȡȶǍɅ ȶǸɶɅǸȺ ṳᶳᶶṴṳᶴᶯṴṣ fʔɶʌțǸɶɃɐɶǸṞ ȡʌ ȡɾ ɳɐɾɾȡǩȺǸ ʌɐ ȡɃɳȺǸɃǸɅʌ ǪɐǱǸ ȺǸɅȓʌț ǍǱǍɳʌǍʌȡɐɅ 
ǩʳ ǸɃɳȺɐʳȡɅȓ Ǎ ȒǍɃȡȺʳ ɐȒ ɾțɐɶʌǸɅǸǱ ɳɐȺǍɶȡʽǍʌȡɐɅ ȶǸɶɅǸȺɾ ṳᶴᶰṴṞ ʭțȡǪț ǍǱɃȡʌ ʔɅȡȒȡǸǱ țǍɶǱʭǍɶǸ 
ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ ʌțǸ ɳɶɐǪǸɾɾȡɅȓ ǍȺȓɐɶȡʌțɃ Ȓɐɶ ȶǸɶɅǸȺɾ ɐȒ ǱȡȒȒǸɶǸɅʌ ɾȡʽǸṣ 

ÿțǸ ɳɶɐǩȺǸɃ ɐȒ țȡȓț ǱǸǪɐǱȡɅȓ ȺǍʌǸɅǪʳṞ ʭțȡǪț ȡɾ ȡɅțǸɶǸɅʌ Ȓɐɶ ʌțǸ ǱǸǪɐǱȡɅȓ ǍȺȓɐɶȡʌțɃɾ ǩǍɾǸǱ ɐɅ ʌțǸ 
ɾʔǪǪǸɾɾȡʬǸ ǪǍɅǪǸȺȺǍʌȡɐɅ ǍɳɳɶɐǍǪțṞ ǪǍɅ ǩǸ ǍʬɐȡǱǸǱ ǩʳ ǸɃɳȺɐʳȡɅȓ ǩǸȺȡǸȒ ɳɶɐɳǍȓǍʌȡɐɅ ǱǸǪɐǱȡɅȓ 
ʌǸǪțɅȡɵʔǸɾṣ ÿțȡɾṞ țɐʭǸʬǸɶṞ ɶǸɵʔȡɶǸɾ ɐɅǸ ǸȡʌțǸɶ ʌɐ ʌɶǍɅɾȒɐɶɃ ʌțǸ ȒǍǪʌɐɶȓɶǍɳț ɐȒ ʌțǸ ɐɶȡȓȡɅǍȺ ɳɐȺǍɶ ǪɐǱǸ 
ṳᶯᶴṴṞ ɐɶ ʌɐ ǸʲɳȺȡǪȡʌȺʳ ɐɳʌȡɃȡʽǸǱ ʌțǸ ǪɐǱǸ ɾʌɶʔǪʌʔɶǸ Ȓɐɶ ǩǸȺȡǸȒ ɳɶɐɳǍȓǍʌȡɐɅ ǱǸǪɐǱȡɅȓ ṳᶱᶮṴṣ 

fʔɶʌțǸɶ ǱǸʬǸȺɐɳɃǸɅʌɾ ȡɅ ʌțȡɾ ǍɶǸǍ ɃǍʳ ǸɅǍǩȺǸ ʌțǸ ǱǸɾȡȓɅ ɐȒ Ǎ fM> ɾǪțǸɃǸ ʭțȡǪț ǪǍɅ ǩǸ ɾǪǍȺǸǱ Ȓɐɶ 
ǱȡȒȒǸɶǸɅʌ èɐñ ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɅ ʌǸɶɃɾ ɐȒ ɳǸɶȒɐɶɃǍɅǪǸṞ ǪɐɃɳȺǸʲȡʌʳṞ ǍɅǱ ȺǍʌǸɅǪʳṣ  

2.3.7 Access mechanisms  in distributed MIMO architectures  

ÃɅǸ ɐȒ ʌțǸ ɳɶɐɃȡɾǸɾ ɐȒ ᶴg ȡɾ ʌɐ ȡɅʌǸȓɶǍʌǸ Ǎ ʭȡǱǸ ɶǍɅȓǸ ɐȒ ǱǸʬȡǪǸ ʌʳɳǸɾ ȡɅʌɐ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ ǍɶǪțȡʌǸǪʌʔɶǸ 
ʌɐ ǍǪțȡǸʬǸ ȓɶǸǍʌǸɶ ɅǸʌʭɐɶȶ ǱǸɳȺɐʳɃǸɅʌ ȒȺǸʲȡǩȡȺȡʌʳ ǍɅǱ ǪɐʬǸɶǍȓǸṣ  

>ǸȺȺẁȒɶǸǸ ǍɶǪțȡʌǸǪʌʔɶǸɾ ǍɶǸ Ǎ ǪǍɅǱȡǱǍʌǸ Ȓɐɶ ᶴg ʭțǸɶǸ ȓɶɐʔɳɾ ɐȒ ɶǍǱȡɐ țǸǍǱɾ ɐɶ ǱȡɾʌɶȡǩʔʌǸǱ ǍɅʌǸɅɅǍ 
ǸȺǸɃǸɅʌɾ ǍɶǸ ǪɐɅʌɶɐȺȺǸǱ ǩʳ Ǎ ǪǸɅʌɶǍȺ ǸɅʌȡʌʳṣ uȒ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾ ȡɅ ʌțǸɾǸ ǸȺǸɃǸɅʌɾ ȡɾ ɃʔǪț 
ȓɶǸǍʌǸɶ ʌțǍɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ ʔɾǸɶɾṞ ʌțǸɅ ȡʌ ȡɾ ɶǸȒǸɶɶǸǱ ʌɐ Ǎɾ Ǎ ǪǸȺȺẁȒɶǸǸ ɃǍɾɾȡʬǸ ¶u¶Ã ɅǸʌʭɐɶȶ ṳᶴᶷṴṣ 
ğțȡȺǸ ǪǸȺȺẁȒɶǸǸ ɃǍɾɾȡʬǸ ¶u¶Ã ɅǸʌʭɐɶȶɾ ɳɶɐʬȡǱǸ ɅʔɃǸɶɐʔɾ ǩǸɅǸȒȡʌɾ ʭțǸɅ ǪɐɃɳǍɶǸǱ ʌɐ ʌɶǍǱȡʌȡɐɅǍȺ 
ǪǸȺȺẁǩǍɾǸǱ ǍɶǪțȡʌǸǪʌʔɶǸɾ ɾʔǪț Ǎɾ ȓɶǸǍʌȺʳ ɶǸǱʔǪȡɅȓ ʌțǸ ɐʔʌǍȓǸ ɳɶɐǩǍǩȡȺȡʌʳṞ țǍʬȡɅȓ Ǎ ɾțǍɶǸǱ é!¸ 
ǩǸʌʭǸǸɅ ɾǸʬǸɶǍȺ ɶǍǱȡɐ țǸǍǱɾ ǍɅǱ ǪɐɅʌɶɐȺȺǸɶɾṞ ȡɅʌɶɐǱʔǪǸɾ ɅǸʭ ǪțǍȺȺǸɅȓǸɾ ȡɅ ʌțǸ ǱǸɾȡȓɅ ɐȒ ɶǍǱȡɐ 
ǍǪǪǸɾɾ ɃǸǪțǍɅȡɾɃɾṣ fɐɶ ǸʲǍɃɳȺǸṞ é!¸ ɾȺȡǪȡɅȓ ǍɅǱ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ȡɅ ǪǸȺȺẁǩǍɾǸǱ ǍɶǪțȡʌǸǪʌʔɶǸɾ 
ǍɶǸ ǪǸɅʌɶǍȺȡʽǸǱ ɐɳʌȡɃȡʽǍʌȡɐɅ ɳɶɐǩȺǸɃɾṞ ʭțǸɶǸǍɾ ʌțǸʳ ǩǸǪɐɃǸ ǱȡɾʌɶȡǩʔʌǸǱ ɐɳʌȡɃȡʽǍʌȡɐɅ ɳɶɐǩȺǸɃɾ ȡɅ 
ǪǸȺȺẁȒɶǸǸ ¶u¶Ã ǍɶǪțȡʌǸǪʌʔɶǸɾṞ ʭțȡǪț ȡɅǪɶǸǍɾǸɾ ʌțǸȡɶ ǪɐɃɳȺǸʲȡʌʳ ṳᶰᶶṴṣ  

fʔɶʌțǸɶɃɐɶǸṞ éǸȒȺǸǪʌȡʬǸ uɅʌǸȺȺȡȓǸɅʌ ñʔɶȒǍǪǸɾ ṵéuñṶ ǍɶǸ ǍɅ ȡɅʌǸɶǸɾʌȡɅȓ ǍȺʌǸɶɅǍʌȡʬǸ Ȓɐɶ ɅǸʌʭɐɶȶ 
ǱǸɅɾȡȒȡǪǍʌȡɐɅṣ =ʳ ǩǸȡɅȓ ɳǍɾɾȡʬǸ ǸȺǸɃǸɅʌɾ ɶǍʌțǸɶ ʌțǍɅ ǍǪʌȡʬǸṞ éuñ ȺǍǪȶ ɾǸʬǸɶǍȺ ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ʭțǸɅ 
ǪɐɃɳǍɶǸǱ ʌɐ ʌɶǍǱȡʌȡɐɅǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾ ǩʔʌṞ ȡɅ ǸʲǪțǍɅȓǸṞ ɳɶɐʬȡǱǸ Ǎ ɃɐɶǸ ȒȺǸʲȡǩȺǸṞ ǪɐɾʌẁǸȒȒȡǪȡǸɅʌ 
ǍȺʌǸɶɅǍʌȡʬǸ ʌɐ ǸȺȡɃȡɅǍʌǸ ǪɐʬǸɶǍȓǸ țɐȺǸɾṣ ğțȡȺǸ Ƀɐɾʌ ɐȒ ʌțǸ ɶǸɾǸǍɶǪț ɐɅ éuñ țǍɾ ȒɐǪʔɾǸǱ ɐɅ ɳțʳɾȡǪǍȺ 
ȺǍʳǸɶ ǍɾɳǸǪʌɾṞ ɶǸǪǸɅʌ ʭɐɶȶɾ ǍɶǸ Ʌɐʭ ȒɐǪʔɾȡɅȓ ɐɅ ɃǸǱȡʔɃ ǍǪǪǸɾɾ ǪɐɅʌɶɐȺ ṵ¶!>Ṷ ɳɶɐʌɐǪɐȺẁȺǍʳǸɶ 
ǍɾɳǸǪʌɾ ʌɐ ɃǍȶǸ éuñ Ǎ ɶǸǍȺȡʌʳṣ fɐɶ ǸʲǍɃɳȺǸṞ ṳᶰᶱṴ ȡɾ ɐɅǸ ɐȒ ʌțǸ Ȓȡɶɾʌ ʌɐ ʌǍǪȶȺǸ ʌțǸ ǱǸɾȡȓɅ ɐȒ ǍǪǪǸɾɾ ɳɐȺȡǪȡǸɾ 
ǩǍɾǸǱ ɐɅ ʌțǸ ǩǸǍɃ ɾʭǸǸɳȡɅȓ ɳǍʌʌǸɶɅ ɐȒ ʌțǸ éuñṞ ʭțȡǪț ȡɾ ɅǸǸǱǸǱ ʌɐ ǪɐʬǸɶ ʌțǸ ǍɶǸǍ ʭțǸɶǸ ȺȡɅǸẁɐȒẁ
ɾȡȓțʌ ʌɐ ʌțǸ ǩǍɾǸ ɾʌǍʌȡɐɅ ȡɾ ɐǩɾʌɶʔǪʌǸǱṣ uʌ ȡɾ ɐǩɾǸɶʬǸǱ ʌțǍʌ ǍɳɳɶɐɳɶȡǍʌǸ ǍǪǪǸɾɾ ɳɐȺȡǪȡǸɾ ǪǍɅ ǩǸ ǱǸȒȡɅǸǱ 
ǩǍɾǸǱ ɐɅ ʌțǸ ȶɅɐʭȺǸǱȓǸ ɐǩʌǍȡɅǸǱ ǱʔɶȡɅȓ Ǎ ʌɶǍȡɅȡɅȓ ɳțǍɾǸṞ ʭțȡǪț ǍȺȺɐʭɾ ʌțǸ ʔɾǸɶɾ ʌɐ ȺǸǍɶɅ ʌțǸ 
ɾʭǸǸɳȡɅȓ ɳǍʌʌǸɶɅ ǍɅǱ ʌɐ ȡǱǸɅʌȡȒʳ ʌțǸ ǩǸɾʌ ʌȡɃǸ ʌɐ ʌɶǍɅɾɃȡʌṣ oɐʭǸʬǸɶṞ ʌțǸ ʌɶǍȡɅȡɅȓ ɳțǍɾǸ Ƀʔɾʌ ǩǸ 
ǪǍɶǸȒʔȺȺʳ ǱǸɾȡȓɅǸǱ ʌɐ ǍʬɐȡǱ ǸʲǪǸɾɾȡʬǸ overhead ṣ  
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2.3.8  Radio access for semantic and goal -oriented  communications  

ÿțǸ ɾǸɃȡɅǍȺ ʭɐɶȶ ǩʳ ñțǍɅɅɐɅ ȡɅ ᶯᶷᶲᶶ ɾǸʌ ʌțǸ ȒɐʔɅǱǍʌȡɐɅ ɐȒ ɃɐǱǸɶɅ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃɾ ǩʳ 
ɵʔǍɅʌȡȒʳȡɅȓ ʌțǸ ɃǍʲȡɃʔɃ ǱǍʌǍ ɶǍʌǸ ʌțǍʌ Ǎ Ʌɐȡɾʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪțǍɅɅǸȺ ǪǍɅ ɾʔɳɳɐɶʌ ṳᶳᶮṴṣ uɅ 
ñțǍɅɅɐɅẏɾ ʭɐɶȶṞ ǍȺȺ ɃǸɾɾǍȓǸɾ ʭǸɶǸ ʌɶǸǍʌǸǱ Ǎɾ țǍʬȡɅȓ ǸɵʔǍȺ ȡɃɳɐɶʌǍɅǪǸ ɶǸȓǍɶǱȺǸɾɾ ɐȒ ʌțǸȡɶ ɾǸɃǍɅʌȡǪ 
ɃǸǍɅȡɅȓ ɐɶ ʌțǸ ʔɅǱǸɶȺʳȡɅȓ ǍɳɳȺȡǪǍʌȡɐɅ Ȓɐɶ ʭțȡǪț ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɾ ʔɾǸǱṞ ʭțȡǪț ɾǸʌɾ ʌțǸ ȒȡɅǍȺ ȓɐǍȺ 
ɐȒ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ ÿțȡɾ ǍɾɾʔɃɳʌȡɐɅṞ ʌɐȓǸʌțǸɶ ʭȡʌț ʌțǸ ȓʔǍɶǍɅʌǸǸ ʌțǍʌ ɾǸɳǍɶǍʌȡɐɅ ɐȒ ɾɐʔɶǪǸ ǍɅǱ 
ǪțǍɅɅǸȺ ǪɐǱȡɅȓ ɳǸɶȒɐɶɃɾ ǸɵʔǍȺȺʳ Ǎɾ Ǎ ¦ɐȡɅʌ ñɐʔɶǪǸ ǍɅǱ >țǍɅɅǸȺ >ɐǱȡɅȓ ṵ¦ñ>>Ṷ ɾʌɶǍʌǸȓʳ ȡɅ ʌțǸ 
ȡɅȒȡɅȡʌǸ ǩȺɐǪȶẁȺǸɅȓʌț ɶǸȓȡɃǸṞ ɃɐʌȡʬǍʌǸǱ ʌțǸ ɾɳȺȡʌ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃɾ ȡɅʌɐ ʌʭɐ ȡɅǱǸɳǸɅǱǸɅʌ 
ɾʔǩɾʳɾʌǸɃɾṝ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɃɐǱʔȺǸɾ ṵȡṣǸṣṞ ȺɐʭǸɶ ȺǍʳǸɶɾ ɐȒ ʌțǸ ɳɶɐʌɐǪɐȺ ɾʌǍǪȶṶ ǍɅǱ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ 
ȡʌɾǸȺȒṣ ÿțȡɾ ɳɶȡɅǪȡɳȺǸ țǍɾ ǱǸȒȡɅǸǱ ʌțǸ ʭǍʳ Ƀɐɾʌ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʳɾʌǸɃɾ ǍɶǸ ǱǸɾȡȓɅǸǱ ʌɐǱǍʳṞ ʭțɐɾǸ 
ɃǍȡɅ ȓɐǍȺ țǍɾ ǩǸǸɅ ʌɐ ɶǸǪɐɅɾʌɶʔǪʌ ʌțǸ ɃǸɾɾǍȓǸɾ Ǎʌ ʌțǸ ɶǸǪǸȡʬǸɶ ɾȡǱǸ ʭȡʌț ʌțǸ țȡȓțǸɾʌ ȒȡǱǸȺȡʌʳ 
ɳɐɾɾȡǩȺǸṣ  

¸ǸʬǸɶʌțǸȺǸɾɾṞ ʌțȡɾ ǪȺǍɾɾȡǪ ʬȡǸʭ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǪɐʬǸɶɾ ʌțǸ ʌǸǪțɅȡǪǍȺ ɳɶɐǩȺǸɃ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ 
ʭțȡǪț ȡɾ ǪɐɅɾȡǱǸɶǸǱ ʌɐ ǩǸ ɐɅǸ ɐʔʌ ɐȒ ʌțǸ ʌțɶǸǸ ȺǸʬǸȺɾ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɶɐǩȺǸɃɾ ǍȺɶǸǍǱʳ ɐʔʌȺȡɅǸǱ 
ǩʳ ğǸȡʬǸɶ ȡɅ ʌțǸ ȡɅʌɶɐǱʔǪʌȡɐɅ ɐȒ ñțǍɅɅɐɅẏɾ ɾǸɃȡɅǍȺ ʭɐɶȶ ȡɅ ᶯᶷᶳᶷ ṳᶳᶯṴṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ǪȺǍɾɾȡǪ ʬȡǸʭ 
ɅǸȓȺǸǪʌɾ ʌțǸ ɐʌțǸɶ ʌʭɐ ȺǸʬǸȺɾ ɐȒ ɳɶɐǩȺǸɃɾṣ ÿțǸ ɾǸɃǍɅʌȡǪ ɳɶɐǩȺǸɃ ȒɐǪʔɾǸɾ ɐɅ ǪɐɅʬǸʳȡɅȓ ʌțǸ 
ɾǸɃǍɅʌȡǪ ǪɐɅʌǸɅʌ ɐȒ ʌțǸ ȡɅȒɐɶɃǍʌȡɐɅ ʌɐ ʌțǸ ɶǸǪǸȡʬǸɶṞ ʭțȡȺǸ ʌțǸ ȡɅǱȡʬȡǱʔǍȺ ɾʳɃǩɐȺɾ Ǳɐ Ʌɐʌ ɅǸǸǱ ʌɐ ǩǸ 
ɳǸɶȒǸǪʌȺʳ ɶǸǪɐɅɾʌɶʔǪʌǸǱṣ ÿțǸ ǸȒȒǸǪʌȡʬǸɅǸɾɾ ɳɶɐǩȺǸɃ ȒɐǪʔɾǸɾ ɐɅ ǍǪțȡǸʬȡɅȓ ʌțǸ ʔȺʌȡɃǍʌǸ ȓɐǍȺ ɐȒ ʌțǸ 
ɾʳɾʌǸɃ Ȓɐɶ ʭțȡǪț ʌțǸ ɃǸɾɾǍȓǸɾ ǍɶǸ ʌɶǍɅɾɃȡʌʌǸǱṣ >ɐɅɾǸɵʔǸɅʌȺʳṞ ʌțǸ ǸȒȒǸǪʌȡʬǸɅǸɾɾ ɳɶɐǩȺǸɃ ǪǍɅ ǩǸ Ǎ 
ɅǸʭ ǍɅǱ ǍɳɳǸǍȺȡɅȓ ȒɶǍɃǸʭɐɶȶ ʌɐ ǍǱǱɶǸɾɾ ʔɾǸ ǪǍɾǸɾ ɐȒ ɶǸɃɐʌǸ ǪɐɅʌɶɐȺ ɐȒ ǪʳǩǸɶẁɳțʳɾȡǪǍȺ ɾʳɾʌǸɃɾ 
ǱǸɾǪɶȡǩǸǱ ǍǩɐʬǸṣ 

!ɾ ɃǸɅʌȡɐɅǸǱ ǸǍɶȺȡǸɶṞ ʌțǸ ʌǸǪțɅȡǪǍȺ ɳɶɐǩȺǸɃ țǍɾ ǩǸǸɅ ʌțǸ ȒɐǪʔɾ ȡɅ ʌțǸ ǱǸɾȡȓɅ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ɾɾrʌǸɃɾ ʔɅʌȡȺ Ǎ ȒǸʭ ʳǸǍɶɾ Ǎȓɐṣ ÿțȡɾ ȡɾ ɃǍȡɅȺʳ ǩǸǪǍʔɾǸ țʔɃǍɅɾ țǍʬǸ ǍȺʭǍʳɾ ǩǸǸɅ ǍɾɾʔɃǸǱ ʌɐ ǩǸ ʌțǸ 
ʔȺʌȡɃǍʌǸ ǪɐɅɾʔɃǸɶɾ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅṞ ǍɅǱ țʔɃǍɅɾ ȡɅțǸɶǸɅʌȺʳ ǍǱǱɶǸɾɾ ʌțǸ ɾǸɃǍɅʌȡǪɾ ǍɅǱ 
ǸȒȒǸǪʌȡʬǸɅǸɾɾ ɳɶɐǩȺǸɃɾ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ uʌ ȡɾ ɐɅȺʳ ʭȡʌț ʌțǸ ǍǱʬǸɅʌ ɐȒ ɃǍǪțȡɅǸɾ ʭȡʌț ǍǱʬǍɅǪǸǱ 
ɳɶɐǪǸɾɾȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪǍɳǍǩȡȺȡʌȡǸɾṞ ǍȺɐɅȓ ʭȡʌț ȡɅʌǸȺȺȡȓǸɅǪǸ ṵȡṣǸṣṞ ʌțǸ ɃǸǪțǍɅȡɾɃɾ ǍɅǱ 
ǍȺȓɐɶȡʌțɃɾ ʌɐ ɃǍȶǸ ȡɅʌǸȺȺȡȓǸɅʌ ǱǸǪȡɾȡɐɅɾṶṞ ʌțǍʌ ʌțǸ ȺȡɃȡʌǍʌȡɐɅɾ ɐȒ ȒɐǪʔɾȡɅȓ ɐɅȺʳ ɐɅ ʌțǸ ʌǸǪțɅȡǪǍȺ 
ɳɶɐǩȺǸɃ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍɶǸ ǩǸȡɅȓ ɶǸʬǸǍȺǸǱṣ ğȡʌț ɃǍǪțȡɅǸɾ ȡɅ ȒǍǪʌṞ ȒȡǱǸȺȡʌʳ ɐȒ ɶǸǪɐɅɾʌɶʔǪʌǸǱ 
ɃǸɾɾǍȓǸɾ ȡɾ Ʌɐʌ ɅǸǪǸɾɾǍɶȡȺʳ ʌțǸ Ƀɐɾʌ ɶǸȺǸʬǍɅʌ ǪɶȡʌǸɶȡɐɅ ʌɐ ȓʔǍɶǍɅʌǸǸ ɐɳʌȡɃǍȺ ɐɳǸɶǍʌȡɐɅṣ >ɐɅɾȡǱǸɶ Ȓɐɶ 
ǸʲǍɃɳȺǸ Ǎ ɶɐǩɐʌȡǪ ǍɳɳȺȡǪǍʌȡɐɅ ʭțǸɶǸ Ǎ ɶɐǩɐʌ ǪɐȺȺǸǪʌɾ ɾǸɅɾȡɅȓ ȡɅȒɐɶɃǍʌȡɐɅ ǍɅǱ ɾǸɅǱɾ ȡʌ ʌɐ Ǎ ǪǸɅʌɶǍȺ 
ɾǸɶʬǸɶ Ȓɐɶ ɳɶɐǪǸɾɾȡɅȓṞ ǍȒʌǸɶ ʭțȡǪț ʌțǸ ɐʔʌɳʔʌ ȡɾ ɾǸɅʌ ǩǍǪȶ ʌɐ ʌțǸ ɶɐǩɐʌṣ EǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ʌǍɾȶṞ ǸṣȓṣṞ 
ɐǩȲǸǪʌ ǱǸʌǸǪʌȡɐɅṞ ʌțǸɶǸ ǍɶǸ ǪȺǸǍɶȺʳ ɾɐɃǸ ɾǸȓɃǸɅʌɾ ɐȒ ʌțǸ ɾǸɅɾɐɶ ȡɅȒɐɶɃǍʌȡɐɅ ɃɐɶǸ ɶǸȺǸʬǍɅʌ Ȓɐɶ ʌțǸ 
ɐɳʌȡɃǍȺ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ʌțǸ ʌǍɾȶ ʌțǍɅ ɐʌțǸɶɾṞ ɾʔǪț Ǎɾ ǍɶǸǍɾ ɐɅ ʌțǸ ʬȡǱǸɐ ȒǸǸǱ ɐȒ ʌțǸ ɶɐǩɐʌ ʭțǸɶǸ 
ɶǸȺǸʬǍɅʌ ɐǩȲǸǪʌɾ ȺȡǸṣ !Ʌ ɐɳʌȡɃǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃ Ȓɐɶ ɾʔǪț Ǎ ʌǍɾȶ ɾțɐʔȺǱ ǩǸ ǱǸɾȡȓɅǸǱ ʭȡʌț ʌțǸ 
ǍʭǍɶǸɅǸɾɾ ɐȒ ʌțȡɾ ǪɐɅʌǸʲʌʔǍȺ ɶǸȺǸʬǍɅǪǸṞ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ʌȡɃȡɅȓ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅṞ Ȓɐɶ 
ǸʲǍɃɳȺǸṞ ʌɐ ɳɶǸʬǸɅʌ ʌțǸ ɶɐǩɐʌ ʌɐ ǪɐɅɾʌǍɅʌȺʳ ǪɶǍɾț ǍȓǍȡɅɾʌ ɐǩɾʌǍǪȺǸɾṣ 

uɅ ṳᶰᶷṴṞ ʌțǸ ǱǸɾȡȓɅ ɐȒ Ǎ gɐǍȺẁÃɶȡǸɅʌǸǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ṵgÃ>ɐɃṶ ɾʳɾʌǸɃ ȡɾ ɳɶɐɳɐɾǸǱṞ ʭțǸɶǸ Ǎ gɐǍȺẁ
ÃɶȡǸɅʌǸǱ MɅǪɐǱǸɶ ṵgÃMṶ ǍɅǱ Ǎ EǸǪɐǱǸɶ ṵgÃEṶṞ ɾǸɳǍɶǍʌǸǱ ǩʳ Ǎ ʭȡɶǸȺǸɾɾ ǪțǍɅɅǸȺṞ ǍɶǸ ȲɐȡɅʌȺʳ ʌɶǍȡɅǸǱ 
ʌɐ ȓǸɅǸɶǍʌǸ Ǎ ʌǍɾȶ ɐʔʌɳʔʌ ǩǍɾǸǱ ɐɅ ǍɅ ȡɅɳʔʌ ɾȡȓɅǍȺṣ fȡȓʔɶǸ  ɴɾțɐʭɾ ʌțǸ ȓǸɅǸɶǍȺ ɾʳɾʌǸɃ ɃɐǱǸȺṞ ʭțǸɶǸ 
ʌțǸ gÃM ȡɾ ɶǸɳɶǸɾǸɅʌǸǱ ǩʳ ʌțǸ ȒʔɅǪʌȡɐɅ ὪṞ ʭȡʌț Ὢ ǩǸȡɅȓ ʌțǸ ɅɐɅẁȺȡɅǸǍɶ ɃǍɳɳȡɅȓ ɳǍɶǍɃǸʌɶȡʽǸǱ ǩʳ 
ȺǸǍɶɅǍǩȺǸ ɳǍɶǍɃǸʌǸɶɾ —  ǍɅǱ ʌțǸ gÃE ȡɾ ɶǸɳɶǸɾǸɅʌǸǱ ǩʳ Ǎ ȒʔɅǪʌȡɐɅ Ὣ Ṟ ʭȡʌț Ὣ  ǩǸȡɅȓ Ǎ ɅɐɅẁȺȡɅǸǍɶ 
ɃǍɳɳȡɅȓ ɳǍɶǍɃǸʌɶȡʽǸǱ ǩʳ ȺǸǍɶɅǍǩȺǸ ɳǍɶǍɃǸʌǸɶɾ ‰ṣ 

 
Figure 2: System model of GOCom  system where x represents the input features, z represents the symbols 

encoded by the Goal -oriented encoder (GOE) and H is the channel transfer function. Then, z  Ὃ is the 
corrupted symbols by the channel with transfer function H, and y  Ὃ is the decoded ou tput of the Goal -

Oriented Decoder (GOD).  
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ÿțǸ ȒɶǍɃǸʭɐɶȶ ȡɾ ȓǸɅǸɶǍȺ ǸɅɐʔȓț ʌɐ țǍɅǱȺǸ ǍɅʳ ȶȡɅǱ ɐȒ ȺǸǍɶɅȡɅȓ ʌǍɾȶ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪțǍɅɅǸȺṞ 
Ǎɾ ȺɐɅȓ Ǎɾ ʌțǸ ʌǍɾȶ ǍɅǱ ʌțǸ ǪțǍɅɅǸȺ ǍɶǸ ṵǍȺɃɐɾʌ ǸʬǸɶʳʭțǸɶǸṶ ǱȡȒȒǸɶǸɅʌȡǍǩȺǸ ȒʔɅǪʌȡɐɅɾṣ fʔɶʌțǸɶɃɐɶǸṞ 
ṳᶰᶷṴ ȡɅʌɶɐǱʔǪǸǱ ǍȺȓɐɶȡʌțɃɾ Ȓɐɶ ǩɐʌț ɾʔɳǸɶʬȡɾǸǱ ȺǸǍɶɅȡɅȓ ǍɅǱ éǸȡɅȒɐɶǪǸɃǸɅʌ ¬ǸǍɶɅȡɅȓ ṵé¬Ṷ ǍɅǱ 
ɳɶǸɾǸɅʌǸǱ ʌțǸ ǪǍɾǸ ɾʌʔǱʳ ɐȒ gÃ>ɐɃ Ȓɐɶ ȡɃǍȓǸ ʌɶǍɅɾɃȡɾɾȡɐɅṣ ğȡʌțȡɅ ʌțǸ ǪǍɾǸ ɾʌʔǱʳṞ ʌʭɐ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʳɾʌǸɃɾ ʭǸɶǸ ǱǸɾȡȓɅǸǱṞ ʌțǸ Ȓȡɶɾʌ ɐɅǸ ȒɐǪʔɾǸǱ ɐɅ ǍɅ ȡɃǍȓǸ ǪȺǍɾɾȡȒȡǪǍʌȡɐɅ ʌǍɾȶṞ ʭțȡȺǸ 
ʌțǸ ɾǸǪɐɅǱ ɐɅǸ ȒɐǪʔɾǸǱ ɐɅ ǍɅ é¬ ʌǍɾȶṣ ÿțǸ ɾȡɃʔȺǍʌȡɐɅ ɶǸɾʔȺʌɾ ɾțɐʭǸǱ ʌțǍʌ ʌțǸ ȡɅʌʔȡʌȡɐɅ ǩǸțȡɅǱ 
ǱǸɾȡȓɅȡɅȓ ɾɳǸǪȡǍȺȡʽǸǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʳɾʌǸɃɾ Ȓɐɶ Ǎ ɳǍɶʌȡǪʔȺǍɶ ʌǍɾȶ ȡɅǱǸǸǱ țɐȺǱɾ ǍɅǱ gÃ>ɐɃ 
ȡɅǪɶǸǍɾǸɾ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ʭțǸɅ ǪɐɃɳǍɶǸǱ ʭȡʌț ¦ñ>>Ṟ ǸɾɳǸǪȡǍȺȺʳ ȡɅ ǩǍǱ ǪțǍɅɅǸȺ ǪɐɅǱȡʌȡɐɅɾṣ 
¶ɐɶǸɐʬǸɶṞ ȡʌ ʭǍɾ ɾțɐʭɅṞ ʌțǍʌ Ȓɐɶ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ɐȒ ɳȺǍʳȡɅȓ ʌțǸ !ʌǍɶȡ ȓǍɃǸ Ẍ=ɶǸǍȶÃʔʌẍ ʭȡʌț é¬Ṟ ʌțǸ 
ǍȓǸɅʌ ȡɾ ǸʲʌɶǸɃǸȺʳ ɾǸɅɾȡʌȡʬǸ ʌɐ ʌțǸ ǱȡɾʌɐɶʌȡɐɅ ɐȒ ɶǸǪɐɅɾʌɶʔǪʌǸǱ ɾȡȓɅǍȺɾ ǍɅǱ ȒǍȡȺɾ ǱɶǍɾʌȡǪǍȺȺʳ ʭȡʌț Ǎ ¦ñ>> 
ɾʌɶǍʌǸȓʳṞ ʭțȡȺǸ ǩʳ ʔɾȡɅȓ ɐʔɶ gÃ>ɐɃ ǍɳɳɶɐǍǪțṞ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃ ǸȒȒǸǪʌȡʬǸȺʳ ȒɐǪʔɾǸɾ ɐɅ 
ʌțǸ ɶǸȺǸʬǍɅʌ ɳǍɶʌɾ ɐȒ ʌțǸ ʌɶǍɅɾɃȡʌʌǸǱ ȡɅȒɐɶɃǍʌȡɐɅṣ 

¶ǍɅʳ ɐʌțǸɶ ǸʲǍɃɳȺǸɾ Ǹʲȡɾʌ Ȓɐɶ ʌțǸ ȲɐȡɅʌ ǱǸɾȡȓɅ ɐȒ ǍɳɳȺȡǪǍʌȡɐɅ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃ ȡɅ ʌțǸ 
ǪɐɅʌǸʲʌ ɐȒ ¦ñ>> ṳᶯᶳṴṞ ñǸɃǍʌȡǪ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ṳᶴᶴṴṞ ɐɶ gɐǍȺẁÃɶȡǸɅʌǸǱ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ṳᶲᶯṴṣ ğțȡȺǸ ǍȺȺ 
ɐȒ ʌțǸɃ ɾțɐʭ ȓɶǸǍʌ ɳɐʌǸɅʌȡǍȺṞ ʌțǸ ɵʔǸɾʌȡɐɅ ɐȒ țɐʭ ʌɐ ȡɅʌǸȓɶǍʌǸ ɾʔǪț ɾʳɾʌǸɃɾ ȡɅ ǪʔɶɶǸɅʌ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃɾṞ ʭțȡǪț ǍɶǸ ǩǍɾǸǱ ɐɅ ʌțǸ ɾǸɳǍɶǍʌȡɐɅ ɐȒ ɾɐʔɶǪǸ ǍɅǱ ǪțǍɅɅǸȺ ǪɐǱȡɅȓ ɳɶȡɅǪȡɳȺǸṞ 
ɶǸɃǍȡɅɾ ǍɅ ɐɳǸɅ ǪțǍȺȺǸɅȓǸ ʭȡʌț ʬǸɶʳ ȺȡʌʌȺǸ ǪɐɅʌɶȡǩʔʌȡɐɅɾ ʔɳ ʌɐ ʌțȡɾ ɳɐȡɅʌṣ uɅ ṳᶲᶵṴṞ Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸ ʌțǸ 
ȡɅǪȺʔɾȡɐɅ ɐȒ Ǎ ẌʌɶǍɅɾʬǸɶɾǍȺẍ ɾǸɃǍɅʌȡǪ ȺǍʳǸɶ ǍǪɶɐɾɾ ʌțǸ ɳɶɐʌɐǪɐȺ ɾʌǍǪȶ ʌɐ ǸʲǪțǍɅȓǸ ɾǸɃǍɅʌȡǪ 
ȡɅȒɐɶɃǍʌȡɐɅ ǍɅǱ ǸɅǍǩȺǸ ɾʔǪț ɅǸʭ ʭǍʳɾ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ !ɅɐʌțǸɶ ǸʲǍɃɳȺǸ ȡɾ ȓȡʬǸɅ ȡɅ ṳᶱᶲṴṞ ʭțǸɶǸ 
ȡɅɾʌǸǍǱ ɐȒ Ǎ ʌɶǍɅɾʬǸɶɾǍȺ ȺǍʳǸɶṞ Ǎ ɾǸɃǍɅʌȡǪ ȺǍʳǸɶ ȡɾ ȡɅʌɶɐǱʔǪǸǱ Ǎʌ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ȺǸʬǸȺṣ ÿțȡɾ ȺǍʳǸɶ ȡɾ ȡɅ 
ǪțǍɶȓǸ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɅȓ ʭȡʌț ʌțǸ ɳțʳɾȡǪǍȺ ȺǍʳǸɶ ɐȒ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃ ʌɐ ǸʲǪțǍɅȓǸ 
ɶǸȺǸʬǍɅʌ ȡɅȒɐɶɃǍʌȡɐɅ ɶǸȺǍʌǸǱ ʌɐ ʌțǸ ʌɶǍɅɾɃȡʌʌǸǱ ȡɅȒɐɶɃǍʌȡɐɅṞ Ǎɾ ʭǸȺȺ Ǎɾ ǍȺȓɐɶȡʌțɃȡǪ ȡɅȒɐɶɃǍʌȡɐɅ ʌɐ 
ɾǸɃǍɅʌȡǪǍȺȺʳ ɳɶɐǪǸɾɾ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ǱǍʌǍ ǩǸȒɐɶǸ ʌɶǍɅɾɃȡɾɾȡɐɅṣ ÃʌțǸɶ ɾɐȺʔʌȡɐɅɾ ǍɶǸ ǩǸȡɅȓ ǪʔɶɶǸɅʌȺʳ 
ɳɶɐɳɐɾǸǱ ṳᶯᶵṴṳᶳᶳṴṞ ǩʔʌ ʌțǸʳ ǍȺȺ ɶǸɵʔȡɶǸ ȡṶ ǸʲʌǸɅɾȡʬǸ ɃɐǱȡȒȡǪǍʌȡɐɅ ɐȒ ʌțǸ ɳɶɐʌɐǪɐȺ ɾʌǍǪȶṞ ǍɅǱ ȡȡṶ ʌțǸ 
ǸʲǪțǍɅȓǸ ɐȒ ɳɶɐɳɶȡǸʌǍɶʳ ȡɅȒɐɶɃǍʌȡɐɅṞ ȡɅ ɳǍɶʌȡǪʔȺǍɶ ɶǍʭ ǱǍʌǍ ǍɅǱ ǍȺȓɐɶȡʌțɃȡǪ ȡɅȒɐɶɃǍʌȡɐɅṞ ǩǸʌʭǸǸɅ 
ǍɳɳȺȡǪǍʌȡɐɅ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃṣ ÿțǸɾǸ ȺȡɃȡʌǍʌȡɐɅɾ ɃǍȶǸ ȡʌ ȡɃɳɶǍǪʌȡǪǍȺ ʌɐ ȡɃɳȺǸɃǸɅʌ ɾʔǪț 
ɾʳɾʌǸɃɾ ʭȡʌțȡɅ ǪʔɶɶǸɅʌ ǪɐɃɃǸɶǪȡǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ɅǸʌʭɐɶȶȡɅȓ ɾʳɾʌǸɃɾ ɾʔǪț Ǎɾ ᶱgææṣ 

ÿɐ ɐʬǸɶǪɐɃǸ ʌțǸɾǸ ȺȡɃȡʌǍʌȡɐɅɾṞ ȡʌ ȡɾ ɳɐɾɾȡǩȺǸ ʌɐ ȡɅǪȺʔǱǸ Ǎ ɳǍȡɶ ɐȒ ȒʔɅǪʌȡɐɅɾ ȡɅ ʌțǸ ǱǍʌǍ ɳȺǍɅǸ ɐȒ ʌțǸ 
¶!> ȺǍʳǸɶṞ ǪǍȺȺǸǱ MʲʌɶǍǪʌ ṵǍʌ ʌțǸ ʌɶǍɅɾɃȡʌʌǸɶṶ ǍɅǱ >ɐɃǩȡɅǸ ṵǍʌ ʌțǸ ɶǸǪǸȡʬǸɶṶṣ ÿțǸ Ȳɐǩ ɐȒ ʌțǸ MʲʌɶǍǪʌ 
ȒʔɅǪʌȡɐɅ ȡɾ ʌɐ ǸʲʌɶǍǪʌ ʌțǸ ɳǍʳȺɐǍǱ ɐȒ u>> ǍɳɳȺȡǪǍʌȡɐɅɾ ȒɶɐɃ ʌțǸ ʔɳɳǸɶẁȺǍʳǸɶɾ țǸǍǱǸɶɾṞ ɾɐ ʌțǸ ɳǍʳȺɐǍǱ 
ǪǍɅ ǩǸ ʌɶǍɅɾɳɐɶʌǸǱ ǱȡɶǸǪʌȺʳ ʌɐ ʌțǸ ɶǸɾɐʔɶǪǸ ɃǍɳɳȡɅȓ ȒʔɅǪʌȡɐɅ ɐȒ ʌțǸ ɳțʳɾȡǪǍȺ ȺǍʳǸɶṞ ʭțȡȺǸ ʌțǸ țǸǍǱǸɶɾ 
ǍɶǸ ɾǸɅʌ ʌțɶɐʔȓț ʌțǸ ɾʌǍɅǱǍɶǱ ɳǍʌțṞ ȡṣǸṣṞ ʌțǸ ɾʌǍɅǱǍɶǱ æoĥ ȺǍʳǸɶ ȒʔɅǪʌȡɐɅɾ ǍɶǸ ǍɳɳȺȡǸǱ ʌɐ ʌțǸ țǸǍǱǸɶɾṞ 
ɾȡɅǪǸ ʌțǸʳ ɶǸɳɶǸɾǸɅʌ ʔɅɾʌɶʔǪʌʔɶǸǱ ǱǍʌǍ ǍɅǱ ɅǸǸǱ ʌɐ ǩǸ ǸɅǪɐǱǸǱ ǍɅǱ ɃɐǱʔȺǍʌǸǱṣ !ʌ ʌțǸ ɶǸǪǸȡʬǸɶ 
ɾȡǱǸṞ ʌțǸ >ɐɃǩȡɅǸ ȒʔɅǪʌȡɐɅ ǪɐȺȺǸǪʌɾ ʌțǸ ɶǸǪǸȡʬǸǱ ɳǍʳȺɐǍǱ ȡɅȒɐɶɃǍʌȡɐɅṞ ǍȺɐɅȓ ʭȡʌț ʌțǸ țǸǍǱǸɶɾṞ ǍɅǱ 
ǪɐɃǩȡɅǸɾ ʌțǸɃ ȡɅʌɐ packets  ʌɐ ǩǸ ǱǸȺȡʬǸɶǸǱ Ǎʌ țȡȓțǸɶ ȺǍʳǸɶɾṣ fȡȓʔɶǸ  ɵɾțɐʭɾ ʌțǸ ǱǍʌǍ ɳȺǍɅǸ ǱȡǍȓɶǍɃ 
ȡɅǪȺʔǱȡɅȓ ʌțǸ ɳǍȡɶ ɐȒ ɅǸʭ ȒʔɅǪʌȡɐɅɾṣ 

 
Figure 3: Data plane including Extract/Combine functions.  
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¸ɐʌǸ ʌțǍʌ ʌțǸ ȡɃɳȺȡǪǍʌȡɐɅ ɐȒ ʌɶǸǍʌȡɅȓ ʌțǸ ȡɅȒɐɶɃǍʌȡɐɅ ǪɐɃȡɅȓ ȒɶɐɃ ɾǸɃǍɅʌȡǪ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅ ʌțȡɾ ʭǍʳ 
ȡɾ ʌțǍʌṞ ǸȒȒǸǪʌȡʬǸȺʳṞ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ȡɾ ȡɅ ǪțǍɶȓǸ ɐȒ ȓǸɅǸɶǍʌȡɅȓ ʌțǸ ǩǍɾǸǩǍɅǱ uṩè ɾʳɃǩɐȺɾ ʌɐ ǩǸ 
ʌɶǍɅɾɃȡʌʌǸǱ ɐʬǸɶ ʌțǸ ɶǍǱȡɐ ǍǪǪǸɾɾṣ ! ɅǸʭ ʌʳɳǸ ɐȒ ɾǪțǸǱʔȺǸɶ ȡɾ ɅǸǪǸɾɾǍɶʳ ʌɐ ǍǪǪɐɃɃɐǱǍʌǸ ʌțȡɾ ɅǸʭ 
ʌʳɳǸ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅ ǍɅǱ ȓʔǍɶǍɅʌǸǸ Ǎ ǪǸɶʌǍȡɅ èʔǍȺȡʌʳ ɐȒ ñǸɶʬȡǪǸ ṵèɐñṶ Ȓɐɶ ɾʔǪț ǍɳɳȺȡǪǍʌȡɐɅɾṣ ñʔǪț Ǎ 
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3. Next Generation  MIMO  
ÿțǸ ȡɅʌɶɐǱʔǪʌȡɐɅ ǍɅǱ ȒʔɶʌțǸɶ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ɃʔȺʌȡẁǍɅʌǸɅɅǍ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ȡɅ ʌțǸ 
Ȓɐʔɶʌț ǍɅǱ ȒȡȒʌț ȓǸɅǸɶǍʌȡɐɅ ɃɐǩȡȺǸ ɶǍǱȡɐɾ țǍǱ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ȡɅȒȺʔǸɅǪǸ ɐɅ ʌțǸ ȡɅǪɶǸǍɾǸ ɐȒ ɾɳǸǪʌɶǍȺ 
ǸȒȒȡǪȡǸɅǪʳṣ ĥǸʌṞ ȡɅȒɐɶɃǍʌȡɐɅ ʌțǸɐɶʳ ɾțɐʭɾ ʌțǍʌ ʌțǸ ɳɐʌǸɅʌȡǍȺ ǩǸɅǸȒȡʌɾ ɐȒ ɃʔȺʌȡẁǍɅʌǸɅɅǍ ʌǸǪțɅɐȺɐȓȡǸɾ 
ǍɶǸ ɾʌȡȺȺ ȒǍɶ ȒɶɐɃ ǩǸȡɅȓ ȒʔȺȺʳ ǸʲɳȺɐȡʌǸǱṣ uɅ ʌțǸɐɶʳṞ ʌțǸ ǪǍɳǍǪȡʌʳ ɐȒ ʭȡɶǸȺǸɾɾ ɅǸʌʭɐɶȶɾ ǪǍɅ ǩǸ ȡɅǪɶǸǍɾǸǱ 
Ǎɾ ǱǸɾȡɶǸǱ ǩʳ ǍǱǱȡɅȓ ɃɐɶǸ ǍɅǱ ɃɐɶǸ ǍɅʌǸɅɅǍɾṞ ǩɐʌț ǪɐẁȺɐǪǍʌǸǱ ɐɅ ʌțǸ ɾǍɃǸ ǍɅʌǸɅɅǍ ɳǍɅǸȺ ǍɅǱ 
ȓǸɐȓɶǍɳțȡǪǍȺȺʳ ǱȡɾʌɶȡǩʔʌǸǱ ɐʬǸɶ ʌțǸ ɾǸɶʬȡǪǸ ǍɶǸǍṣ fɶɐɃ Ǎ ɳɶǍǪʌȡǪǍȺ ɳǸɶɾɳǸǪʌȡʬǸṞ țɐʭǸʬǸɶṞ ʌțȡɾ ɳɶǸɾǸɅʌɾ 
ɃǍɅʳ ɅǸʭ ǪțǍȺȺǸɅȓǸɾṣ ñɐɃǸ ɳɶɐɃȡɾȡɅȓ ʌɶǸɅǱɾ ȡɅ ɅǸʲʌ ȓǸɅǸɶǍʌȡɐɅ ɃʔȺʌȡẁǍɅʌǸɅɅǍ ʌǸǪțɅɐȺɐȓȡǸɾ ʭȡȺȺ 
ǩǸ ǱȡɾǪʔɾɾǸǱ ȡɅ ʌțȡɾ ɾǸǪʌȡɐɅṣ 

3.1 Fundamental MIMO gains  
ĆɾȡɅȓ ɃʔȺʌȡɳȺǸ ǍɅʌǸɅɅǍɾ țǍɾ Ǎ ɅʔɃǩǸɶ ɐȒ ȒʔɅǱǍɃǸɅʌǍȺ ǩǸɅǸȒȡʌɾṣ gǸɅǸɶǍȺȺʳṞ ʌțǸɾǸ ǩǸɅǸȒȡʌɾ ǱǸɳǸɅǱ 
ɾʌɶɐɅȓȺʳ ɐɅ țɐʭ ʭǸȺȺ ʌțǸ ǪțǍɅɅǸȺ ȡɾ ȶɅɐʭɅ Ǎʌ ʌțǸ ʌɶǍɅɾɃȡʌʌǸɶ ǍɅǱṩɐɶ ʌțǸ ɶǸǪǸȡʬǸɶṞ ɐɅ ʌțǸ ɳɶɐɳǸɶʌȡǸɾ 
ɐȒ ʌțǸ ɳɶɐɳǍȓǍʌȡɐɅ ǪțǍɅɅǸȺ ṵɃʔȺʌȡɳǍʌț ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṞ ǍʌʌǸɅʔǍʌȡɐɅṶṞ ɐɅ ʌțǸ ȺȡɅȶ ʌʳɳǸṞ ȡṣǸṣṞ ʭțǸʌțǸɶ 
ʌțǸ ǪțǍɅɅǸȺ ȡɾ Ǎ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ǪțǍɅɅǸȺ ɐɶ Ǎ ɃʔȺʌȡẁʔɾǸɶ ǪțǍɅɅǸȺṞ ǍɅǱ ʭțǸʌțǸɶ ʌțǸ ǍɅʌǸɅɅǍɾ ǪǍɅ 
ẌǪɐɐɳǸɶǍʌǸẍṞ ȡṣǸṣṞ ʭțǸʌțǸɶ ʌțǸ ʌɶǍɅɾɃȡʌʌǸǱ ɐɶ ɶǸǪǸȡʬǸǱ ɾȡȓɅǍȺɾ ǪǍɅ ǩǸ ɳɶɐǪǸɾɾǸǱ ȲɐȡɅʌȺʳṣ !ȺɾɐṞ ʌțǸ 
ǱǸɾȡȓɅ ɐȒ ¶u¶Ã ɾɐȺʔʌȡɐɅɾ ǪɶʔǪȡǍȺȺʳ ǱǸɳǸɅǱɾ ɐɅ ʌțǸ ɳǍɶʌȡǪʔȺǍɶ ɾǪǸɅǍɶȡɐ ʔɅǱǸɶ ǪɐɅɾȡǱǸɶǍʌȡɐɅṣ ÿțǸɶǸ ȡɾ 
Ʌɐ ɐɅǸẁɾȡʽǸẁȒȡʌɾẁǍȺȺ ¶u¶Ã ɾɐȺʔʌȡɐɅṣ ğțǸɅ ǱǸɾȡȓɅȡɅȓ ¶u¶Ã ɾʳɾʌǸɃɾṞ ɐɅǸ ǍȺʭǍʳɾ ɅǸǸǱɾ ʌɐ ǪɐɅɾȡǱǸɶ 
ɳɶǍǪʌȡǪǍȺ ǪɐɅɾʌɶǍȡɅʌɾṣ uʌ ȡɾ ǍȺɾɐ ȡɃɳɐɶʌǍɅʌ ʌɐ ǪɐɅɾȡǱǸɶ ʌțǸ ʌɶǍǱǸẁɐȒȒ ǩǸʌʭǸǸɅ ʌțǸ ǩǍɾȡǪ ¶u¶Ã ȓǍȡɅɾṞ 
ʭțȡǪț ǍɶǸ Ǎɾ ȒɐȺȺɐʭɾṣ 
Array gain  Ṿ =ʳ ǪɐțǸɶǸɅʌȺʳ ǪɐɃǩȡɅȡɅȓ ʌțǸ ɾȡȓɅǍȺɾ ɐȒ ¶ ǍɅʌǸɅɅǍɾ ṵɅɐ ɃǍʌʌǸɶ ʭțǍʌ ǍɅʌǸɅɅǍ ǱȡɾʌǍɅǪǸ 
ǍɅǱ ʭțǸʌțǸɶ ʌțǸ ǍɅʌǸɅɅǍ ȡɾ ɐɳǸɶǍʌǸǱ ȡɅ ʌɶǍɅɾɃȡʌ ɐɶ ɶǸǪǸȡʬǸ ɃɐǱǸṶṞ ʌțǸ ñ¸é ǪǍɅ ǩǸ ȡɃɳɶɐʬǸǱ ǩʳ Ǎʌ 
Ƀɐɾʌ ᶯᶮ Ⱥɐȓᶯᶮṵ¶Ṷ Ǳ=ṣ ÿțȡɾ ʔɳɳǸɶ ǩɐʔɅǱ ȡɾ ǍǪțȡǸʬǸǱ ǩʳ ɃǍʲȡɃʔɃ ɶǍʌȡɐ ǪɐɃǩȡɅȡɅȓṣ ut is reasonable 
to distinguish between array gain and beamforming gain, although they are often used 
synonymously. Array gain typically denotes the improvement of the average SNR when using M 
antennas, corresponding to a horizontal shift of the performance curves plotted versus the SNR in 
dB. For pure LoS channels, this is identical to the beamforming gain. However, for fading channels 
with rich scattering, beamforming provides an additional diversity gain through reduction of SNR 
variation.  

¶ʔȺʌȡɳȺǸʲȡɅȓ ǍɅǱ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ȓǍȡɅ Ṿ ! ȒʔɅǱǍɃǸɅʌǍȺ ǩǸɅǸȒȡʌ ɐȒ ǪɐțǸɶǸɅʌ ǍɅʌǸɅɅǍ ǪɐɃǩȡɅȡɅȓ ȡɾ 
ʌțǸ ǍǩȡȺȡʌʳ ʌɐ ǸȺȡɃȡɅǍʌǸ ȡɅʌǸɶȒǸɶȡɅȓ ɾȡȓɅǍȺɾṞ ǩʳ ǪɐɅʌɶɐȺȺȡɅȓ ʌțǸ ǍɅʌǸɅɅǍ ʭǸȡȓțʌɾ ɾʔǪț ʌțǍʌ 
ɾʔɳǸɶȡɃɳɐɾȡɅȓ ʭǍʬǸ ȒɶɐɅʌɾ ǪǍɅǪǸȺ ɐʔʌ Ȓɐɶ ǪǸɶʌǍȡɅ ǪțǍɅɅǸȺɾṣ ÿțȡɾ ȡɾ ǸʲɳȺɐȡʌǸǱ ȡɅ ǱȡȒȒǸɶǸɅʌ ʭǍʳɾṞ Ǹṣȓṣ 
Ȓɐɶ ɾɳǍǪǸ ǱȡʬȡɾȡɐɅ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ṵñE¶!Ṷ ȡɅ ǪǍɾǸ ɐȒ ɃʔȺʌȡẁʔɾǸɶ ǪțǍɅɅǸȺɾṞ ɐɶ Ȓɐɶ ɾɳǍʌȡǍȺ ɃʔȺʌȡɳȺǸʲȡɅȓ 
ȡɅ ǪǍɾǸ ɐȒ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ǪțǍɅɅǸȺɾṣ ! ʌʳɳȡǪǍȺ ǍɾɾʔɃɳʌȡɐɅ ȡɅ ʌțȡɾ ǪɐɅʌǸʲʌ ȡɾ ʌțǍʌ ʌțǸ ɅʔɃǩǸɶ ɐȒ ɾȡȓɅǍȺɾ 
ȡɾ Ʌɐʌ ȓɶǸǍʌǸɶ ʌțǍɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾ Ǎʌ ʌɶǍɅɾɃȡʌʌǸɶ ɐɶ ɶǸǪǸȡʬǸɶ ɾȡǱǸṣ ğȡʌț ǍɅ ¶ẁǍɅʌǸɅɅǍ ǍɶɶǍʳ 
ɐɅǸ ǪǍɅ ɾǸɳǍɶǍʌǸ ʔɳ ʌɐ ¶ ɾȡȓɅǍȺɾ ʭȡʌțɐʔʌ ȡɅʌǸɶȒǸɶǸɅǪǸṣ uʌ ɾțɐʔȺǱ ǩǸ ɅɐʌǸǱṞ țɐʭǸʬǸɶṞ ʌțǍʌ ʌțǸɶǸ ȡɾ Ǎ 
ȒʔɅǱǍɃǸɅʌǍȺ ʌɶǍǱǸẁɐȒȒ ǩǸʌʭǸǸɅ ɃǍʲȡɃȡʽȡɅȓ ñ¸é ǍɅǱ ɾǸɳǍɶǍʌȡɅȓ ɾȡȓɅǍȺɾṣ >ǸɶʌǍȡɅ ǪțǍɅɅǸȺ 
ǪɐɅɾʌǸȺȺǍʌȡɐɅɾ ǪǍɅ ǸʬǸɅ ȺǸǍǱ ʌɐ ñ¸é ȺɐɾɾǸɾ ʔɳ ʌɐ ʌțǸ ǪǍɅǪǸȺȺǍʌȡɐɅ ɐȒ ʌțǸ ǱǸɾȡɶǸǱ ɾȡȓɅǍȺṣ ÿțȡɾ ǪǍɅ ǩǸ 
ǍʬɐȡǱǸǱṞ ʌțɐʔȓțṞ ǩʳ ǪɐɃǩȡɅȡɅȓ ɃʔȺʌȡẁǍɅʌǸɅɅǍ ɳɶɐǪǸɾɾȡɅȓ ʭȡʌț ɾǪțǸǱʔȺȡɅȓṣ ÿțǸ ɃʔȺʌȡɳȺǸʲȡɅȓ ȓǍȡɅ 
ȡɾ ǱǸȒȡɅǸǱ Ǎɾ ʌțǸ Ǎsymptotic slope of the (sum) spec tral efficiency vs. SNR in dB (for a given error 
probability).  

!ɅʌǸɅɅǍ ǱȡʬǸɶɾȡʌʳ ȓǍȡɅ Ṿ ¶ʔȺʌȡɳǍʌț ɳɶɐɳǍȓǍʌȡɐɅ ɾɳɶǸǍǱ ȡɅ ʌțǸ ǍɅȓȺǸ ǱɐɃǍȡɅ ȡɾ ǪǍʔɾȡɅȓ ɾɃǍȺȺ ɾǪǍȺǸ 
ȒǍǱȡɅȓ ɐʬǸɶ ɾɳǍǪǸṣ uȒ ʌțǸ ǍɅʌǸɅɅǍ ǱȡɾʌǍɅǪǸɾ ǍɶǸ ɾʔȒȒȡǪȡǸɅʌȺʳ ȺǍɶȓǸṞ ʌțǸɅ ǸǍǪț ǍɅʌǸɅɅǍ ǸʲɳǸɶȡǸɅǪǸɾ Ǎ 
ǪțǍɅɅǸȺ ʌțǍʌ ȡɾ ʔɅǪɐɶɶǸȺǍʌǸǱ ʭȡʌț ʌțɐɾǸ ɐȒ ɐʌțǸɶ ǍɅʌǸɅɅǍɾṣ ÿțȡɾ ȡɾ ǸʲɳȺɐȡʌǸǱ ǩʳ ʌɶǍɅɾɃȡʌʌȡɅȓ ɐɶ 
ɶǸǪǸȡʬȡɅȓ ɶǸǱʔɅǱǍɅʌ ȡɅȒɐɶɃǍʌȡɐɅ ȡɅ ɳǍɶǍȺȺǸȺ ʬȡǍ ɃʔȺʌȡɳȺǸ ǍɅʌǸɅɅǍɾ ǍɅǱ ɃǸɶȓȡɅȓ ȡʌ Ǎʌ ʌțǸ ɶǸǪǸȡʬǸɶṣ 
ÿțǸɶǸȒɐɶǸṞ ǍɅʌǸɅɅǍ ǱȡʬǸɶɾȡʌʳ ɃǍȶǸɾ ʌțǸ ǪțǍɅɅǸȺ ɶɐǩʔɾʌ ǍȓǍȡɅɾʌ ȒǍǱȡɅȓṣ ÿțǸ Ǳiversity gain is defined 
as the asymptotic slo pe of the (average/maximum) error probability vs. SNR in dB (for a given 
spectral efficiency).  

! ȒʔɶʌțǸɶ ȒʔɅǱǍɃǸɅʌǍȺ ǩǸɅǸȒȡʌ ɐȒ ʔɾȡɅȓ ɃʔȺʌȡɳȺǸ ǍɅʌǸɅɅǍɾ ȡɾ ʌțǸ ǍǩȡȺȡʌʳ ʌɐ ǸɾʌȡɃǍʌǸ ʌțǸ ɾɳǍʌȡǍȺ 
ǱȡɶǸǪʌȡɐɅ ɐȒ ȡɅǪɐɃȡɅȓ ɾȡȓɅǍȺɾ ɐɶ ɃʔȺʌȡɳǍʌț ǪɐɃɳɐɅǸɅʌɾṣ MɾʌȡɃǍʌȡɅȓ ʌțǸ ɾɐẁǪǍȺȺǸǱ ǍɅȓȺǸẁɐȒẁǍɶɶȡʬǍȺ 
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ṵ!ɐ!Ṷ ȡɾ ɐȒ ɃǍȲɐɶ ȡɃɳɐɶʌǍɅǪǸ Ȓɐɶ ɃɐǱǸɶɅ ɳɐɾȡʌȡɐɅȡɅȓ ǍɅǱ ȺɐǪǍȺȡʽǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾṣ ÿțȡɾ ǍɳɳɶɐǍǪț 
ǪɐɃɳȺǸɃǸɅʌɾ ÿȡɃǸẁEȡȒȒǸɶǸɅǪǸẁɐȒẁ!ɶɶȡʬǍȺ ṵÿEɐ!Ṷ ǩǍɾǸǱ ʌǸǪțɅȡɵʔǸɾṞ ʭțȡǪț ǍɶǸ ǪɐɅɾʌɶǍȡɅǸǱ ǩʳ ʌȡȓțʌ 
ɶǸɵʔȡɶǸɃǸɅʌɾ ɐɅ ʌȡɃǸ ɾʳɅǪțɶɐɅȡʽǍʌȡɐɅ ǩǸʌʭǸǸɅ ǩǍɾǸ ɾʌǍʌȡɐɅɾṣ ÿțǸ ǍǪțȡǸʬǍǩȺǸ ɾɳǍʌȡǍȺ ɶǸɾɐȺʔʌȡɐɅ ɐȒ 
ʌțǸ ɾȡȓɅǍȺ ǪɐɃɳɐɅǸɅʌɾ ȡɾ ȡɃɳɶɐʬǸǱ ǩʳ ȡɅǪɶǸǍɾȡɅȓ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍ ǸȺǸɃǸɅʌɾ ǍɅǱ ʌțǸ 
ǍɳǸɶʌʔɶǸ ɐȒ ʌțǸ ǍɶɶǍʳṣ 

ğțȡȺǸ ʌțǸ ñ¸é ȓǍȡɅ ȡɾ ȡɅǱǸɳǸɅǱǸɅʌ ɐȒ ʌțǸ ȡɅʌǸɶẁǍɅʌǸɅɅǍ ǱȡɾʌǍɅǪǸṞ ǍɅʌǸɅɅǍ ǱȡʬǸɶɾȡʌʳ ȓǸɅǸɶǍȺȺʳ 
ǩǸɅǸȒȡʌɾ ȒɶɐɃ ɳȺǍǪȡɅȓ ʌțǸ ǍɅʌǸɅɅǍ ǸȺǸɃǸɅʌɾ ȒǍɶ ǍʭǍʳ ȒɶɐɃ ǸǍǪț ɐʌțǸɶṞ ʭțȡǪț ǱǸǪɐɶɶǸȺǍʌǸɾ ʌțǸ 
ȒǍǱȡɅȓ ɐǩɾǸɶʬǸǱ Ǎʌ ǸǍǪț ǍɅʌǸɅɅǍṣ ¬ȡȶǸʭȡɾǸṞ ɃʔȺʌȡɳȺǸʲȡɅȓ ǍɅǱ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ǩǸɅǸȒȡʌ ȒɶɐɃ Ǎ 
ɾɳǍʌȡǍȺȺʳ ǱȡɾʌɶȡǩʔʌǸǱ ǍɶɶǍɅȓǸɃǸɅʌ ɐȒ ǍɅʌǸɅɅǍɾṣ ÿțȡɾ ȡɃɳɶɐʬǸɾ ʌțǸ ɾɐẁǪǍȺȺǸǱ ẌǪțǍɅɅǸȺ ɶǍɅȶẍ ǍɅǱ țǸȺɳɾ 
ʌɐ ɾǸɳǍɶǍʌǸ ɾȡȓɅǍȺɾ ȡɅ ɾɳǍǪǸṣ uȒ ǪɐɐɳǸɶǍʌȡʬǸ ǍɅʌǸɅɅǍɾ ǍɶǸ ǱȡɾʌɶȡǩʔʌǸǱ ɐʬǸɶ ɾǸʬǸɶǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾṞ ʌțǸɅ 
ʌțȡɾ ȡɾ ȶɅɐʭɅ Ǎɾ >ɐɐɳǸɶǍʌȡʬǸ ¶ʔȺʌȡɳɐȡɅʌ ṵ>ɐ¶æṶṞ ʭțȡǪț țǍɾ ʌțǸ ǍǱǱǸǱ ǩǸɅǸȒȡʌ ʌɐ ǩǸ ǸȒȒǸǪʌȡʬǸ ǍȓǍȡɅɾʌ 
ɾțǍǱɐʭ ȒǍǱȡɅȓ ṵɃǍǪɶɐ ǱȡʬǸɶɾȡʌʳṶṣ ¶ɐɶǸɐʬǸɶṞ ȡʌ ǍʬɐȡǱɾ ʌțǸ ǪǸȺȺẁǸǱȓǸ ǸȒȒǸǪʌ ʌțɶɐʔȓț ǩǍɾǸ ɾʌǍʌȡɐɅ 
ǪɐɐɳǸɶǍʌȡɐɅṣ ÿțǸ >ɐ¶æ ǍǱʬǍɅʌǍȓǸ ǪɐɃǸɾ Ǎʌ ʌțǸ Ǫɐɾʌ ɐȒ ȡɅǪɶǸǍɾǸǱ ɾȡȓɅǍȺȺȡɅȓ ɐʬǸɶțǸǍǱ Ȓɐɶ 
ǸʲǪțǍɅȓȡɅȓ >ñu ǍɅǱ Ȓɐɶ ȲɐȡɅʌȺʳ ɳɶɐǪǸɾɾȡɅȓ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ ɾȡȓɅǍȺɾṣ 
ñȡɅǪǸ ¶u¶Ã ȓǍȡɅɾ ǱǸɳǸɅǱ ɐɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ ȲɐȡɅʌȺʳ ɳɶɐǪǸɾɾǸǱ ǍɅʌǸɅɅǍ ǸȺǸɃǸɅʌɾ ǍɅǱ ʌțǸ ǍɳǸɶʌʔɶǸ 
ɐȒ ʌțǸ ǍɶɶǍʳṞ ʌțǸ ʌɶǸɅǱ ȡɾ ʌɐʭǍɶǱɾ ǸʬǸɶ ȺǍɶȓǸɶ ǍɶɶǍʳɾṞ ǸȡʌțǸɶ ǪɐẁȺɐǪǍʌǸǱ ṵɾɐ ǪǍȺȺǸǱ ẌɃǍɾɾȡʬǸ ¶u¶Ãẍ ṳᶯṴṶ 
ɐɶ ǱȡɾʌɶȡǩʔʌǸǱ ɐʬǸɶ ʌțǸ ɾǸɶʬȡǪǸ ǍɶǸǍṣ ÿțǸ ǱȡɾʌɶȡǩʔʌǸǱ ¶u¶Ã ṵEẁ¶u¶ÃṶ ʌǸǪțɅɐȺɐȓʳ țǍɾ ǩǸǸɅ ǱȡɾǪʔɾɾǸǱ 
Ȓɐɶ ᶯᶳ ʳǸǍɶɾ ṵɾǸǸ Ǹṣȓṣ ṳᶰṴṶ ǍɅǱ ȓǍȡɅǸǱ ɶǸǪǸɅʌȺʳ ɶǸɅǸʭǸǱ ǍʌʌǸɅʌȡɐɅ ʭȡʌțȡɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ǪǸȺȺẁȒɶǸǸ 
ɃǍɾɾȡʬǸ ¶u¶Ã ṳᶱṴṣ fɐɶ ᶴgṞ ʌțǸ ǪɐɅǪǸɳʌ ɐȒ ɃʔȺʌȡɳȺǸ Eẁ¶u¶Ã ǍɶɶǍʳɾṞ ʌǸɶɃǸǱ ɃɐǱʔȺǍɶ ɃǍɾɾȡʬǸ ¶u¶Ã 
ṵɃɃ¶u¶ÃṶ ṳᶲṴṞ ȡɾ ȡɅʌɶɐǱʔǪǸǱṣ ÿțȡɾ ǪɐɃɳɶȡɾǸɾ ɾʌɶʔǪʌʔɶǸǱ Eẁ¶u¶Ã ǍɅǱ ɾǸʬǸɶǍȺ ʬǍɶȡǍɅʌɾ ɐȒ >ɐ¶æṞ 
ȡɅǪȺʔǱȡɅȓ ȲɐȡɅʌ ʌɶǍɅɾɃȡɾɾȡɐɅ ṵ¦ÿṶ Ǎɾ ɾɳǸǪȡǍȺ ǪǍɾǸɾṣ æɶɐʌɐʌʳɳǸ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ Ǎɾ ʭǸȺȺ Ǎɾ 
ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅ ɾʌǸɳɾ ǍɶǸ ȡȺȺʔɾʌɶǍʌǸǱ ȡɅ ṳᶲṴṣ  

3.2 MIMO channel modelling  
>țǍɅɅǸȺ ɃɐǱǸȺȺȡɅȓ ȡɾ Ǎ ȒʔɅǱǍɃǸɅʌǍȺ ɾʌǸɳ ȡɅ ʌțǸ ɃɐǱǸȺȺȡɅȓ ɐȒ ǍɅʳ ʭȡɶǸȺǸɾɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʳɾʌǸɃ 
ɾȡɅǪǸ ȡʌ ǱǸʌǸɶɃȡɅǸɾ ʌɐ Ǎ ǪǸɶʌǍȡɅ ǸʲʌǸɅʌ țɐʭ ǪȺɐɾǸ ʌɐ ɶǸǍȺȡʌʳ ʌțǸ ɶǸɾʔȺʌɾ ɐǩʌǍȡɅǸǱ ǍɶǸ ǍɅǱ ʌțǸɶǸȒɐɶǸ ʌțǸ 
ǪɐɅǪȺʔɾȡɐɅɾ ǱǸɶȡʬǸǱ ȒɶɐɃ ʌțǸɃṣ ñɳǸǪȡȒȡǪǍȺȺʳṞ Ȓɐɶ țȡȓț ȒɶǸɵʔǸɅǪȡǸɾ ʭțǸɶǸ ʌțǸ ʭǍʬǸȺǸɅȓʌț ȡɾ ɵʔȡʌǸ 
ɾɃǍȺȺṞ ʌțǸ ɃɐǱǸȺȺȡɅȓ ɐȒ ʌțǸ ¶u¶Ã ǪțǍɅɅǸȺ ǩǸǪɐɃǸɾ ɃɐɶǸ ǪțǍȺȺǸɅȓȡɅȓ ɾȡɅǪǸ ǸʬǸɅ ȡɃɳǸɶȒǸǪʌȡɐɅɾ ɐɅ 
ʌțǸ ɾʔɶȒǍǪǸɾ ɐȒ ǩʔȡȺǱȡɅȓ ɾʌɶʔǪʌʔɶǸɾ ɐɶ ɐǩȲǸǪʌɾ ɃǍʳ ǍȒȒǸǪʌ ɾȡȓɅǍȺ ɳɶɐɳǍȓǍʌȡɐɅṣ 

uɅ ʌțȡɾ ǪɐɅʌǸʲʌṞ ɾǸʬǸɶǍȺ ¶u¶ÃẁǪǸɅʌɶȡǪ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ țǍʬǸ ǩǸǸɅ ǱǸɾȡȓɅǸǱṣ ñɐɃǸ ɐȒ ʌțǸɃ ǍɶǸ ȺȡɾʌǸǱ 
ǩǸȺɐʭṣ ÿțǸɾǸ ɃɐǱǸȺɾ ǪɐʬǸɶ ʌțǸ ȒɶǸɵʔǸɅǪʳ ɶǍɅȓǸ ʔɳ ʌɐ ᶯᶮᶮ goʽṣ ¸ɐʌǸ ʌțǍʌṞ ʌțǸ ɃɐǱǸȺȺȡɅȓ ɐȒ ÿoʽ ǍɅǱ 
ɾʔǩẁÿoʽ ǪțǍɅɅǸȺɾ ồᶯᶮᶮ goʽ ɳɐɾǸɾ ǍɅɐʌțǸɶ ǪțǍȺȺǸɅȓǸ ǱʔǸ ʌɐ ʌțǸ ɾɳǸǪȡǍȺ ɳɶɐɳǍȓǍʌȡɐɅ ɳɶɐɳǸɶʌȡǸɾ ȡɅ 
ʌțǸ ÿoʽ ɾɳǸǪʌɶʔɃṞ ʭțȡǪț ǩǸțǍʬǸɾ ȺȡȶǸ ɐɳʌȡǪǍȺ ǪțǍɅɅǸȺɾṣ ÿțȡɾ ȡɾ ǱȡɾǪʔɾɾǸǱ ɾǸɳǍɶǍʌǸȺʳ ȡɅ ñǸǪʌȡɐɅ ṣɳ 

¶ 3GPP [5]: The model proposed by the 3GPP is valid for frequencies between 0.5 GHz and 100 
GHz. The scenarios supported by the model are urban micro -cell street canyon, urban 
macro -cell, indoor office, rural macro -cell and indoor factory [6]. The model also supports 
mobility and spatial consistency.  

¶ METIS [7]: Different channel model approaches are provided (map -based model, stochastic 
model and hybrid model). The frequency range considered goes form 2 GHz to 60 GHz.  

¶ mmMAGIC [8] : The model is based on the 3GPP model. It is focused on the modelling of the 
frequency dependence of large -scale parameters, ground reflections, intra clusters 
parameters, small scale fading, blockage, and building penetration, among others.  

¶ NYU Wireless [9]: It is a statistical spatial channel model. Multiple measurement campaigns 
were conducted on frequencies ranging between 28 GHz and 73 GHz for indoor and outdoor 
environments. Omni -directional and directional antennas are considered.  

¶ QuaDRiGA [10]: The model considers quasi -deterministic extensions to support spatial 
consistency and tracking of users. Extensive radio channel measurements in the 6 -100~GHz 
range were taken to parameterize the model.  
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¶ IEEE 802.11ad/ay [11]: These semi -deterministic models are based on ray -tracing techniques. 
They are focused on short range communications for scenarios such as conference rooms, 
cubicles and living rooms at 60 GHz. For the modelling of propagation losses, the specular 
compone nts are calculated by ray -tracing algorithms, and the components due to 
diffractions, diffuse scattering and transmission are aggregated in a stochastic way. Human 
blockage is also considered in terms of blockage probability and blockage attenuation.  

¶ MiWEBA  [12]: It consists of a quasi -deterministic channel model for 60 GHz. The model 
focuses on university campus, street canyon, hotel lobby, backhaul, and D2D scenarios and 
addresses several challenges such as spatial consistency and shadowing.  

3.3 MIMO transceiver  design  
!ɾ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾ ȡɅ ǍɅ ǍɅʌǸɅɅǍ ǍɶɶǍʳ ȡɅǪɶǸǍɾǸɾṞ ʌțǸ ǍɅʌǸɅɅǍ ǱȡɾʌǍɅǪǸ ǱǸǪɶǸǍɾǸɾ Ȓɐɶ ȓȡʬǸɅ 
ɾɳǍǪǸ ǪɐɅɾʌɶǍȡɅʌɾṞ ǍɅǱ Ǎʌ ʌțǸ ɾǍɃǸ ʌȡɃǸṞ ɃʔʌʔǍȺ ǪɐʔɳȺȡɅȓ ǍɃɐɅȓ ʌțǸɃ ʌǸɅǱɾ ʌɐ ȡɅǪɶǸǍɾǸṣ ¶ʔʌʔǍȺ 
ǪɐʔɳȺȡɅȓ ȡɅȒȺʔǸɅǪǸɾ ʌțǸ ʌɶǍɅɾɃȡʌ ɳɐʭǸɶ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ɾɳǍʌȡǍȺ ɅɐȡɾǸ ǪɐɶɶǸȺǍʌȡɐɅṣ uɃɳɶɐʬǸǱ țǍɶǱʭǍɶǸ 
ɃɐǱǸȺɾ Ṿ ȡɅ ɳǍɶʌȡǪʔȺǍɶ ǪȡɶǪʔȡʌ ʌțǸɐɶǸʌȡǪǍȺ ɃǸʌțɐǱɾ țǍʬǸ ǩǸǸɅ ǱǸʬǸȺɐɳǸǱ ṳᶯᶱṴṳᶯᶲṴṞ ȺǸǍǱȡɅȓ ʌɐ Ǎ 
ɾʳɾʌǸɃǍʌȡǪ ȒɶǍɃǸʭɐɶȶ ṳᶯᶳṴ ʌɐ ǍǪțȡǸʬǸ ʌțǸ ǩǸɾʌ ɳǸɶȒɐɶɃǍɅǪǸ ʌǍȶȡɅȓ ɃʔʌʔǍȺ ǪɐʔɳȺȡɅȓ ȡɅʌɐ ǍǪǪɐʔɅʌ 
ṵɾǸǸ Figure 4Ṷṣ ÿțȡɾ ȒɶǍɃǸʭɐɶȶ ȡɾ ǍǱʬǍɅʌǍȓǸɐʔɾṞ ǩǸǪǍʔɾǸ ȡʌ ɃǍɳɾ ǩǸʌʭǸǸɅ ʌțǸ ʌʳɳȡǪǍȺ ȡɅȒɐɶɃǍʌȡɐɅ 
ʌțǸɐɶǸʌȡǪ ɃɐǱǸȺ ǍɅǱ ʌțǸ ǪȡɶǪʔȡʌ ɃɐǱǸȺṞ ʭțȡǪț ǸɅǍǩȺǸɾ ʌțǸ ɶǸʔɾǸ ɐȒ ǸʲȡɾʌȡɅȓ ǍȺȓɐɶȡʌțɃɾṣ ĞǍɶȡɐʔɾ 
ǍɾɳǸǪʌɾ ɐȒ ɾʔǪț Ǎ ɾʳɾʌǸɃ ʭǸɶǸ ǍɅǍȺʳɾǸǱṞ ȡɅǪȺʔǱȡɅȓ ɶǸǪȡɳɶɐǪȡʌʳ ṳᶯᶴṴṣ fʔɶʌțǸɶɃɐɶǸṞ ʌțǸ ȒɶǍɃǸʭɐɶȶ ǪǍɅ 
ǩǸ ʔɾǸǱ ȡɅ ʌțǸ ǱǸɾȡȓɅ ɐȒ ʌțǸ ǍɅʌǸɅɅǍ ǍɶɶǍʳ ǍɅǱ ɐȒ ɐʌțǸɶ ǍɅǍȺɐȓ ǪɐɃɳɐɅǸɅʌɾṞ ʭțǸɶǸ ȡʌ ȡɾ ȡɃɳɐɶʌǍɅʌ 
ʌɐ țǍʬǸ ȓɐɐǱ ɾȡɃʔȺǍʌȡɐɅ ɐɶ ɃǸǍɾʔɶǸɃǸɅʌ ɶǸɾʔȺʌɾ ɐȒ ʌțǸ ǍɶɶǍʳ ȡɃɳǸǱǍɅǪǸ ɃǍʌɶȡʲ ǍɅǱ ȡʌɾ ɶǍǱȡǍʌȡɐɅ 
ɳǍʌʌǸɶɅɾṣ ÿțǸ ǱǸɾȡȓɅ ɐȒ ǱǸǪɐʔɳȺȡɅȓ ǍɅǱ ɃǍʌǪțȡɅȓ ɅǸʌʭɐɶȶɾ ṵE¶¸ɾṶ Ȓɐɶ ɾʔǪț ɾʳɾʌǸɃɾ ȡɾ ǸɾɾǸɅʌȡǍȺṞ 
ǩǸǪǍʔɾǸ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǸȺǸɃǸɅʌɾ ʌɐ ɶǸǍȺȡʽǸ Ǎ E¶¸ ȓɶɐʭɾ ɵʔǍǱɶǍʌȡǪǍȺȺʳ ʭȡʌț ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾ 
ȡɅ ȓǸɅǸɶǍȺ ṳᶯᶵṴṣ ÿțǸ ǱǸɾȡȓɅ ɐȒ ʌʭɐẁɳɐɶʌ ɃǍʌǪțȡɅȓ ɅǸʌʭɐɶȶɾ Ǎʌ ʌțǸ ɶǸǪǸȡʬǸɶṞ ʭțǸɶǸ ʌțǸȡɶ ɅʔɃǩǸɶ ɐȒ 
ǸȺǸɃǸɅʌɾ ɐɅȺʳ ȓɶɐʭɾ ȺȡɅǸǍɶȺʳ ʭȡʌț ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾ ʭǍɾ ǪɐɅɾȡǱǸɶǸǱ ȡɅ ṳᶯᶶṴṳᶯᶷṴṣ ÿʭɐ ɅǸʭ 
ǪȺǍɾɾǸɾ ɐȒ ɳɐʭǸɶ ǍɃɳȺȡȒȡǸɶɾṞ ǪȺǍɾɾ ¶ ǍɅǱ ǪȺǍɾɾ ¸Ṟ ʭǸɶǸ ȡɅʌɶɐǱʔǪǸǱ ȡɅ ṳᶰᶮṴ ʌɐ ȡɃɳɶɐʬǸ ʌțǸȡɶ ɳɐʭǸɶ 
ǸȒȒȡǪȡǸɅǪʳ ǩʳ ǸɅǸɶȓʳ ɶǸǪʳǪȺȡɅȓṣ ñɃǍȺȺǸɶ ʌțǍɅ țǍȺȒ Ǎ ʭǍʬǸȺǸɅȓʌț ǍɅʌǸɅɅǍ ɾɳǍǪȡɅȓ ǪǍɅ ǩǸ ɳɶɐɃȡɾȡɅȓṞ 
ǩǸǪǍʔɾǸ ȡʌ ǸɅǍǩȺǸɾ ɾʔɳǸɶẁȓǍȡɅṞ ɃǸǍɅȡɅȓ ǍɅ ǍɶɶǍʳ ȓǍȡɅ ȺǍɶȓǸɶ ʌțǍɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾṣ 
EǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ɾǪǸɅǍɶȡɐṞ ɾʔɳǸɶẁȓǍȡɅ ȡɾ ǍȺɾɐ ǍǪțȡǸʬǍǩȺǸ ʭȡʌț ǍɅʌǸɅɅǍ ɾɳǍǪȡɅȓ ȺǍɶȓǸɶ ʌțǍɅ țǍȺȒ Ǎ 
ʭǍʬǸȺǸɅȓʌțṣ fɐɶ ǸʲǍɃɳȺǸṞ ǍɶɶǍʳ ǱȡɶǸǪʌȡʬȡʌʳ ǍɳɳɶɐǍǪțǸɾ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍɅʌǸɅɅǍɾ ɾɵʔǍɶǸǱ ȡɅ Ǎ Ć¬! 
ǪɐɅɾȡɾʌȡɅȓ ɐȒ ȡɾɐʌɶɐɳȡǪ ɶǍǱȡǍʌɐɶɾ ʌɶǍɅɾɃȡʌʌȡɅȓ ȡɅʌɐ ǸɅǱȒȡɶǸ ǱȡɶǸǪʌȡɐɅ Ǎɾ ʌțǸ ǍɅʌǸɅɅǍ ɾɳǍǪȡɅȓ ȓɐǸɾ ʌɐ 
ʽǸɶɐ ṳᶯᶳṴṣ fɐɶ Ǎ ȓȡʬǸɅ ɾʔɳǸɶẁǱȡɶǸǪʌȡʬȡʌʳṞ ʌțǸ ȓǍȡɅ ǍȺɾɐ ǱǸɳǸɅǱɾ ɐɅ ʌțǸ ɶǍǱȡǍʌȡɐɅ ǸȒȒȡǪȡǸɅǪʳṞ ǍɅǱ ȓɐɐǱ 
ǸȒȒȡǪȡǸɅǪʳ ɶǸɵʔȡɶǸɾ Ǎ ʭǸȺȺẁǱǸɾȡȓɅǸǱ E¶¸ṣ æɶɐʌɐʌʳɳǸɾ ǪɐɅɾȡɾʌȡɅȓ ɐȒ Ć>! ʭȡʌț ᶱ ʌɐ ᶲ ǍɅʌǸɅɅǍɾ ʭȡʌț 
ǍɅʌǸɅɅǍ ɾɳǍǪȡɅȓɾ ɾɃǍȺȺǸɶ ʌțǍɅ țǍȺȒ Ǎ ʭǍʬǸȺǸɅȓʌț ǍɅǱ Ǎ ʭȡǱǸǩǍɅǱ E¶¸ ʭǸɶǸ ǱǸɃɐɅɾʌɶǍʌǸǱ ȡɅ ṳᶰᶯṴṞ 
ʭțǸɶǸ ʌțǸ ɃǸǍɾʔɶǸǱ ɶǸɾʔȺʌɾ ǍɶǸ ǪȺɐɾǸ ʌɐ ʌțǸ ɾȡɃʔȺǍʌȡɐɅ ɶǸɾʔȺʌɾṣ 

Figure 4: Circuit model in  the downlink  
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!Ⱥʌțɐʔȓț ɃǍɾɾȡʬǸ ¶u¶Ã ȡɾ Ǎ ɳɶɐɃȡɾȡɅȓ ʌǸǪțɅɐȺɐȓʳṞ ȡʌ ǪɐɃǸɾ ʭȡʌț Ǎ Ǫɐɾʌ ɐȒ ȡɅǪɶǸǍɾǸǱ ɅʔɃǩǸɶ ɐȒ 
ǪȡɶǪʔȡʌ ǪɐɃɳɐɅǸɅʌɾ ǍɅǱ țǸɅǪǸ ȡɅǪɶǸǍɾǸǱ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǍɅǱ ɾȡȓɅǍȺȺȡɅȓ ɐʬǸɶțǸǍǱṣ ¸ɐʌǸ ʌțǍʌṞ 
Ȓɐɶ ɃǍɾɾȡʬǸ ¶u¶Ã ǍɅʌǸɅɅǍ ǍɶɶǍʳɾṞ ʌțǸ ǱǸɾȡȓɅ ɐȒ ȒʔȺȺʳ ǱȡȓȡʌǍȺ ʌɶǍɅɾǪǸȡʬǸɶɾ ȡɃɳȺȡǸɾ Ǎɾ ɃǍɅʳ éf ǪțǍȡɅɾ 
Ǎɾ ǍɅʌǸɅɅǍ ǸȺǸɃǸɅʌɾṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ɶǸɾǸǍɶǪț ǪɐɃɃʔɅȡʌʳ țǍɾ ɾțɐʭɅ ɾɐɃǸ ɶǸȺʔǪʌǍɅǪǸ ʌɐ ǸɃǩɶǍǪǸ 
ǍȺȺẁǱȡȓȡʌǍȺ ɾɐȺʔʌȡɐɅɾṞ ǸʬǸɅ ʌțɐʔȓț ʌțǸʳ ǍɶǸ ɃʔǪț ɃɐɶǸ ȒȺǸʲȡǩȺǸ ǍɅǱṞ ȡɅ ɃǍɅʳ ǪǍɾǸɾṞ ɃɐɶǸ ɳɐʭǸɶȒʔȺṣ 
ÿțȡɾ ɃɐʌȡʬǍʌǸɾ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ȺɐʭẁɳɐʭǸɶ ȒʔȺȺʳ ǱȡȓȡʌǍȺ ǍɳɳɶɐǍǪțǸɾ ṵǸṣȓṣ Ǎʌ ɃɃğǍʬǸ ǩǍɅǱɾ ṳᶰᶰṴṶṣ 
ñʔǪț ʌǸǪțɅȡɵʔǸɾṞ Ȓɐɶ ǸʲǍɃɳȺǸṞ ǍɶǸ ǩǍɾǸǱ ɐɅ ȺɐʭẁɶǸɾɐȺʔʌȡɐɅ ǱǍʌǍ ǪɐɅʬǸɶʌǸɶɾṞ ʔɾǸ ɐȒ ǪɐɅɾʌǍɅʌ ǸɅʬǸȺɐɳǸ 
ʌɶǍɅɾɃȡʌ ɾȡȓɅǍȺɾ ǍɅǱ țʳǩɶȡǱ ǩǸǍɃȒɐɶɃȡɅȓṞ Ǎɾ ǍɅ ǍȺʌǸɶɅǍʌȡʬǸ Ȓɐɶ Ǎ ȒʔȺȺʳ ǱȡȓȡʌǍȺ ǍɳɳɶɐǍǪțṣ !ɾ ʌțǸ ȒɐǪʔɾ 
ʭǍɾ ɐɅ ǱǸǪɶǸǍɾȡɅȓ ʌțǸ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ Ǎʌ ʌțǸ ɶǸǪǸȡʬǸɶ ɾȡǱǸṞ ʭțǸɶǸ ʌțǸ Ƀɐɾʌ ɳɐʭǸɶ ǪɐɅɾʔɃȡɅȓ 
ǸȺǸɃǸɅʌɾ ǍɶǸ ʌțǸ ǍɅǍȺɐȓẁʌɐẁǱȡȓȡʌǍȺ ǪɐɅʬǸɶʌǸɶɾ ṵ!E>ɾṶṞ ʌțǸ ǍǪțȡǸʬǍǩȺǸ ɶǍʌǸ ȺȡɃȡʌɾ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ɾʳɾʌǸɃɾ ǸɃɳȺɐʳȡɅȓ ȺɐʭẁɶǸɾɐȺʔʌȡɐɅ !E>ɾ ʭǸɶǸ ɾʌʔǱȡǸǱ Ȓȡɶɾʌ ṳᶰᶱṴṣ ÿțǸ ǍɅǍȺʳɾȡɾ ɐȒ Ǎ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ɾʳɾʌǸɃ ʭȡʌț ȺɐʭẁɶǸɾɐȺʔʌȡɐɅ !E>ɾ ȡɾ ǸʲʌǸɅǱǸǱ ʌɐ ʌțǸ ɳɐʭǸɶ ǸȒȒȡǪȡǸɅǪʳ ǍȒʌǸɶʭǍɶǱɾ ṳᶰᶲṴṣ !ʌ ʌțǸ 
ʌɶǍɅɾɃȡʌʌǸɶ ɾȡǱǸṞ ʌțǸ ɳɐʭǸɶ ǍɃɳȺȡȒȡǸɶɾ ṵæ!ɾṶ ǍɶǸ ʌțǸ Ƀɐɾʌ ɳɐʭǸɶ ǪɐɅɾʔɃȡɅȓ ǸȺǸɃǸɅʌɾ ǍɅǱ ǪɐɅɾʌǍɅʌ 
ǸɅʬǸȺɐɳǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ȡɾ ɐɳʌȡɃǍȺ Ȓɐɶ ʌțǸ æ!ẏɾ ǸȒȒȡǪȡǸɅǪʳṣ ÃɅǸ ʭǍʳ ʌɐ ȡɃɳȺǸɃǸɅʌ ǪɐɅɾʌǍɅʌ ǸɅʬǸȺɐɳǸ 
ʌɶǍɅɾɃȡʌ ɾȡȓɅǍȺɾ ȡɾ ʌɐ ǸɃɳȺɐʳ ᶯẁǩȡʌ ǱȡȓȡʌǍȺẁʌɐẁǍɅǍȺɐȓ ǪɐɅʬǸɶʌǸɶɾ ṵE!>ɾṶṣ ÿțǸ ǱȡɾʌɐɶʌȡɐɅɾ ǱʔǸ ʌɐ ʌțǸ 
ɵʔǍɅʌȡʽǍʌȡɐɅ Ǎʌ ʌțǸ E!>ɾ ǍɶǸ ǪɐɅɾȡǱǸɶǸǱ ȡɅ ɳɶǸǪɐǱǸɶ ǱǸɾȡȓɅ ṳᶰᶳṴṣ ̧ʔɃǸɶɐʔɾ ɳɶǸǪɐǱȡɅȓ ʌǸǪțɅȡɵʔǸɾ 
ʌɐ ȡɃɳɶɐʬǸ ʌțǸ ǍǪțȡǸʬǍǩȺǸ ɶǍʌǸɾ ṵɐɶ ʌɐ ǱǸǪɶǸǍɾǸ ʌțǸ Ǹɶɶɐɶ ɶǍʌǸɾṶ țǍʬǸ ȒɐȺȺɐʭǸǱ ǍȒʌǸɶṝ ɾɐɃǸ ȒɐǪʔɾǸǱ ɐɅ 
ǱǸʬǸȺɐɳȡɅȓ Ǎ ɅɐɅȺȡɅǸǍɶ ɳɶǸǪɐǱǸɶ Ȓɐɶ ʌțǸ ᶯẁǩȡʌ ɵʔǍɅʌȡʽǍʌȡɐɅ ǪǍɾǸ ṳᶰᶴṴṳᶰᶵṴṞ ɾɐɃǸ ɐɅ ɳɶɐʬȡǱȡɅȓ ɅɐɅȺȡɅǸǍɶ 
ǍɅǱ ȺȡɅǸǍɶ ɳɶǸǪɐǱǸɶɾ Ȓɐɶ ǪɐɅɾʌǍɅʌ ǸɅʬǸȺɐɳǸ ɾȡȓɅǍȺȺȡɅȓ ṳᶰᶶṴ ǍɅǱ ɾɐɃǸ țǍʬǸ ɐȒȒǸɶǸǱ ȺȡɅǸǍɶ ǍɅǱ 
ɅɐɅȺȡɅǸǍɶ ɳɶǸǪɐǱȡɅȓ ʌǸǪțɅȡɵʔǸɾ Ȓɐɶ ʌțǸ ɾʳɾʌǸɃɾ ʭȡʌț ʔɅȡȒɐɶɃ E!> ɵʔǍɅʌȡʽǍʌȡɐɅ ṳᶰᶷṴṣ !ȺɾɐṞ ʭɐɶȶɾ 
ɾʔǪț Ǎɾ ṳᶱᶮṴṳᶱᶯṴṳᶱᶰṴ ɳɶɐʬȡǱǸǱ ǍɅ ǍɅǍȺʳɾȡɾ ɐȒ ǸɅǸɶȓʳ ǍɅǱ ɾɳǸǪʌɶǍȺ ǸȒȒȡǪȡǸɅǪʳ Ȓɐɶ ʌțǸ ǱȡȓȡʌǍȺ ǍɅǱ țʳǩɶȡǱ 
ǩǸǍɃȒɐɶɃȡɅȓ ɾʳɾʌǸɃɾ ǸɃɳȺɐʳȡɅȓ ȺɐʭẁɶǸɾɐȺʔʌȡɐɅ !E>ɾṣ uɃɳȺǸɃǸɅʌǍʌȡɐɅɾ ǩǍɾǸǱ ɐɅ ȺɐʭẁɶǸɾɐȺʔʌȡɐɅ 
ǱǍʌǍ ǪɐɅʬǸɶʌǸɶɾ ṵɐɶ ǪɐɅɾʌǍɅʌ ǸɅʬǸȺɐɳǸ ɾȡȓɅǍȺȺȡɅȓṶ ǍɶǸ ɳɶɐɃȡɾȡɅȓ Ȓɐɶ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ǱǸɳȺɐʳɃǸɅʌɾ ɐȒ 
ɃǍɾɾȡʬǸ ¶u¶Ã ȡɅ ᶴgṣ  

3.4  Line -of -sight (LoS) MIMO  
uɅ ¶u¶Ã ǪțǍɅɅǸȺɾ ɃǍȡɅȺʳ ǱɐɃȡɅǍʌǸǱ ǩʳ Ǎ ȺȡɅǸẁɐȒẁɾȡȓțʌ ṵ¬ɐñṶ ɳǍʌțṞ ɾɳǍʌȡǍȺ ɃʔȺʌȡɳȺǸʲȡɅȓ ȓǍȡɅ ǪǍɅ ǩǸ 
ǸʲʌɶǍǪʌǸǱ ɳɶɐʬȡǱǸǱ ʌțǍʌ ʌțǸ ǪțǍɅɅǸȺ țǍɾ Ǎ ɶǍɅȶ ȺǍɶȓǸɶ ʌțǍɅ ɐɅǸṣ oɐʭǸʬǸɶṞ ʌțǸ ɶǍɅȶ ɾʌɶɐɅȓȺʳ ǱǸɳǸɅǱɾ 
ɐɅ ʌțǸ ɶǸȓȡɃǸ ʭțǸɶǸ ʌțǸ ǍɅʌǸɅɅǍ ǍɶɶǍʳ ȡɾ ɐɳǸɶǍʌǸǱṞ ɅǍɃǸȺʳ ʌțǸ ɅǸǍɶẁȒȡǸȺǱ ɐɶ ʌțǸ ȒǍɶẁȒȡǸȺǱṣ ÿțǸ ɅǸǍɶẁ
ȒȡǸȺǱ ǍɳɳȺȡǸɾ ȡȒ ʌțǸ ǱȡɾʌǍɅǪǸ ǩǸʌʭǸǸɅ ǍɅ ǍɅʌǸɅɅǍ ǍɶɶǍʳ ǍɅǱ ʌțǸ ǪɐɶɶǸɾɳɐɅǱȡɅȓ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ǱǸʬȡǪǸ ȡɾ ɾɃǍȺȺǸɶ ʌțǍɅ ʌțǸ ɾɐẁǪǍȺȺǸǱ fɶǍʔɅțɐȒǸɶ ǱȡɾʌǍɅǪǸṞ ʭțȡǪț ǱǸɳǸɅǱɾ ɐɅ ʌțǸ ǍɳǸɶʌʔɶǸ ɐȒ ʌțǸ 
ǍɅʌǸɅɅǍ ǍɶɶǍʳ ǍɅǱ ʌțǸ ʔɾǸǱ ǪǍɶɶȡǸɶ ȒɶǸɵʔǸɅǪʳṣ fɐɶ Ǎ ȒȡʲǸǱ ǍɳǸɶʌʔɶǸ ɐȒ ʌțǸ ǍɅʌǸɅɅǍ ǍɶɶǍʳṞ ʌțȡɾ ǱȡɾʌǍɅǪǸ 
ɾǪǍȺǸɾ ɳɶɐɳɐɶʌȡɐɅǍȺȺʳ ʌɐ ʌțǸ ǪǍɶɶȡǸɶ ȒɶǸɵʔǸɅǪʳṨ țǸɅǪǸṞ Ǎʌ țȡȓț ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾṞ ʌțǸ ɳɶɐǩǍǩȡȺȡʌʳ ɐȒ 
ɐɳǸɶǍʌȡɅȓ ȡɅ ʌțǸ ɅǸǍɶẁȒȡǸȺǱ ȡɅǪɶǸǍɾǸɾ ɾʔǩɾʌǍɅʌȡǍȺȺʳ ʭȡʌț ɾʔǪț ǍɅ ǍɶɶǍʳṣ ñȡɅǪǸ ȡɅ ʌțǸ ɅǸǍɶẁȒȡǸȺǱ ʌțǸ 
ɾɳțǸɶȡǪǍȺ ɃɐǱǸȺ ɐȒ ʌțǸ ɶǍǱȡɐ ʭǍʬǸɾ ǍɳɳȺȡǸɾ ṵǍɾ ǪɐɃɳǍɶǸǱ ʌɐ ʌțǸ ɳȺǍɅǍɶ ɃɐǱǸȺ ȡɅ ʌțǸ ȒǍɶẁȒȡǸȺǱṶṞ ʌțȡɾ 
ȓȡʬǸɾ ɶȡɾǸ ʌɐ ȺȡɅǸǍɶȺʳ ȡɅǱǸɳǸɅǱǸɅʌ ɳɶɐɳǍȓǍʌȡɐɅ ɳǍʌțɾṞ ʭțȡǪț ɾǸʌ ʌțǸ ǩǍɾȡɾ Ȓɐɶ ȡɅǪɶǸǍɾȡɅȓ ʌțǸ ǪțǍɅɅǸȺ 
ɶǍɅȶṣ  

(a)  ÿțǸ ¬ɐñ ¶u¶Ã ɳǸɶȒɐɶɃǍɅǪǸ ɾțɐʔȺǱ ǩǸ ɐɳʌȡɃȡʽǸǱ ǩʳ ɳɶɐɳǸɶ ǍɅʌǸɅɅǍ ɳȺǍǪǸɃǸɅʌ Ǎʌ ÿʲ ǍɅǱ éʲ ǍɶɶǍʳɾṾ 
!ɾ ʌțǸ ɐɳʌȡɃʔɃ ǍɅʌǸɅɅǍ ɳȺǍǪǸɃǸɅʌ ȡɾ Ǎ ȒʔɅǪʌȡɐɅ ɐȒ ʌțǸ ǱȡɾʌǍɅǪǸ ǩǸʌʭǸǸɅ ǸǍǪț ÿʲẞéʲ ǍɅʌǸɅɅǍ ɳǍȡɶṹ 
ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ¬ɐñ ¶u¶Ã ɾʳɾʌǸɃɾ ȡɾ ɾʔɾǪǸɳʌȡǩȺǸ ʌɐ ʬǍɶȡǍʌȡɐɅɾ ȡɅ ʌțǸ ÿẞ̡éʲ ǱȡɾʌǍɅǪǸ ǍɅǱ ʌɐ 
ɃȡɾǍȺȡȓɅɃǸɅʌɾ ɐȒ ʌțǸ ǍɶɶǍʳɾṹ ǸṾȓṾ ǱʔǸ ʌɐ ɶɐʌǍʌȡɐɅ ɐɶ ʌȡȺʌȡɅȓ ɐȒ ʌțǸ ǍɶɶǍʳɾṾ oɐʭǸʬǸɶṹ ʌțǸ ǪǍɳǍǪȡʌʳ ɐȒ Ǎ 
ʌȡȺʌǸǱ ǍɶɶǍʳ ȡɾ ǱǸʌǸɶɃȡɅǸǱ ǩʳ ȡʌɾ ɳɶɐȲǸǪʌȡɐɅ ɐɅʌɐ ʌțǸ ɳȺǍɅǸ ɳǸɶɳǸɅǱȡǪʔȺǍɶ ʌɐ ʌțǸ ȺȡɅǸ ǩǸʌʭǸǸɅ ʌțǸ ÿʲ 
ǍɅǱ éʲ ǍɶɶǍʳɾṾ >ɐɅɾȡǱǸɶȡɅȓ ʌțȡɾṹ ȺǸʌ ʔɾ ǍɾɾʔɃǸ ǍɅ éʲ ʔɅȡȒɐɶɃ ǪȡɶǪʔȺǍɶ ǍɶɶǍʳ ẐĆ>!ẑ ȒǍǪȡɅȓ ʌțǍʌ ɳȺǍɅǸṹ 
ǩʔʌ ʌțǍʌ ʌțǸ ÿʲ ǍɶɶǍʳ ȡɾ ʌȡȺʌǸǱ ʭȡʌț ɶǸɾɳǸǪʌ ʌɐ ʌțǍʌ ɳȺǍɅǸṾ ÿɐ ǪɐɃɳǸɅɾǍʌǸ ʌțǸ ǸȒȒǸǪʌ ɐȒ ʌțǸ ʌȡȺʌṹ ʌțǸ ǍȡɃ 
ȡɾ ʌɐ ɳȺǍǪǸ ʌțǸ ÿʲ ǍɅʌǸɅɅǍɾ ɐɅ ʌțǸ ʌȡȺʌǸǱ ÿʲ ǍɶɶǍʳ ɳȺǍɅǸṹ ɾʔǪț ʌțǍʌ ʌțǸȡɶ ɳɶɐȲǸǪʌȡɐɅ ɐɅ ʌțǸ ɳȺǍɅǸ 
ɳǸɶɳǸɅǱȡǪʔȺǍɶ ʌɐ ʌțǸ ȺȡɅǸ ǩǸʌʭǸǸɅ ʌțǸ ÿʲ ǍɅǱ éʲ ǍɶɶǍʳɾ ɶǸɾʔȺʌɾ ȡɅ ǍɅ ǸɵʔȡʬǍȺǸɅʌ ÿʲ Ć>!Ṿ fɐɶ ǸʲǍɃɳȺǸṹ 
ʌɐ ǪɐɃɳǸɅɾǍʌǸ Ǎ ÿʲ ǍɶɶǍʳ ʌȡȺʌ ɐȒ ẞḂ᷉ ǱǸȓɶǸǸɾṹ ʌțǸ ǍɅʌǸɅɅǍɾ ɐɅ ʌțǸ ʌȡȺʌǸǱ ÿʲ ǍɶɶǍʳ ɳȺǍɅǸ ɾțɐʔȺǱ ǩǸ 
ȺɐǪǍʌǸǱ ɐɅ ǍɅ ǸȺȺȡɳɾǸ ẐɾǸǸ ǱǍɾțǸǱ ȓɶǸǸɅ ǸȺȺȡɳɾǸ ǪɐɶɶǸɾɳɐɅǱȡɅȓ ʌɐ ɾʔǩǍɶɶǍʳ ᷊ ȡɅ                                                                                                              
Ẑǩẑ 

(b)  Figure 5 ǩǸȺɐʭẑṹ ɾʔǪț ʌțǍʌ ȡʌɾ ɳɶɐȲǸǪʌȡɐɅ ɐɅ ʌțǸ ɳȺǍɅǸ ɳǸɶɳǸɅǱȡǪʔȺǍɶ ʌɐ ʌțǸ ȺȡɅǸ 
ǩǸʌʭǸǸɅ ʌțǸ ÿʲ ǍɅǱ éʲ ǍɶɶǍʳɾ ǪɐɶɶǸɾɳɐɅǱɾ ʌɐ Ǎ Ć>! ʭȡʌț ɐɳʌȡɃʔɃ ǱȡǍɃǸʌǸɶṾ 
=ǍɾǸǱ ɐɅ ʌțȡɾṹ ʌțǸ ÿʲ ǍɶɶǍʳ ǪǍɅ ʌțǸɅ ǩǸ ǱǸɾȡȓɅǸǱ ʌɐ ǪɐɅɾȡɾʌ ɐȒ Ǎ ɾǸʌ ɐȒ ǪɐɅǪǸɅʌɶȡǪ 
ǸȺȺȡɳʌȡǪǍȺ ɾʔǩǍɶɶǍʳɾṹ ɾɐ ʌțǍʌ ʌțǸ ɳɶɐȲǸǪʌȡɐɅ ɐȒ ǸǍǪț ɾʔǩǍɶɶǍʳ ɐɅ ʌțǸ ɳȺǍɅǸ ʭțȡǪț ȡɾ 
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ɳǸɶɳǸɅǱȡǪʔȺǍɶ ʌɐ ʌțǸ ȺȡɅǸ ǩǸʌʭǸǸɅ ʌțǸ ÿʲ ǍɅǱ éʲ ǍɶɶǍʳɾ ǪɐɶɶǸɾɳɐɅǱɾ ʌɐ Ǎ ÿʲ Ć>! ɐȒ 
ɐɳʌȡɃʔɃ ǱȡǍɃǸʌǸɶ Ẑ                                                                                                             Ẑǩẑ 

(c) Figure 5ǍẑṾ oǸɅǪǸṹ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ʌȡȺʌȡɅȓ ǍɅȓȺǸ ɐȒ ʌțǸ ÿʲ ǍɶɶǍʳṹ Ǎ ǱȡȒȒǸɶǸɅʌ 
ɾʔǩǍɶɶǍʳ ǪǍɅ ǩǸ ɾǸȺǸǪʌǸǱ ʌɐ ǪɐɃɳǸɅɾǍʌǸ ʌțǸ ǪǍɳǍǪȡʌʳ Ⱥɐɾɾ ǍɶȡɾȡɅȓ Ǎʌ ǱȡȒȒǸɶǸɅʌ 
ǍɶɶǍʳ ʌȡȺʌɾ Ẏ᷿᷿ẏṹ ǸṾȓṾṹ Ǎɾ ɾțɐʭɅ ȡɅ ʌțǸ ǸʲǍɃɳȺǸ ʭȡʌț ḁ ɾʔǩǍɶɶǍʳɾ ȡɅ                                                                                                              
Ẑǩẑ 

Figure 5ǩṣ uɅ ǍǱǱȡʌȡɐɅṞ ǍȺʌțɐʔȓț Ǎ ʌȡȺʌǸǱ ǍɶɶǍʳ ǪǍɅ ǩǸ ǱǸʌɶȡɃǸɅʌǍȺ Ǎʌ Ǎ ȒȡʲǸǱ ʌɶǍɅɾɃȡʌ ǱȡɾʌǍɅǪǸṞ ʌțǸ 
ʌȡȺʌȡɅȓ ɐȒ ǍɅ ǍɶɶǍʳ ǪǍɅ ǩǸ ȺǸʬǸɶǍȓǸǱ ʌɐʭǍɶǱɾ ȡɃɳɶɐʬȡɅȓ ʌțǸ ǪǍɳǍǪȡʌʳ ɐȒ Ǎ ɾʳɾʌǸɃ ɐɳǸɶǍʌȡɅȓ ɐʬǸɶ 
ʬǍɶʳȡɅȓ ÿʲẁéʲ ǱȡɾʌǍɅǪǸɾ ṳᶱᶲṴṣ  

fʔɶʌțǸɶɃɐɶǸṞ ɅɐɅẁʔɅȡȒɐɶɃ ǍɶɶǍʳ ǱǸɾȡȓɅ ɐȒ ʌțǸ ÿʲ ǍɅǱ éʲ ǍɶɶǍʳṞ ȡṣǸṣṞ ʭȡʌț ʔɅǸɵʔǍȺ ɾɳǍǪȡɅȓ ǩǸʌʭǸǸɅ 
ɅǸȡȓțǩɐʔɶȡɅȓ ǍɅʌǸɅɅǍɾṞ ǪǍɅ ǩǸ ǪɐɅɾȡǱǸɶǸǱ Ǎɾ ʭǸȺȺ ʌɐ ȡɅǪɶǸǍɾǸ ʌțǸ ɶɐǩʔɾʌɅǸɾɾ ɐȒ ¬ɐñ ¶u¶Ã ɾʳɾʌǸɃɾ 
ɐʬǸɶ ʬǍɶʳȡɅȓ ÿʲẁéʲ ǱȡɾʌǍɅǪǸɾ ǍɅǱ ʌȡȺʌɾṞ ǩʳ ȺǸʬǸɶǍȓȡɅȓ ʌțǸ ȒȺǸʲȡǩȡȺȡʌʳ ȡɅ ʌțǸ ɳȺǍǪǸɃǸɅʌ ɐȒ ʌțǸ ǍɅʌǸɅɅǍɾ 
ǍɅǱ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɐȒ ʌțǸ ǍɶɶǍʳ ȓǸɐɃǸʌɶʳ ṳᶵᶮṴṣ  

+ Subarray 1  

+ Subarray 2  

+ Subarray 3  

+ Subarray 4  

+ Subarray 5 
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Figure 5. (a) Example of R = 5 subarrays in different colours that can compensate different tilts at a fixed Tx -
Rx distance of 53.8 m. A grid of antennas can also be used to approximate different subarrays. (b) 

Performance enhancement by selecting different subar rays at different tilting angles  

3.5 Multiuser MIMO  
ğțȡȺǸ ʌțǸ ǪǍɳǍǪȡʌʳ ǍɅǱ ɐɳʌȡɃǍȺ ʌɶǍɅɾɃȡʌ ɾʌɶǍʌǸȓʳ ɐȒ Ǎ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ¶u¶Ã ȺȡɅȶ ʭȡʌț ȓȡʬǸɅ ǍɶɶǍʳ 
ȓǸɐɃǸʌɶȡǸɾ ȡɾ ʭǸȺȺ ȶɅɐʭɅṞ ʌțǸ ɾȡʌʔǍʌȡɐɅ ȡɾ ɃɐɶǸ ǪɐɃɳȺȡǪǍʌǸǱ Ȓɐɶ ɃʔȺʌȡʔɾǸɶ ¶u¶Ã ǪțǍɅɅǸȺɾ ȡɅ Ǎ 
ɅǸʌʭɐɶȶ ǪɐɅʌǸʲʌ ṵȶɅɐʭɅ Ǎɾ ẌɅǸʌʭɐɶȶ ¶u¶ÃẍṶṣ ñɳǸǪȡǍȺ ǪǍɾǸɾṞ ȺȡȶǸ ʌțǸ ¶u¶Ã ʔɳȺȡɅȶ ǍɅǱ ǱɐʭɅȺȡɅȶ 
ǪțǍɅɅǸȺɾ ṵɾɳǸǪȡȒȡǪǍȺȺʳṞ ɅɐɅẁǱǸȓɶǍǱǸǱ gǍʔɾɾȡǍɅ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ǍɅǱ ǩɶɐǍǱǪǍɾʌ ǪțǍɅɅǸȺɾṶ ǍɶǸ ʭǸȺȺ 
ʔɅǱǸɶɾʌɐɐǱṣ fɐɶ ȓǸɅǸɶǍȺ ȡɅʌǸɶȒǸɶǸɅǪǸ ǪțǍɅɅǸȺɾṞ ʌțɐʔȓțṞ ʌțǸ ǪǍɳǍǪȡʌʳ ɶǸȓȡɐɅ ṵǍɅǱ ʌțʔɾ ʌțǸ ɐɳʌȡɃǍȺ 
ʌɶǍɅɾǪǸȡʬǸɶṶ ȡɾ ʔɅȶɅɐʭɅṣ uɅ Ǎ ṵɳɐɾɾȡǩȺʳ ɃǸɾțǸǱ ǍɅǱ ǪǸȺȺ ȒɶǸǸṶ ɅǸʌʭɐɶȶ ɐȒ ǍǪǪǸɾɾ ɳɐȡɅʌɾṞ ʌțǸɶǸ ǍɶǸ 
ɃǍɅʳ ǱǸȓɶǸǸɾ ɐȒ ȒɶǸǸǱɐɃ ʭȡʌț ɶǸȓǍɶǱ ʌɐ ʌțǸ ǪțɐȡǪǸ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ǍǪǪǸɾɾ ɳɐȡɅʌɾ ʌțǍʌ ǍɶǸ ʔɾǸǱ Ȓɐɶ 
ʌɶǍɅɾɃȡʌʌȡɅȓ ǍɅǱ ɶǸǪǸȡʬȡɅȓ ȡɅȒɐɶɃǍʌȡɐɅṞ ǸṣȓṣṞ ʌțǸ ɳɐɾɾȡǩȺǸ ǪɐɐɳǸɶǍʌȡɐɅ ǩǸʌʭǸǸɅ ʌțǸ ɅɐǱǸɾṞ ʌțǸ 
ǍʬǍȡȺǍǩȡȺȡʌʳ ǍɅǱ ǸʲǪțǍɅȓǸ ɐȒ >ñuṞ ʌțǸ ǪǍɾʌȡɅȓ ʌʳɳǸ ṵʔɅȡǪǍɾʌ ɐɶ ɃʔȺʌȡǪǍɾʌ ṳᶱᶳṴṶṞ ʌțǸ ȺȡɅȶ ʌʳɳǸ ṵɾȡǱǸȺȡɅȶ ɐɶ 
ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṶṞ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ǍȺȺɐǪǍʌȡɐɅ ɐȒ ɶǸɾɐʔɶǪǸɾ ṵɾǪțǸǱʔȺȡɅȓṶṣ ¶u¶Ã ȡɾ ǍȺʭǍʳɾ Ǎʌ ʌțǸ ǪɐɶǸ ɐȒ ɾʔǪț 
ǱǸɾȡȓɅ ǪțɐȡǪǸɾ ǍɅǱ Ƀʔɾʌ ǩǸ ǪɐɅɾȡǱǸɶǸǱṣ 

! ȒʔɅǱǍɃǸɅʌǍȺ ɳɶɐǩȺǸɃ ȡɅ ʌțȡɾ ǪɐɅʌǸʲʌ ȡɾ ʌțǸ ȲɐȡɅʌ ɐɳʌȡɃȡʽǍʌȡɐɅ ɐȒ ɃʔȺʌȡʔɾǸɶ ¶u¶Ã ɳɶǸǪɐǱǸɶɾ ǍɅǱ 
ǪɐɃǩȡɅǸɶɾṞ ǍȺɐɅȓ ʭȡʌț ɳɐʭǸɶ ǍȺȺɐǪǍʌȡɐɅ ǍɅǱ ɾǪțǸǱʔȺȡɅȓṣ ÿțǸ ɾǪțǸǱʔȺȡɅȓ ǸɅɾʔɶǸɾ ʌțǍʌ ʌțǸ ʔɾǸɶɾ ǍɶǸ 
ɐɶʌțɐȓɐɅǍȺȡʽǸǱ ȡɅ ȒɶǸɵʔǸɅǪʳ ǍɅǱ ʌȡɃǸ ǱɐɃǍȡɅɾ ʌɐ ǍʬɐȡǱ ȡɅʌǸɶȒǸɶǸɅǪǸṞ ʭțȡȺǸ ʌțǸ ɳɐʭǸɶ ǪɐɅʌɶɐȺ 
ǸɅɾʔɶǸɾ ʌțǍʌ ʌțǸ ǱǸɾȡɶǸǱ ʔɾǸɶ ɶǍʌǸɾ ǍɶǸ ǍǪțȡǸʬǸǱ ȡɅ ǍɅ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ɃǍɅɅǸɶṣ ñʔǪț ȲɐȡɅʌ 
ɐɳʌȡɃȡʽǍʌȡɐɅ ȡɾ ȓǸɅǸɶǍȺȺʳ ¸æẁțǍɶǱṞ ǍɅǱ ʌțǸ ǱǸɾȡȓɅ ɐȒ ǸȒȒȡǪȡǸɅʌ ɅǸǍɶẁɐɳʌȡɃǍȺ ɾɐȺʔʌȡɐɅɾ ȡɾ ɾʌȡȺȺ ǍɅ ɐɳǸɅ 
ǪțǍȺȺǸɅȓǸṣ ÿțȡɾ ȡɾ ɳǍɶʌȡǪʔȺǍɶȺʳ ʌɶʔǸ Ȓɐɶ ǱȡɾʌɶȡǩʔʌǸǱ ǪǸȺȺẁȒɶǸǸ ɾɐȺʔʌȡɐɅɾṞ Ǎɾ ǱȡɾǪʔɾɾǸǱ ȡɅ ʌțǸ ȒɐȺȺɐʭȡɅȓ 
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ɾǸǪʌȡɐɅṞ ʭțǸɶǸ ɾǪǍȺǍǩȡȺȡʌʳ ȡɾ Ǎ ɃǍȲɐɶ ȡɾɾʔǸṣ ñɐɃǸ ɾɐȺʔʌȡɐɅɾ ʌɐ ɳǸɶȒɐɶɃ ʌțǸ ɳɶǸǪɐǱȡɅȓ ȺɐǪǍȺȺʳ ǍɶǸ 
ɳɶɐʬȡǱǸǱ ȡɅ ṳᶱᶴṴṣ 

3.6 Cell -free massive  MIMO  
¸Ǹʌʭɐɶȶ ǱǸɅɾȡȒȡǪǍʌȡɐɅ ȡɾ ǍɅ ȡɃɳɐɶʌǍɅʌ ȒǍǪʌɐɶ ȡɅ ɶǸǍȺȡʽȡɅȓ ᶴg ɾǸɶʬȡǪǸɾ ʭȡʌț ǸʲʌɶǸɃǸ ǍɶǸǍ ɾɳǸǪʌɶǍȺ 
ǸȒȒȡǪȡǸɅǪʳ ǍɅǱ Ⱥɐʭ ȺǍʌǸɅǪʳ ṳᶱᶵṴṣ uɅ ʌțǸ ɳǍɾʌṞ ʌțȡɾ țǍɾ ǱɶȡʬǸɅ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ >é!¸ ǍɅǱ ɾɃǍȺȺ ǪǸȺȺ 
ǍɶǪțȡʌǸǪʌʔɶǸɾ ȡɅ ǪɐɃǩȡɅǍʌȡɐɅ ʭȡʌț ǱǸǪǸɅʌɶǍȺȡʽǸǱ ¶u¶Ã ǪɐɅɅǸǪʌȡʬȡʌʳṣ oɐʭǸʬǸɶṞ ɾʔǪț ǍɶǪțȡʌǸǪʌʔɶǸɾ 
ɾʌȡȺȺ ǸɾɾǸɅʌȡǍȺȺʳ ȒɐȺȺɐʭ ʌțǸ ǪɐɅʬǸɅʌȡɐɅǍȺ ǪǸȺȺẁǪǸɅʌɶȡǪ ǱǸɾȡȓɅ ɳțȡȺɐɾɐɳțʳṣ !ǩɐʬǸ Ǎ ǪǸɶʌǍȡɅ ǱǸɳȺɐʳɃǸɅʌ 
ǱǸɅɾȡʌʳṞ ʌțǸ ǪǸȺȺẁǩǍɾǸǱ ǍɳɳɶɐǍǪț ǩǸǪɐɃǸɾ ȡɅǸȒȒȡǪȡǸɅʌ ǱʔǸ ʌɐ ɃɐɶǸ ǍɅǱ ɃɐɶǸ ȒɶǸɵʔǸɅʌ ǪǸȺȺ 
țǍɅǱɐʬǸɶɾ ǍɅǱ ɾȡȓɅǍȺȺȡɅȓ ǩɐʌʌȺǸɅǸǪȶɾṞ ʭțȡǪț ɃǸǍɅɾ ʌțǍʌ ʌțǸ ǍǪțȡǸʬǍǩȺǸ ǍɶǸǍ ǪǍɳǍǪȡʌʳ ɶǸǍǪțǸɾ Ǎ 
ɳȺǍʌǸǍʔ ʭțǸɶǸ ȒʔɶʌțǸɶ ǱǸɅɾȡȒȡǪǍʌȡɐɅ ǱɐǸɾ Ʌɐʌ ȺǸǍǱ ʌɐ ǪɐɶɶǸɾɳɐɅǱȡɅȓ ȓǍȡɅɾ ṳᶱᶶṴṣ ÿțȡɾ ɃɐʌȡʬǍʌǸɾ Ǎ ẌǪǸȺȺẁ
ȒɶǸǸẍ ǍɶǪțȡʌǸǪʌʔɶǸṞ ʭțǸɶǸ ʌțǸ ĆM ȡɾ ɃɐʬȡɅȓ ʌțɶɐʔȓț ǍɅ ǍɶɶǍʳ ɐȒ ɶǍǱȡɐ ʔɅȡʌɾ ʭțȡǪț ǍɶǸ ȓǸɐȓɶǍɳțȡǪǍȺȺʳ 
ǱȡɾʌɶȡǩʔʌǸǱ ɐʬǸɶ ʌțǸ ǍɶǸǍṣ >ǸȺȺẁȒɶǸǸ ɃǍɾɾȡʬǸ ¶u¶Ã ǪɐɃǩȡɅǸɾ ʌțǸ ǍǱʬǍɅʌǍȓǸɾ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ɾʳɾʌǸɃɾ 
ǍɅǱ ɃǍɾɾȡʬǸ ¶u¶Ãṣ ÿțǸ ǪɐɅǪǸɳʌ ɶǸɃɐʬǸɾ ǪǸȺȺɾ ǍɅǱ ǪǸȺȺ ǩɐʔɅǱǍɶȡǸɾ ʭȡʌț ȡʌɾ ȒʔɅǱǍɃǸɅʌǍȺ ȡǱǸǍ ʌɐ 
ǱǸɳȺɐʳ Ǎ ȺǍɶȓǸ ɅʔɃǩǸɶ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ǍǪǪǸɾɾ ɳɐȡɅʌɾ ṵ!æɾṶ ʌțǍʌ ǍɶǸ ǪɐɅɅǸǪʌǸǱ ʌɐ Ǎ ǪǸɅʌɶǍȺ ɳɶɐǪǸɾɾȡɅȓ 
ʔɅȡʌ ṵ>æĆṶ ʌɐ ɾǸɶʬǸ ǍȺȺ ʔɾǸɶɾ ȡɅ Ǎ ʭȡǱǸ ǍɶǸǍṣ >ɐɃɳǍɶǸǱ ʌɐ ǪɐɅʬǸɅʌȡɐɅǍȺ ǪɐẁȺɐǪǍʌǸǱ ɃǍɾɾȡʬǸ ¶u¶ÃṞ 
ǪǸȺȺẁȒɶǸǸ ɅǸʌʭɐɶȶɾ ɐȒȒǸɶ ɃɐɶǸ ʔɅȡȒɐɶɃ ǪɐɅɅǸǪʌȡʬȡʌʳ ʌɐ ǍȺȺ ʔɾǸɶɾ ẁ ʌțǍɅȶɾ ʌɐ ʌțǸ ɃǍǪɶɐ ǱȡʬǸɶɾȡʌʳ ȓǍȡɅ 
ɐǩʌǍȡɅǸǱ ȒɶɐɃ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ ǍɅʌǸɅɅǍɾṣ  

uɅ ɐɶǱǸɶ ʌɐ ǍȺȺɐʭ ɾǪǍȺǍǩȡȺȡʌʳṞ ʌțǸ ʔɾǸɶẁǪǸɅʌɶȡǪ ǱʳɅǍɃȡǪ ǪɐɐɳǸɶǍʌȡɐɅ ǪȺʔɾʌǸɶȡɅȓ ṵE>>Ṷ ɾǪțǸɃǸ ʭǍɾ 
ȡɅʌɶɐǱʔǪǸǱ ṳᶱᶷṴṞ ʭțǸɶǸ ǸǍǪț ĆM ǪǍɅ ǪɐɅɅǸǪʌ ʌɐ ɅǸǍɶǩʳ !æɾ ȡɅ Ǎ ȒʔȺȺʳ ȒȺǸʲȡǩȺǸ ɃǍɅɅǸɶṣ uɅ ṳᶲᶮṴṞ Ǎ ȺǸɾɾ 
ɶǸɾʌɶȡǪʌȡʬǸ ɾǪǍȺǍǩȡȺȡʌʳ ʭǍɾ ǱǸȒȡɅǸǱ ʌɐ ȡɅǪȺʔǱǸ ɃɐɶǸ ɾʳɾʌǸɃɾṞ ǍɅǱ ɾǸʬǸɶǍȺ ǪȺʔɾʌǸɶȡɅȓ ǍɳɳɶɐǍǪțǸɾ ǍɅǱ 
ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ʭǸɶǸ ǪɐɃɳǍɶǸǱṣ ÿțǸ ɳǸɶȒɐɶɃǍɅǪǸ ǍɅǍȺʳɾȡɾ ɐȒ ǪǸȺȺẁȒɶǸǸ ɃǍɾɾȡʬǸ ¶u¶Ã 
ɾʳɾʌǸɃɾ Ȓɐɶ ǱȡȒȒǸɶǸɅʌ ȒǍǱȡɅȓ ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ṳᶲᶯṴṳᶲᶰṴ rȡǸȺǱɾ ʌțǸ ȓǸɅǸɶǍȺ ǪɐɅǪȺʔɾȡɐɅ ʌțǍʌ ȡʌ ǪǍɅ ǍǪțȡǸʬǸ 
Ǎ țʔȓǸ ɳǸɶȒɐɶɃǍɅǪǸ ȓǍȡɅ ȡɅ Ǎ ʬǍɶȡǸʌʳ ɐȒ ɾǪǸɅǍɶȡɐɾṣ !ȺɾɐṞ ʌțǸ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ɐȒ ǪǸȺȺẁȒɶǸǸ ɃǍɾɾȡʬǸ 
¶u¶Ã ȡɾ ɾțɐʭɅ ʌɐ ȡɃɳɶɐʬǸ ǩʳ ǍɳɳɶɐʲȡɃǍʌǸȺʳ ʌǸɅ ʌȡɃǸɾ ǪɐɃɳǍɶǸǱ ʌɐ ǪǸȺȺʔȺǍɶ ɃǍɾɾȡʬǸ ¶u¶Ã ṳᶲᶱṴṳᶲᶲṴṣ 
ÿțǸɶǸȒɐɶǸṞ ǪǸȺȺẁȒɶǸǸ ɃǍɾɾȡʬǸ ¶u¶Ã țǍɾ ǩǸǪɐɃǸ ɐɅǸ ɐȒ ʌțǸ Ƀɐɾʌ ɳɶɐɃȡɾȡɅȓ ʌǸǪțɅɐȺɐȓȡǸɾ ȡɅ ᶴg 
ʭȡɶǸȺǸɾɾ ɅǸʌʭɐɶȶɾ ǍɅǱ țǍɾ ǍʌʌɶǍǪʌǸǱ ǸʲʌǸɅɾȡʬǸ ɶǸɾǸǍɶǪț ȡɅʌǸɶǸɾʌɾ ȒɶɐɃ ǩɐʌț ǍǪǍǱǸɃȡǍ ǍɅǱ ȡɅǱʔɾʌɶʳ 
ṳᶲᶳṴṣ uɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ǪǸȺȺẁȒɶǸǸ ¶u¶ÃṞ ʭǸȺȺẁǸɾʌǍǩȺȡɾțǸǱ ɾʳɾʌǸɃ ɳɶɐǪǸǱʔɶǸɾṞ ȺȡȶǸ >ñu ǍǪɵʔȡɾȡʌȡɐɅṞ ɐɶ 
ɳȡȺɐʌ ǱǸɾȡȓɅṞ ɅǸǸǱ ʌɐ ǩǸ ɶǸʬȡɾȡʌǸǱṣ ! ǪǸɅʌɶǍȺ ǪțǍȺȺǸɅȓǸ ȡɾ ʌɐ ȒȡɅǱ Ǎ ȓɐɐǱ ǪɐɃɳɶɐɃȡɾǸ ǩǸʌʭǸǸɅ 
ǪǸɅʌɶǍȺȡʽǸǱ ǱǸɾȡȓɅɾ ǍɅǱ ɾǪǍȺǍǩȺǸ ǱȡɾʌɶȡǩʔʌǸǱ ǱǸɾȡȓɅɾṣ gɐɐǱ ɶǸǪǸɅʌ ɐʬǸɶʬȡǸʭɾ ǍɶǸ ȓȡʬǸɅṞ ǸṣȓṣṞ ȡɅ 
ṳᶲᶴṴṳᶲᶵṴṣ  

3.7 Reconfigurable intelligent  surfaces  
éǸǪɐɅȒȡȓʔɶǍǩȺǸ ȡɅʌǸȺȺȡȓǸɅʌ ɾʔɶȒǍǪǸɾ ṵéuñṶ ǍɶǸ ǸɃǸɶȓȡɅȓ Ǎɾ Ǎ ɳɐʌǸɅʌȡǍȺ ȶǸʳ ʌǸǪțɅɐȺɐȓʳ Ȓɐɶ ǩǸʳɐɅǱ ᶳg 
ɾʳɾʌǸɃɾṣ éuñ ɶǸɳɶǸɾǸɅʌ ȺɐʭẁǪɐɾʌ ʭȡɶǸȺǸɾɾ ɳȺǍɅǍɶ ɾʌɶʔǪʌʔɶǸɾ ʭȡʌț ɶǸǪɐɅȒȡȓʔɶǍǩȺǸ ɳɶɐɳǸɶʌȡǸɾ Ȓɐɶ 
ɶǸȒȺǸǪʌȡɐɅṞ ɶǸȒɶǍǪʌȡɐɅṞ ʌɶǍɅɾɃȡʌʌǍɅǪǸ ǍɅǱ ǍǩɾɐɶɳʌȡɐɅ ɐȒ ȡɃɳȡɅȓȡɅȓ ǸȺǸǪʌɶɐɃǍȓɅǸʌȡǪ ʭǍʬǸɾṞ ʭțȡǪț 
ɃǍʳ ǩǸ ȡɃɳȺǸɃǸɅʌǸǱ ǩʳ ǸȡʌțǸɶ ɳʔɶǸȺʳ ɳǍɾɾȡʬǸ ɐɶ ǩʳ ṵɾɐɃǸṶ ǍǪʌȡʬǸ ǪɐɃɳɐɅǸɅʌɾ ɳȺʔɾ Ǎ ǪɐɶɶǸɾɳɐɅǱȡɅȓ 
ǪɐɅʌɶɐȺȺǸɶ Ȓɐɶ ʌțǸȡɶ ǪɐɅȒȡȓʔɶǍʌȡɐɅṣ ¸ɐʌǸ ʌțǍʌ éuñ ȡɾ ǍȺɾɐ ȶɅɐʭɅ ʔɅǱǸɶ ʌțǸ ʌǸɶɃ ẌuɅʌǸȺȺȡȓǸɅʌ éǸȒȺǸǪʌȡɅȓ 
ñʔɶȒǍǪǸɾẍ ṵuéñṶṞ ʭțȡǪț ʭǍɾ ȡɅʌɶɐǱʔǪǸǱ ȒȡɶɾʌȺʳṞ ǩʔʌ țǍɾ ǩǸǸɅ ɶǸɳȺǍǪǸǱ ǩʳ ʌțǸ ɅǸʭ ʌǸɶɃ éuñṞ ɾȡɅǪǸ ʌțǸȡɶ 
ɳɶɐɳǸɶʌȡǸɾ Ʌɐʭ ȓɐ ǩǸʳɐɅǱ ʌțǸ ɾɐȺǸ ȒʔɅǪʌȡɐɅǍȺȡʌʳ ɐȒ ɶǸȒȺǸǪʌȡɅȓ ǍɅ ȡɃɳȡɅȓȡɅȓ ɾȡȓɅǍȺṣ  

ÿțǸ ʭɐɶȶɾ ṳᶲᶶṴṳᶲᶷṴ ʌǍǪȶȺǸǱ ʌțǸ ǪțǍɅɅǸȺ ǸɾʌȡɃǍʌȡɐɅ ɳɶɐǩȺǸɃ Ȓɐɶ éuñṨ ɅɐɅǸʌțǸȺǸɾɾṞ ʌțǸ ɶǸɵʔȡɶǸǱ 
ʌɶǍȡɅȡɅȓ ɐʬǸɶțǸǍǱ ɾǪǍȺǸɾ ɳɶɐɳɐɶʌȡɐɅǍȺȺʳ ʌɐ ʌțǸ ɅʔɃǩǸɶ ɐȒ éuñ ǍɅʌǸɅɅǍ ǸȺǸɃǸɅʌɾṞ ȺȡɃȡʌȡɅȓ ʌțǸ 
ǍɳɳȺȡǪǍǩȡȺȡʌʳ ɐȒ ʌțǸɾǸ ɾǪțǸɃǸɾ ȡɅ ɳɶǍǪʌȡǪǸṣ ÿțȡɾ ȡɾ ǱʔǸ ʌɐ ʌțǸ ȒǍǪʌ ʌțǍʌ ǍɅ éuñ ȡɾ ʬǸɶʳ ȺȡȶǸȺʳ ʌɐ țǍʬǸ ᶯᶮᶮɾ 
ɐɶ ǸʬǸɅ ᶯᶮᶮᶮɾ ɐȒ ǍɅʌǸɅɅǍɾṣ ¬ǍʌǸɶ ʭɐɶȶɾṞ ǸṣȓṣṞ ṳᶳᶮṴṳᶳᶯṴ țǍʬǸ ǱǸʬǸȺɐɳǸǱ ǪțǍɅɅǸȺ ǸɾʌȡɃǍʌȡɐɅ ɾǪțǸɃǸɾ 
ʭȡʌț ȺȡɃȡʌǸǱ ɐʬǸɶțǸǍǱṣ uɅ ɳǍɶʌȡǪʔȺǍɶṞ ṳᶳᶯṴ ɳɶɐɳɐɾǸɾ ʌɐ ȓɶɐʔɳ éuñ ǍɅʌǸɅɅǍɾ ʌɐȓǸʌțǸɶ ǍɅǱ ʌɐ ʔɾǸ ȒȡʲǸǱ 
Efÿ ǪɐǸȒȒȡǪȡǸɅʌɾ Ȓɐɶ ǸǍǪț éuñ ǍɅʌǸɅɅǍ ȓɶɐʔɳ Ȓɐɶ ǪțǍɅɅǸȺ ɳɶɐǩȡɅȓṞ ʭțȡȺǸ Ǎ ȺȡɅǸǍɶ ¶¶ñM ǸɾʌȡɃǍʌɐɶ 
ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ǪțǍɅɅǸȺẏɾ ɾɳǍʌȡǍȺ ǪɐɶɶǸȺǍʌȡɐɅɾ ȡɾ ʔɾǸǱ Ǎʌ ʌțǸ ĆM ʌɐ ǸɾʌȡɃǍʌǸ ʌțǸ éuñ ǪțǍɅɅǸȺṣ ÿțȡɾ țǍɾ 
ʌțǸ ǸȒȒǸǪʌ ɐȒ ɶǸǱʔǪȡɅȓ ʌțǸ ǸȒȒǸǪʌȡʬǸ éuñ ǪțǍɅɅǸȺ ǱȡɃǸɅɾȡɐɅṣ  

gɐȡɅȓ ǩǸʳɐɅǱ ʌțǸ ʭɐɶȶ ȡɅ ṳᶳᶯṴṞ ʭțȡǪț ʔɾǸɾ ȒȡʲǸǱ éuñ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɳǍɶǍɃǸʌǸɶɾ Ȓɐɶ ʌțǸ ǪțǍɅɅǸȺ 
ǸɾʌȡɃǍʌȡɐɅṞ ʭǸ ɳɶɐɳɐɾǸ ȡɅ ṳᶳᶰṴ ʌɐ ɐɳʌȡɃȡʽǸ ʌțɐɾǸ éuñ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɳǍɶǍɃǸʌǸɶɾ ʭȡʌț ʌțǸ ǍȡɃ ʌɐ 
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ɃȡɅȡɃȡʽǸ ʌțǸ ǪțǍɅɅǸȺ ǸɾʌȡɃǍʌȡɐɅ ¶ñM ɐɶ ɾʔɃ ¶ñM ȡɅ Ǎ ɾʳɾʌǸɃ ʭȡʌț ɃʔȺʌȡɳȺǸ éuñṣ ÿțǸ ɐɳʌȡɃȡʽǍʌȡɐɅ 
ǸʲɳȺɐȡʌɾ ɾɳǍʌȡǍȺ ǪɐɶɶǸȺǍʌȡɐɅɾ ɐȒ ʌțǸ ǪțǍɅɅǸȺ ǩǸʌʭǸǸɅ éuñ ǍɅǱ ĆM Ǎɾ ɾȡǱǸ ȡɅȒɐɶɃǍʌȡɐɅ ǍɅǱ ȡɾ ǩǍɾǸǱ ɐɅ 
ǍɅ ǍȺʌǸɶɅǍʌȡɅȓ ɐɳʌȡɃȡʽǍʌȡɐɅ ǍɅǱ ɳɶɐȲǸǪʌǸǱ ȓɶǍǱȡǸɅʌ ǱǸɾǪǸɅʌ ȒɶǍɃǸʭɐɶȶṣ The final result is the 
forming of RIS beams for channel estimation that direct the pilot signals into the eigenspace of the 
éuñ ǪțǍɅɅǸȺẏɾ ɾɳǍʌȡǍȺ ǪɐɶɶǸȺǍʌȡɐɅ ɃǍʌɶȡʲ ǪɐɅʌǍȡɅȡɅȓ țȡȓțǸɾʌ ɳɐʭǸɶṣ ¸ʔɃǸɶȡǪǍȺ ɶǸɾʔȺʌɾ ɾțɐʭ ɾʔɳǸɶȡɐɶ 
channel estimation and data rate performance compared to the method in [51]. 

ÿțǸ ǪȡɶǪʔȡʌ ʌțǸɐɶǸʌȡǪ ɃɐǱǸȺɾ ǱȡɾǪʔɾɾǸǱ ȡɅ ñǸǪʌȡɐɅ ɵ ṣ ɵǪǍɅ ǍȺɾɐ ǩǸ ǍɳɳȺȡǸǱ ʌɐ ɾʳɾʌǸɃɾ ʭȡʌț éuñ ṳᶳᶱṴṣ ! 
ǪȡɶǪʔȡʌ ɃɐǱǸȺ ȡɾ ʭǸȺȺ ɾʔȡʌǸǱ ʌɐ ǪțǍɶǍǪʌǸɶȡʽǸ ʌțǸ ʌʔɅȡɅȓ ǪȡɶǪʔȡʌɾ ɐȒ ʌțǸ éuñ ǸȺǸɃǸɅʌɾ ṵǸṣȓṣ ǩǍɾǸǱ ɐɅ æu¸ 
ǱȡɐǱǸɾṶṞ Ǎɾ ʭǸȺȺ Ǎɾ Ȓɐɶ ʌțǸ ɃʔʌʔǍȺ ǪɐʔɳȺȡɅȓ ɐȒ ʌțǸ éuñ ʔɅȡʌ ǪǸȺȺɾṣ ñʔǪț Ǎ ɃɐǱǸȺ ɾțɐʭɾ ʌțǍʌ ʭțǸɅ ʌțǸ 
ɳțǍɾǸ ɐȒ ʌțǸ ʔɅȡʌ ǪǸȺȺɾ ȡɾ ʌʔɅǸǱṞ Ʌɐʌ ɐɅȺʳ ʌțǸ ɳțǍɾǸ ɐȒ ʌțǸ ɶǸȒȺǸǪʌȡɐɅ ǪɐǸȒȒȡǪȡǸɅʌ ǪțǍɅȓǸɾṞ ǩʔʌ ǍȺɾɐ ȡʌɾ 
ǍɃɳȺȡʌʔǱǸṣ fʔɶʌțǸɶṞ ȡʌ ǸɅǍǩȺǸɾ ʌɐ ǪțǍɶǍǪʌǸɶȡʽǸ ʌțǸ ǩǸțǍʬȡɐʔɶ ɐȒ ʌțǸ éuñ ɃɐɶǸ ǍǪǪʔɶǍʌǸȺʳṣ  

ÿțǸ ʔɾǸ ɐȒ éuñ ȡɅ ȡɅǱʔɾʌɶȡǍȺ ȡɅǱɐɐɶ ɾǪǸɅǍɶȡɐɾ ȡɾ țȡȓțȺʳ ɳɶɐɃȡɾȡɅȓṞ ɾȡɅǪǸ ȒǍʬɐʔɶǍǩȺǸ ǱǸɳȺɐʳɃǸɅʌ ɐȒ 
ɃʔȺʌȡɳȺǸ éuñ ǍȺɐɅȓ ʌțǸ ǪǸȡȺȡɅȓ ɐȒ Ǎ ȒǍǪʌɐɶʳ țǍȺȺ ǪǍɅ ɳɶɐʬȡǱǸ ¬ɐñẁȺȡȶǸ ȺȡɅȶɾ ʌɐ Ǎ ĆM ɳɐɾȡʌȡɐɅǸǱ ǍɅʳʭțǸɶǸ 
ɐɅ ʌțǸ ɾțɐɳ ȒȺɐɐɶṞ ʌțʔɾ ʳȡǸȺǱȡɅȓ Ǎ țɐɃɐȓǸɅǸɐʔɾ ȡȺȺʔɃȡɅǍʌȡɐɅ ȡɅɾȡǱǸ ʌțǸ ȒǍǪʌɐɶʳ țǍȺȺ ʭȡʌț Ǎ ȺȡɃȡʌǸǱ 
ɅʔɃǩǸɶ ɐȒ ǍǪǪǸɾɾ ɳɐȡɅʌɾṣ ÿțǸ țɐɃɐȓǸɅɐʔɾ ȡȺȺʔɃȡɅǍʌȡɐɅ ȡɾ ɐȒ ɾʔɳɶǸɃǸ ȡɃɳɐɶʌǍɅǪǸ Ȓɐɶ ȒǍǪȡȺȡʌǍʌȡɅȓ 
ȡɅǱʔɾʌɶȡǍȺ uɐÿ ǪɐɃɃʔɅȡǪǍʌȡɐɅṞ ǪțǍɶǍǪʌǸɶȡʽǸǱ ǩʳ ǱǍʌǍ ʌɶǍɅɾɃȡɾɾȡɐɅ ʭȡʌț țȡȓț ɶǸȺȡǍǩȡȺȡʌʳ ʔɅǱǸɶ Ⱥɐʭ 
ȺǍʌǸɅǪʳ ǪɐɅɾʌɶǍȡɅʌɾṞ ȡṣǸṣṞ Ćé¬¬> ʌʳɳǸ ɐȒ ɾǸɶʬȡǪǸṣ uɅ ṳᶳᶲṴṞ ʭǸ țǍʬǸ ȡɅʬǸɾʌȡȓǍʌǸǱ ʌțǸ ǍǪțȡǸʬǍǩȺǸ 
ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ȡɅǱʔɾʌɶȡǍȺ uɐÿ ɾǸɶʬȡǪǸɾ ȡɅ éuñẁǸɅțǍɅǪǸǱ ȒǍǪʌɐɶʳ ǱǸɳȺɐʳɃǸɅʌɾ ȡɅ ʌțǸ ǪɃẁ ǍɅǱ ɃɃẁ
ʭǍʬǸ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾṣ uʌ țǍɾ ǩǸǸɅ ɾțɐʭɅ ʌțǸɶǸȡɅ ʌțǍʌ ʌțǸ ʔɾǸ ɐȒ éuñ ǪǍɅ ɳɶɐʬȡǱǸ ʌțǸ țɐɃɐȓǸɅǸɐʔɾ 
ȡȺȺʔɃȡɅǍʌȡɐɅ Ȓɐɶ ʌțǸ ʭțɐȺǸ ɶǍɅȓǸ ɐȒ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾ ǪɐɅɾȡǱǸɶǸǱṞ ȓȡʬǸɅ ʌțǍʌ ʌțǸ éuñ ǍɶǸ ɳɶɐɳǸɶȺʳ 
ǱȡɃǸɅɾȡɐɅǸǱṞ ʭțȡȺǸ ǪǍɳǍǪȡʌʳ ȓǍȡɅɾ ǩǸǪɐɃǸ ɃɐɶǸ ɳɶɐɃȡɅǸɅʌ ʭȡʌț ȡɅǪɶǸǍɾȡɅȓ ʌțǸ ǪǍɶɶȡǸɶ ȒɶǸɵʔǸɅǪʳṣ 
¶ɐɶǸɐʬǸɶṞ ʌțǸ ʔɾǸ ɐȒ ṵɃǍȡɅȺʳṶ ɳǍɾɾȡʬǸ ǪɐɃɳɐɅǸɅʌɾ ȡɅ éuñ ǍɅǱ ʌțǸ ǪɐɃɳǍɶǍʌȡʬǸȺʳ ȡɅǸʲɳǸɅɾȡʬǸ 
ɃǍʌǸɶȡǍȺɾ ɅǸǸǱǸǱ Ȓɐɶ éuñ ɳɶɐǱʔǪʌȡɐɅ ǍȺȺɐʭ Ȓɐɶ ȓɶǸǸɅǸɶ ɾɐȺʔʌȡɐɅɾ ɐȒ ʌțǸ ʭȡɶǸȺǸɾɾ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ȡɅ 
ȒǍǪʌɐɶȡǸɾ ʌɐ ʳȡǸȺǱ țɐɃɐȓǸɅǸɐʔɾ ȡȺȺʔɃȡɅǍʌȡɐɅṞ ǪɐɃɳǍɶǸǱ ʌɐ Ǎ ǱǸɳȺɐʳɃǸɅʌ ǩǍɾǸǱ ɐɅ ṵǍǪʌȡʬǸṶ ǍǪǪǸɾɾ 
ɳɐȡɅʌɾ ɐɅȺʳṣ ÿțȡɾ ɳɶɐǩȺǸɃ țǍɾ ǩǸǸɅ ɾʔǩȲǸǪʌ ɐȒ ɐʔɶ ȡɅʬǸɾʌȡȓǍʌȡɐɅ ȡɅ ṳᶳᶳṴṞ ʭțǸɶǸ Ǎ ǪǍɶǩɐɅ ȒɐɐʌɳɶȡɅʌ 
ǍɅǍȺʳɾȡɾ țǍɾ ǩǸǸɅ ǪǍɶɶȡǸǱ ɐʔʌ Ȓɐɶ ǍɅ éuñẁǸɅțǍɅǪǸǱ ǱǸɳȺɐʳɃǸɅʌ ǪɐɃɳǍɶǸǱ ʌɐ ǍɅ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ɐȒ 
ǍǪǪǸɾɾ ɳɐȡɅʌɾ ɐɅȺʳṞ ʳȡǸȺǱȡɅȓ Ǎ ɶǸǱʔǪʌȡɐɅ ɐȒ ʌțǸ ǪǍɶǩɐɅ ȒɐɐʌɳɶȡɅʌ ṵǪɐɅɾȡǱǸɶȡɅȓ ɳɶɐǱʔǪʌȡɐɅ Ǎɾ ʭǸȺȺ Ǎɾ 
ʔɾǸ ɳțǍɾǸṶ ǩʳ ʔɳ ʌɐ ᶴᶴụ ṵȒǍǪʌɐɶ ᶱṶṣ 

3.8  Security, resilience and reliability  
éǸȺǍʌǸǱ ʌɐ ɅǸʲʌ ȓǸɅǸɶǍʌȡɐɅ ¶u¶ÃṞ ʌțǸ ɳțʳɾȡǪǍȺ ȺǍʳǸɶ ɾǸǪʔɶȡʌʳ ǪɐɅǪǸɳʌɾṞ ʭțȡǪț ǸʲɳȺɐȡʌ ʌțǸ ɾɳǍʌȡǍȺ 
ǱɐɃǍȡɅ ʌɐ ȓǸɅǸɶǍʌǸ ɅɐʬǸȺ ɾǸǪʔɶȡʌʳ ɳǍɶǍǱȡȓɃɾṞ ǍɶǸ ɐȒ ɃǍȲɐɶ ȡɅʌǸɶǸɾʌṣ ñǸǪʔɶȡʌʳ ǍɅǱ ɳɶȡʬǍǪʳ ȡɾɾʔǸɾ ɶǍȡɾǸ 
ȡɅǪɶǸǍɾǸǱ ȡɅʌǸɶǸɾʌṞ ǩǸǪǍʔɾǸ ɐʌțǸɶ ʌțǍɅ ȡɅțǸɶȡʌȡɅȓ ʬʔȺɅǸɶǍǩȡȺȡʌȡǸɾ ȒɶɐɃ ʌțǸ ɳɶǸʬȡɐʔɾ ȓǸɅǸɶǍʌȡɐɅɾṞ ᶴg 
țǍɾ ɅǸʭ ʌțɶǸǍʌ ʬǸǪʌɐɶɾ ȒɶɐɃ ɅǸʭ ɶǍǱȡɐ ʌǸǪțɅɐȺɐȓȡǸɾṞ ɾʔǪț Ǎɾ ʌțǸ ǸʲɳɐɾǸǱ ȺɐǪǍʌȡɐɅ ɐȒ ɶǍǱȡɐ ɾʌɶȡɳǸɾ 
ȡɅ ʔȺʌɶǍẁɃǍɾɾȡʬǸ ¶u¶Ã ɾʳɾʌǸɃɾ ǍɅǱ ǍʌʌǍǪȶɾ ǍȓǍȡɅɾʌ ɳǸɶʬǍɾȡʬǸ ȡɅʌǸȺȺȡȓǸɅǪǸṣ æțʳɾȡǪǍȺ ȺǍʳǸɶ ɳɶɐʌǸǪʌȡɐɅṞ 
ǱǸǸɳ ɅǸʌʭɐɶȶ ɾȺȡǪȡɅȓṞ ɵʔǍɅʌʔɃẁɾǍȒǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ǍɶʌȡȒȡǪȡǍȺ ȡɅʌǸȺȺȡȓǸɅǪǸ ṵ!uṶ ɾǸǪʔɶȡʌʳṞ ɳȺǍʌȒɐɶɃẁ
ǍȓɅɐɾʌȡǪ ɾǸǪʔɶȡʌʳṞ ɶǸǍȺẁʌȡɃǸ ǍǱǍɳʌȡʬǸ ɾǸǪʔɶȡʌʳṞ ǍɅǱ ɅɐʬǸȺ ǱǍʌǍ ɳɶɐʌǸǪʌȡɐɅ ɃǸǪțǍɅȡɾɃɾ ɾʔǪț Ǎɾ 
ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǱȓǸɶɾ ǍɅǱ ǱȡȒȒǸɶǸɅʌȡǍȺ ɳɶȡʬǍǪʳ ǍɶǸ ʌțǸ ʌɐɳ ɳɶɐɃȡɾȡɅȓ ʌǸǪțɅȡɵʔǸɾ ʌɐ ɃȡʌȡȓǍʌǸ ʌțǸ ǍʌʌǍǪȶ 
ɃǍȓɅȡʌʔǱǸ ǍɅǱ ɳǸɶɾɐɅǍȺ ǱǍʌǍ ǩɶǸǍǪțǸɾ ɾʔǩɾʌǍɅʌȡǍȺȺʳṣ ÿțǸ ɾʔɶʬǸʳ ṳᶳᶴṴ ȡǱǸɅʌȡȒȡǸɾ ɾǸǪʔɶȡʌʳ ɳɶǸɾǸɶʬǍʌȡɐɅ 
ʌǸǪțɅɐȺɐȓȡǸɾ ȡɅ ʌțǸ ɳțʳɾȡǪǍȺ ȺǍʳǸɶṞ ʌțǸ ǪɐɅɅǸǪʌȡɐɅ ȺǍʳǸɶṞ ǍɅǱ ʌțǸ ɾǸɶʬȡǪǸ ȺǍʳǸɶ Ǎɾ ʌțǸ ɳȡȺȺǍɶɾ ɐȒ ᶴg 
ɅǸʌʭɐɶȶɾṣ uɅ ʌțǸ ɐʬǸɶʬȡǸʭ ɳǍɳǸɶ ṳᶳᶵṴṞ æoĥ ɾǸǪʔɶȡʌʳ ȡɾ ǸʲɳȺȡǪȡʌȺʳ ɃǸɅʌȡɐɅǸǱ Ǎɾ Ǎ ɾȡʲʌț ȓǸɅǸɶǍʌȡɐɅ ṵᶴgṶ 
ǸɅǍǩȺȡɅȓ ʌǸǪțɅɐȺɐȓʳ ṵɵʔɐʌǸṝ ẌÿțǸ ɾʌɶɐɅȓǸɾʌ ɾǸǪʔɶȡʌʳ ɳɶɐʌǸǪʌȡɐɅ ɃǍʳ ǩǸ ǍǪțȡǸʬǸǱ Ǎʌ ʌțǸ ɳțʳɾȡǪǍȺ 
ȺǍʳǸɶẍṶṣ 

!ȺɾɐṞ ¶ǍɾɾȡʬǸ ¶u¶Ã ȡɾ ǩǸɅǸȒȡǪȡǍȺ Ȓɐɶ ñǸǪɶǸʌ ©Ǹʳ gǸɅǸɶǍʌȡɐɅṣ >țǍɅɅǸȺ ɶǸǪȡɳɶɐǪȡʌʳẁǩǍɾǸǱ ȶǸʳ 
ȓǸɅǸɶǍʌȡɐɅ ȡɾ ǍɅ ǸɃǸɶȓȡɅȓ ɳțʳɾȡǪǍȺ ȺǍʳǸɶẁǩǍɾǸǱ ʌǸǪțɅȡɵʔǸ ʌɐ ǸɾʌǍǩȺȡɾț ɾǸǪɶǸʌ ȶǸʳɾ ǩǸʌʭǸǸɅ ǱǸʬȡǪǸɾ 
ṳᶳᶶṴṣ ! ɅʔɃǩǸɶ ɐȒ ʌǸǪțɅȡǪǍȺ ǪțǍȺȺǸɅȓǸɾ ȡɅ ʌțǸ ǪțǍɅɅǸȺ ɶǸǪȡɳɶɐǪȡʌʳẁǩǍɾǸǱ ɾǸǪɶǸʌ ȶǸʳ ȓǸɅǸɶǍʌȡɐɅ ǱɶȡʬǸɅ 
ǩʳ ǱȡȒȒǸɶǸɅʌ ǱʔɳȺǸʲ ɃɐǱǸɾṞ ɃǍɾɾȡʬǸ ¶u¶Ã ǍɅǱ ɃɃğǍʬǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ǍɅǱ ɳɶɐʌɐʌʳɳǸɾ ȡɅ uɐÿ 
ɅǸʌʭɐɶȶɾ ʭǸɶǸ ǍɳɳɶɐǍǪțǸǱ ȡɅ ɶǸǪǸɅʌ ɾʌʔǱȡǸɾṣ !Ʌ ǍȺȓɐɶȡʌțɃ ʌɐ ȓǸɅǸɶǍʌǸ ɳǍȡɶʭȡɾǸ ɾǸǪɶǸʌ ȶǸʳɾ ȡɅ 
ɃǍɾɾȡʬǸ ɃʔȺʌȡẁʔɾǸɶ ¶u¶Ã ɅǸʌʭɐɶȶɾ ȡɾ ǱǸɶȡʬǸǱ ȡɅ ṳᶳᶷṴṞ ʭțȡǪț ǸʲɳȺɐȡʌɾ ʌțǸ ɾɳǍʌȡǍȺȺʳ ǪɐɶɶǸȺǍʌǸǱ ɾʌɶʔǪʌʔɶǸ 
ɐȒ ʌțǸ ʔɅǱǸɶȺʳȡɅȓ ɃǍɾɾȡʬǸ ¶u¶Ã ǪțǍɅɅǸȺɾṣ uɅ ṳᶴᶮṴṞ Ǎ ʌʭɐẁǩǍɅǱ ɃʔȺʌȡɳȺǸẁǍɅʌǸɅɅǍ ȺɐɐɳẁǩǍǪȶ ȶǸʳ 
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ȓǸɅǸɶǍʌȡɐɅ ǍȺȓɐɶȡʌțɃ ȡɾ ɳɶǸɾǸɅʌǸǱ ʭțȡǪț ɾɐȺʬǸɾ ʌțǸ ɃǍȲɐɶ ȡɾɾʔǸɾ ɐȒ ȡɃɳǸɶȒǸǪʌ ǪțǍɅɅǸȺ ɶǸǪȡɳɶɐǪȡʌʳṞ 
ɅǸǍɶǩʳ ǍʌʌǍǪȶṞ ǍɅǱ țȡȓț ʌǸɃɳɐɶǍȺ ǍʔʌɐẁǪɐɶɶǸȺǍʌȡɐɅṣ 

3.9 Energy and cost efficiency  
MɅǸɶȓʳ ǍɅǱ Ǫɐɾʌ ǸȒȒȡǪȡǸɅǪʳ ǍɶǸ ȶǸʳ ǱǸɾȡȓɅ ɳɶȡɅǪȡɳȺǸɾ Ȓɐɶ ȒʔʌʔɶǸ ¶u¶Ã ȡɃɳȺǸɃǸɅʌǍʌȡɐɅɾ ṵɾǸǸ Ǹṣȓṣ ṳᶴᶯṴṶṣ 
At the transceiver level, this can be achieved by hybrid analog -digital design and low -resolution 
data converters (or constant envelope signalling), as discussed above. In the future, energy 
efficiency is expected to become increasingly important in the co ntext of network MIMO. For 
example, distributed MIMO designs based on local measurements and signal processing require 
less signalling overhead (and thus energy consumption) than centralized processing of all signals. 
However, distributed designs typically  come at the cost of reduced data throughput and it is 
important to strike the right balance. Moreover, realistic, up -to -date energy models are required to 
properly evaluate all factors involved. While most studies focus on the energy radiated by the 
anten nas, the bigger part of the total energy budget is actually consumed by the hardware (e.g., 
coolers and circuit energy consumption) [62] . Intelligent adaptation based on learning techniques 
can help the system self -optimize for energy efficiency. For example, parts of the network 
infrastructure can be dynamically switched off and on (sleep mode), depending on the traffic and 
service requir ements. Furthermore, other design parameters can be considered, including 
renewable resources and energy harvesting as an integral part of the network.  

3.10 Conclusion and connection to other  topics  
¶u¶ÃẁǩǍɾǸǱ ʌǸǪțɅɐȺɐȓȡǸɾ țǍʬǸ ɃǍǱǸ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ǪɐɅʌɶȡǩʔʌȡɐɅ ʌɐ ʌțǸ ɾʔǪǪǸɾɾ ɐȒ ᶲg ǍɅǱ ᶳgṣ =ʔʌ 
¶u¶Ã țǍɾ Ʌɐʌ ʳǸʌ ɶǸǍǪțǸǱ ʌțǸ ȺȡɃȡʌɾ ɐȒ ȡʌɾ ȒʔȺȺ ɳɐʌǸɅʌȡǍȺṣ ÿțǸɶǸ ǍɶǸ ɾʌȡȺȺ ɃǍɅʳ ɅǸʭ ɐɳɳɐɶʌʔɅȡʌȡǸɾ ǍɅǱ 
ǪțǍȺȺǸɅȓǸɾ ɐɅ ʌțǸ ɶɐǍǱ ʌɐ ᶴg ǍɅǱ ǩǸʳɐɅǱṣ MɾɳǸǪȡǍȺȺʳ ʌțǸ ɾʳɾʌǸɃẁʭȡǱǸ ǪɐɅɾȡǱǸɶǍʌȡɐɅ ɐȒ ¶u¶Ã ȡɅ Ǎ 
ɅǸʌʭɐɶȶ ǪɐɅʌǸʲʌ ɐɳǸɅɾ ʔɳ Ǎ ʬǍɶȡǸʌʳ ɐȒ ɅǸʭ ɳɐɾɾȡǩȡȺȡʌȡǸɾṞ ǱǸɳǸɅǱȡɅȓ ɐɅ ǍɶǪțȡʌǸǪʌʔɶǍȺ ǍɾɾʔɃɳʌȡɐɅɾ 
ṵǸṣȓṣ >é!¸ ʬɾ ɃǸɾțǸǱṶṞ ȒɶɐɅʌțǍʔȺẁǩǍǪȶțǍʔȺ ǪǍɳǍǩȡȺȡʌȡǸɾṞ ȒɶɐɅʌǸɅǱ ȺȡɃȡʌǍʌȡɐɅɾṞ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ 
ǪɐɅɾȡǱǸɶǸǱ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱṣ 

fɐɶ ÿoʽ ǍɅǱ ɾʔǩẁÿoʽṞ ǱȡɾǪʔɾɾǸǱ ȡɅ ñǸǪʌȡɐɅ Ṟɳ ɶǸǍȺȡʽȡɅȓ ǱȡɾʌɶȡǩʔʌǸǱ ǪɐțǸɶǸɅʌ ¶u¶Ã ȡɾ Ǎ ǪțǍȺȺǸɅȓǸṣ 
ñɳǸǪȡȒȡǪǍȺȺʳṞ ÿoʽ ¶u¶Ã ʭɐʔȺǱ ɶǸɵʔȡɶǸ ǸʲʌɶǸɃǸȺʳ ɳɶǸǪȡɾǸ ʌȡɃȡɅȓɾ ǍɅǱ ɾʳɅǪțɶɐɅȡʽǍʌȡɐɅ Ȓɐɶ ȒʔȺȺʳ 
ǪɐțǸɶǸɅʌ ǩǍɾǸ ɾʌǍʌȡɐɅ ǪɐɐɶǱȡɅǍʌȡɐɅṣ ÿțȡɾ ɃǍȶǸɾ ɅɐɅẁǪɐțǸɶǸɅʌ ǪɐɃǩȡɅȡɅȓ ʌǸǪțɅȡɵʔǸɾ ǍɅ ǍʌʌɶǍǪʌȡʬǸ 
ǍȺʌǸɶɅǍʌȡʬǸṣ 

ÿțǸ ¶u¶Ã ɳɶȡɅǪȡɳȺǸ ȡɾ ǍȺɾɐ ǪȺɐɾǸȺʳ ɶǸȺǍʌǸǱ ʌɐ ¸ɐɅẁÃɶʌțɐȓɐɅǍȺ ¶ʔȺʌȡɳȺǸ !ǪǪǸɾɾ ṵ¸Ã¶!ṶṞ ʭțȡǪț țǍɾ 
ǩǸǸɅ ǸʲʌǸɅɾȡʬǸȺʳ ɾʌʔǱȡǸǱ Ȓɐɶ ᶳg ṳᶴᶱṴṞ ǍɅǱ ǱȡɾǪʔɾɾǸǱ ȡɅ ñǸǪʌȡɐɅ ṣɴ oɐʭǸʬǸɶṞ ¸Ã¶! ɅǸǸǱɾ ʌɐ ǩǸ 
ɶǸȡɅʬǸɾʌȡȓǍʌǸǱ Ȓɐɶ Ǎ ʔɾǸɶẁǪǸɅʌɶȡǪ ǪǸȺȺẁȒɶǸǸ ¶u¶Ã ǍɶǪțȡʌǸǪʌʔɶǸṣ ÿțȡɾ țɐȺǱɾ ȡɅ ɳǍɶʌȡǪʔȺǍɶ Ȓɐɶ ɅɐʬǸȺ ȓɶǍɅʌẁ
ȒɶǸǸ ɐɶ ʔɅɾɐʔɶǪǸǱ ɶǍɅǱɐɃẁǍǪǪǸɾɾ ǍɳɳɶɐǍǪțǸɾ ṳᶴᶲṴṳᶴᶳṴṞ ʌțǍʌ ǍɶǸ ɶǸɵʔȡɶǸǱ ʌɐ ɾʔɳɳɐɶʌ ʌțǸ țʔȓǸ 
ɅʔɃǩǸɶ ɐȒ ǱǸʬȡǪǸɾ ȡɅ ʌțǸ ȒʔʌʔɶǸṣ !ȺɾɐṞ ɶǍʌǸẁɾɳȺȡʌʌȡɅȓ ǍɳɳɶɐǍǪțǸɾṞ ʭțȡǪț ǍɶǸ ʭǸȺȺẁȶɅɐʭɅ ȒɶɐɃ 
ȡɅȒɐɶɃǍʌȡɐɅ ʌțǸɐɶʳ ṳᶴᶴṴṞ țǍʬǸ ɶǸǪǸɅʌȺʳ ɶǸȓǍȡɅǸǱ ɾȡȓɅȡȒȡǪǍɅʌ ȡɅʌǸɶǸɾʌ Ȓɐɶ ¶u¶Ã ǱɐʭɅȺȡɅȶ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ṳᶴᶵṴ ǍɅǱ ɐʌțǸɶ ǍɳɳȺȡǪǍʌȡɐɅɾṣ uɅ ʌțȡɾ ǪǍɾǸṞ ʌțǸ ɾȡɃʔȺʌǍɅǸɐʔɾ ʌɶǍɅɾɃȡɾɾȡɐɅ ɐȒ ǪɐɃɃɐɅ 
ǍɅǱ ɳɶȡʬǍʌǸ ɃǸɾɾǍȓǸɾ ɶǸɵʔȡɶǸɾ ǸȒȒȡǪȡǸɅʌ ǍȺȓɐɶȡʌțɃɾ Ȓɐɶ ȲɐȡɅʌ ɃʔȺʌȡǪǍɾʌ ǍɅǱ ʔɅȡǪǍɾʌ ǩǸǍɃȒɐɶɃȡɅȓṣ 
ÿțȡɾ ɃǍʳ ǍȺɾɐ ǩǸ ǪɐɃǩȡɅǸǱ ʭȡʌț ǍǱʬǍɅǪǸǱ ɅɐɅȺȡɅǸǍɶ ɳɶǸǪɐǱȡɅȓ ɃǸʌțɐǱɾ ǩǍɾǸǱ ɐɅ Ǳȡɶʌʳ ɳǍɳǸɶ 
ǪɐǱȡɅȓ ṳᶴᶶṴṳᶴᶷṴṣ 

ÿțǸ ʌǸɶɃ Ṧ¸Ǹʲʌ ȓǸɅǸɶǍʌȡɐɅ ¶u¶ÃṦ ɾʌǍɅǱɾ Ȓɐɶ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ɾɳǍʌȡǍȺ ɾȡȓɅǍȺ ɳɶɐǪǸɾɾȡɅȓ ȡɅ Ǎ 
ɾʳɾʌǸɃ ǪɐɅʌǸʲʌṣ uɅ ʌțȡɾ ɾǸǪʌȡɐɅṞ ɾɐɃǸ ǍɾɳǸǪʌɾ țǍʬǸ ǩǸǸɅ ǱȡɾǪʔɾɾǸǱṞ ǩʔʌ ʌțǸ ɾǸȺǸǪʌȡɐɅ ȡɾ ȡɅ Ʌɐ ʭǍʳ 
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ǪɐɃɳȺǸʌǸṣ ¶ɐɶǸ ǍɾɳǸǪʌɾ ʭȡȺȺ ǩǸ ǱȡɾǪʔɾɾǸǱ ȡɅ ɐʌțǸɶ ɾǸǪʌȡɐɅɾṞ ǸṣȓṣṞ ʌțǸ ʔɾǸ ɐȒ ¶u¶Ã Ȓɐɶ uɅʌǸȓɶǍʌǸǱ 
ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ȡɅ ñǸǪʌȡɐɅ ṣɸ 
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4.  Integrated  Sensing and 
Communication (ISAC)  

4.1 State -of -the -art on Integrated Sensing and 
Communication  

uʌ ȡɾ ʭȡǱǸȺʳ ǩǸȺȡǸʬǸǱ ʌțǍʌ ɅǸʲʌẁȓǸɅǸɶǍʌȡɐɅ ɃɐǩȡȺǸ ɶǍǱȡɐ ɾʳɾʌǸɃɾ ʭȡȺȺ ǩǸ ǱǸɾȡȓɅǸǱ Ȓɐɶ ɾȡɃʔȺʌǍɅǸɐʔɾ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ɾǸɅɾȡɅȓṞ ǩʳ ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ɾǸɅɾȡɅȓ ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ ɶǍǱȡɐ ȒɶǸɵʔǸɅǪʳ ṵéfṶ ɾȡȓɅǍȺɾ 
ȡɅ ʌțǸ ɃɃğǍʬǸ ǍɅǱ ÿoʽ ǩǍɅǱɾṣ uɅ ȒǍǪʌṞ ʌțǸ ȡɅǪɶǸǍɾǸǱ ǪɐɅɅǸǪʌȡʬȡʌʳ ǍɅǱ ǩǍɅǱʭȡǱʌț ɐȒȒǸɶǸǱ ǩʳ ʌțǸ 
ᶴg ʌǸǪțɅɐȺɐȓʳ ʭȡȺȺ ǸɅǍǩȺǸ ǪɐɐɳǸɶǍʌȡʬǸ ǱǸʬȡǪǸɾ ʌɐ ǸʲɳȺɐȡʌ ǱǍʌǍ ȒʔɾȡɐɅ ɾʌɶǍʌǸȓȡǸɾ ʌɐ ȡɅȒǸɶ ǍǪǪʔɶǍʌǸ 
ɳɐɾȡʌȡɐɅɾ ɐȒ ɳǍɾɾȡʬǸ ʌǍɶȓǸʌɾ Ȓɐɶ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅǪȺʔǱȡɅȓ ʌɶǍȒȒȡǪ ɃɐɅȡʌɐɶȡɅȓ ṵȡṣǸṣṞ ʌɶǍȒȒȡǪṞ ʬǸțȡǪȺǸɾ 
ɃɐɅȡʌɐɶȡɅȓṞ ɳǸǱǸɾʌɶȡǍɅ ǱǸʌǸǪʌȡɐɅṶṞ ǪɐȺȺȡɾȡɐɅ ǍʬɐȡǱǍɅǪǸ ǩǸʌʭǸǸɅ ǍʔʌɐɅɐɃɐʔɾ ȓʔȡǱǸǱ ʬǸțȡǪȺǸɾ ṵ!gĞɾṶ 
ṵɾǸǸ ʔɾǸɾ ǪǍɾǸɾ ǩǸȺɐʭṶṞ ǍɾɾȡɾʌǸǱ ȺȡʬȡɅȓṞ Ǎɾ ʭǸȺȺ Ǎɾ ǍǪǪʔɶǍʌǸ ȺɐǪǍȺȡʽǍʌȡɐɅ ǍɅǱ ʌɶǍǪȶȡɅȓ ɐȒ ɳǍɾɾȡʬǸ ɐǩȲǸǪʌɾṞ 
ʌɐ ɐʬǸɶǪɐɃǸ ʌțǸ ɅǸǪǸɾɾȡʌʳ ʌɐ Ǹɵʔȡɳ ǍȺȺ ʌțǸ ʌǍɶȓǸʌɾ ʭȡʌț ǍǪʌȡʬǸ ɾʳɾʌǸɃɾṞ ǍɅǱ țʔɃǍɅẁɃǍǪțȡɅǸ 
ȡɅʌǸɶȒǍǪǸ ṳᶯṴṣ ñǸɅɾȡɅȓ ʌǍȶǸɾ ɃǍɅʳ ȒɐɶɃɾṞ ɶǍɅȓȡɅȓ ȒɶɐɃ ǱǸʌǸǪʌȡɅȓ ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ ǍɅ ɐǩȲǸǪʌ ʌɐ ȡʌɾ 
ɳɐɾȡʌȡɐɅṞ ɾɳǸǸǱṞ ǍɅǱ ɾɳǸǪȡȒȡǪ ɃȡǪɶɐẁEɐɳɳȺǸɶ ɾȡȓɅǍʌʔɶǸṞ ʔɳ ʌɐ ȡɃǍȓȡɅȓ ɐȒ ǍɅ ǸɅʬȡɶɐɅɃǸɅʌṣ 
>ɐɅɾǸɵʔǸɅʌȺʳṞ ʌțǸɶǸ ȡɾ ǍɅ ȡɅǪɶǸǍɾȡɅȓ ǱǸɃǍɅǱ Ȓɐɶ ɾʳɾʌǸɃɾ ǸʲțȡǩȡʌȡɅȓ ǩɐʌț ɾǸɅɾȡɅȓ ǍɅǱ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǪǍɳǍǩȡȺȡʌȡǸɾṣ oɐʭǸʬǸɶṞ ɾǸɅɾȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ țǍʬǸ ʌɶǍǱȡʌȡɐɅǍȺȺʳ ǩǸǸɅ 
ɳǸɶȒɐɶɃǸǱ ɾǸɳǍɶǍʌǸȺʳ ǩʳ ǱȡȒȒǸɶǸɅʌ ǸɅʌȡʌȡǸɾṞ ȒʔɅǪʌȡɐɅɾṞ ǍɅǱṩɐɶ ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾ ṳᶰṴṳᶱṴṣ ÿțǸɶǸ ǍɶǸ ɾǸʬǸɶǍȺ 
ɳɐɾɾȡǩȺǸ ɐɳʌȡɐɅɾ Ȓɐɶ ȡɅʌǸȓɶǍʌǸǱ ɾǸɅɾȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ṵuñ!>ṶṞ ʭțȡǪț ȡɅǪȺʔǱǸṝ 

¶ Integration at high level: where the sensing and communication systems are separated and 
information is exchanged to help in some way the mutual functioning.  

¶ Integration at scheduling: that is sensing and communications signals are multiplexed in 
time, frequency, and space, enabling the two functions to share the spectrum and partially 
share hardware resources.  

¶ Full integration: in this case, sensing and communication systems are fully integrated and 
share the hardware and the frequency band. This approach is also known as joint sensing 
and communication (JSC); it exploits the waveforms transmitted by a communica tion 
network to perform sensing. To fully integrate sensing and communications, wireless 
systems will be designed to support both functions together, using the same spectral 
resources and hardware and thereby reducing cost, power consumption, latency, and size. 

uñ!> ǪǍɅ ǸɅǪɐɃɳǍɾɾ ǩɐʌț ɾȡǱǸȺȡɅȶ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʔǪț Ǎɾ ĞᶰĞ Ȓɐɶ ʬǸțȡǪʔȺǍɶ ɅǸʌʭɐɶȶɾ ṵʭȡʌț ȓɶǸǍʌ 
ǍɳɳȺȡǪǍʌȡɐɅɾ ʌɐ ǍʔʌɐɅɐɃɐʔɾ ǱɶȡʬȡɅȓṶ ǍɅǱ ǍȺɾɐ ǪɐɃɳȺȡǪǍʌǸǱ ɃɐǩȡȺǸṩǪǸȺȺʔȺǍɶ ɅǸʌʭɐɶȶɾ ʭȡʌț ɃʔȺʌȡɳȺǸ 
ɅɐǱǸɾṞ ʭțȡǪț ǪǍɅ ɳɐʌǸɅʌȡǍȺȺʳ ɶǸʬɐȺʔʌȡɐɅȡʽǸ ʌțǸ ǪʔɶɶǸɅʌ ǪɐɃɃʔɅȡǪǍʌȡɐɅẁɐɅȺʳ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ṳᶲṴṣ  

uñ!> Ǎʌ ɃɃğǍʬǸɾ ɃǍʳ ɶǸǍǪț ɾȡȓɅȡȒȡǪǍɅʌ ɳǸɶȒɐɶɃǍɅǪǸ ȺǸʬǸȺɾ ǩʳ ǸʲɳȺɐȡʌȡɅȓ ɃʔȺʌȡɳȺǸ ǍɅʌǸɅɅǍɾ ȡɅ 
ʌɶǍɅɾɃȡɾɾȡɐɅ ǍɅǱ ɶǸǪǸɳʌȡɐɅ ṳᶳṴṳᶴṴṣ uɅǱǸǸǱṞ ʌțǸ ɳɐʌǸɅʌȡǍȺ ʔɾǸ ɐȒ ȺǍɶȓǸẁɾǪǍȺǸ ǍɅʌǸɅɅǍ ǍɶɶǍʳɾ ǱʔǸ ʌɐ 
ɾțɐɶʌǸɶ ʭǍʬǸȺǸɅȓʌțɾ ṳᶵṴṞ ǍɅǱ ʌțǍɅȶɾ ʌɐ ʌțǸȡɶ ȺǍɶȓǸɶ ǩǍɅǱʭȡǱʌțɾṞ ǪɐɃɳǍɶǸǱ ʌɐ ʌțɐɾǸ ǍʬǍȡȺǍǩȺǸ ȡɅ ʌțǸ 
ʌɶǍǱȡʌȡɐɅǍȺ ǪǸȺȺʔȺǍɶ ǩǍɅǱ ṵʔɳ ʌɐ ᶲᶮᶮ ¶oʽṶṞ ɃɃğǍʬǸɾ ǪɐʔȺǱ ǩǸ ʬǸɶʳ ǍǱʬǍɅʌǍȓǸɐʔɾ Ʌɐʌ ɐɅȺʳ Ȓɐɶ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǩʔʌ ǍȺɾɐ Ȓɐɶ ɾǸɅɾȡɅȓ ṳᶶṴṳᶷṴṳᶯᶮṴṣ fʔɶʌțǸɶɃɐɶǸṞ ¶u¶Ã ʌǸǪțɅɐȺɐȓʳ ǪǍɅ ɳɶɐʬȡǱǸ țȡȓțẁ
ǪǍɳǍǪȡʌʳ ȺȡɅȶɾ ʌɐ ʌțǸ ʔɾǸɶɾ ṵǸṣȓṣṞ ʌțɶɐʔȓț ɾɳǍʌȡǍȺ ɃʔȺʌȡɳȺǸʲȡɅȓṶṞ ʭțȡȺǸ ǍɶɶǍʳ ɳɶɐǪǸɾɾȡɅȓ Ǎʌ ʌțǸ ɾǸɅɾȡɅȓ 
ɶǸǪǸȡʬǸɶ ǪǍɅ ɳǸɶȒɐɶɃ ǍǪǪʔɶǍʌǸ ǱȡɶǸǪʌȡɐɅ ɐȒ ǍɶɶȡʬǍȺ ṵEɐ!Ṷ ǸɾʌȡɃǍʌȡɐɅ ṳᶯᶯṴṣ fʔɶʌțǸɶɃɐɶǸṞ ǩʳ ǸʲɳȺɐȡʌȡɅȓ 
ɾʔǩẁÿoʽ ǍɅǱ ÿoʽ ǩǍɅǱɾ ʌǸǪțɅɐȺɐȓȡǸɾṞ ʌțǸ ɳɐʌǸɅʌȡǍȺ ȓǍȡɅɾ ʌɐ ɾǸɅɾȡɅȓ ǍɶǸ ǸɅɐɶɃɐʔɾ ȡɅ ʌǸɶɃɾ ɐȒ 
ɶǸɾɐȺʔʌȡɐɅ ǍɅǱ ǍǪǪʔɶǍǪʳṞ ǸɾɳǸǪȡǍȺȺʳ Ȓɐɶ ɾțɐɶʌẁɶǍɅȓǸ ǍɳɳȺȡǪǍʌȡɐɅɾṣ  

ÿɐ ɃǍʲȡɃȡʽǸ ʌțǸ ǍǱʬǍɅʌǍȓǸɾ ɐȒ ɾʔǪț Ǎ ȒʔȺȺʳ ȡɅʌǸȓɶǍʌǸǱ ɾɐȺʔʌȡɐɅ Ȓɐɶ ᶴgṞ ȡʌ ȡɾ ǸɾɾǸɅʌȡǍȺ ʌɐ ȡɅʬǸɾʌȡȓǍʌǸ 
ǱȡȒȒǸɶǸɅʌ ǍɳɳɶɐǍǪțǸɾ ǍɅǱ ǍǱǱɶǸɾɾ ɾǸʬǸɶǍȺ ȶǸʳ ʌǸǪțɅȡǪǍȺ ǪțǍȺȺǸɅȓǸɾ ṳᶯᶰṴṝ ȡṶ ȡɅʌǸȓɶǍʌǸ ɾǸɅɾȡɅȓ ȡɅʌɐ 
ǸʲȡɾʌȡɅȓ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʭǍʬǸȒɐɶɃɾ ṵǸṣȓṣṞ ɐɶʌțɐȓɐɅǍȺ ȒɶǸɵʔǸɅǪʳ ǱȡʬȡɾȡɐɅ ɃʔȺʌȡɳȺǸʲȡɅȓ ṵÃfE¶Ṷ ṳᶯᶱṴṶṨ 
ȡȡṶ ɐɳʌȡɃȡʽǸ ɳɐʭǸɶ ǍɅǱ ɾɳǸǪʌɶǍȺ ǍȺȺɐǪǍʌȡɐɅ ǩʳ ɾʔȡʌǍǩȺǸ ʌɶǍɅɾɃȡɾɾȡɐɅ ɳǍɶǍɃǸʌǸɶɾ Ȓɐɶ ʌțǸ ǪɐɃǩȡɅǸǱ 
ʔɾǸ ɐȒ ɾǸɅɾȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ṳᶯᶲṴṨ ȡȡȡṶ ɐɳʌȡɃȡʽǸ ǍȺʌǸɶɅǍʌȡʬǸ ʭǍʬǸȒɐɶɃɾ Ȓɐɶ uñ!>Ṟ ǸṣȓṣṞ ɐɶʌțɐȓɐɅǍȺ 
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Ǫțȡɶɳ ǱȡʬȡɾȡɐɅ ɃʔȺʌȡɳȺǸʲȡɅȓ ṵÃ>E¶Ṷ ṳᶯᶳṴṞ ǍȒȒȡɅǸ ȒɶǸɵʔǸɅǪʳ ǱȡʬȡɾȡɐɅ ɃʔȺʌȡɳȺǸʲȡɅȓ ṵ!fE¶Ṷ ṳᶯᶴṴṞ ɐɶ 
ɐɶʌțɐȓɐɅǍȺ ʌȡɃǸẁȒɶǸɵʔǸɅǪʳẁɾɳǍǪǸ ṵÃÿfñṶ ɃɐǱʔȺǍʌȡɐɅ ṳᶯᶵṴṞ ʌɐ ɅǍɃǸ Ǎ ȒǸʭṨ ǍɅǱ ȡʬṶ ʔɅǱǸɶɾʌǍɅǱ ʌțǸ 
ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɅǱ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ǱȡȒȒǸɶǸɅʌ ɾʳɾʌǸɃ ɾǸʌʔɳɾṣ fɐɶ ɃɐɅɐɾʌǍʌȡǪ ǍɶɶǍɅȓǸɃǸɅʌɾṞ ȡʌ ȡɾ 
ȡɃɳɐɶʌǍɅʌ ʌɐ ʔɅǱǸɶɾʌǍɅǱ ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɅ ʌǸɶɃɾ ɐȒ ǱʳɅǍɃȡǪ ɶǍɅȓǸ ǍɅǱ ʌɐȺǸɶǍɅǪǸ ʌɐ ɾǸȺȒẁ
ȡɅʌǸɶȒǸɶǸɅǪǸ ǪǍʔɾǸǱ ǩʳ ʌțǸ ǱȡɶǸǪʌ ǪɐʔɳȺȡɅȓ ɐȒ ʌțǸ ʌɶǍɅɾɃȡʌʌǸɶ ǍɅǱ ʌțǸ ɶǸǪǸȡʬǸɶṣ fɐɶ ʌțȡɾ ɶǸǍɾɐɅṞ ɐɅ 
ʌɐɳ ɐȒ ǩǍɾȡǪ ɳǍɾɾȡʬǸ éf ȡɾɐȺǍʌȡɐɅ ǍɅǱ ɶǍǱǍɶẁǱɐɃǍȡɅ ǱȡȓȡʌǍȺ ɾʔɳɳɶǸɾɾȡɐɅ ɃǸʌțɐǱɾṞ ǸȒȒȡǪȡǸɅʌ ǍǪʌȡʬǸ éf 
ǍɅǱ ǱȡȓȡʌǍȺ ɾǸȺȒẁȡɅʌǸɶȒǸɶǸɅǪǸ ǪǍɅǪǸȺȺǍʌȡɐɅ ɃǸʌțɐǱɾ ǍɶǸ ɅǸǪǸɾɾǍɶʳ ṳᶯᶶṴṣ ÃɅ ʌțǸ ǪɐɅʌɶǍɶʳṞ Ȓɐɶ ǩȡɾʌǍʌȡǪ 
ǍɅǱ ɃʔȺʌȡɾʌǍʌȡǪ ɾǸʌʔɳɾṞ ʭțȡǪț Ǳɐ Ʌɐʌ ɶǸɵʔȡɶǸ ȒʔȺȺẁǱʔɳȺǸʲ ɐɳǸɶǍʌȡɐɅɾṞ ȡʌ ȡɾ ǪɶʔǪȡǍȺ ʌɐ ʔɅǱǸɶɾʌǍɅǱ ʌțǸ 
ȡɃɳǍǪʌ ɐȒ ɾȡȓɅǍȺȺȡɅȓ ɐʬǸɶțǸǍǱṞ ɾǸɅɾɐɶɾṧ ɳɐɾȡʌȡɐɅṞ ǍɅǱ ɾʳɅǪțɶɐɅȡʽǍʌȡɐɅṣ  

ÿɐ ǪɐɅǪȺʔǱǸṞ uñ!> ɶǸɳɶǸɾǸɅʌɾ Ǎ ȶǸʳ ȡɅɅɐʬǍʌȡɐɅ Ȓɐɶ ᶴg ʌțǍʌ ȒǍǪȡȺȡʌǍʌǸɾ ɅǸʭ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɅǱ ɳɐʌǸɅʌȡǍȺȺʳ 
ɶǸʬɐȺʔʌȡɐɅȡʽǸɾ ʌțǸ ǪʔɶɶǸɅʌ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶ ǪɐɅǪǸɳʌṣ oɐʭǸʬǸɶṞ ʌțȡɾ ɳɐɾǸɾ ǪțǍȺȺǸɅȓǸɾ ʌțǍʌ ʭȡȺȺ ɶǸɵʔȡɶǸ 
ǪɐɅɾȡǱǸɶǍǩȺǸ ɶǸɾǸǍɶǪț ǸȒȒɐɶʌṣ  

4.2  Current 3GPP Standardization  Status and 6G Pre -
standar d ization Activities  

ᶴg ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅ Ǎʌ ᶱgææ ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ɾʌǍɶʌ ȡɅ ȺǍʌǸ ᶰᶮᶰᶳ ǍɅǱ ʌțǸ ȓɐǍȺ ʭȡȺȺ ǩǸ ʌɐ ɾʔɳɳɐɶʌ Ǎ ȒʔȺȺʳ 
ɅǍʌȡʬǸṞ ȡɅʌǸȓɶǍʌǸǱ ǍɅǱ ɐɳʌȡɃȡʽǸǱ uñ!> ɾʳɾʌǸɃṣ ÿțȡɾ ɃǍʳ ɳɐʌǸɅʌȡǍȺȺʳ ʔɾǸ ǸɅțǍɅǪǸǱ ʭǍʬǸȒɐɶɃɾṞ ɅǸʭ 
ȒɶǸɵʔǸɅǪʳ ǩǍɅǱɾ ṵȡɅǪȺʔǱȡɅȓ ʌțǸ ᶵẁɴ ᶲ goʽṞ ɾʔǩẁÿoʽ ǍɅǱ ÿoʽ ǩǍɅǱɾṶṞ ʭțȡȺǸ ɾʔɳɳɐɶʌȡɅȓ ɅǸʭ ɐɳʌȡɃȡʽǸǱ 
ʌɶǍɅɾɃȡɾɾȡɐɅ ɃɐǱǸɾ ǍɅǱ ɳɶɐǪǸǱʔɶǸɾṣ 

uɅ ʌțǸ ɃǸǍɅʌȡɃǸ țɐʭǸʬǸɶṞ ʌțǸ ᶱgææ ñǸɶʬȡǪǸ ǍɅǱ ñʳɾʌǸɃ !ɾɳǸǪʌɾ ʭɐɶȶȡɅȓ ȓɶɐʔɳ ᶯ ṵñ!ᶯṶ țǍɾ 
ǪɐɃɳȺǸʌǸǱ ȡɅ ᶰᶮᶰᶱ Ǎ ñʌʔǱʳ ǍɅǱ ğɐɶȶ uʌǸɃ ɐɅ ʔɾǸ ǪǍɾǸɾ ǍɅǱ ɶǸɵʔȡɶǸɃǸɅʌɾ Ȓɐɶ ȒʔʌʔɶǸ ǸɅțǍɅǪǸɃǸɅʌ 
ɐȒ ʌțǸ ᶳg ɅǸʭ ɶǍǱȡɐ ṵ¸éṶ ɾʳɾʌǸɃ ʌɐ ɳɶɐʬȡǱǸ uñ!> ɾǸɶʬȡǪǸɾ ṳᶯᶷṴṳᶰᶮṴṳᶰᶯṴṳᶰᶰṴṣ ÿțȡɾ ɶǸɾʔȺʌǸǱ ȡɅ ȡǱǸɅʌȡȒʳȡɅȓ 
ᶱᶰ ʔɾǸ ǪǍɾǸ ǍɅǱ ʌțǸȡɶ ɶǸɵʔȡɶǸɃǸɅʌɾ Ȓɐɶ ʬǍɶȡɐʔɾ ǍɳɳȺȡǪǍʌȡɐɅɾ ʔɾȡɅȓ ᶳg ¸éṣ ÿțǸ ɾʌʔǱʳ ǪɐɅɾȡǱǸɶǸǱ ᶱgææṞ 
ɅɐɅẁɵ gææ ǍɅǱ ɅɐɅẁéf ɾǸɅɾȡɅȓ ʌǸǪțɅȡɵʔǸɾ ǍɅǱ ɳǍʬǸǱ ʌțǸ ʭǍʳ Ȓɐɶ ȒʔʌʔɶǸ ᶱgææ ᶳg ¸é ɶǸȺǸǍɾǸɾṣ  ÿțǸ 
ȡǱǸɅʌȡȒȡǸǱ ᶱᶰ ʔɾǸ ǪǍɾǸɾ Ȓɐɶ uñ!> ṳᶯᶷṴ ǪɐʬǸɶ Ǎ ʭȡǱǸ ɶǍɅȓǸ ɐȒ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅǪȺʔǱȡɅȓṝ  

¶ Object and intruder detection for smart home s, on a highway, for railways, for factory, for 
predefined secure areas around critical infrastructure.  

¶ Collision avoidance and trajectory tracking of UAVs, vehicles, and AGVs.  

¶ V2x Automotive maneuvering  and navigation.  

¶ Public safety search and rescue.  

¶ Rainfall monitoring and flooding.  

¶ Health and sports monitoring.  

ÿțǸ ñ!ᶯ ʭɐɶȶ ɐɅ ʔɾǸ ǪǍɾǸɾ țǍɾ ǩǸǸɅ ȒɐȺȺɐʭǸǱ ǩʳ Ǎ é!¸ ɾʌʔǱʳ ɐɅ uñ!> ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ṳᶰᶱṴṞ ʭțȡǪț 
ɾʌǍɶʌǸǱ ȡɅ ¦ǍɅ ᶰᶮᶰᶲ ǍɅǱ ȡɾ ɾǪțǸǱʔȺǸǱ ʌɐ ǩǸ ǪɐɃɳȺǸʌǸǱ Ǎʌ ʌțǸ ǸɅǱ ɐȒ ᶱgææ ɶǸȺǸǍɾǸ ᶯᶷṣ  

uɅ ǍǱǱȡʌȡɐɅ ʌɐ ʌțǸ ɐɅȓɐȡɅȓ ᶱgææ ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅ ʭɐɶȶ ʌɐ ɾʔɳɳɐɶʌ uñ!> ȡɅ ʌțǸ ᶳg ¸éṞ ȶǸʳ ȡɅǱʔɾʌɶȡǍȺ 
ɐɶȓǍɅȡʽǍʌȡɐɅɾ ṵᶳg!! ǍɅǱ ᶳg !>u!Ṷ țǍʬǸ ɾʌǍɶʌǸǱ uñ!> ʭɐɶȶ ȡʌǸɃɾ ǍɅǱ ǍɅ ȡɅǱʔɾʌɶȡǍȺ ɾʌʔǱʳ ȓɶɐʔɳ ṵuñgṶ 
ɐɅ uñ!> ṳᶰᶲṴ ʭǍɾ ǸɾʌǍǩȺȡɾțǸǱ ȡɅ ᶰᶮᶰᶱṞ ʭțȡǪț ǍȺȺ ȒɐǪʔɾ ɐɅ ɳɶǸẁɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅ ǍǪʌȡʬȡʌȡǸɾ Ȓɐɶ ᶴg uñ!>ṣ  

4.3  Key 6G Use cases  

4.3.1 Vehicular scenarios  

ÃɅǸ ǍɳɳȺȡǪǍʌȡɐɅ ɐȒ țȡȓț ɶǸȺǸʬǍɅǪǸ Ȓɐɶ ʌțǸ ɅǸʲʌẁȓǸɅǸɶǍʌȡɐɅ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ȡɾ ȡɅʌǸȺȺȡȓǸɅʌ 
ʌɶǍɅɾɳɐɶʌǍʌȡɐɅṞ ʭțȡǪț ɶǸȒǸɶɾ ʌɐ ɾǸɶʬȡǪǸɾ ʌɐ ȡɃɳɶɐʬǸ ʌɶǍȒȒȡǪ ɾǍȒǸʌʳ ǍɅǱ ȡɅǪɶǸǍɾǸ ǸȒȒȡǪȡǸɅǪʳṞ ǸṣȓṣṞ ʬǸțȡǪȺǸẁ
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ʌɐẁʬǸțȡǪȺǸ ṵĞᶰĞṶ ǍɅǱ ʬǸțȡǪȺǸẁʌɐẁǸʬǸɶʳʌțȡɅȓ ṵĞᶰĤṶ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ fʔɶʌțǸɶɃɐɶǸṞ țȡȓț ǍǪǪʔɶǍǪʳ 
ɳɐɾȡʌȡɐɅ ǍɅǱ ʬǸȺɐǪȡʌʳ ǸɾʌȡɃǍʌȡɐɅɾ ǍɶǸ ǪɶȡʌȡǪǍȺ ɳǍɶǍɃǸʌǸɶɾ Ȓɐɶ ɾǍȒǸʌʳ ǍɳɳȺȡǪǍʌȡɐɅɾṨ Ȓɐɶ ȡɅɾʌǍɅǪǸṞ ʌțǸʳ 
ǪǍɅ Ǎɾɾȡɾʌ ʌțǸ ǱɶȡʬǸɶ ʭțǸɅ ǸʲǸǪʔʌȡɅȓ ɾǍȒǸʌʳẁɶǸȺǍʌǸǱ ɃǍɅɐǸʔʬɶǸɾṣ fʔɶʌțǸɶɃɐɶǸṞ ʔɾȡɅȓ uñ!>Ṟ 
ǸɅʬȡɶɐɅɃǸɅʌǍȺ ȶɅɐʭȺǸǱȓǸ ɐȒ ǩɐʌț ɳǍɾɾȡʬǸ ǍɅǱ ǍǪʌȡʬǸ ɐǩȲǸǪʌɾ ȡɅ ʌțǸ ʬȡǪȡɅȡʌʳ ṵʭțȡǪț ɃǍʳ ǩȺɐǪȶ ɐɶ 
ɶǸȒȺǸǪʌ ʌțǸ ǱǸɾȡɶǸǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾȡȓɅǍȺṶ ǪǍɅ ǩǸ ɐǩʌǍȡɅǸǱ ʌɐȓǸʌțǸɶ ʭȡʌț ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ 
ȺȡɅȶṣ ÿțȡɾ ȡɅȒɐɶɃǍʌȡɐɅ țǸȺɳɾ ȡɃɳɶɐʬǸ ʌțǸ ɶǸȺȡǍǩȡȺȡʌʳ ɐȒ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȺȡɅȶ ʌɐ ʌțǸ ʌǍɶȓǸʌ ʬǸțȡǪȺǸ 
ʬȡǍ ǩǸǍɃ ɃǍɅǍȓǸɃǸɅʌ ǍɅǱ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ɳɶɐǪǸǱʔɶǸɾṣ ÿțȡɾ ɾǪǸɅǍɶȡɐ ȡɾ ɾɳȺȡʌ ȡɅʌɐ ʌʭɐ ʔɾǸ ǪǍɾǸɾṝ 
Ğᶰʲ Ćʔ ȺȡɅȶ ǩǍɾǸǱ uñ!> ǍɅǱ ĞᶰĞ ǩǍɾǸǱ uñ!>ṣ 

 

 
Figure 6: Joint sensing and communication in a vehicular scenario (monostatic configuration)  

4.3.1.1 V2x Uu link based ISAC  

ÿțǸ Ğᶰʲ Ćʔ ȺȡɅȶ ǪǍɅ ɳɶɐʬȡǱǸ Ǎ ɶǍɅȓǸ ɐȒ Ğᶰʲ ɾǸɶʬȡǪǸɾṞ ȡɅǪȺʔǱȡɅȓ țȡȓțẁǱǸȒȡɅȡʌȡɐɅ ɃǍɳ ʔɳǱǍʌȡɅȓṞ ʌɶǍȒȒȡǪ 
ǍɅǱ ǸɃǸɶȓǸɅǪʳ ɅɐʌȡȒȡǪǍʌȡɐɅɾṞ ǍɅǱ ɾʔɳɳɐɶʌ Ȓɐɶ ʌǸȺǸẁɐɳǸɶǍʌǸǱ ǱɶȡʬȡɅȓṣ ÿțȡɾ ȺȡɅȶ ǪɐʔȺǱ ǩǸ ɶǸẁʔɾǸǱ ʌɐ 
ɾʔɳɳɐɶʌ ɾǸɅɾȡɅȓ ȡɅ Ǎ ɃɐɅɐɾʌǍʌȡǪ ɐɶ ɃʔȺʌȡẁɾʌǍʌȡǪ ǍɶɶǍɅȓǸɃǸɅʌṣ ! ɃɐɅɐɾʌǍʌȡǪ ǍɶɶǍɅȓǸɃǸɅʌ ȡɾ ɾțɐʭɅ 
ȡɅ fȡȓʔɶǸ ṣʃ ÿțǸ ʌɶǍɅɾɃȡʌʌǸǱ ǍɅǱ ɶǸǪǸȡʬǸǱ ɾȡȓɅǍȺɾ ǍɶǸ ȲɐȡɅʌȺʳ ɳɶɐǪǸɾɾǸǱ ǩʳ ʌțǸ ɾǸɶʬȡɅȓ ǩǍɾǸ ɾʌǍʌȡɐɅ 
ṵǍǪǪǸɾɾ ɳɐȡɅʌ ɐɶ éñĆṶ Ȓɐɶ ɾʔǪț ǪɐɅȒȡȓʔɶǍʌȡɐɅṣ ÿțȡɾ ɶǸɵʔȡɶǸɾ ȒʔȺȺẁǱʔɳȺǸʲ ɐɳǸɶǍʌȡɐɅ Ǎʌ ʌțǸ ǩǍɾǸ ɾʌǍʌȡɐɅṣ 
! ɃʔȺʌȡẁɾʌǍʌȡǪ ǍɶɶǍɅȓǸɃǸɅʌ ȡɾ ɾțɐʭɅ ȡɅ fȡȓʔɶǸ ṣƫ ÿțȡɾ ǪɐɅȒȡȓʔɶǍʌȡɐɅ țǍɾ ɾɐɃǸ ǍǱʬǍɅʌǍȓǸɾṞ ȡɅǪȺʔǱȡɅȓ 
ʌțǸ ǍǩȡȺȡʌʳ ʌɐ ʔɾǸ ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʭǍʬǸȒɐɶɃ ṵɾȡɅǪǸ ȒʔȺȺ ǱʔɳȺǸʲ ȡɾ Ʌɐʌ ɶǸɵʔȡɶǸǱṶ ǍɅǱ ʌțǸ 
ǪǍɳǍǪȡʌʳ ʌɐ ȡȺȺʔɃȡɅǍʌǸ ɐǩȲǸǪʌɾ ṵɳǍɾɾȡʬǸ ǍɅǱ ǍǪʌȡʬǸṶ ȒɶɐɃ ɃʔȺʌȡɳȺǸ ǍɅȓȺǸɾṣ ÿțȡɾ ȺǍʌʌǸɶ ȒǸǍʌʔɶǸ 
ȓʔǍɶǍɅʌǸǸɾ ɾɳǍʌȡǍȺ ǱȡʬǸɶɾȡʌʳ ʌțǍʌ ǪǍɅ ȒǍǪȡȺȡʌǍʌǸ ʌțǸ ǱǸʌǸǪʌȡɐɅ ǍɅǱ ǪȺǍɾɾȡȒȡǪǍʌȡɐɅ ɐȒ ɐǩȲǸǪʌɾṣ ¶ʔȺʌȡẁɾʌǍʌȡǪ 
ɾǸɅɾȡɅȓ ɶǸɵʔȡɶǸɾ ʌțǍʌ ʌțǸ ʌɶǍɅɾɃȡʌʌǸɶɾ ǍɅǱ ɶǸǪǸȡʬǸɶɾ ǍɶǸ ȡɅ ǱȡȒȒǸɶǸɅʌ ɳɐɾȡʌȡɐɅɾṞ ɾʳɅǪțɶɐɅȡʽǸǱṞ ǍɅǱ ǪǍɅ 
ɳɶɐǪǸɾɾ ǍɅǱ ǪɐɃǩȡɅǸ ʌțǸ ɶǸǪǸȡʬǸǱ ɾȡȓɅǍȺɾ ǩʳ ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǩǸʌʭǸǸɅ ʌțǸɃṣ 

ğțȡȺǸ ȓǸɅǸɶǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǪǍɅ ǱǸǍȺ ʭȡʌț țʔɅǱɶǸǱɾ ɐȒ Ƀɾ ǱǸȺǍʳɾṞ ǍʔʌɐɅɐɃɐʔɾ ʬǸțȡǪȺǸ 
ǍɳɳȺȡǪǍʌȡɐɅɾ ɶǸɵʔȡɶǸ ǱǸȺǍʳɾ ȡɅ ʌțǸ ɐɶǱǸɶ ɐȒ ʌǸɅɾ ɐȒ Ƀɾ ṳᶰᶳṴṳᶰᶴṴṳᶰᶵṴṣ uɅ ɾʔǪț ɾǪǸɅǍɶȡɐɾṞ ɾǸɅɾȡɅȓ ɾțɐʔȺǱ 
ɳɶɐʬȡǱǸ ɶɐǩʔɾʌṞ țȡȓțẁɶǸɾɐȺʔʌȡɐɅ ɐǩɾʌǍǪȺǸ ǱǸʌǸǪʌȡɐɅ ȡɅ ʌțǸ ɐɶǱǸɶ ɐȒ Ǎ ȒǸʭ ǱǸǪȡɃǸʌɶǸɾṣ  

ÿțǸ ʔɳǪɐɃȡɅȓ ᶴg ʌǸǪțɅɐȺɐȓʳṞ ȺǸʬǸɶǍȓȡɅȓ ǩɐʌț ɃǍɾɾȡʬǸ ¶u¶Ã ǍɅʌǸɅɅǍ ǍɶɶǍʳɾ ǍɅǱ ʌțǸ ɃɃğǍʬǸ 
ǍɅǱ ÿoʽ ɾɳǸǪʌɶʔɃṞ ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ǍǱǱɶǸɾɾ ȒʔʌʔɶǸ ǍʔʌɐɅɐɃɐʔɾ ʬǸțȡǪȺǸ ɅǸʌʭɐɶȶ ɶǸɵʔȡɶǸɃǸɅʌɾṣ 
!ǱǱȡʌȡɐɅǍȺȺʳṞ ȺǍɶȓǸẁɾǪǍȺǸ ǍɅʌǸɅɅǍ ǍɶɶǍʳɾ ǪǍɅ ȒɐɶɃ ɳǸɅǪȡȺẁɾțǍɳǸǱ ǩǸǍɃɾ ʌțǍʌ ǍǪǪʔɶǍʌǸȺʳ ɳɐȡɅʌ ʌɐ 
ǱȡɶǸǪʌȡɐɅɾ ɐȒ ȡɅʌǸɶǸɾʌ ǩʳ ǪɐɃɳǸɅɾǍʌȡɅȓ Ȓɐɶ ɳǍʌț Ⱥɐɾɾ ṵɾǸɅɾȡɅȓ Ⱥɐɾɾ ǱǸǪǍʳɾ ʭȡʌț ʌțǸ Ȓɐʔɶʌț ɳɐʭǸɶ ɐȒ 
ǱȡɾʌǍɅǪǸ ȡɅ ȒɶǸǸ ɾɳǍǪǸṶ ǍɅǱ ȡɃɳɶɐʬȡɅȓ Eɐ! ǸɾʌȡɃǍʌȡɐɅ ǍǪǪʔɶǍǪʳṣ ÿțǸɶǸȒɐɶǸṞ ȡʌ ʭɐʔȺǱ ɃǍȶǸ ɾǸɅɾǸ ʌɐ 
Ǹɵʔȡɳ ʬǸțȡǪȺǸɾ ɐɶ ɶɐǍǱ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ɾǸɅɾɐɶɾ ʭȡʌț uñ!> ɾʳɾʌǸɃɾ ȺȡȶǸ ʌțɐɾǸ ɾȶǸʌǪțǸǱ ȡɅ fȡȓʔɶǸ  ʃʭȡʌț 
Ǎ ɃɐɅɐɾʌǍʌȡǪ ǩǍɾǸ ɾʌǍʌȡɐɅ ṵ=ñṶ ɐɶ ȡɅ fȡȓʔɶǸ  ƫʭȡʌț Ǎ ɃʔȺʌȡẁɾʌǍʌȡǪ ǍɶɶǍɅȓǸɃǸɅʌ ǸɃɳȺɐʳȡɅȓ ɾǸɅɾɐɶ 



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

49 

ȒʔɾȡɐɅṣ oɐʭǸʬǸɶṞ ɾǸʬǸɶǍȺ ȡɾɾʔǸɾ ɅǸǸǱ ʌɐ ǩǸ ȡɅʬǸɾʌȡȓǍʌǸǱ ȡɅ ʌțǍʌ ǪɐɅʌǸʲʌṞ ɾʔǪț Ǎɾ ɾɳǸǪȡȒȡǪ ɃɃğǍʬǸ 
ǪțǍɅɅǸȺ ɃɐǱǸȺɾ ǍɅǱ ǪɐɅɾʌɶǍȡɅʌɾṞ ȓȡʬǸɅ ʌțǍʌ ȒǍɾʌẁǪțǍɅȓȡɅȓ ɾǪǸɅǍɶȡɐɾ ǍǪǪɐɃɳǍɅʳ țȡȓț ɃɐǩȡȺȡʌʳṣ 

 
Figure 7: Joint sensing and communication in a vehicular scenario (multi -static/distributed configuration)  

4.3.1.2 V2V based ISAC  

Ğᶰʲ ɾȡǱǸȺȡɅȶ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɶǸɳɶǸɾǸɅʌ ǍɅɐʌțǸɶ ȡɃɳɐɶʌǍɅʌ ʔɾǸ ǪǍɾǸṣ oǸɶǸ ʌțǸ ɾȡǱǸȺȡɅȶ ǪǍɅ ǩǸ ɶǸẁ
ʔɾǸǱ ʌɐ ɳɶɐʬȡǱǸ ɾǸɅɾȡɅȓ ɐȒ ɅǸǍɶǩʳ ʬǸțȡǪȺǸɾ ǍɅǱ ɳǸǱǸɾʌɶȡǍɅɾ ǍɅǱ ǪǍɅ ǩǸ ʔɾǸǱ ʌɐ ǪɐɃɳȺǸɃǸɅʌ ʌțǸ 
ǸʲȡɾʌȡɅȓ ɾǸɅɾɐɶɾ ṵȡṣǸṣṞ ǪǍɃǸɶǍɾṞ ɶǍǱǍɶɾṞ ¬ȡǱǍɶṞ ǸʌǪṣṶ ɐɅ ʌțǸ ʬǸțȡǪȺǸṣ ÿțǸ ɶǸȺǍʌȡʬǸ ȺɐǪǍʌȡɐɅ ɐȒ ʌțǸ ǪȺɐɾǸɾʌ 
ɐǩȲǸǪʌɾ ʌɐ ʌțǸ ʬǸțȡǪȺǸ ȡɅ ʌțǸ ȺȡɅǸ ɐȒ ɾȡȓțʌ ȡɾ ɳǍɶʌȡǪʔȺǍɶȺʳ ȡɃɳɐɶʌǍɅʌ Ȓɐɶ ǍʔʌɐɅɐɃɐʔɾ ǱɶȡʬȡɅȓṣ !ɾ ǩǸȒɐɶǸṞ 
ǱȡȒȒǸɶǸɅʌ ȺǸʬǸȺɾ ɐȒ ȡɅʌǸȓɶǍʌȡɐɅ ǪǍɅ ǩǸ ʔɾǸǱ Ȓɐɶ ʌțȡɾ ʔɾǸ ǪǍɾǸṣ oɐʭǸʬǸɶṞ Ǎɾ ʌțȡɾ ȡɾ Ǎ ɃɐɅɐɾʌǍʌȡǪ ɾǪǸɅǍɶȡɐṞ 
ȒʔȺȺẁǱʔɳȺǸʲ ʌǸǪțɅɐȺɐȓʳ ɐɅ ʌțǸ ʬǸțȡǪȺǸ ɳǸɶȒɐɶɃȡɅȓ ʌțǸ ɾǸɅɾȡɅȓ ȡɾ ɅǸǪǸɾɾǍɶʳ Ȓɐɶ ʌțǸ ȒʔȺȺ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ɾǸɅɾȡɅȓ ȡɅ ʌțǸ ɾȡǱǸȺȡɅȶṣ  

4.3.2  Industrial scenarios  

uñ!> ȡɾ ǍȺɾɐ ǍɅʌȡǪȡɳǍʌǸǱ ʌɐ ȒǍǪȡȺȡʌǍʌǸ ʌțǸ ɶǸǍȺẁʌȡɃǸ ǍǪɵʔȡɾȡʌȡɐɅ ɐȒ ɐǩȲǸǪʌ ɳɐɾȡʌȡɐɅɾ ȡɅ ȡɅǱʔɾʌɶȡǍȺ ɾǸʌʌȡɅȓɾṞ 
ɶǸɾʔȺʌȡɅȓ ȡɅ țǸȡȓțʌǸɅǸǱ ǸɅʬȡɶɐɅɃǸɅʌǍȺ ǍʭǍɶǸɅǸɾɾṞ ʭțȡȺǸ ɾȡɃʔȺʌǍɅǸɐʔɾȺʳ ɶǸǱʔǪȡɅȓ ʌțǸ ǸʲɳǸɅɾǸɾ ǍɅǱ 
ɃǍȡɅʌǸɅǍɅǪǸ ǍɾɾɐǪȡǍʌǸǱ ʭȡʌț ɾǸɳǍɶǍʌǸ ɾǸɅɾȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸɾṣ ÿțǸ ǩǸɅǸȒȡʌɾ ɐȒ 
uñ!> ȡɅ ȡɅǱʔɾʌɶȡǍȺ ɾǪǸɅǍɶȡɐɾ ǍɶǸ ʌʭɐȒɐȺǱṝ ɾǍȒǸʌʳ ǍɅǱ ɅǸʌʭɐɶȶ ɶǸȺȡǍǩȡȺȡʌʳṣ éǸȓǍɶǱȡɅȓ ɾǍȒǸʌʳṞ ɾǸɅɾȡɅȓ 
ǸɅǍǩȺǸɾ ʌțǸ ȡǱǸɅʌȡȒȡǪǍʌȡɐɅ ɐȒ ʔɅǪɐɐɳǸɶǍʌȡʬǸ ɐǩȲǸǪʌɾ ṵǸṣȓṣṞ ǪǍɶʌɾ ǍɅǱ ȒɐɶȶȺȡȒʌɾṶ ǍɅǱ ɐǩɾʌǍǪȺǸɾ ȡɅ 
ɳɶɐțȡǩȡʌǸǱ ǍɶǸǍɾ ɐɶ ʭɐɶȶǸɶɾ ȡɅ ǪȺɐɾǸ ɳɶɐʲȡɃȡʌʳ ʌɐ ɃǍǪțȡɅǸɶʳṣ ÿțȡɾ ǸɅǍǩȺǸɾ ǍǪǪʔɶǍʌǸ ǱǸʌǸǪʌȡɐɅ ǍɅǱ 
ȺɐǪǍȺȡʽǍʌȡɐɅṞ ǍȺȺɐʭȡɅȓ ʌțǸ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ ɅǸǪǸɾɾǍɶʳ ǍǪǪȡǱǸɅʌẁɳɶǸʬǸɅʌȡɐɅ ɃǸǍɾʔɶǸɾṣ uɅ ʌǸɶɃɾ ɐȒ 
ɅǸʌʭɐɶȶ ɶǸȺȡǍǩȡȺȡʌʳṞ ʌțǸ ȡɅǱʔɾʌɶȡǍȺ ɳɶɐɳǍȓǍʌȡɐɅ ǸɅʬȡɶɐɅɃǸɅʌ ȡɾ ǪɐɃɳȺǸʲ ǍɅǱ ɾʔɾǪǸɳʌȡǩȺǸ ʌɐ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǱȡɾɶʔɳʌȡɐɅɾ ǪǍʔɾǸǱ ǩʳ ɐǩɾʌɶʔǪʌȡɐɅɾ ɾʔǪț Ǎɾ ȺǍɶȓǸ ɃǸʌǍȺȺȡǪ ɐǩȲǸǪʌɾ ṵǸṣȓṣṞ ɃǍǪțȡɅǸɶʳ 
ɐɶ ɶɐǩɐʌɾṶṣ =ʳ țǍɶɅǸɾɾȡɅȓ ɾǸɅɾȡɅȓẁǍɾɾȡɾʌǸǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃɾ ǸɅǍǩȺǸǱ ǩʳ uñ!>Ṟ ʌțȡɾ 
ǪțǍȺȺǸɅȓȡɅȓ ȡɾɾʔǸ ǪǍɅ ǩǸ ɃȡʌȡȓǍʌǸǱṣ ñǸɅɾȡɅȓ ȡɅȒɐɶɃǍʌȡɐɅ ǪǍɅ ǩǸ ʔʌȡȺȡʽǸǱ ʌɐ Ǎɾɾȡɾʌ ʌțǸ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȺȡɅȶ ʌțɶɐʔȓț ʌǸǪțɅȡɵʔǸɾ ȺȡȶǸ ǩǸǍɃ ɃǍɅǍȓǸɃǸɅʌṣ ñɳǸǪȡȒȡǪǍȺȺʳṞ ɾǸɅɾȡɅȓ ǪǍɳǍǩȡȺȡʌȡǸɾ 
ǪǍɅ ǩǸ ǸɃɳȺɐʳǸǱ ʌɐ ǱǸʌǸǪʌ ǍɅǱ ɳȡɅɳɐȡɅʌ ȡɅǪɐɃȡɅȓ ɐǩɾʌǍǪȺǸɾṞ ǸɾʌȡɃǍʌǸ ʌțǸȡɶ ɾɳǸǸǱ ǍɅǱ ǱȡɶǸǪʌȡɐɅṞ 
ǍɅǱ ɳɶǸǱȡǪʌ ʌțǸȡɶ ȒʔʌʔɶǸ ʌɶǍȲǸǪʌɐɶʳ ɾǸʬǸɶǍȺ ɾǸǪɐɅǱɾ ȡɅ ǍǱʬǍɅǪǸṣ ÿțȡɾ ǍȺȺɐʭɾ ʌțǸ ɅǸʌʭɐɶȶ ɾʔȒȒȡǪȡǸɅʌ 
ʌȡɃǸ ʌɐ ǸɾʌǍǩȺȡɾț Ǎ ǩǍǪȶʔɳ ȺȡɅȶ ǩǸȒɐɶǸ ʌțǸ ǸʲȡɾʌȡɅȓ ɐɅǸ ǸʲɳǸɶȡǸɅǪǸɾ ǍɅ ɐʔʌǍȓǸṣ  

éǸɾǸǍɶǪț ʭɐɶȶ Ȓɐɶ uñ!> ȡɅ ȡɅǱʔɾʌɶȡǍȺ ɾǸʌʌȡɅȓɾ țǍɾ ǍȺɶǸǍǱʳ ɾʌǍɶʌǸǱ ǍɅǱ ȡɾ ʌțǸ ɾʔǩȲǸǪʌ ɐȒ ʬǍɶȡɐʔɾ MĆ 
ȒʔɅǱǸǱ ɳɶɐȲǸǪʌɾ ȡɅǪȺʔǱȡɅȓ ʌțǸ ÿu¶Mñ ɳɶɐȲǸǪʌ ṳᶰᶶṴṞ ȒʔɅǱǸǱ ǩʳ ʌțǸ oɐɶȡʽɐɅ ¦Ć ñ¸ñ ᶰᶮᶰᶰ ɳɶɐȓɶǍɃṣ  
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4.4  Ongoing  research and open problems  
uñ!> ɶǸɾǸǍɶǪț ȡɾ ǪʔɶɶǸɅʌȺʳ ȒɐǪʔɾȡɅȓ ɐɅ ɃʔȺʌȡɳȺǸ ǱȡɶǸǪʌȡɐɅɾṣ  

¶ǍǪțȡɅǸ ȺǸǍɶɅȡɅȓẁǩǍɾǸǱ ǍɳɳɶɐǍǪțǸɾ ǩǍɾǸǱ ɐɅ ɾɐȒʌ ȡɅȒɐɶɃǍʌȡɐɅ Ȓɐɶ ʌțǸ ȺɐǪǍȺȡʽǍʌȡɐɅ ɐȒ ʌțȡɅȓɾ țǍʬǸ 
ǩǸǸɅ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶱṴ Ȓɐɶ ǍǪǪʔɶǍʌǸ ɳɐɾȡʌȡɐɅȡɅȓ ʌɐ ɐʬǸɶǪɐɃǸ ʌțǸ ȺȡɃȡʌǍʌȡɐɅɾ ɐȒ ǪȺǍɾɾȡǪǍȺ ʌǸǪțɅȡɵʔǸɾṣ uɅ 
ɳǍɶʌȡǪʔȺǍɶṞ ɾɐȒʌ ȡɅȒɐɶɃǍʌȡɐɅ ǸɅǪǍɳɾʔȺǍʌǸɾ ǍȺȺ ʌțǸ ȡɅȒɐɶɃǍʌȡɐɅ ȒɶɐɃ ɃǸǍɾʔɶǸɃǸɅʌɾ ǍɅǱ ǪɐɅʌǸʲʌʔǍȺ 
ǱǍʌǍ Ǎʌ ʌțǸ ĆM Ǎʌ Ǎ ȓȡʬǸɅ ɳɐɾȡʌȡɐɅṞ ȡɅǪȺʔǱȡɅȓ ɾǸɅɾȡɅȓ ɃǸǍɾʔɶǸɃǸɅʌɾ ṵǸṣȓṣṞ ʔɾȡɅȓ ɶǍǱȡɐ ɾȡȓɅǍȺɾṶṞ ǱȡȓȡʌǍȺ 
ɃǍɳɾṞ ǍɅǱ ĆM ɳɶɐȒȡȺǸɾṣ  

ÿțǸ ȡɃɳǍǪʌ ɐȒ ǩȡɾʌǍʌȡǪ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɐɅ ɾǸɅɾȡɅȓ ǪǍɳǍǩȡȺȡʌȡǸɾ țǍɾ ǩǸǸɅ ȡɅʬǸɾʌȡȓǍʌǸǱ ȡɅ ṳᶰᶷṴ ǍɅǱ ṳᶱᶯṴṣ 
ÿțǸɾǸ ɾʌʔǱȡǸɾ ǍɅǍȺʳɾǸ Ǎ ɃʔȺʌȡẁǩǸǍɃ ¦ñ> ɾʳɾʌǸɃ ȡɅ ʌǸɶɃɾ ɐȒ ǍǪțȡǸʬǍǩȺǸ ɾǸɅɾȡɅȓ ǪɐʬǸɶǍȓǸṣ  ÿțǸ 
ɐɳʌȡɃȡʽǍʌȡɐɅ ɐȒ ǩǸǍɃȒɐɶɃȡɅȓ Ȓɐɶ ǩȡɾʌǍʌȡǪ ¶u¶Ã ɾǸɅɾȡɅȓ ȡɾ ǱȡɾǪʔɾɾǸǱ ȡɅ ṳᶱᶮṴṣ uɅ ṳᶱᶰṴṞ ʌțǸ ɳɶȡɅǪȡɳȺǸ ɐȒ 
ǪɐɐɳǸɶǍʌȡʬǸ ɳǍɾɾȡʬǸ ǪɐțǸɶǸɅʌ ȺɐǪǍʌȡɐɅ ṵ>æ>¬Ṷ ȡɾ ȡɅʌɶɐǱʔǪǸǱṞ ʭțǸɶǸ Ǎ ɳǍɾɾȡʬǸ ǩȡɾʌǍʌȡǪ ǪɐɅȒȡȓʔɶǍʌȡɐɅ 
ǸʲɳȺɐȡʌɾ ʌțǸ ɶǸǪǸȡʬǸǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾȡȓɅǍȺ Ǎɾ Ǎ ɶǸȒǸɶǸɅǪǸ Ȓɐɶ ǪɐɶɶǸȺǍʌȡɐɅṣ ÿțȡɾ ʭǍʳṞ >æ>¬ ǸȒȒǸǪʌȡʬǸȺʳ 
ɶǸʔɾǸɾ ʌțǸ ǸɅʌȡɶǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳǍʳȺɐǍǱ Ȓɐɶ ʌǍɶȓǸʌ ǱǸʌǸǪʌȡɐɅṣ  

éǸǪǸɅʌȺʳṞ ṳᶱᶱṴ ɳɶɐɳɐɾǸǱ ʌțǸ ǱǸɾȡȓɅ ɐȒ ɅǸʭ ʭǍʬǸȒɐɶɃɾ ʌțǍʌ ǪɐɃǩȡɅǸ ÃfE¶ ǍɅǱ Ãÿfñ ʌɐ ǸɅǍǩȺǸ ¦ñ> 
ǍɅǱ ṳᶱᶲṴ ɳɶǸɾǸɅʌǸǱ Ǎ ȺɐʭẁǪɐɃɳȺǸʲȡʌʳ ɶǸǪǸȡʬǸɶ Ȓɐɶ ʌǍɶȓǸʌ ɳǍɶǍɃǸʌǸɶ ǸɾʌȡɃǍʌȡɐɅṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ ȡɅ ʌǸɶɃɾ 
ɐȒ ʭǍʬǸȒɐɶɃɾṞ ɅǸʭ ɶǸɾʔȺʌɾ ɐɅ ʌțǸ ʔɾǸ ɐȒ !fE¶ ʭǍʬǸȒɐɶɃ Ȓɐɶ uñ!> ǍɶǸ ǍȺɾɐ ɳɶǸɾǸɅʌǸǱ ȡɅ ṳᶱᶳṴṞ ʭțȡǪț 
țȡȓțȺȡȓțʌɾ ʌțǸ ʔɅȡɵʔǸ ȒǸǍʌʔɶǸ ɐȒ ʌțȡɾ ʭǍʬǸȒɐɶɃ ʌɐ ɶǸǱʔǪǸ ǪɐɃɳȺǸʲȡʌʳ Ȓɐɶ ȒʔȺȺ ǱʔɳȺǸʲ ɃɐɅɐɾʌǍʌȡǪ 
ɾǸɅɾȡɅȓṣ éǸȓǍɶǱȡɅȓ ʌțǸ ȡɃɳǍǪʌ ɐȒ ʌțǸ ǍɶɶǍʳ ǪɐɅȒȡȓʔɶǍʌȡɐɅṞ ǍɅʌǸɅɅǍ ɾǸȺǸǪʌȡɐɅ Ǎʌ ʌțǸ ʌɶǍɅɾɃȡʌʌǸɶ ɾȡʌǸ 
ȡɾ ȺǸʬǸɶǍȓǸǱ ȡɅ  ṳᶱᶴṴ ʌɐʭǍɶǱɾ ȡɃɳɶɐʬȡɅȓ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ǍɅ uñ!> ɾʳɾʌǸɃṣ fɐɶ uɐÿ ɾǪǸɅǍɶȡɐɾṞ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɶȡɃǍɶȡȺʳ ɶǸȺȡǸɾ ɐɅ ɳǍǪȶǸʌẁǩǍɾǸǱ ʌɶǍɅɾɃȡɾɾȡɐɅṞ ǍɅǱ ṳᶱᶵṴ ȡɅʬǸɾʌȡȓǍʌǸɾ ʌțǸ ȡɃɳǍǪʌ ɐȒ 
ɳǍǪȶǸʌ ȺǸɅȓʌț ɐɅ ʌțǸ ɾǸɅɾȡɅȓṩǪɐɃɃʔɅȡǪǍʌȡɐɅ ʌɶǍǱǸẁɐȒȒṣ ÿțǸʳ ǸʲǍɃȡɅǸ Ǎ ¦ñ> ɾʳɾʌǸɃ ʔɅǱǸɶ ʌțǸ ȒȡɅȡʌǸ 
ǩȺɐǪȶẁȺǸɅȓʌț ɶǸȓȡɃǸṣ fɐɶ Ğᶰʲ ɾǪǸɅǍɶȡɐɾ ǍɅǱ ɾɳǸǪȡȒȡǪǍȺȺʳ Ȓɐɶ ĞᶰĞ ǩǍɾǸǱ uñ!>Ṟ ʌțǸ ǪɐɃǩȡɅǸǱ ʔɾǸ ɐȒ 
ɾȡǱǸȺȡɅȶ ɶǸɾɐʔɶǪǸɾ Ȓɐɶ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍɅǱ ɾǸɅɾȡɅȓ Ȓɐɶ ǱȡȒȒǸɶǸɅʌ ǱǸɅɾȡʌȡǸɾ ɐȒ ʬǸțȡǪȺǸɾ ǍɅǱ 
ɅʔɃǸɶɐȺɐȓȡǸɾ ȡɾ ɾțɐʭɅ ȡɅ ṳᶲᶮṴ ǍɅǱ ṳᶲᶯṴṣ  

!ɾ Ȓɐɶ ɾǸɅɾɐɶ ȒʔɾȡɐɅ ɾʌɶǍʌǸȓȡǸɾ ṵǱǸɳȡǪʌǸǱ ȡɅ fȡȓṣ ᶵṶṞ ʌɶǍǪȶȡɅȓ ǍȺȓɐɶȡʌțɃɾ ȡɅ ṳᶱᶶṴṞ ṳᶱᶷṴ ǍɅǱ ṳᶲᶮṴ ǍɶǸ ʔɾǸǱ 
ʌɐ ȒʔɾǸ ȺɐǪǍȺ ʌǍɶȓǸʌ ɳɐɾȡʌȡɐɅ ǸɾʌȡɃǍʌǸɾ ȒɶɐɃ ɃʔȺʌȡɳȺǸ ɃɐɅɐɾʌǍʌȡǪ ɾǸɅɾɐɶɾṣ EǍʌǍ ȒʔɾȡɐɅ ǪǍɅ ǸɅțǍɅǪǸ 
ɾǸɅɾȡɅȓ ɳǸɶȒɐɶɃǍɅǪǸ ɐɶ ɃǍȡɅʌǍȡɅ ʌțǸ ɾǍɃǸ ɳǸɶȒɐɶɃǍɅǪǸ Ǎɾ Ǎ ɾȡɅȓȺǸ ɾǸɅɾɐɶ ʭțȡȺǸ ɶǸȺǸǍɾȡɅȓ ɶǍǱȡɐ 
ɶǸɾɐʔɶǪǸɾ Ȓɐɶ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ ÿțǸ ʌɶǍǱǸẁɐȒȒ ǩǸʌʭǸǸɅ ɾǸɅɾȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɅ ÃfE¶ẁǩǍɾǸǱ 
ɅǸʌʭɐɶȶɾ ȡɾ ɾʌʔǱȡǸǱ ȡɅ ṳᶲᶯṴ Ȓɐɶ ɃʔȺʌȡɾʌǍʌȡǪ ǍɶɶǍɅȓǸɃǸɅʌɾṣ ṳᶲᶰṴ ɳɶɐɳɐɾǸɾ ǍɅ uñ!> ǍɶǪțȡʌǸǪʌʔɶǸ ǩǍɾǸǱ 
ɐɅ ǱȡɾʌɶȡǩʔʌǸǱ ɃʔȺʌȡɾǸɅɾɐɶ ¶u¶ÃṞ ǍɅǍȺɐȓɐʔɾ ʌɐ ɃʔȺʌȡʔɾǸɶ ¶u¶Ã ȡɅ ɃɐǩȡȺǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅṣ 
fʔɶʌțǸɶɃɐɶǸṞ ṳᶲᶱṴ ǱȡɾǪʔɾɾǸɾ ȒʔɅǱǍɃǸɅʌǍȺ ɶǸɵʔȡɶǸɃǸɅʌɾ Ȓɐɶ ɳɶɐɳǍȓǍʌȡɐɅ ɃǸǍɾʔɶǸɃǸɅʌ ǍɅǱ 
ɃɐǱǸȺȺȡɅȓ ȡɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ¶ñẁ¶u¶Ã uñ!>ṣ 

4.5  References  
[1] ÿṣ ğȡȺǱṞ Ğṣ =ɶǍʔɅṞ ǍɅǱ oṣ ĞȡɾʭǍɅǍʌțǍɅṞ Ẍ¦ɐȡɅʌ ǱǸɾȡȓɅ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ɾǸɅɾȡɅȓ Ȓɐɶ ǩǸʳɐɅǱ 

ᶳg ǍɅǱ ᶴg ɾʳɾʌǸɃɾṞẍ uMMM !ǪǪǸɾɾṞ ʬɐȺṣ ᶷṞ ɳɳṣ ᶱᶮ ᶶᶲᶳṾɵ ᶮ ᶶᶳᶵṞ ᶰᶮᶰᶯṣ  

[2] ¶ṣ >țȡǍɅȡṞ !ṣ gȡɐɶȓǸʌʌȡ ǍɅǱ Mṣ æǍɐȺȡɅȡṞ ẌñǸɅɾɐɶ ɶǍǱǍɶ Ȓɐɶ ɐǩȲǸǪʌ ʌɶǍǪȶȡɅȓṞẍ æɶɐǪǸǸǱȡɅȓɾ ɐȒ ʌțǸ uMMMṞ 
ʬɐȺṣ ᶯᶮᶴṞ Ʌɐṣ ᶴṞ ɳɳṣ ᶯᶮᶰᶰẁɳ ᶮᶲᶯṞ ¦ʔɅṣ ᶰᶮᶯᶶṣ 

[3] !ṣ >ɐɅʌȡṞ ñṣ ¶ǍʽʔǸȺǍɾṞ ñṣ =ǍɶʌɐȺǸʌʌȡṞ ğṣ >ṣ ¬ȡɅǱɾǸʳ ǍɅǱ ¶ṣ įṣ ğȡɅṞ ṦñɐȒʌ ȡɅȒɐɶɃǍʌȡɐɅ Ȓɐɶ ȺɐǪǍȺȡʽǍʌȡɐɅẁ
ɐȒẁʌțȡɅȓɾṞṦ æɶɐǪǸǸǱȡɅȓɾ ɐȒ ʌțǸ uMMMṞ ʬɐȺṣ ᶯᶮᶵṞ Ʌɐṣ ᶯᶯṞ ɳɳṣ ᶰᶰᶲᶮẁɴ ᶰᶴᶲṞ ¸ɐʬṣ ᶰᶮᶯᶷṣ 

[4]  fṣ ¬ȡʔṞ ĥṣ >ʔȡṞ >ṣ ¶ǍɾɐʔɶɐɾṞ ¦ṣ ĤʔṞ ÿṣ Ĥṣ oǍɅṞ ĥṣ >ṣ MȺǱǍɶṞ ǍɅǱ ñṣ =ʔʽʽȡṞ ẌuɅʌǸȓɶǍʌǸǱ ɾǸɅɾȡɅȓ ǍɅǱ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṝ ÿɐʭǍɶǱɾ ǱʔǍȺẁȒʔɅǪʌȡɐɅǍȺ ʭȡɶǸȺǸɾɾ ɅǸʌʭɐɶȶɾ Ȓɐɶ ᶴg ǍɅǱ ǩǸʳɐɅǱṞẍ ɳɶǸɳɶȡɅʌṞ 
ǍɶĤȡʬṝᶰᶯᶮᶶṣᶮᶵᶯᶴᶳṞ ᶰᶮᶰᶯṣ 

[5] ¦ṣ !ṣ įțǍɅȓṞ Ĥṣ oʔǍɅȓṞ ĥṣ ¦ṣ gʔɐṞ ¦ṣ ĥʔǍɅṞ ǍɅǱ éṣ ğṣ oǸǍʌțṞ Ẍ¶ʔȺʌȡǩǸǍɃ Ȓɐɶ ȲɐȡɅʌ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ǍɅǱ ɶǍǱǍɶ ɾǸɅɾȡɅȓ ʔɾȡɅȓ ɾʌǸǸɶǍǩȺǸ ǍɅǍȺɐȓ ǍɅʌǸɅɅǍ ǍɶɶǍʳɾṞẍ uMMM ÿɶǍɅɾṣ ĞǸțṣ ÿǸǪțɅɐȺṣṞ ʬɐȺṣ ᶴᶶṞ Ʌɐṣ 
ᶯṞ ɳɳṣ ᶴᶵᶯṾ ʃᶶᶳṞ ¦ǍɅṣ ᶰᶮᶯᶷṣ  



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

51 

[6]  ¦ṣ !ṣ įțǍɅȓṞ ¶ṣ ¬ṣ éǍțɃǍɅṞ ©ṣ ğʔṞ Ĥṣ oʔǍɅȓṞ ĥṣ ¦ṣ gʔɐṞ ñṣ >țǸɅṞ ǍɅǱ ¦ṣ ĥʔǍɅṞ ẌMɅǍǩȺȡɅȓ ȲɐȡɅʌ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ɶǍǱǍɶ ɾǸɅɾȡɅȓ ȡɅ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ Ṿ Ǎ ɾʔɶʬǸʳṞẍ uMMM >ɐɃɃʔɅṣ ñʔɶʬǸʳɾ 
ÿʔʌɾṣṞ ɳɳṣ ᶯṾɸ ᶯṞ ᶰᶮᶰᶯṣ  

[7]  fṣ ğṣ ĞɐɐȶṞ !ṣ gțɐɾțṞ ǍɅǱ ÿṣ !ṣ ÿțɐɃǍɾṞ Ẍ¶u¶Ã ǍɅǱ ǩǸǍɃȒɐɶɃȡɅȓ ɾɐȺʔʌȡɐɅɾ Ȓɐɶ ᶳg ʌǸǪțɅɐȺɐȓʳṞẍ 
uMMM ¶ÿÿẁñ uɅʌǸɶɅǍʌȡɐɅǍȺ ¶ȡǪɶɐʭǍʬǸ ñʳɃɳɐɾȡʔɃ ṵu¶ñᶰᶮᶯᶲṶṞ ᶰᶮᶯᶲṞ ɳɳṣ ᶯṾɸ ṣ  

[8]  ¬ṣ æʔǪǪȡṞ Mṣ ¶ǍʌɶȡǪǍɶǱȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ẌæǸɶȒɐɶɃǍɅǪǸ ǍɅǍȺʳɾȡɾ ɐȒ ȲɐȡɅʌ ɾǸɅɾȡɅȓ 
ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǩǍɾǸǱ ɐɅ ᶳg ɅǸʭ ɶǍǱȡɐṞẍ ȡɅ æɶɐǪṣ uMMM gȺɐǩǸǪɐɃ ğɐɶȶṣ ɐɅ !ǱʬǍɅǪǸɾ ȡɅ 
¸Ǹʌʭɐɶȶ ¬ɐǪǍȺȡʽǍʌȡɐɅ ǍɅǱ ¸ǍʬȡȓǍʌȡɐɅ ṵ!¸¬¸ṶṞ ¶ǍǱɶȡǱṞ ñɳǍȡɅṞ EǸǪṣ ᶰᶮᶰᶯṣ  

[9]  ¬ṣ æʔǪǪȡṞ Mṣ æǍɐȺȡɅȡṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ẌñʳɾʌǸɃẁ¬ǸʬǸȺ !ɅǍȺʳɾȡɾ ɐȒ ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ 
>ɐɃɃʔɅȡǪǍʌȡɐɅ ǩǍɾǸǱ ɐɅ ᶳg ¸Ǹʭ éǍǱȡɐṞẍ uMMM ¦ṣ ɐɅ ñǸȺǸǪʌǸǱ !ɶǸǍɾ ȡɅ >ɐɃɃṣṞ ʬɐȺṣ ᶲᶮṞ Ʌɐṣ ᶵṞ 
ɳɳṣ ᶰᶮᶲᶱẁɴ ᶮᶳᶳṞ ¦ʔȺʳ ᶰᶮᶰᶰṣ 

[10]  éṣ ÿțɐɃǝṞ ÿṣ EǍȺȺɃǍɅɅṞ ñṣ ¦ɐʬǍɅɐɾȶǍṞ æṣ ©ɅɐʌʌṞ !ṣ ñǪțɃǸȡɅȶṞ Ẍ¦ɐȡɅʌ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ɶǍǱǍɶ 
ɾǸɅɾȡɅȓṝ !Ʌ ɐʬǸɶʬȡǸʭṞẍ MʔɶɐɳǸǍɅ >ɐɅȒǸɶǸɅǪǸ ɐɅ !ɅʌǸɅɅǍɾ ǍɅǱ æɶɐɳǍȓǍʌȡɐɅ ṵMʔ>!æṶṞ ɳɳṣ ᶯẁʂ Ṟ 
ᶰᶮᶰᶯṣ 

[11]  ĥṣ ¬ṣ ñȡʌṞ >ṣ ñʌʔɶɃṞ ¦ṣ =ǍȡǸɶṞ ǍɅǱ ÿṣ įʭȡǪȶṞ ẌEȡɶǸǪʌȡɐɅ ɐȒ ǍɶɶȡʬǍȺ ǸɾʌȡɃǍʌȡɐɅ ʔɾȡɅȓ ʌțǸ ¶Ćñu> 
ǍȺȓɐɶȡʌțɃ Ȓɐɶ Ǎ ¶u¶Ã ÃfE¶ ɶǍǱǍɶṞẍ ȡɅ æɶɐǪṣ uMMM éǍǱǍɶ ǪɐɅȒǸɶǸɅǪǸṞ ɳɳṣ ᶮᶰᶰᶴṾɲ ᶰᶰᶷṞ ᶰᶮᶯᶰṣ 

[12]  è ğǍɅȓṞ !ṣ ©ǍȶȶǍʬǍɾṞ Ĥṣ gɐɅȓṞ éṣ !ṣ ñʌȡɶȺȡɅȓẁgǍȺȺǍǪțǸɶṞ ẌÿɐʭǍɶǱɾ uɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ 
>ɐɃɃʔɅȡǪǍʌȡɐɅɾ Ȓɐɶ ᶴgṞẍ ȡɅ ᶰɅǱ uMMM uɅʌṣ ñʳɃɳɐɾȡʔɃ ɐɅ ¦ɐȡɅʌ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍɅǱ ñǸɅɾȡɅȓ 
ṵ¦>ἉñṶṞ ɳɳṣ ᶯẁʃ Ṟ ¶ǍɶǪț ᶰᶮᶰᶰṣ 

[13]  ¶ṣ =ɶǍʔɅṞ ẌÃfE¶ ɶǍǱǍɶ ǍȺȓɐɶȡʌțɃɾ ȡɅ ɃɐǩȡȺǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɅǸʌʭɐɶȶɾṞẍ æțṣEṣ ǱȡɾɾǸɶʌǍʌȡɐɅṞ 
©ǍɶȺɾɶʔțǸ uɅɾʌȡʌʔʌǸ ɐȒ ÿǸǪțɅɐȺɐȓʳṞ ᶰᶮᶯᶲṣ 

[14]  gṣ ©ʭɐɅṞ !ṣ >ɐɅʌȡṞ oṣ æǍɶȶ ǍɅǱ ¶ṣ įṣ ğȡɅṞ Ṧ¦ɐȡɅʌ >ɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ¬ɐǪǍȺȡʽǍʌȡɐɅ ȡɅ ¶ȡȺȺȡɃǸʌǸɶ 
ğǍʬǸ ¸ǸʌʭɐɶȶɾṞṦ ȡɅ uMMM ¦ɐʔɶɅǍȺ ɐȒ ñǸȺṣ ÿɐɳȡǪɾ ȡɅ ñȡȓɅǍȺ æɶɐǪṣṞ ʬɐȺṣ ᶯᶳṞ Ʌɐṣ ᶴṞ ɳɳṣ ᶯᶲᶱᶷẁɳ ᶲᶳᶲṞ ¸ɐʬṣ 
ᶰᶮᶰᶯṣ 

[15]  ¬ṣ gṣ Ǳṣ ÃȺȡʬǸȡɶǍṞ ¶ṣ =ṣ !ȺǍǩǱṞ =ṣ ¸ʔɾɾṞ ǍɅǱ ÿṣ įʭȡǪȶṞ Ẍ!Ʌ Ã>E¶ ɶǍǱǍɶ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃṞẍ 
ȡɅ ᶯᶲʌț MʔɶɐɳǸǍɅ >ɐɅȒǸɶǸɅǪǸ ɐɅ !ɅʌǸɅɅǍɾ ǍɅǱ æɶɐɳǍȓǍʌȡɐɅ ṵMʔ>!æṶṞ ¶Ǎɶṣ ᶰᶮᶰᶮṞ ɳɳṣ ᶯṾʂ ṣ 

[16]  !ṣ =ǸɃǍɅȡṞ ¸ṣ ©ɾǍȡɶȡṞ ǍɅǱ ¶ṣ ©ɐʔɅʌɐʔɶȡɾṞ Ẍ!fE¶ṝ ! ȒʔȺȺ ǱȡʬǸɶɾȡʌʳ ɅǸʲʌ ȓǸɅǸɶǍʌȡɐɅ ʭǍʬǸȒɐɶɃ Ȓɐɶ 
țȡȓț ɃɐǩȡȺȡʌʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞẍ ȡɅ uMMM uɅʌṣ >ɐɅȒṣ >ɐɃɃʔɅṣ ğɐɶȶṣ ṵu>> ğɐɶȶɾțɐɳɾṶṞ ¦ʔɅṣ ᶰᶮᶰᶯṞ 
ɳɳṣ ᶯṾʃ ṣ 

[17]  éṣ oǍǱǍɅȡṞ ñṣ éǍȶȡǩṞ ¶ṣ ÿɾǍʌɾǍɅȡɾṞ !ṣ ¶ɐɅȶṞ !ṣ ¦ṣ gɐȺǱɾɃȡʌțṞ !ṣ fṣ ¶ɐȺȡɾǪțṞ ǍɅǱ éṣ >ǍȺǱǸɶǩǍɅȶṞ 
ẌÃɶʌțɐȓɐɅǍȺ ʌȡɃǸ ȒɶǸɵʔǸɅǪʳ ɾɳǍǪǸ ɃɐǱʔȺǍʌȡɐɅṞẍ ȡɅ æɶɐǪṣ uMMM ğȡɶǸȺǸɾɾ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ǍɅǱ 
¸ǸʌʭɐɶȶȡɅȓ >ɐɅȒǸɶǸɅǪǸ ṵğ>¸>ṶṞ ɳɳṣ ᶯṾʃ Ṟ ᶰᶮᶯᶵṣ  

[18]  >ṣ =ǍɵʔǸɶɐ =ǍɶɅǸʌɐṞ ÿṣ éȡȡțɐɅǸɅṞ ¶ṣ ÿʔɶʔɅǸɅṞ ¬ṣ !ɅʌʌȡȺǍṞ ¶ṣ fȺǸȡɾǪțǸɶṞ ©ṣ ñʌǍǱȡʔɾṞ ¦ṣ éʳʳɅǝɅǸɅṞ 
ǍɅǱ ¶ṣ ĞǍȺȶǍɃǍṞ ẌfʔȺȺẁǱʔɳȺǸʲ ÃfE¶ ɶǍǱǍɶ ʭȡʌț ¬ÿM ǍɅǱ ᶳg ¸é ʭǍʬǸȒɐɶɃɾṝ >țǍȺȺǸɅȓǸɾṞ 
ɾɐȺʔʌȡɐɅɾṞ ǍɅǱ ɃǸǍɾʔɶǸɃǸɅʌɾṞẍ uMMM ÿɶǍɅɾṣ ¶ȡǪɶɐʭṣ ÿțǸɐɶʳ ÿǸǪțɅṣṞ ʬɐȺṣ ᶴᶵṞ Ʌɐṣ ɳᶮṞ ɳɳṣ ᶲᶮᶲᶰṾɸ ᶮᶳᶲṞ 
ÃǪʌṣ ᶰᶮᶯᶷṣ 

[19]  ẌfǸǍɾȡǩȡȺȡʌʳ ñʌʔǱʳ ɐɅ uɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ṵéǸȺǸǍɾǸ ᶯᶷṶẍṞ ᶱgææ ÿé ᶰᶰṣᶶᶱᶵ 
Ğᶯᶷṣᶱṣᶮ ṵᶰᶮᶰᶲẁɲ ᶱṶ 

[20]   ẌñǸɶʬȡǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾ Ȓɐɶ uɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ṵéǸȺǸǍɾǸ ᶯᶷṶṞẍ ᶱgææ ÿé 
ᶰᶰṣᶯᶱᶵ Ğᶯᶷṣᶯṣᶮ ṵᶰᶮᶰᶲẁɲ ᶱṶṣ  

[21] Ẍé!¸ >țǍȡɶẏɾ ñʔɃɃǍɶʳ ɐȒ éǸȺẁɳ ᶷ ğɐɶȶɾțɐɳẍṞ ᶱgææ éğñẁɴ ᶱᶮᶲᶶᶶṞ ᶱgææ é!¸ æȺǸɅǍɶʳ 
ğɐɶȶɾțɐɳṞ ¦ʔɅǸ ᶰᶮᶰᶱṣ 

[22]  ẌuɅɳʔʌ ȒɶɐɃ ÿñg ñ! éǸȺẁɳ ᶷ ğɐɶȶɾțɐɳṝ >ɐɅɾɐȺȡǱǍʌǸǱ ñ! ğgᶰ éǸȺẁɳ ᶷ ÿɐɳȡǪɾ Ȓɐɶ ɃɐǱǸɶǍʌǸǱ 
ǱȡɾǪʔɾɾȡɐɅɾẍṞ ᶱgææ ñæẁɴ ᶱᶮᶵᶳᶷṞ ᶱgææ ñ! æȺǸɅǍɶʳ ğɐɶȶɾțɐɳṞ ¦ʔɅǸ ᶰᶮᶰᶱṣ 

[23] éæẁɴ ᶱᶲᶮᶴᶷṞ Ẍ¸Ǹʭ ñuEṝ ñʌʔǱʳ ɐɅ ǪțǍɅɅǸȺ ɃɐǱǸȺȺȡɅȓ Ȓɐɶ uɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ 
>ɐɃɃʔɅȡǪǍʌȡɐɅ ṵuñ!>Ṷ Ȓɐɶ ¸éṞẍ ¸ɐȶȡǍṞ ¸ɐȶȡǍ ñțǍɅȓțǍȡ =ǸȺȺṞ EǸǪṣ ᶰᶮᶰᶱṣ 

[24]   țʌʌɳɾṝṩṩʭʭʭṣǸʌɾȡṣɐɶȓṩǪɐɃɃȡʌʌǸǸṩȡɾǍǪ 

https://www.etsi.org/committee/isac


one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

52 

[25] ©ṣ Ğṣ ¶ȡɾțɶǍṞ !ṣ įțȡʌɅȡȶɐʬṞ ǍɅǱ ĥṣ >ṣ MȺǱǍɶṞ ẌñɳǸǪʌɶʔɃ ɾțǍɶȡɅȓ ɾɐȺʔʌȡɐɅ Ȓɐɶ ǍʔʌɐɃɐʌȡʬǸ ɶǍǱǍɶṞẍ ȡɅ 
æɶɐǪṣ uMMM ĞǸțȡǪʔȺǍɶ ÿǸǪțɅɐȺɐȓʳ >ɐɅȒǸɶǸɅǪǸ ṵĞÿ> ñɳɶȡɅȓṶṞ ɳɳṣ ᶯṾʂ Ṟ ᶰᶮᶯᶵṣ  

[26]   fṣ ¬ȡʔṞ >ṣ ¶ǍɾɐʔɶɐɾṞ !ṣ æṣ æǸʌɶɐɳʔȺʔṞ oṣ gɶȡȒȒȡʌțɾṞ ǍɅǱ ¬ṣ oǍɅʽɐṞ Ẍ¦ɐȡɅʌ ɶǍǱǍɶ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ǱǸɾȡȓɅṝ !ɳɳȺȡǪǍʌȡɐɅɾṞ ɾʌǍʌǸẁɐȒẁʌțǸẁǍɶʌṞ ǍɅǱ ʌțǸ ɶɐǍǱ ǍțǸǍǱṞẍ uMMM ÿɶǍɅɾṣ ɐɅ >ɐɃɃṣṞ ʬɐȺṣ ᶴᶶṞ Ʌɐṣ 
ᶴṞ ɳɳṣ ᶱᶶᶱᶲṾɵ ᶶᶴᶰṞ ᶰᶮᶰᶮṣ 

[27]  ñṣ oṣ EɐȶțǍɅǪțȡṞ =ṣ ñṣ ¶ʳɾɐɶǸṞ ©ṣ Ğṣ ¶ȡɾțɶǍṞ ǍɅǱ =ṣ ÃʌʌǸɶɾʌǸɅṞ Ẍ! ɃɃğǍʬǸ ǍʔʌɐɃɐʌȡʬǸ ȲɐȡɅʌ 
ɶǍǱǍɶẁǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ɾʳɾʌǸɃṞẍ uMMM ÿɶǍɅɾṣ !Ǹɶɐɾɳṣ MȺǸǪʌɶɐɅṣ ñʳɾʌṣṞ ʬɐȺṣ ᶳᶳṞ Ʌɐṣ ᶱṞ ɳɳṣ ᶯᶰᶲᶯṾɳ ᶰᶴᶮṞ 
¦ʔɅṣ ᶰᶮᶯᶷṣ  

[28]   http://www.times6g.eu/  

[29]   ¬ṣ æʔǪǪȡṞ Mṣ ¶ǍʌɶȡǪǍɶǱȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ẌæǸɶȒɐɶɃǍɅǪǸ ɐȒ Ǎ ᶳg ¸éẁǩǍɾǸǱ 
=ȡɾʌǍʌȡǪ ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ñʳɾʌǸɃṞṦ uMMM uɅʌṣ >ɐɅȒṣ ɐɅ >ɐɃɃṣ ṵu>>Ṷ Ṿ 
ğɐɶȶɾțɐɳṞ ɳɳṣ ᶵᶱẁƫ ᶶṞ ¶Ǎʳ ᶰᶮᶰᶰṣ 

[30]   ÿṣ ¬ǍǍɾṞ éṣ =ɐǸțɅȶǸṞ ǍɅǱ ğṣ ĤʔṞ ẌÃɳʌȡɃǍȺ =ǸǍɃȒɐɶɃȡɅȓ Ȓɐɶ ǩȡɾʌǍʌȡǪ ¶u¶Ã ɾǸɅɾȡɅȓṞẍ 
ǍɶĤȡʬṝᶰᶲᶮᶳṣᶮᶯᶯᶷᶵṞ ᶰᶮᶰᶲṣ 

[31]  fṣ įǍǩȡɅȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ Ẏẏ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ʭȡʌț ¶ʔȺʌȡɳȺǸ 
!ɅʌǸɅɅǍɾ ǍɅǱ =ȡɾʌǍʌȡǪ >ɐɅȒȡȓʔɶǍʌȡɐɅṞẍ uMMM uɅʌṣ >ɐɅȒṣ ɐɅ >ɐɃɃṣ ṵu>>ṶṞ éɐɃǸṞ uʌǍȺʳṞ ¶Ǎʳ ᶰᶮᶰᶱṣ 

[32]  éṣñṣ ÿțɐɃǝṞ >ṣ !ɅǱɶȡǪțṞ gṣ EǸȺ gǍȺǱɐṞ ¶ṣ EɚǩǸɶǸȡɅǸɶṞ ¶ṣ oǸȡɅṞ ¶ṣ ©ǝɾȶǸṞ gṣ ñǪțǝȒǸɶṞ ñṣ ñǪțȡǸȺǸɶṞ 
>ṣ ñǪțɅǸȡǱǸɶṞ !ṣ ñǪțʭȡɅǱṞ æṣ ğǸɅǱȺǍɅǱṞ Ẍ>ɐɐɳǸɶǍʌȡʬǸ æǍɾɾȡʬǸ >ɐțǸɶǸɅʌ ¬ɐǪǍʌȡɐɅ Ṿ ! æɶɐɃȡɾȡɅȓ 
ᶳg ñǸɶʬȡǪǸ ʌɐ ñʔɳɳɐɶʌ éɐǍǱ ñǍȒǸʌʳṞẍ uMMM >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ¶ǍȓǍʽȡɅǸṞ ĞɐȺṣṝ ᶳᶵṞ uɾɾʔǸṝ ᶷṞ 
ñǸɳʌǸɃǩǸɶ ᶰᶮᶯᶷṞ ɳɳṣ ᶶᶴẁʊ ᶰṣ 

[33]  Eṣ ÿǍȓȺȡǍȒǸɶɶȡ Ǹʌ ǍȺṣṞ ṦuɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ñʳɾʌǸɃ ʬȡǍ EʔǍȺẁEɐɃǍȡɅ 
ğǍʬǸȒɐɶɃ ñʔɳǸɶɳɐɾȡʌȡɐɅṞṦ ȡɅ uMMM ÿɶǍɅɾǍǪʌȡɐɅɾ ɐɅ ğȡɶǸȺǸɾɾ >ɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ʬɐȺṣ ᶰᶱṞ Ʌɐṣ ᶳṞ ɳɳṣ 
ᶲᶰᶶẁɸɸ ᶰᶷᶷṞ ¶Ǎʳ ᶰᶮᶰᶲṣ  

[34]   ÿṣ =ǍǪǪțȡǸȺȺȡṞ ¬ṣ æʔǪǪȡṞ Mṣ æǍɐȺȡɅȡ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ṦæǸɶȒɐɶɃǍɅǪǸ !ɅǍȺʳɾȡɾ ɐȒ Ǎ ¬ɐʭẁ>ɐɃɳȺǸʲȡʌʳ 
Ãÿfñ uɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ñʳɾʌǸɃṞṦ ᷿᷾᷉᷾ uMMM ḅḄʌț ĞǸțȡǪʔȺǍɶ ÿǸǪțɅɐȺɐȓʳ 
>ɐɅȒǸɶǸɅǪǸ ẐĞÿ>᷿᷾᷉᷾ẞfǍȺȺẑṞ oɐɅȓ ©ɐɅȓṞ oɐɅȓ ©ɐɅȓṞ ᶰᶮᶰᶱṞ ɳɳṣ ᶯẁʃ ṣ 

[35]  !ṣ =ǸɃǍɅȡṞ ¸ṣ ©ɾǍȡɶȡ ǍɅǱ ¶ṣ ©ɐʔɅʌɐʔɶȡɾṞ ṦuɅʌǸȓɶǍʌǸǱ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ğȡʌț !ȒȒȡɅǸ 
fɶǸɵʔǸɅǪʳ EȡʬȡɾȡɐɅ ¶ʔȺʌȡɳȺǸʲȡɅȓṞṦ ȡɅ uMMM ğȡɶǸȺǸɾɾ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ¬ǸʌʌǸɶɾṞ ʬɐȺṣ ᶯᶱṞ Ʌɐṣ ᶳṞ ɳɳṣ 
ᶯᶰᶳᶳẁɳ ᶰᶳᶷṞ ¶Ǎʳ ᶰᶮᶰᶲṞ 

[36]   ¶ṣ æǍȺǍȡɐȺɐȓɐɾṞ ¶ṣ oṣ >ǍɾʌǍɅǸǱǍṞ ÿṣ ¬ǍǍɾṞ éṣ !ṣ ñʌȡɶȺȡɅȓẁgǍȺȺǍǪțǸɶṞ gṣ >ǍȡɶǸṞ Ẍ¦ɐȡɅʌ !ɅʌǸɅɅǍ 
ñǸȺǸǪʌȡɐɅ ǍɅǱ >ɐʬǍɶȡǍɅǪǸ ¶Ǎʌɶȡʲ ÃɳʌȡɃȡʽǍʌȡɐɅ Ȓɐɶ uñ!> ñʳɾʌǸɃɾẍṞ ǍǪǪǸɳʌǸǱ Ȓɐɶ ɳʔǩȺȡǪǍʌȡɐɅ Ǎʌ 
ᶰᶮᶰᶲ uMMM uɅʌǸɶɅǍʌȡɐɅǍȺ >ɐɅȒǸɶǸɅǪǸ ɐɅ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ğɐɶȶɾțɐɳɾ ṵu>> ğɐɶȶɾțɐɳɾṶṣ 

[37]   fṣ įǍǩȡɅȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ Ṧ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅɾ ȡɅ fȡɅȡʌǸ 
=ȺɐǪȶẁ¬ǸɅȓʌț éǸȓȡɃǸṞẍ uMMM gȺɐǩǍȺ >ɐɃɃṣ >ɐɅȒṣ ṵgȺɐǩǸǪɐɃṶṞ EǸǪṣ ᶰᶮᶰᶰṣ 

[38]   Mṣ fǍʬǍɶǸȺȺȡṞ Mṣ ¶ǍʌɶȡǪǍɶǱȡṞ ¬ṣ æʔǪǪȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ẍÿɶǍǪȶȡɅȓ ǍɅǱ EǍʌǍ fʔɾȡɐɅ 
ȡɅ ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ¸ǸʌʭɐɶȶɾṞẍ uMMM gȺɐǩǍȺ >ɐɃɃṣ >ɐɅȒṣ ṵgȺɐǩǸǪɐɃṶ ẁ 
ğɐɶȶɾțɐɳṞ EǸǪṣ ᶰᶮᶰᶰṣ  

[39]   Mṣ fǍʬǍɶǸȺȺȡṞ Mṣ ¶ǍʌɶȡǪǍɶǱȡṞ ¬ṣ æʔǪǪȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ẎẏñǸɅɾɐɶ fʔɾȡɐɅ ǍɅǱ 
MʲʌǸɅǱǸǱ ¶ʔȺʌȡẁÿǍɶȓǸʌ ÿɶǍǪȶȡɅȓ ȡɅ ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ¸ǸʌʭɐɶȶɾṞẍ uMMM uɅʌṣ 
>ɐɅȒṣ ɐɅ >ɐɃɃṣ ṵu>>ṶṞ éɐɃǸṞ uʌǍȺʳṞ ¶Ǎʳ ᶰᶮᶰᶱṣ 

[40]   Mṣ fǍʬǍɶǸȺȺȡṞ Mṣ ¶ǍʌɶȡǪǍɶǱȡṞ ¬ṣ æʔǪǪȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ Ṧ¶Ǎɳ fʔɾȡɐɅ ǍɅǱ 
oǸʌǸɶɐȓǸɅǸɐʔɾ ÃǩȲǸǪʌɾ ÿɶǍǪȶȡɅȓ ȡɅ ¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ¸ǸʌʭɐɶȶɾṞṦ MʔɶɐɳǸǍɅ 
éǍǱǍɶ >ɐɅȒṣ ṵMʔé!EṶṞ =ǸɶȺȡɅṞ gǸɶɃǍɅʳṞ ñǸɳʌṣ ᶰᶮᶰᶱṣ 

[41]  Mṣ ¶ǍʌɶȡǪǍɶǱȡṞ ¬ṣ æʔǪǪȡṞ Mṣ æǍɐȺȡɅȡṞ ğṣ ĤʔṞ ǍɅǱ !ṣ gȡɐɶȓǸʌʌȡṞ ẌæǸɶȒɐɶɃǍɅǪǸ !ɅǍȺʳɾȡɾ ɐȒ Ǎ ¶ʔȺʌȡɾʌǍʌȡǪ 
¦ɐȡɅʌ ñǸɅɾȡɅȓ ǍɅǱ >ɐɃɃʔɅȡǪǍʌȡɐɅ ñʳɾʌǸɃṞẍ uMMM uɅʌṣ ñʳɃɳṣ ɐɅ æǸɶɾɐɅǍȺṞ uɅǱɐɐɶ ǍɅǱ ¶ɐǩȡȺǸ 
éǍǱȡɐ >ɐɃɃṣ ṵæu¶é>ṶṞ ÿɐɶɐɅʌɐṞ >ǍɅǍǱǍṞ ñǸɳʳṣ ᶰᶮᶰᶱṣ 
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[42]   éṣñṣ ÿțɐɃǝṞ ÿṣ EǍȺȺɃǍɅɅṞ ẌEȡɾʌɶȡǩʔʌǸǱ uñ!> ñʳɾʌǸɃɾ Ṿ ¶ʔȺʌȡɾǸɅɾɐɶ éǍǱȡɐ !ǪǪǸɾɾ ǍɅǱ 
>ɐɐɶǱȡɅǍʌȡɐɅṞẍ MʔɶɐɳǸǍɅ ¶ȡǪɶɐʭǍʬǸ ğǸǸȶ ṵMʔ¶ğ ᶰᶮᶰᶱṶṞ fɐǪʔɾǸǱ ñǸɾɾȡɐɅ Ṧ¦ɐȡɅʌ 
>ɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ éǍǱǍɶ ñǸɅɾȡɅȓ ẁ Ǎ ɾʌǸɳ ʌɐʭǍɶǱɾ ᶴgṦṞ =ǸɶȺȡɅṞ gǸɶɃǍɅʳṞ ñǸɳʌṣ ᶰᶮᶰᶱṣ 

[43]   éṣ ñṣ ÿțɐɃǝṞ >ṣ !ɅǱɶȡǪțṞ ¦ṣ =ǸʔɾʌǸɶṞ oṣ >ṣ !ṣ >ɐɾʌǍṞ ñṣ gȡǸțȺṞ ñṣ ¦ṣ ¶ʳȡɅʌṞ >ṣ ñǪțɅǸȡǱǸɶṞ ǍɅǱ gṣ 
ñɐɃɃǸɶȶɐɶɅṞ Ṧ>țǍɶǍǪʌǸɶȡʽǍʌȡɐɅ ɐȒ ɃʔȺʌȡȺȡɅȶ ɳɶɐɳǍȓǍʌȡɐɅ ǍɅǱ ǩȡɾʌǍʌȡǪ ʌǍɶȓǸʌ ɶǸȒȺǸǪʌȡʬȡʌʳ Ȓɐɶ 
ǱȡɾʌɶȡǩʔʌǸǱ ɃʔȺʌȡẁ ɾǸɅɾɐɶ uñ!>Ṟẍ ǍɶĤȡʬṝᶰᶰᶯᶮṣᶯᶯᶶᶲᶮṞ ᶰᶮᶰᶱṣ 

[44]   ̧ ṣ EǸǪǍɶȺȡṞ ñṣ =ǍɶʌɐȺǸʌʌȡṞ !ṣ =ǍʽʽȡṞ éṣ !ṣ ñʌȡɶȺȡɅȓẁgǍȺȺǍǪțǸɶ ǍɅǱ =ṣ ¶ṣ ¶ǍɾȡɅȡṞ ṦæǸɶȒɐɶɃǍɅǪǸ 
>țǍɶǍǪʌǸɶȡʽǍʌȡɐɅ ɐȒ ¦ɐȡɅʌ >ɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ñǸɅɾȡɅȓ ğȡʌț =ǸʳɐɅǱ ᶳ g ¸éẁĞᶰĤ ñȡǱǸȺȡɅȶṞṦ 
ȡɅ uMMM ÿɶǍɅɾǍǪʌȡɐɅɾ ɐɅ ĞǸțȡǪʔȺǍɶ ÿǸǪțɅɐȺɐȓʳṞ Ǳɐȡṝ ᶯᶮṣᶯᶯᶮᶷṩÿĞÿṣᶰᶮᶰᶲṣᶱᶱᶴᶳᶵᶵᶮ 

[45]   >ṣ gȡɐʬǍɅɅǸʌʌȡṞ ¸ṣ EǸǪǍɶȺȡṞ ñṣ =ǍɶʌɐȺǸʌʌȡṞ éṣ !ṣ ñʌȡɶȺȡɅȓẁgǍȺȺǍǪțǸɶ ǍɅǱ =ṣ ¶ṣ ¶ǍɾȡɅȡṞ ṦÿǍɶȓǸʌ 
æɐɾȡʌȡɐɅȡɅȓ !ǪǪʔɶǍǪʳ ɐȒ ĞᶰĤ ñȡǱǸȺȡɅȶ ¦ɐȡɅʌ >ɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ñǸɅɾȡɅȓṞṦ ȡɅ uMMM ğȡɶǸȺǸɾɾ 
>ɐɃɃʔɅȡǪǍʌȡɐɅɾ ¬ǸʌʌǸɶɾṞ ʬɐȺṣ ᶯᶱṞ Ʌɐṣ ᶱṞ ɳɳṣ ᶶᶲᶷẁʉ ᶳᶱṞ ¶ǍɶǪț ᶰᶮᶰᶲṞ Ǳɐȡṝ ᶯᶮṣᶯᶯᶮᶷṩ¬ğ>ṣᶰᶮᶰᶱṣᶱᶱᶲᶴᶷᶱᶵṣ 
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5. Non -terrestrial networks  in 6G  
ᶴg ʭȡɶǸȺǸɾɾ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ǍɶǸ ǸʲɳǸǪʌǸǱ ʌɐ ɳɶɐʬȡǱǸ Ǎ ɳȺǸʌțɐɶǍ ɐȒ ɾǸɶʬȡǪǸɾ ʌɐ ǩȡȺȺȡɐɅɾ ɐȒ ȓȺɐǩǍȺȺʳ 
ǱȡɾʌɶȡǩʔʌǸǱ ʔɾǸɶɾṞ ȡɅǪȺʔǱȡɅȓ Ʌɐʌ ɐɅȺʳ țʔɃǍɅɾṞ ǩʔʌ ǍȺɾɐ ɃǍǪțȡɅǸɾṞ uɅʌǸɶɅǸʌ ɐȒ ÿțȡɅȓɾ ṵuɐÿṶ ɾǸɅɾɐɶɾ ǍɅǱ 
ʌțǸ ɃɐɶǸ ɾɐɳțȡɾʌȡǪǍʌǸǱ ṵȒʔʌʔɶǸṶ ǱǸʬȡǪǸɾ ʌțǍʌ ǍɶǸ ɶǸɵʔȡɶǸǱ Ȓɐɶ ǍɳɳȺȡǪǍʌȡɐɅɾ ʭȡʌț ɾʌɶȡɅȓǸɅʌ 
ɳǸɶȒɐɶɃǍɅǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾṞ ɾʔǪț Ǎɾ !ʔȓɃǸɅʌǸǱ éǸǍȺȡʌʳ ṵ!éṶ ṩ ĞȡɶʌʔǍȺ éǸǍȺȡʌʳ ṵĞéṶṞ țɐȺɐȓɶǍɳțȡǪ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ǸʌǪṣ EʔǸ ʌɐ ʌțǸ ǱɶǍɾʌȡǪ ȡɅǪɶǸǍɾǸ ȡɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ ʔɾǸɶɾṞ ʌțǸȡɶ ɅǸǸǱ Ȓɐɶ ʔǩȡɵʔȡʌɐʔɾ 
ǪɐɅɅǸǪʌȡʬȡʌʳ ǍɅǱ ʌțǸ ǸǪɐɅɐɃȡǪǍȺȺʳ ǱɶȡʬǸɅ ȡɅʌǸɶǸɾʌ ʌɐ ǱǸɳȺɐʳ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ȡɅ ȓǸɐȓɶǍɳțȡǪǍȺ ȺɐǪǍʌȡɐɅɾ 
ʌțǍʌ ǍɶǸ ɃɐɶǸ ǱǸɅɾǸȺʳ ɳɐɳʔȺǍʌǸǱṞ ʌțǸ ɅǸǪǸɾɾȡʌʳ ʌɐ ǪɐẁɐɳǸɶǍʌǸ ÿǸɶɶǸɾʌɶȡǍȺ ¸Ǹʌʭɐɶȶɾ ṵÿ¸ɾṶ ʭȡʌț ¸ɐɅẁ
ÿǸɶɶǸɾʌɶȡǍȺ ¸Ǹʌʭɐɶȶɾ ṵ¸ÿ¸ɾṶ ȡɾ ǍɶȡɾȡɅȓṣ ñʔǪț ǪɐɐɳǸɶǍʌȡɐɅ ǪǍɅ ɳɶɐʬȡǱǸ ǪɐɾʌẁǸȒȒǸǪʌȡʬǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ 
Ȓɐɶ ʔɾǸɶɾ ȡɅ ɾɳǍɶɾǸȺʳ ɳɐɳʔȺǍʌǸǱ ǍɶǸǍɾṞ ǱʔɶȡɅȓ ǸɃǸɶȓǸɅǪʳṩǱȡɾǍɾʌǸɶ ɶǸɾɳɐɅɾǸ ɾǪǸɅǍɶȡɐɾṞ ǍɅǱ ȒʔɶʌțǸɶ 
ǸʲʌǸɅǱ ǪɐɅɅǸǪʌȡʬȡʌʳ ʌɐ ɐǪǸǍɅɾṞ ʌțǸ ɾȶʳ ǍɅǱ ɾɳǍǪǸṣ 

 

 

¸ÿ¸ɾ ɶǸȒǸɶ ʌɐ ɶǍǱȡɐ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾ ʭțǸɶǸ ʌțǸ ǍǪǪǸɾɾ ɅɐǱǸɾ ǍɶǸ ǪǍɶɶȡǸǱ ɐɅ ɳȺǍʌȒɐɶɃɾ țɐʬǸɶȡɅȓ țȡȓț 
ǍǩɐʬǸ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ɾʔɶȒǍǪǸ ȡɅ ʌțǸ Ǎȡɶ ṵțȡȓțẁǍȺʌȡʌʔǱǸ ɳȺǍʌȒɐɶɃ ɾʳɾʌǸɃɾ Ṿ o!æñṞ ɾʔǪț Ǎɾ ǱɶɐɅǸɾ ɐɶ 
ǩǍȺȺɐɐɅɾṶ ɐɶ ȡɅ ɾɳǍǪǸ ṵɾǍʌǸȺȺȡʌǸɾṶṣ uʌ ȡɾ ɅɐʌǸǱ ʌțǍʌ ʌțǸ ¸ÿ¸ ǍǪǪǸɾɾ ɅɐǱǸɾ ɃǍʳ ǩǸ ǩʔȡȺʌ ɐɅ ʌɶǍɅɾɳǍɶǸɅʌ 
ɐɶ ɶǸȓǸɅǸɶǍʌȡʬǸ ǍɶǪțȡʌǸǪʌʔɶǸɾṞ ʭțǸɶǸ ʌțǸ ȒɐɶɃǸɶ ɶǸǍȺȡʽǸɾ ʌțǸ ǍǪǪǸɾɾ ɅɐǱǸ Ǎɾ Ǎ éǍǱȡɐ fɶǸɵʔǸɅǪʳ ɶǸȺǍʳṞ 
ʭțȡȺǸ ʌțǸ ȺǍʌʌǸɶ ǍȺȺɐʭɾ ʌɐ ȡɃɳȺǸɃǸɅʌ ɳǍɶʌɾ ɐɶ ǍȺȺ ɐȒ ʌțǸ ȺǍʳǸɶɾ ɐȒ Ǎ ᶳg ǩǍɾǸ ɾʌǍʌȡɐɅ ǍǪǪɐɶǱȡɅȓ ʌɐ ʌțǸ 
ȒʔɅǪʌȡɐɅǍȺ ɾɳȺȡʌ ɐɳʌȡɐɅɾṣ fɐɶ ʌțǸ ɅǸʲʌ ȓǸɅǸɶǍʌȡɐɅ ɐȒ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṞ ɾʔǪț ¸ÿ¸ɾ ǍɶǸ țȡȓțȺʳ ǍʌʌɶǍǪʌȡʬǸ 
ǱʔǸ ʌɐ ɾǸʬǸɶǍȺ ɶǸǍɾɐɅɾṝ fȡɶɾʌṞ ʌțǸʳ ɶǸɳɶǸɾǸɅʌ ʌțǸ ɃǸǍɅɾ Ȓɐɶ ʔȺʌȡɃǍʌǸȺʳ ȒʔȺȒȡȺȺȡɅȓ ʌțǸ ǸʬǸɶẁȓȡʬǸɅ 
ɳɶɐɃȡɾǸ ɐȒ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ʌɐ ɳɶɐʬȡǱǸ ʔǩȡɵʔȡʌɐʔɾ ǪɐɅɅǸǪʌȡʬȡʌʳ ǍɅʳʌȡɃǸ ǍɅǱ ǸʬǸɶʳʭțǸɶǸṞ ɶǸɃɐʬȡɅȓ 
ǍʬǍȡȺǍǩȡȺȡʌʳ ȓǍɳɾ ȡɅ ǪɐʬǸɶǍȓǸ ɃǍɳɾ ǍɅǱ ɳɶɐʬȡǱȡɅȓ ʌțǸ ɶǸɵʔȡɶǸǱ ɶǸɾȡȺȡǸɅǪǸ ʌɐ ʭȡʌțɾʌǍɅǱ ǱȡɾǍɾʌǸɶɾṣ 
ñǸǪɐɅǱṞ ʌțǸʳ ʭȡȺȺ ǪɐɃɳȺǸɃǸɅʌ ʌǸɶɶǸɾʌɶȡǍȺ ɶǍǱȡɐ ɅǸʌʭɐɶȶɾ ǩʳ ɳɶɐʬȡǱȡɅȓ ǍǱǱȡʌȡɐɅǍȺ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ȺȡɅȶɾ ʬȡǍ ȡɅǱǸɳǸɅǱǸɅʌ ǍǪǪǸɾɾ ɅɐǱǸɾṞ ʭțȡǪț ɃǍʳ ǩǸ ʔɾǸǱ Ȓɐɶ ɐȒȒȺɐǍǱȡɅȓ ǩɶɐǍǱǪǍɾʌ ʌɶǍȒȒȡǪ ȡɅ țɐʌɾɳɐʌ 
ǍɶǸǍɾ ɐɶ Ȓɐɶ ȡɃɳɶɐʬȡɅȓ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸȺȡǍǩȡȺȡʌʳ ǍɅǱ ǍʬǍȡȺǍǩȡȺȡʌʳ ǱʔɶȡɅȓ ǱǍʳʌȡɃǸ ǍɅǱ ǸɅǸɶȓʳ 
ǸȒȒȡǪȡǸɅǪʳ Ǎʌ ɅȡȓțʌẁʌȡɃǸṣ ÿțȡɶǱṞ ɅǸʌʭɐɶȶẁɐɳǸɶǍʌǸǱ ɃɐǩȡȺǸ ɃȡɾɾȡɐɅẁǪɶȡʌȡǪǍȺ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅ ʌțǸ ǪɐɅʌǸʲʌ 
ɐȒ uɐÿ ǍɅǱ ʬǸțȡǪʔȺǍɶẁʌɐẁǸʬǸɶʳʌțȡɅȓ ṵĞᶰĤṶ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ʭțȡǪț ɶǸɵʔȡɶǸ țȡȓț ǍʬǍȡȺǍǩȡȺȡʌʳ ʭȡʌț 
ȓʔǍɶǍɅʌǸǸǱ ȺǍʌǸɅǪȡǸɾ ǍɅǱ ǍǪǪʔɶǍʌǸ ȺɐǪǍȺȡʽǍʌȡɐɅṞ ǍɶǸ ǩǸǪɐɃȡɅȓ ɃɐɶǸ ǍɅǱ ɃɐɶǸ ʭȡǱǸɾɳɶǸǍǱṞ ǍɅǱ 
țǸɅǪǸ ʌțǸɶǸ ȡɾ ǍɅ ȡɅǪɶǸǍɾȡɅȓ ǱǸɃǍɅǱ Ȓɐɶ ȓʔǍɶǍɅʌǸǸǱ ɾǸɶʬȡǪǸ ɳɶɐʬȡɾȡɐɅṹ ɾǸǍɃȺǸɾɾ ɾǸɶʬȡǪǸ ǪɐɅʌȡɅʔȡʌʳ 
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ǍɅǱ ɳɶǸǪȡɾǸ ɳɐɾȡʌȡɐɅȡɅȓ ǍɅʳʌȡɃǸ ǍɅǱ ǍɅʳʭțǸɶǸṣ ¸ÿ¸ țǍʬǸ ʌțǸ ɳɐʌǸɅʌȡǍȺ ʌɐ ǩǸǪɐɃǸ ʌțǸ ɳʔʽʽȺǸ ɳȡǸǪǸ 
Ȓɐɶ ǪɐɃɳȺǸʌȡɅȓ Ǎ ɾʳɾʌǸɃ ǪɐɅǪǸɳʌ ȒʔȺȒȡȺȺȡɅȓ ʌțȡɾ ǱǸɃǍɅǱṣ 

MɾɳǸǪȡǍȺȺʳ ʌțǸ Ȓȡɶɾʌ ʌʭɐ ǩǸɅǸȒȡʌɾ ɐȒ ¸ÿ¸ɾṞ ʔǩȡɵʔȡʌɐʔɾ ǪɐʬǸɶǍȓǸ ǍɅǱ ʌɶǍȒȒȡǪ ɐȒȒȺɐǍǱȡɅȓ ǱʔɶȡɅȓ ɳǸǍȶ 
țɐʔɶɾṞ țǍʬǸ ǍȺɶǸǍǱʳ ǩǸǸɅ ɶǸǪɐȓɅȡʽǸǱ ǩʳ ᶱgææṞ ǍɅǱ țǸɅǪǸ ɅǸʭ ɾʌʔǱʳ ǍɅǱ ʭɐɶȶ ȡʌǸɃɾ ʌǍɶȓǸʌȡɅȓ ʌțǸ 
ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ¸ÿ¸ɾ ȡɅ ᶳgẁ̧ é ʭǸɶǸ ȡɅȡʌȡǍʌǸǱ ȡɅ éǸȺṣᶯᶴṞ ʭțȡǪț ʭǸɶǸ ǪɐɅʌȡɅʔɐʔɾȺʳ ǱǸʬǸȺɐɳǸǱ ȒʔɶʌțǸɶ ȡɅ 
éǸȺṣ ᶯᶵ ǍɅǱ ᶯᶶ ǍɅǱ ǍɶǸ ȒɐȺȺɐʭǸǱ ʔɳ ȡɅ éǸȺṣᶯ ʊʌɐ ǱǍʌǸ ṳᶰṴẁṳᶳṴṣ ÿțǸ ɶǸɾǸǍɶǪț ǪɐɃɃʔɅȡʌʳ țǍɾ ǍȺɾɐ ɾʌǍɶʌǸǱ 
ʌɐ ʔɅʬǸȡȺ ʌțǸ ɳɐʌǸɅʌȡǍȺ ǸɅǸɶȓʳ ɾǍʬȡɅȓɾ ʌțǍʌ ǍɶǸ ǍǪțȡǸʬǍǩȺǸ ǩʳ ɐȒȒȺɐǍǱȡɅȓ ʌțǸ Ⱥɐʭ ʌɶǍȒȒȡǪ Ǎʌ ʌǸɶɶǸɾʌɶȡǍȺ 
ǪǸȺȺɾ Ǎʌ ɅȡȓțʌẁʌȡɃǸ ʌɐ ¸ÿ¸ țʳɳǸɶǪǸȺȺɾ ǍɅǱ ǩ rǍȺȺɐʭȡɅȓ ʌțǸ ǱǸǸɳ ɾȺǸǸɳ ɐȒ ʌǸɶɶǸɾʌɶȡǍȺṞ ɳɐʭǸɶẁțʔɅȓɶʳ 
ɃǍǪɶɐ ɾʌǍʌȡɐɅɾ ʌțǍʌ ʭɐʔȺǱ ɐʌțǸɶʭȡɾǸ ɶǸɃǍȡɅ ǍǪʌȡʬǸ ʌɐ ɳɶɐʬȡǱǸ ǩȺǍɅȶǸʌ ǪɐʬǸɶǍȓǸ ṳᶴṴṣ oɐʭǸʬǸɶṞ ʔɳ ʌɐ 
ɅɐʭṞ ȡɅǱʔɾʌɶʳ ǍɅǱ ᶱgææ țǍʬǸ ɃǍȡɅȺʳ ȒɐǪʔɾǸǱ ɐɅ ʔɾȡɅȓ ¸ÿ¸ɾ Ȓɐɶ ʌțǸ ǪɐʬǸɶǍȓǸ ǸʲʌǸɅɾȡɐɅ ɐȒ ǸɅțǍɅǪǸǱ 
ɃɐǩȡȺǸ ǩɶɐǍǱ ǩǍɅǱ ṵǸ¶==Ṷ ɾǸɶʬȡǪǸɾ ǍɅǱ ɅǍɶɶɐʭẁǩǍɅǱ uɐÿ ǍɳɳȺȡǪǍʌȡɐɅɾṣ ÿțɐɾǸ ɾǸɶʬȡǪǸɾ Ǳɐ Ʌɐʌ ɶǸɵʔȡɶǸ 
ɃʔǪț ɅǸʌʭɐɶȶ ǪɐɐɶǱȡɅǍʌȡɐɅ ǍɅǱ ǪǍɅ ʌɐȺǸɶǍʌǸ ʌțǸ ȺǍɶȓǸ ȺǍʌǸɅǪȡǸɾ ʌțǍʌ ɃǍʳ ɐǪǪʔɶ ǱʔǸ ʌɐ ʌțǸ 
ɾȡȓɅȡȒȡǪǍɅʌ ɳɶɐɳǍȓǍʌȡɐɅ ǱȡɾʌǍɅǪǸɾ ǩǸʌʭǸǸɅ ʌțǸ ǸǍɶʌț ɾʔɶȒǍǪǸ ǍɅǱ ʌțǸ ɾǍʌǸȺȺȡʌǸ ʭțǸɅ ʔɾȡɅȓ ʌțǸ 
ǪɐɅʬǸɅʌȡɐɅǍȺ ʌɶǍɅɾɳǍɶǸɅʌ Ẑɐɶ ẪǩǸɅʌẞɳȡɳǸẫẑ ɾǍʌǸȺȺȡʌǸ ǍɶǪțȡʌǸǪʌʔɶǸṞ ʭțǸɶǸ ʌțǸ ɾǍʌǸȺȺȡʌǸ ɾȡɃɳȺʳ ǍǪʌɾ Ǎɾ Ǎ 
éǍǱȡɐ fɶǸɵʔǸɅǪʳ ɶǸȺǍʳṣ uɅ ǍǱǱȡʌȡɐɅ ʌɐ ǱǸȺǍʳ ʌɐȺǸɶǍɅǪǸṞ Ǹ¶== ɾǸɶʬȡǪǸɾ ǍɶǸ ɃɐɾʌȺʳ ǩǸɾʌẁǸȒȒɐɶʌṞ ʌțʔɾ 
ɾǸʌʌȡɅȓ ɶǍʌțǸɶ ɃɐǱǸɶǍʌǸ ǱǸɃǍɅǱɾ ɐɅ ʌțǸ èʔǍȺȡʌʳ ɐȒ ñǸɶʬȡǪǸ ṵèɐñṶṣ ÿțȡɾ ǸǍɾǸɾ ʌțǸ ǪțǍȺȺǸɅȓǸɾ ɐȒ 
ȡɅʌǸȓɶǍʌȡɅȓ ¸ÿ¸ ȡɅʌɐ ʌțǸ ǸʲȡɾʌȡɅȓ ʂ gẁ̧ é ǍɶǪțȡʌǸǪʌʔɶǸṞ ɐȒȒǸɶȡɅȓ ȺȡɃȡʌǸǱ ɳɐɾɾȡǩȡȺȡʌȡǸɾ Ȓɐɶ ɾʔǩɾʌǍɅʌȡǍȺ 
ǸɅțǍɅǪǸɃǸɅʌɾ ɐɅ ʌțǸ ɐʬǸɶǍȺȺ ɾʳɾʌǸɃ ǱǸɾȡȓɅ ɐȒ ʌțǸ ɶǍǱȡɐ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶ ɐɅȺʳṣ >ɐɅɾȡǱǸɶȡɅȓṞ țɐʭǸʬǸɶṞ 
ʌțǸ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ǪțǍȺȺǸɅȓǸ ɐȒ ǪʔɶɶǸɅʌ ɅǸʌʭɐɶȶɾ ǍɅǱ ʌțǸ ȒǍǪʌ ʌțǍʌ ᶳgẁ̧ é țǍɾ ȡɅʌɶɐǱʔǪǸǱ ʌʭɐ 
ǍǱǱȡʌȡɐɅǍȺ ǪɐɶǸ ɾǸɶʬȡǪǸɾ ʭȡʌț ɳɶɐɳǸɶʌȡǸɾ ǱȡȒȒǸɶȡɅȓ ɾʔǩɾʌǍɅʌȡǍȺȺʳ ȒɶɐɃ Ǹ¶== ɾǸɶʬȡǪǸɾṞ ɅǍɃǸȺʳ ɃǍɾɾȡʬǸ 
ɃǍǪțȡɅǸ ʌʳɳǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ṵɃ¶ÿ>Ṷ ǍɅǱ ʔȺʌɶǍẁɶǸȺȡǍǩȺǸ ȺɐʭẁȺǍʌǸɅǪʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ṵĆé¬¬>ṶṞ ʭǸ 
ǸɅʬȡɾȡɐɅ ʌțǍʌ ʌțǸ ɾʌǸɳɾ ʌǍȶǸɅ ǩʳ ᶱgææ ʌɐʭǍɶǱɾ ¸ÿ¸ɾ ǪǍɅ ɐɅȺʳ ǩǸ ǪɐɅɾȡǱǸɶǸǱ ʌțǸ Ȓȡɶɾʌ ɾʌǸɳɾ ɐȒ Ǎ ȺɐɅȓ 
ɳǍʌțʭǍʳ ʌɐʭǍɶǱɾ ʌțǸ ȒʔȺȺ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ÿ¸ɾ ǍɅǱ ¸ÿ¸ɾṣ 

5.1 Non -Terrestrial Networks for advanced services   
ğȡʌț ʌțǸ ȡɅʌɶɐǱʔǪʌȡɐɅ ɐȒ ɅɐʬǸȺ ɃǸǪțǍɅȡɾɃɾ ǍɅǱ ȒǸǍʌʔɶǸɾ Ȓɐɶ ʌțǸ ɾʔɳɳɐɶʌ ɐȒ Ƀ¶ÿ> ǍɅǱ Ćé¬¬> 
ɾǸɶʬȡǪǸɾ ȡɅ ᶳgṞ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ǪɐʔȺǱ ǩǸ ʔɾǸǱ Ȓɐɶ ʌțǸ Ȓȡɶɾʌ ʌȡɃǸ ʌɐ ɳǸɶȒɐɶɃ ʌǍɾȶɾ Ȓɐɶ ǪɐɅʌȡɅʔɐʔɾ 
ɃɐɅȡʌɐɶȡɅȓ ǍɅǱ ǪɐɅʌɶɐȺ ɾǸɶʬȡǪǸɾ ɶǸɵʔȡɶȡɅȓ țȡȓțȺʳ ɶǸȺȡǍǩȺǸ ǪɐɅɅǸǪʌȡɐɅɾ ʭȡʌț Ǎ ȓʔǍɶǍɅʌǸǸǱ èɐñṣ ÿțȡɾ 
ȺǸǱ ʌɐ ʌțǸ ǸɃǸɶȓǸɅǪǸ ɐȒ ɾǸʬǸɶǍȺ ȓɶɐʔɅǱẁǩɶǸǍȶȡɅȓ ʔɾǸ ǪǍɾǸɾ ȡɅ ʌțǸ uɐÿ ǍɅǱ ĞᶰĤ ǪɐɅʌǸʲʌṞ ʭțȡǪț ʭǸɶǸ 
ǩʔȡȺʌ ɐɅ ʌțǸɾǸ ᶳg ɾǸɶʬȡǪǸɾ ǍɅǱ ǸɅǍǩȺǸǱ ǍʔʌɐɅɐɃɐʔɾ ɐɳǸɶǍʌȡɐɅɾ Ǎʌ ʬǸɶʳ țȡȓț ȺǸʬǸȺɾ ɐȒ ǪɐɃȒɐɶʌṣ uɅ 
ɳǍɶʌȡǪʔȺǍɶ Ȓɐɶ ʬǸțȡǪȺǸɾṞ ʭțȡǪț ǪǍɅ ǱɶȡʬǸ ʬȡɶʌʔǍȺȺʳ ǍɅʳʭțǸɶǸ ǍɅǱ ɃǍʳ ʌțʔɾ ǸǍɾȡȺʳ ȓǸʌ ɐʔʌ ɐȒ ɅǸʌʭɐɶȶ 
ǪɐʬǸɶǍȓǸṞ ȓʔǍɶǍɅʌǸǸǱ ɅǸʌʭɐɶȶ ǪɐɅɅǸǪʌȡʬȡʌʳ ȒɶǸɵʔǸɅʌȺʳ ǩǸǪɐɃǸɾ ǍɅ ȡɾɾʔǸ ȡɅ ǱǍȡȺʳ ɐɳǸɶǍʌȡɐɅɾṣ oǸɅǪǸṞ 
ǸɅțǍɅǪȡɅȓ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ʭȡʌț ¸ÿ¸ ǪɐɃɳɐɅǸɅʌɾ ǍɅǱ ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ʭȡʌț ȡɅʌǸȓɶǍʌǸǱ ɾʔɳɳɐɶʌ Ȓɐɶ 
ʌțǸ ȒʔȺȺ ɾǸʌ ɐȒ ᶳg ɾǸɶʬȡǪǸɾ ǍɅǱ ǩǸʳɐɅǱ ṵʌțʔɾ ǍȺɾɐ ǪɐɅɾȡǱǸɶȡɅȓ ɅǸʭ ɾǸɶʬȡǪǸɾ ʌɐ ǩǸ ɾʔɳɳɐɶʌǸǱ ǩʳ ȒʔʌʔɶǸ 
ɅǸʌʭɐɶȶ ǸʬɐȺʔʌȡɐɅɾṶ ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ǩǸǪɐɃǸ Ǎ ȶǸʳ ǸɅǍǩȺǸɶ Ȓɐɶ ɳɶɐʬȡǱȡɅȓ ʌɶʔǸ ʔǩȡɵʔȡʌɐʔɾ ǪɐɅɅǸǪʌȡʬȡʌʳ 
ǍɅǱ ɾǸǍɃȺǸɾɾ ɾǸɶʬȡǪǸ ǪɐɅʌȡɅʔȡʌʳ Ȓɐɶ ʌțɐɾǸ ʔɾǸ ǪǍɾǸɾṣ   

gȡʬǸɅ ʌțȡɾ ɐǩȲǸǪʌȡʬǸṞ țɐʭǸʬǸɶṞ Ǎ ɵʔǸɾʌȡɐɅ ǍɶȡɾǸɾṝ oɐʭ ǪǍɅ ɾǍʌǸȺȺȡʌǸɾ ǩǸ ʔɾǸǱ ʌɐ ɳɶɐʬȡǱǸ ǪɐɅɅǸǪʌȡʬȡʌʳ 
Ȓɐɶ ǍȺȺ ɾǸɶʬȡǪǸ ʌʳɳǸɾṹ ȡɅ ɳǍɶʌȡǪʔȺǍɶ Ȓɐɶ ʌțɐɾǸ ǩʔȡȺʌ ɐɅ țȡȓț ɶǸȺȡǍǩȡȺȡʌȡǸɾ ǍɅǱ Ⱥɐʭ ȺǍʌǸɅǪȡǸɾṤ ÿɐ ǩǸȓȡɅ ʭȡʌțṞ 
ȡʌ ɾțɐʔȺǱ ǩǸ ɅɐʌǸǱ ʌțǍʌ ʌțǸ ȺǍʌǸɅǪʳ ǪɐɅɾʌɶǍȡɅʌɾ ɐȒ ʌʳɳȡǪǍȺ ɾǸɶʬȡǪǸɾ ȒɶɐɃ ʌțǸ uɐÿ ǍɅǱ ĞᶰĤ ɶǸǍȺɃ ȺȡǸ ȡɅ 
ʌțǸ ɐɶǱǸɶ ɐȒ ɾǸʬǸɶǍȺ ʌǸɅɾ ɐȒ ɃȡȺȺȡɾǸǪɐɅǱɾ ṵʌʳɳȡǪǍȺȺʳ ᶰᶮẁɵ ᶮ ɃɾṶṞ ǍɅǱ țǸɅǪǸ ʌțǸʳ ǍɶǸ ȺǸɾɾ ɾʌɶȡǪʌ ʌțǍɅ ʌțǸ 
ɃȡɅȡɃʔɃ ȺǍʌǸɅǪʳ ǪɐɅɾʌɶǍȡɅʌ ɾʔɳɳɐɶʌǸǱ ǩʳ ᶳg Ćé¬¬> ɾǸɶʬȡǪǸɾ ɐȒ Ǎ ɾȡɅȓȺǸ ɃȡȺȺȡɾǸǪɐɅǱṣ ÿțȡɾ ɃǸǍɅɾ 
ʌțǍʌ ʌțɐɾǸ uɐÿ ǍɅǱ ĞᶰĤ ɾǸɶʬȡǪǸɾ ɳɶɐʬȡǱǸǱ ʬȡǍ ɾǍʌǸȺȺȡʌǸ ǪǍɅ ǩǸǍɶ ɳɶɐɳǍȓǍʌȡɐɅ ǱǸȺǍʳɾ ɐȒ Ǎ ȒǸʭ 
ɃȡȺȺȡɾǸǪɐɅǱɾṞ ǩʔʌ Ʌɐʌ ɃʔǪț ɃɐɶǸ ʌțǍɅ ʌțǍʌṣ ñǍʌǸȺȺȡʌǸɾ ǍɶǸ ɐɳǸɶǍʌǸǱ ȡɅ ǱȡȒȒǸɶǸɅʌ ɐɶǩȡʌɾṞ ɶǸǍǪțȡɅȓ ȒɶɐɃ 
ʌțǸ Ⱥɐʭ ǸǍɶʌț ɐɶǩȡʌ ṵ¬MÃṶ Ǎʌ ǍȺʌȡʌʔǱǸɾ ǩǸʌʭǸǸɅ ᶰᶮᶮ ǍɅǱ ᶰᶮᶮᶮ ȶɃ ṵɃǸǍɾʔɶǸǱ ȒɶɐɃ ʌțǸ ǸǍɶʌț ɾʔɶȒǍǪǸṶṞ 
ɐʬǸɶ ʌțǸ ɃǸǱȡʔɃ ǸǍɶʌț ɐɶǩȡʌ ṵ¶MÃṶ ʭȡʌț ǍȺʌȡʌʔǱǸɾ ǩǸʌʭǸǸɅ ᶰᶮᶮᶮ ǍɅǱ ᶱᶳṞᶵᶶᶴ ȶɃṞ ʌɐ ʌțǸ 
ȓǸɐɾʌǍʌȡɐɅǍɶʳ ɐɶǩȡʌ ṵgMÃṶ Ǎʌ ᶱᶳṞᶵᶶᶴ ȶɃ ǍȺʌȡʌʔǱǸṣ uɅ ʌțǸ ʬǸɶʳ Ⱥɐʭ ǸǍɶʌț ɐɶǩȡʌ ṵʬ¬MÃṶṞ ɾǍʌǸȺȺȡʌǸɾ ǪȡɶǪȺǸ 
ʌțǸ ǸǍɶʌț Ǎʌ ǍȺʌȡʌʔǱǸɾ ǩǸʌʭǸǸɅ ᶰᶮᶮ ǍɅǱ ɲɲɸ  ȶɃ ǍɅǱ ʌțʔɾ ǪǍɅ ȒǍǪȡȺȡʌǍʌǸ ɶǸȺǍʌȡʬǸȺʳ ɾțɐɶʌ ȺǍʌǸɅǪȡǸɾ ɐȒ Ǎ 
ȒǸʭ ɃȡȺȺȡɾǸǪɐɅǱɾ ǱʔǸ ʌɐ ʌțǸ ɶǸǱʔǪǸǱ ɳɶɐɳǍȓǍʌȡɐɅ ǱȡɾʌǍɅǪǸɾṣ ÿțɶɐʔȓț ʌțǸ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ ɃǍɾɾ 
ɳɶɐǱʔǪʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ǍɅǱ ʌțǸ ǸʲɳȺɐȡʌǍʌȡɐɅ ɐȒ ɶǸʔɾǍǩȺǸ ȺǍʔɅǪțǸɶɾṞ ʌțǸ ȺǍʌǸɾʌ ȓǸɅǸɶǍʌȡɐɅ ɐȒ ʬ¬MÃ 
ɾǍʌǸȺȺȡʌǸɾ ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ǪɐɃǸ Ǎʌ ɃɐǱǸɾʌ ǪǍɳȡʌǍȺ ǍɅǱ ɐɳǸɶǍʌȡɐɅǍȺ Ǫɐɾʌɾṣ uɅțǸɶǸɅʌ ʌɐ ʌțȡɾ ɾǍʌǸȺȺȡʌǸ 
ȓǸɅǸɶǍʌȡɐɅ ȡɾ Ǎ ɶǸȓǸɅǸɶǍʌȡʬǸ ɾǍʌǸȺȺȡʌǸ ǍɶǪțȡʌǸǪʌʔɶǸ ȒǸǍʌʔɶȡɅȓ ɳɐʭǸɶȒʔȺ ɐɅẁǩɐǍɶǱ ɳɶɐǪǸɾɾȡɅȓṞ ʭțȡǪț 
ǍȺȺɐʭɾ ʌțǸɾǸ ɾǍʌǸȺȺȡʌǸɾ ʌɐ ȒʔɅǪʌȡɐɅ Ǎɾ ẌɅǸʌʭɐɶȶ ɅɐǱǸɾ ȡɅ ʌțǸ ɾȶʳẍ ʭȡʌț ǪɐɃɳʔʌǸ ǍɅǱ ɾʌɐɶǍȓǸ 



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

56 

ǪǍɳǍǩȡȺȡʌȡǸɾṞ ʌʔɶɅȡɅȓ ʌțǸɃ ȡɅʌɐ ɅǸʌʭɐɶȶ ǸǱȓǸɾṣ =ʳ ʔɾȡɅȓ ʌțǸ ɐɅẁǩɐǍɶǱ ɳɶɐǪǸɾɾȡɅȓ ǪǍɳǍǩȡȺȡʌȡǸɾ Ȓɐɶ 
ṵǱȡɾʌɶȡǩʔʌǸǱṶ ǸǱȓǸ ǪɐɃɳʔʌȡɅȓṞ ᶳg ɾǸɶʬȡǪǸɾ ǍɅǱ ǍɶʌȡȒȡǪȡǍȺ ȡɅʌǸȺȺȡȓǸɅǪǸ ṵ!uṶẁǩǍɾǸǱ ǍɳɳȺȡǪǍʌȡɐɅɾ ǪǍɅ ǩǸ 
ǱȡɶǸǪʌȺʳ ǸʲǸǪʔʌǸǱ Ǎʌ ʌțɐɾǸ ɾǍʌǸȺȺȡʌǸ ɅɐǱǸɾṣ ñʔǪț ɅɐʬǸȺ ȒǸǍʌʔɶǸɾ ɐȒ ʌțǸ ʬ¬MÃ ɾǍʌǸȺȺȡʌǸɾ ʭȡȺȺ ǍȺȺɐʭ ȺɐʭǸɶ 
ȺǍʌǸɅǪʳ ǍɳɳȺȡǪǍʌȡɐɅɾṞ ɾȡɅǪǸ ʌțǸʳ ɶǸȺʳ ɐɅ Ǎ ǱȡɶǸǪʌ ɳɐȡɅʌẁʌɐẁɳɐȡɅʌ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǩǸʌʭǸǸɅ ʌțǸ ɾǍʌǸȺȺȡʌǸ 
ǍɅǱ ʌțǸ ǱǸʬȡǪǸ ǍɅǱ ǍʬɐȡǱ ʌțǸ ᶱẁɳɐȡɅʌ ȺȡɅȶ ʬȡǍ ɾǍʌǸȺȺȡʌǸ ǍɅǱ ȓǍʌǸʭǍʳ ȓɶɐʔɅǱ ɾʌǍʌȡɐɅ Ǎɾ ȡɅ ǪɐɅʬǸɅʌȡɐɅǍȺ 
ɾǍʌǸȺȺȡʌǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾ ʔɾȡɅȓ ʌțǸ ǩǸɅʌẁɳȡɳǸ ǍɶǪțȡʌǸǪʌʔɶǸṞ ʭțǸɶǸ ʌțǸ ɐɅǸẁʭǍʳ ɾȡȓɅǍȺ ǍȺʭǍʳɾ ɅǸǸǱɾ 
ʌɐ ʌɶǍʬǸȺ ʌʭȡǪǸ ʌțǸ ǱȡɾʌǍɅǪǸ ǩǸʌʭǸǸɅ ǸǍɶʌț ɾʔɶȒǍǪǸ ǍɅǱ ʌțǸ ɾǍʌǸȺȺȡʌǸṣ =ʳ ʔɾȡɅȓ ɾǍʌǸȺȺȡʌǸɾ ɐȒ ʌțǸ ȺǍʌǸɾʌ 
ȓǸɅǸɶǍʌȡɐɅ ȡɅ ʌțǸ ʬ¬MÃ ɐɶǩȡʌṞ ʌțǸ ɳɶɐɳǍȓǍʌȡɐɅ ǱǸȺǍʳ ǪǍɅ ȡɅǱǸǸǱ ǩǸ ɶǸǱʔǪǸǱ ʌɐ Ǎ ȒǸʭ ɃȡȺȺȡɾǸǪɐɅǱɾṞ 
țȡʌʌȡɅȓ ʌțǸ ʌǍɶȓǸʌ Ǎɾ ȒɐɶɃʔȺǍʌǸǱ ǍǩɐʬǸṞ ʭțȡǪț ʭȡȺȺ ǸʬǸɅʌʔǍȺȺʳ ǸɅǍǩȺǸ ʌțǸ ɳɶɐʬȡɾȡɐɅ ɐȒ Ćé¬¬> ɾǸɶʬȡǪǸɾ 
ʌʳɳȡǪǍȺ Ȓɐɶ ʌțǸ ǍǩɐʬǸ ʔɾǸ ǪǍɾǸɾ ʬȡǍ ¸ÿ¸ ǸɅțǍɅǪǸǱ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṣ oɐʭǸʬǸɶṞ ɅɐɅǸ ɐȒ ʌțǸ ǍǩɐʬǸ 
ǩǸɅǸȒȡʌɾ ʭȡȺȺ ǩǸ ɶǸǍȺȡǸ̔Ǳ ʭȡʌțɐʔʌ Ǎ ʌɶʔǸ ǪɐɅʬǸɶȓǸɅǪǸ ɐȒ ÿ¸ɾ ǍɅǱ ¸ÿ¸ɾ ȡɅʌɐ Ǎ ɾȡɅȓȺǸṞ ʔɅȡȒȡǸǱ ɅǸʌʭɐɶȶ 
ǪǍɳǍǩȺǸ ɐȒ ɾǸǍɃȺǸɾɾȺʳ ɃǍɅǍȓȡɅȓ ǍɅǱ ɐɶǪțǸɾʌɶǍʌȡɅȓ Ǹ¶¶=Ṟ Ƀ¶ÿ> ǍɅǱ Ćé¬¬> ɾǸɶʬȡǪǸɾṣ  

5.2 Terrestrial and Non -Terrestrial  Network Convergence   
¶ǍɅʳ ɐȒ ʌțǸ ɶǸǪǸɅʌ ʭɐɶȶɾ ṳᶰṴẁṳᶳṴṞ ȡɅǪȺʔǱȡɅȓ ʌțɐɾǸ ɐȒ ᶱgææṞ țǍʬǸ ɐɅȺʳ Ȳʔɾʌ ǩǸȓʔɅ ʭȡʌț ʌțǸ ȡɅʌǸȓɶǍʌȡɐɅ 
ɐȒ ¸ÿ¸ ǍɅǱ ǍɶǸ ɳɶȡɃǍɶȡȺʳ ȒɐǪʔɾǸǱ ɐɅ ʌțǸ é!¸ẁǸɅǱ ɐȒ ʌțǸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶṣ ÿțǸɶǸ ȡɾ ɾʌȡȺȺ Ǎ ȺɐɅȓ ʭǍʳ ʌɐ 
ȓɐ ǩǸȒɐɶǸ ǍǪțȡǸʬȡɅȓ Ǎ ȒʔȺȺ ɾʳɅǸɶȓʳṞ ʌțɐʔȓțṣ uȒ ǍȺȺ ʌțǸ ǪʔɶɶǸɅʌ Ǎɾ ʭǸȺȺ Ǎɾ ȒʔʌʔɶǸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶ ɾǸɶʬȡǪǸɾ 
ǪǍɅ ǩǸ ɳɶɐʬȡǱǸǱ ǍȺɾɐ ʌțɶɐʔȓț ¸ÿ¸ ɅɐǱǸɾṞ ʌțǸɅ ʌțǸ ¸ÿ¸ ǱɐɃǍȡɅ ɃǍʳ ɶǸǍǱȡȺʳ ǩǸǪɐɃǸ ǍɅ ȡɅʌǸȓɶǍȺ 
ɳǍɶʌ ɐȒ ʌțǸ ȒʔʌʔɶǸ ɃɐǩȡȺǸ ɾʳɾʌǸɃṞ ǸʲɳǍɅǱȡɅȓ ʌțǸ ɐʬǸɶǍȺȺ ɅǸʌʭɐɶȶ ɾʌɶʔǪʌʔɶǸ ʌɐ ʌțǸ ᶱɶǱ ǱȡɃǸɅɾȡɐɅ ǍɅǱ 
ȒɐɶɃȡɅȓ ǍɅ ɐɶȓǍɅȡǪ ᶱE ɅǸʌʭɐɶȶṣ ÿțȡɾ ȓɐǸɾ ǪȺǸǍɶȺʳ ǩǸʳɐɅǱ ʌțǸ ẌȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ¸ÿ¸ɾẍ ȡɅʌɐ ʌțǸ ǸʲȡɾʌȡɅȓ 
ɅǸʌʭɐɶȶ ǱǸɾȡȓɅ ɐȒ ᶳgẁ̧ éṞ Ǎɾ ǪʔɶɶǸɅʌȺʳ ɳʔɶɾʔǸǱ ǩʳ ᶱgææṣ 

 

Figure 8: Vision of TN and NTN convergence  

uȒ ʭǸ Ʌɐʭ ǪɐɅɾȡǱǸɶ ʌțǸ ɅǸʌʭɐɶȶ ǩǸȡɅȓ ǪɐɅɾʌȡʌʔʌǸǱ ɐȒ ʌʭɐ ǱȡȒȒǸɶǸɅʌ ɅǸʌʭɐɶȶ ǱɐɃǍȡɅɾṞ ɐɅǸ ǩǸȡɅȓ Ǎ 
ÿ¸ ǍɅǱ ʌțǸ ɐʌțǸɶ ǩǸȡɅȓ ǍɅ ¸ÿ¸Ṟ ʭțȡȺǸ ǩɐʌț ǸɵʔǍȺȺʳ ɾʔɳɳɐɶʌ ʌțǸ ɾǍɃǸ ɾǸʌ ɐȒ ɾǸɶʬȡǪǸɾṞ ʌțǸɅ Ǎ 
ǪɐɃɳȺǸʌǸȺʳ ɅǸʭ ɾʳɾʌǸɃ ǱǸɾȡȓɅ ǩǍɾǸǱ ɐɅ Ǎ ɅɐʬǸȺ ɅǸʌʭɐɶȶ ǍɶǪțȡʌǸǪʌʔɶǸ ɾțɐʔȺǱ ǩǸ ǱǸɶȡʬǸǱ ʌɐ ʳȡǸȺǱ Ǎ 
ǪɐɅʬǸɶȓǸɅǪǸ ɐȒ ʌțǸ ÿ¸ ǍɅǱ ¸ÿ¸ ǱɐɃǍȡɅɾṞ ʔɅȡʌȡɅȓ ʌțǸ ǩǸɾʌ ȒǸǍʌʔɶǸɾ ȒɶɐɃ ʌțɐɾǸ ʌʭɐ ʭɐɶȺǱɾ ȡɅ ʌțǸ 
Ƀɐɾʌ ǸȒȒȡǪȡǸɅʌ ʭǍʳṣ ğȡʌț Ǎ ȒʔȺȺʳ ǪɐɅʬǸɶȓǸǱ ɅǸʌʭɐɶȶ ɐȒ ʌțȡɾ ȶȡɅǱṞ ʌțǸ ʌʳɳǸ ɐȒ ǪɐɅɅǸǪʌȡɐɅ ɃǍʳ ǩǸǪɐɃǸ 
ʌɶǍɅɾɳǍɶǸɅʌ ʌɐ ʌțǸ ʔɾǸɶṞ ɃǸǍɅȡɅȓ ʌțǍʌ ʔɾǸɶɾ ʭȡȺȺ Ʌɐʌ ǩǸ ǍʭǍɶǸ ɐȒ ʭțǸʌțǸɶ ʌțǸʳ ǍɶǸ ǪɐɅɅǸǪʌǸǱ ʬȡǍ Ǎ 
ÿ¸ ɐɶ ǍɅ ¸ÿ¸ ɅɐǱǸ Ṿ ɐɶ ǸʬǸɅ ʬȡǍ ǩɐʌț Ǎʌ ʌțǸ ɾǍɃǸ ʌȡɃǸ ṵFigure 8Ṷṣ ÿțȡɾ ʌʳɳǸ ɐȒ ɅǸʌʭɐɶȶ ɶǸɵʔȡɶǸɾ Ǎ 
ɅɐʬǸȺ ɅǸʌʭɐɶȶ ǍɶǪțȡʌǸǪʌʔɶǸ ɾʔɳɳɐɶʌȡɅȓ Ǎ ȺǍɶȓǸ ʬǍɶȡǸʌʳ ɐȒ ɅǸʌʭɐɶȶ ɅɐǱǸɾ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ɳɶɐɳǸɶʌȡǸɾ 
ǍɅǱ ǪǍɳǍǩȡȺȡʌȡǸɾṣ fɐɶ ǸʲǍɃɳȺǸṞ ¸ÿ¸ ɅɐǱǸɾ ʭȡȺȺ ǩǸ ǪɐɅʌȡɅʔɐʔɾȺʳ ɃɐʬȡɅȓ ǍɅǱ ʌțʔɾ ȒɶǸɵʔǸɅʌ țǍɅǱɐʬǸɶɾ 
ǍɶǸ ɶǸɵʔȡɶǸǱṞ ǸʬǸɅ ȡȒ ʌțǸ ʔɾǸɶ ȡɾ ɾʌǍʌȡǪṣ ñǍʌǸȺȺȡʌǸɾ ʭȡȺȺ ǍȺɾɐ țǍʬǸ ʌțǸȡɶ ɐʭɅ ɐɅẁǩɐǍɶǱ ɶǸɾɐʔɶǪǸɾ Ȓɐɶ 
ǪɐɃɳʔʌǸṞ ɾʌɐɶǍȓǸ ǍɅǱ ɅǸʌʭɐɶȶȡɅȓṣ oɐʭǸʬǸɶṞ ʌțǸʳ ʭȡȺȺ ǩǸ ɾʌɶȡǪʌȺʳ ȺȡɃȡʌǸǱ ǍɅǱ ɃǍʳ Ʌɐʌ ǩǸ ǸǍɾȡȺʳ 
ǸɅțǍɅǪǸǱ ɐɶ ʔɳȓɶǍǱǸǱṞ Ǎɾ ǪɐɃɳǍɶǸǱ ʌɐ ÿ¸ ɅɐǱǸɾ ȺȡȶǸ ʌǸɶɶǸɾʌɶȡǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾṞ ʭțǸɶǸ ǪɐɃɳʔʌȡɅȓ 
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ǍɅǱ ɾʌɐɶǍȓǸ ǪǍɳǍǩȡȺȡʌȡǸɾ ǪǍɅ ǩǸ ǸǍɾȡȺʳ ǸʲʌǸɅǱǸǱṞ ǸṣȓṣṞ ǩʳ ȡɅɾʌǍȺȺȡɅȓ ǍǱǱȡʌȡɐɅǍȺ ǪɐɃɳʔʌȡɅȓ ǱǸʬȡǪǸɾ Ȓɐɶ 
ɃʔȺʌȡẁǍǪǪǸɾɾ ǸǱȓǸ ǪɐɃɳʔʌȡɅȓ ṵ¶M>Ṷṣ ğȡʌț ʌțǸ ÿ¸ ǍɅǱ ¸ÿ¸ ɅɐǱǸɾ ȡɅ Ǎ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶṞ ʌțǸ ɅʔɃǩǸɶ 
ɐȒ ɅǸʌʭɐɶȶ ǸǱȓǸɾ ȡɾ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ȡɅǪɶǸǍɾǸǱṣ >ɐɅɾȡǱǸɶȡɅȓ ʌțǍʌ ǸǍǪț ɐȒ ʌțǸ ǸȺǸɃǸɅʌɾ ṵÿ¸ ɅɐǱǸṞ ¸ÿ¸ 
ɅɐǱǸ ǍɅǱ ǪɐɶǸṶ ɃǍʳ țɐɾʌ țǸʌǸɶɐȓǸɅǸɐʔɾ ɶǸɾɐʔɶǪǸɾ ʌɐ ǩǸ ʔɾǸǱ Ȓɐɶ ¶M>Ṟ ʌțǸɶǸ ʭȡȺȺ ǩǸ Ǎ ɳȺǸʌțɐɶǍ ɐȒ 
¶M>ẁǪǍɳǍǩȺǸ ǸǱȓǸ ɅɐǱǸɾṞ ʭțɐɾǸ ɶǸɾɐʔɶǪǸɾ ɾțɐʔȺǱ ǩǸ ǸȒȒȡǪȡǸɅʌȺʳ ɃǍɅǍȓǸǱ Ȓɐɶ ʌțǸ ɐɶǪțǸɾʌɶǍʌȡɐɅ ɐȒ 
ʌțǸ ȡɅǱȡʬȡǱʔǍȺ ɅǸʌʭɐɶȶ ɾǸɶʬȡǪǸɾ Ǎɾ ʭǸȺȺ Ǎɾ Ȓɐɶ ʌțǸ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ !u ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ȡɅ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ 
ȒǍɾțȡɐɅṣ ! ʌɶʔȺʳ ǪɐɅʬǸɶȓǸǱ ɃɐǩȡȺǸ ɾʳɾʌǸɃ ʭȡʌț ÿ¸ ǍɅǱ ¸ÿ¸ ɅɐǱǸɾ Ȓɐɶ ɶǍǱȡɐ ǍǪǪǸɾɾ ɾʔɳɳɐɶʌǸǱ ǩʳ Ǎ 
ɃɐǩȡȺǸ ǪɐɶǸ ȡɾ ʌțǸ ȒʔʌʔɶǸ ɅǸʌʭɐɶȶ ǸɅʬȡɶɐɅɃǸɅʌ ʌțǍʌ ȡɾ ǸɅʬȡɾȡɐɅǸǱ Ȓɐɶ ᶴgṞ ʭțȡǪț ǪǍȺȺɾ Ȓɐɶ ʌțǸ 
ǱǸʬǸȺɐɳɃǸɅʌ ǍɅǱ ȡɅʬǸɾʌȡȓǍʌȡɐɅ ɐȒ ʌțǸ ȶǸʳ ǸɅǍǩȺȡɅȓ ʌǸǪțɅɐȺɐȓȡǸɾ Ȓɐɶ ȡʌɾ ɶǸǍȺȡʽǍʌȡɐɅṣ  

5.3 Use cases for integration  of NTN and TN  
uɅ ʌțȡɾ ɾǸǪʌȡɐɅṞ ʭǸ ȓȡʬǸ ǍɅ ɐʬǸɶʬȡǸʭ ɐȒ ɳɶɐɃȡɾȡɅȓ ʔɾǸ ǪǍɾǸɾ ǩʔȡȺǱȡɅȓ ɐɅ ȡɅʌǸȓɶǍʌǸǱ ɐɶ ǪɐɅʬǸɶȓǸǱ ¸ÿ¸ 
ǍɅǱ ÿ¸ ȡɅ ǩǸʳɐɅǱ ᶳg ɾʳɾʌǸɃɾṣ 

5.3.1 Use case 1: Sensor Networks in the Agricultural  Sector  

ñɃǍɶʌ ǍȓɶȡǪʔȺʌʔɶǸ ȡɾ Ǎ ɾǪǸɅǍɶȡɐ ʌțǍʌ ȡɅʬɐȺʬǸɾ ɾǸʬǸɶǍȺ ȡɃɳɶɐʬǸɃǸɅʌɾ ʌɐ ʌțǸ ǪȺǍɾɾȡǪǍȺ ǍȓɶȡǪʔȺʌʔɶǸ 
ɾǪǸɅǍɶȡɐ ǱʔǸ ʌɐ ʌțǸ ȡɅʌɶɐǱʔǪʌȡɐɅ ɐȒ u>ÿ ʌǸǪțɅɐȺɐȓȡǸɾṣ ÃɅǸ ɐȒ ʌțǸɃ ȡɾ ɶǸȺǍʌǸǱ ʌɐ ʌțǸ ǸɃɳȺɐʳɃǸɅʌ ɐȒ 
ʭȡɶǸȺǸɾɾ ɾǸɅɾɐɶ ɅǸʌʭɐɶȶɾ ʭȡʌțȡɅ Ǫɶɐɳ ȒȡǸȺǱɾṣ ÿțǸɾǸ ɾǸɅɾɐɶɾ ǪǍɅ ɃǍɅǍȓǸ ǱȡȒȒǸɶǸɅʌ ʌǍɾȶɾ ɶǸȺǍʌǸǱ ʌɐ ʌțǸ 
ɃɐɅȡʌɐɶȡɅȓ ɐȒ ɳȺǍɅʌ ȓɶɐʭʌț ǍɅǱ ʌțǸ ɐʬǸɶǍȺȺ ǍȓɶȡǪʔȺʌʔɶǍȺ ǸɅʬȡɶɐɅɃǸɅʌṣ ÿțǸʳ ǪǍɅ ǩǸ ǱǸɳȺɐʳǸǱ Ǎʌ 
ǱȡȒȒǸɶǸɅʌ ɾʌǍȓǸɾ ṵǸṣȓṣṞ ǱȡȒȒǸɶǸɅʌ ɾǸǍɾɐɅɾṶṞ ɐɳǸɶǍʌǸ ȡɅ ǱȡȒȒǸɶǸɅʌ ǪɐɅǱȡʌȡɐɅɾ ṵǸṣȓṣṞ ȡɅ ɐɳǸɅ ȒȡǸȺǱɾ ɐɶ ȡɅɾȡǱǸ 
ʌțǸ ɾɐȡȺṶṞ ǍɅǱ ǩǸ ɐȒ ǱȡȒȒǸɶǸɅʌ ȶȡɅǱɾ ṵǸṣȓṣṞ ǪǍɃǸɶǍɾ ǍɅǱ ʌǸɃɳǸɶǍʌʔɶǸ ɐɶ țʔɃȡǱȡʌʳ ɾǸɅɾɐɶɾṶṣ æɶɐɳǸɶȺʳ 
ǍǱȲʔɾʌȡɅȓ ʌțǸ ȡɶɶȡȓǍʌȡɐɅ ɾʳɾʌǸɃ ɐɳǸɶǍʌȡɐɅ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌǍȺ ǪɐɅǱȡʌȡɐɅɾ ǍɅǱ ʌțǸ ɳȺǍɅʌ 
ȓɶɐʭʌț ȡɅ ɳǍɶʌȡǪʔȺǍɶ ǍɶǸǍɾ ǍɅǱ ʌțǸ ǍǱǱȡʌȡɐɅ ɐȒ ʌțǸ ɳɶɐɳǸɶ ǍɃɐʔɅʌ ɐȒ ȒǸɶʌȡȺȡʽǸɶ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ ɾɐȡȺ 
ǪɐɅǱȡʌȡɐɅɾ ǩǸȒɐɶǸ ɾɐʭȡɅȓ ǍɶǸ Ȳʔɾʌ Ǎ ȒǸʭ ǸʲǍɃɳȺǸɾ ɐȒ ʌțǸ ʌɶǍǱȡʌȡɐɅǍȺ ǍȓɶȡǪʔȺʌʔɶǍȺ ɳɶɐǪǸɾɾǸɾ ʌțǍʌ ǪɐʔȺǱ 
ǩǸ ȡɃɳɶɐʬǸǱṣ 

oɐʭǸʬǸɶṞ ǸɾɳǸǪȡǍȺȺʳ ȡɅ ǪǍɾǸ ɐȒ ʬǍɾʌ ǍȓɶȡǪʔȺʌʔɶǍȺ ȒȡǸȺǱɾṞ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǱǸɳȺɐʳǸǱ ɾǸɅɾɐɶɾ ǪǍɅ ǩǸ 
ɾȡȓɅȡȒȡǪǍɅʌṞ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ǍɃɐʔɅʌ ɐȒ ȓǸɅǸɶǍʌǸǱ ǱǍʌǍ ʌɐ ǍɅǍȺʳɾǸ ǍɅǱ ǪɐɶɶǸȺǍʌǸ ʌɐ ɃǍȶǸ ǱǸǪȡɾȡɐɅɾṣ !ȺȺ 
ʌțǸɾǸ ǱǍʌǍ țǍʬǸ ʌɐ ǩǸ ȒɐɶʭǍɶǱǸǱ ʌɐ Ǎ ǪǸɅʌɶǍȺ ɅɐǱǸ ṵȺɐǪǍʌǸǱ ʭȡʌțȡɅ ʌțǸ ǍȓɶȡǪʔȺʌʔɶǍȺ ǸɅʬȡɶɐɅɃǸɅʌ ɐɶ 
ɅɐʌṶ ɶʔɅɅȡɅȓ ɳɶɐɳǸɶ !u ǍɳɳȺȡǪǍʌȡɐɅɾṣ ÃɅǸ ɐȒ ʌțǸ ȡɾɾʔǸɾ ʌɐ ȒǍǪǸ ȡɾ ʌțǍʌ ǍȓɶȡǪʔȺʌʔɶǍȺ ǍɶǸǍɾ ǍɶǸ ʌʳɳȡǪǍȺȺʳ 
ȺɐǪǍʌǸǱ ȡɅ ȓǸɐȓɶǍɳțȡǪǍȺ ɶǸȓȡɐɅɾ Ʌɐʌ ʭǸȺȺ ǪɐʬǸɶǸǱ ǩʳ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṣ =ǸɾȡǱǸɾṞ ʌțǸ 
ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ɃǍʳ țǍʬǸ ǩǸǸɅ ɾȡʽǸǱ ǪɐɅɾȡǱǸɶȡɅȓ ʌțǸ ʌʳɳȡǪǍȺȺʳ Ⱥɐʭ ɅʔɃǩǸɶ ɐȒ ȡɅțǍǩȡʌǍɅʌɾ 
ȡɅ ʌțǸɾǸ ɶǸȓȡɐɅɾ ǍɅǱṞ țǸɅǪǸṞ ɃǍʳ Ʌɐʌ ǩǸ ʭǸȺȺ ǸɵʔȡɳɳǸǱ Ȓɐɶ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ȡɅǪɶǸǍɾǸ ȡɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ 
ǪɐɅɅǸǪʌǸǱ ɅɐǱǸɾ ǍɅǱ ǪɐɅɾǸɵʔǸɅʌ ȡɅǪɶǸǍɾǸ ɐȒ ʌțǸ ǱǍʌǍ ʌɶǍȒȒȡǪ ʬɐȺʔɃǸṣ 

ÿțǸ ǸɃɳȺɐʳɃǸɅʌ ɐȒ Ć!Ğɾ ǪǍɅ țǸȺɳ ʌɐ ǍǪțȡǸʬǸ ʌțȡɾ ȓɐǍȺṣ Ć!Ğɾ ɃǍʳ ǩǸ ɳǸɶȡɐǱȡǪǍȺȺʳ ǱǸɳȺɐʳǸǱ ʌɐ 
ɐɳǸɶǍʌǸ Ǎɾ ǍǪǪǸɾɾ ɅɐǱǸɾṞ ǪɐȺȺǸǪʌȡɅȓ ʌțǸ ǱǍʌǍ ȓǸɅǸɶǍʌǸǱ ǩʳ ɾǸɅɾɐɶɾ ǍɅǱ ȒɐɶʭǍɶǱȡɅȓ ʌțǸɃ ʌɐ ʌțǸ 
ǪǸɅʌɶǍȺ ɅɐǱǸṣ EǍʌǍ ȒɐɶʭǍɶǱȡɅȓ ǪǍɅ ǩǸ ǱǸȺǍʳǸǱ ǩʳ ȡɃɳȺǸɃǸɅʌȡɅȓ ʌțǸ ɾʌɐɶǸẁǍɅǱẁȒɐɶʭǍɶǱ ɳǍɶǍǱȡȓɃ 
ɐɅǩɐǍɶǱ Ć!Ğɾṣ uɅ ʌțȡɾ ʭǍʳṞ Ć!Ğɾ ǪɐȺȺǸǪʌ ǱǍʌǍ ʭțȡȺǸ ʌțǸʳ ǍɶǸ ȒȺʳȡɅȓ ǍǩɐʬǸ ʌțǸ ʌǍɶȓǸʌ ǍɶǸǍ ǍɅǱ 
ɾʔǩɾǸɵʔǸɅʌȺʳ ȒɐɶʭǍɶǱ ʌțǸɃ ɐɅȺʳ ʭțǸɅ ʌțǸʳ ȺǍɅǱ ǩǍǪȶ Ǎʌ ʌțǸȡɶ ȓɶɐʔɅǱ ɾʌǍʌȡɐɅṣ ÿțȡɾ ǪǍɅ ǪɐɅʌɶȡǩʔʌǸ 
ʌɐ ȺɐʭǸɶȡɅȓ Ć!Ğ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅṞ ǍɅǱ ʌțʔɾ ǸʲʌǸɅǱȡɅȓ ʌțǸȡɶ ɐɳǸɶǍʌȡɐɅǍȺ ʌȡɃǸṞ Ǎɾ ʭǸȺȺ Ǎɾ ȺɐʭǸɶȡɅȓ 
ʌțǸȡɶ țǍɶǱʭǍɶǸ ǪɐɃɳȺǸʲȡʌʳṞ ǍʬɐȡǱȡɅȓ ʌɐ Ǹɵʔȡɳ ʌțǸɃ ʭȡʌț ȺɐɅȓẁɶǍɅȓǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɅʌǸɶȒǍǪǸɾ 
ȓɐȡɅȓ ǩǸʳɐɅǱ ʌțɐɾǸ ʔɾǸǱ ʌɐ ǪɐɃɃʔɅȡǪǍʌǸ ʭȡʌț ʌțǸ ɾǸɅɾɐɶɾṣ  

5.3.2 Use case 2: Disaster relief situations  

EȡɾǍɾʌǸɶ ɶǸȺȡǸȒ ɾǪǸɅǍɶȡɐɾ ǍɶȡɾǸ ȡɅ Ǫɶȡɾȡɾ ǪɐɅǱȡʌȡɐɅɾ ʌțǍʌ ȺǸǍǱ ʌɐṝ ȡṶ Ǎ ɾʔǱǱǸɅ ǍɅǱ ʔɅɳɶǸǱȡǪʌǸǱ 
ʔɅǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ ǸȡʌțǸɶ Ǎ ɳǍɶʌ ɐɶ ʌțǸ ǸɅʌȡɶǸ ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṞ Ȓɐɶ Ǎ ȺȡɃȡʌǸǱ ɳǸɶȡɐǱ ɐȒ ʌȡɃǸṨ ȡȡṶ ʌțǸ 
ɅǸǸǱ Ȓɐɶ ñǸǍɶǪț Ἁ éǸɾǪʔǸ ṵñἉéṶ ɐɳǸɶǍʌȡɐɅɾ ȡɅ ɶǸɃɐʌǸ ǍɶǸǍɾṞ ȡṣǸṣṞ ǍɶǸǍɾ ʭȡʌțɐʔʌ ʌțǸ ɾʔɳɳɐɶʌ ɐȒ Ǎ 
ÿǸɶɶǸɾʌɶȡǍȺ ¸Ǹʌʭɐɶȶ ṵÿ¸Ṷṣ ñʔǪț ʔɅǍʬǍȡȺǍǩȡȺȡʌʳ Ƀȡȓțʌ ǩǸ ǪǍʔɾǸǱ ǩʳ Ǎ ɅǍʌʔɶǍȺ ǱȡɾǍɾʌǸɶ ṵǸṣȓṣṞ ǸǍɶʌțɵʔǍȶǸṞ 
ȒȺɐɐǱṞ ɐɶ ȒȡɶǸṶ ɐɶ ǩǸ ɃǍɅẁɃǍǱǸ ṵǸṣȓṣṞ ʌǸɶɶɐɶȡɾʌ ǍʌʌǍǪȶṶṣ uɅ ʌțȡɾ ǪɐɅʌǸʲʌṞ ʌțǸɶǸ ǍɶǸ ʌʭɐ ǱȡȒȒǸɶǸɅʌ ɾǸɶʬȡǪǸɾ 
ʭțȡǪț ɾțǍȺȺ ǩǸ ȓʔǍɶǍɅʌǸǸǱṝ ȡṶ ʭȡʌț țȡȓțǸɶ ɳɶȡɐɶȡʌʳṞ ȡʌ ȡɾ ȒʔɅǱǍɃǸɅʌǍȺ ʌɐ ɳɶɐɃɳʌȺʳ ǸɾʌǍǩȺȡɾț Ǎ 
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ʌǸɃɳɐɶǍɶʳ ɅǸʌʭɐɶȶ ȡɅ ʌțǸ Ǫɶȡɾȡɾ ǍɶǸǍ Ȓɐɶ ʌțǸ Ȓȡɶɾʌ ɶǸɾɳɐɅǱǸɶɾṞ ȡɅ ɐɶǱǸɶ ʌɐ ǪɐɐɶǱȡɅǍʌǸ ǍɅǱ ɐɶȓǍɅȡʽǸ ʌțǸ 
ɶǸɾǪʔǸ ɐɳǸɶǍʌȡɐɅɾṨ ǍɅǱ ȡȡṶ ʭȡʌț Ǎ ɾȺȡȓțʌȺʳ ȺɐʭǸɶ ɳɶȡɐɶȡʌʳṞ ʌțǸ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶɾ ɳɶɐʬȡǱȡɅȓ ɾǸɶʬȡǪǸ ȡɅ ʌțǸ 
ǍɶǸǍ ɾțǍȺȺ ǩǸ ȓɶǍɅʌǸǱ ʌțǸ ɳɐɾɾȡǩȡȺȡʌʳ ʌɐ initiate  ʌțǸ ɶǸɾʌɐɶȡɅȓ ɐȒ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṣ  

uɅ ʌțȡɾ ȒɶǍɃǸʭɐɶȶṞ ʌțǸ ǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ Ǎ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ǍǪǪǸɾɾṞ ʭțȡǪț ǪǍɅ ǩǸ ǸȡʌțǸɶ ǍȡɶǩɐɶɅǸ ṵĆ!ĞɾṞ 
o!æñṶ ɐɶ ɾɳǍǪǸǩɐɶɅǸ ṵ¬MÃṞ ¶MÃṞ gMÃṶṞ ȡɾ ȒʔɅǱǍɃǸɅʌǍȺ Ȓɐɶ ʌțǸ ʬǸɶʳ Ȓȡɶɾʌ ɳțǍɾǸ ɐȒ ʌțǸ Ǫɶȡɾȡɾṣ ¶ɐɶǸɐʬǸɶṞ 
ʭțȡȺǸ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ȡɾ ɳɶɐȓɶǸɾɾȡʬǸȺʳ ǩǸȡɅȓ ɶǸɾʌɐɶǸǱṞ ǱʔǍȺ ǪɐɅɅǸǪʌȡʬȡʌʳ ɾɐȺʔʌȡɐɅɾ ǪǍɅ 
ǍȺɾɐ ǩǸ ȡɃɳȺǸɃǸɅʌǸǱṞ ȡɅ ʭțȡǪț ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ɾǸȓɃǸɅʌɾ ǍɶǸ ȲɐȡɅʌȺʳ ǸʲɳȺɐȡʌǸǱ Ȓɐɶ 
ʌțǸ ǍǩɐʬǸ ɳʔɶɳɐɾǸɾṣ uʌ ȡɾ ʭɐɶʌțʭțȡȺǸ ɃǸɅʌȡɐɅȡɅȓ ʌțǍʌ Ǎ ɶǸɾǪʔǸ ɐɳǸɶǍʌȡɐɅ Ƀȡȓțʌ ǍȺɾɐ ǩǸ ɶǸɵʔȡɶǸǱ ȡɅ 
ɶǸɃɐʌǸ ǍɶǸǍɾ ʭțǸɶǸ Ʌɐ ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ȡɾ ɳɶǸɾǸɅʌṣ uɅ ɾʔǪț ǪǍɾǸɾṞ ʌțǸ ǸʲɳȺɐȡʌǍʌȡɐɅ ɐȒ Ǎ ɅɐɅẁ
ʌǸɶɶǸɾʌɶȡǍȺ ǪɐɃɳɐɅǸɅʌ ȡɾ ʌțǸ ɐɅȺʳ ɾɐȺʔʌȡɐɅ ʌɐ ǍȺȺɐʭ ʌțǸ ɳɶɐɳǸɶ ǪɐɐɶǱȡɅǍʌȡɐɅ ɐȒ ɾǸǍɶǪț ǍɅǱ ɶǸɾǪʔǸ 
ɐɳǸɶǍʌȡɐɅɾṣ !ɾ ɾʔǪțṞ ʌțȡɾ ǪǍɾǸ ǪǍɅ ǩǸ ǪɐɅɾȡǱǸɶǸǱ Ǎɾ ȡɅǪȺʔǱǸǱ ȡɅ ʌțǸ ȒɐɶɃǸɶ ɐɅǸ ʭȡʌț ʌțǸ ɾǍɃǸ ɾǸɶʬȡǪǸ 
ȒȺɐʭ ǍɅǱ ɶǸɵʔȡɶǸɃǸɅʌɾṞ ǸʲǪȺʔǱȡɅȓ ʌțǸ ȲɐȡɅʌ ʌǸɶɶǸɾʌɶȡǍȺṩɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ǪɐɅɅǸǪʌȡʬȡʌʳ ɐɳʌȡɐɅṣ 

 

 
Figure 9. Overview of the disaster relief scenario.  

!ɾ ɾțɐʭɅ ȡɅ fȡȓʔɶǸ Ṟʊ ȡɅ ʌțǸ ǍȒʌǸɶɃǍʌț ɐȒ Ǎ ǱȡɾǍɾʌǸɶṞ ʌțǸ ǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ Ǎ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ǪɐɃɳɐɅǸɅʌ 
ɾțɐʔȺǱ ǍȺȺɐʭ ȡɅȒɐɶɃǍʌȡɐɅ ǸʲǪțǍɅȓǸṝ ȡṶ ǍɃɐɅȓ ʌțǸ Ȓȡɶɾʌ ɶǸɾɳɐɅǱǸɶɾ ȡɅ ʌțǸ ǱȡɾǍɾʌǸɶ ǍɶǸǍṨ ȡȡṶ ǩǸʌʭǸǸɅ 
ʌțǸ Ȓȡɶɾʌ ɶǸɾɳɐɅǱǸɶɾ ȡɅ ʌțǸ ǱȡɾǍɾʌǸɶ ǍɶǸǍ ǍɅǱ Ǎ ȺɐǪǍȺ ǪɐɅʌɶɐȺ ǪǸɅʌɶǸ ǪȺɐɾǸ ʌɐ ʌțǸ ǱȡɾǍɾʌǸɶ ǍɶǸǍṨ ǍɅǱ ȡȡȡṶ 
ǩǸʌʭǸǸɅ ʌțǸ Ȓȡɶɾʌ ɶǸɾɳɐɅǱǸɶɾ ǍɅǱ ʌțǸ ɶǸɃɐʌǸ ǪɐɃɃǍɅǱ ǍɅǱ ǪɐɅʌɶɐȺ ǪǸɅʌɶǸṣ ÿțǸ ɶǸɵʔȡɶǸǱ ǪǍɳǍǪȡʌʳ 
ǪǍɅ ǩǸ ǸȡʌțǸɶ ȺȡɃȡʌǸǱṞ ǸṣȓṣṞ Ȓɐɶ ɾǸɅɾɐɶ ɐɶ ȺɐǪǍʌȡɐɅ ɶǸɳɐɶʌȡɅȓṞ ɐɶ ȺǍɶȓǸṞ ǸṣȓṣṞ Ȓɐɶ !ʔȓɃǸɅʌǸǱ éǸǍȺȡʌʳ ṵ!éṶ 
ǍɅǱṩɐɶ ȺȡʬǸ ɾʌɶǸǍɃ țǸȺɃǸʌɾṣ uʌ ȡɾ ǍȺɾɐ ɳɐɾɾȡǩȺǸ ʌțǍʌ ȡɅǱɐɐɶ ǪɐɅɅǸǪʌȡʬȡʌʳ Ƀȡȓțʌ ǩǸ ɅǸǸǱǸǱ Ȓɐɶ ʌțǸ 
ɶǸɾǪʔǸ ɐɳǸɶǍʌȡɐɅṨ ȡɅ ɾʔǪț ǪɐɅǱȡʌȡɐɅɾṞ uɅʌǸȓɶǍʌǸǱ Access ǍɅǱ =ǍǪȶțǍʔȺ ṵu!=Ṷ ɅɐǱǸɾ ǍɶǸ ɶǸɵʔȡɶǸǱ 
ṳᶵṴṞṳᶶṴṣ 

uɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ǱȡɾǍɾʌǸɶ ɶǸȺȡǸȒ ɾǪǸɅǍɶȡɐɾṞ ȡʌ ɾțǍȺȺ ǩǸ ɃǸɅʌȡɐɅǸǱ ʌțǍʌ uÿĆẁé éǸɳɐɶʌ ¶ṣ ᶰᶰᶷᶯẁɴ  ɳɶɐʬȡǱǸɾ 
ȡɅǱȡǪǍʌȡɐɅɾ ɐɅ ʌțǸ ʔɾǸ ɐȒ uɅʌǸɶɅǍʌȡɐɅǍȺ ¶ɐǩȡȺǸ Telecommunications (IMT) technologies to support 
broadband Public Protection and Disaster Relief (PPDR) operations.  

More detailed information on this scenario is partially  ǍʬǍȡȺǍǩȺǸ ȡɅ ᶱgææ ÿé ᶰᶰṣᶶᶰᶰ ṳᶷṴṞ ʭțȡǪț 
ǍǱǱɶǸɾɾǸǱ ɾȡɃȡȺǍɶ ǪɐɅǱȡʌȡɐɅɾ ȡɅ ʌțǸ ẌÿǸɃɳɐɶǍɶʳ ʔɾǸ ɐȒ Ǎ ɾǍʌǸȺȺȡʌǸ ǪɐɃɳɐɅǸɅʌẍ ʔɾǸ ǪǍɾǸṣ 
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5.3.3 Use case 3: Energy saving  enabled in integrated  NTN/TN networks  

uɅ ʌțǸ ɶǸǍȺɃ ɐȒ ᶴg ʌǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ¸ÿ¸ɾ țǍʬǸ ʌțǸ ɳɐʌǸɅʌȡǍȺ ʌɐ ʔɾțǸɶ ȡɅ Ǎ ɳǍɶǍǱȡȓɃ ɾțȡȒʌṽǍ 
ɾțȡȒʌ ʌțǍʌ ȓɐǸɾ ǩǸʳɐɅǱ ɳɶɐʬȡǱȡɅȓ ʔǩȡɵʔȡʌɐʔɾ coverage  ǍɅǱ țɐȺǱɾ ʌțǸ ɳɐʌǸɅʌȡǍȺ ʌɐ ɶǸʬɐȺʔʌȡɐɅȡʽǸ ɐʔɶ 
ǱȡȓȡʌǍȺ ȺǍɅǱɾǪǍɳǸ ʭțȡȺǸ ɳɶǸɾǸɶʬȡɅȓ ɳɶǸǪȡɐʔɾ ǸɅǸɶȓʳ ɶǸɾɐʔɶǪǸɾṣ ÿțȡɾ ɾǸǪʌȡɐɅ ǸȺǍǩɐɶǍʌǸɾ ɐɅ ʌʭɐ 
ǪɐɶɶǸɾɳɐɅǱȡɅȓ ʔɾǸ ǪǍɾǸɾṞ ʌǍɶȓǸʌȡɅȓ ʌțǸ ɶǸǱʔǪʌȡɐɅ ɐȒ ʌțǸ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ȡɅ ʌțǸ ȡɅʌǸȓɶǍʌǸǱ 
ɅǸʌʭɐɶȶṣ  

5.3.3.1 Energy Consumption -based load balancing in NTN/TN networks  

>ȺȡɃǍʌǸ ǪțǍɅȓǸṞ ǪǍɶǩɐɅẁȒɐɐʌɳɶȡɅʌ ǍɅǱ ǸɅʬȡɶɐɅɃǸɅʌǍȺ ɾʔɾʌǍȡɅǍǩȡȺȡʌʳ țǍʬǸ ǩǸǪɐɃǸ ȡɃɳɐɶʌǍɅʌ ȡɾɾʔǸɾ 
ʌțǍʌ ɅǸǸǱ ȡɃɃǸǱȡǍʌǸ ǍʌʌǸɅʌȡɐɅṣ oǸɅǪǸṞ ȡʌ ȡɾ ȡɃɳǸɶǍʌȡʬǸ ʌțǍʌ ᶴg ɾʳɾʌǸɃɾ ɳɶɐʬȡǱǸ ɾǸɶʬȡǪǸɾ ʌțǍʌ ʌǍȶǸ 
ɶǸǱʔǪʌȡɐɅ ȡɅ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ Ǎɾ Ǎ ɅǍʌȡʬǸ ȒǍǪʌɐɶ ȡɅ ʌțǸȡɶ ɾǸɶʬȡǪǸ ɐȒȒǸɶȡɅȓɾṣ uɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ 
ÿ¸ṩ¸ÿ¸ ǸɅʬȡɶɐɅɃǸɅʌ ʭȡʌț ɃʔȺʌȡɳȺǸ țǸʌǸɶɐȓǸɅǸɐʔɾ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾṞ ǱȡȒȒǸɶǸɅʌ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ țǍʬǸ 
ǱȡȒȒǸɶǸɅʌ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṞ ǍɅǱ ʬǍɶȡɐʔɾ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ ɐɳǸɶǍʌǸ ʔɅǱǸɶ ǱȡȒȒǸɶǸɅʌ ǪɐɅǱȡʌȡɐɅɾṞ ǸɾɳǸǪȡǍȺȺʳ 
ʔɅǱǸɶ ǱȡȒȒǸɶǸɅʌ ȺɐǍǱɾṣ oɐʭǸʬǸɶṞ ʌțǸ țȡȓțǸɶ ȺɐǍǱ țǍɅǱȺǸǱ ǩʳ Ǎ ɅǸʌʭɐɶȶ ǸɅʌȡʌʳṞ ʌțǸ ȓɶǸǍʌǸɶ ȡʌɾ MɅǸɶȓʳ 
>ɐɅɾʔɃɳʌȡɐɅṣ ¶ɐɶǸɐʬǸɶṞ ǱȡȒȒǸɶǸɅʌ ʌʳɳǸɾ ɐȒ ȺɐǍǱɾ țǍʬǸ ǱȡȒȒǸɶǸɅʌ M> ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾṞ ȡṣǸṣṞ ʌțǸ M> ǱɐǸɾ 
Ʌɐʌ ȓɶɐʭ ȺȡɅǸǍɶȺʳ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ʌʳɳǸɾ ɐȒ ȺɐǍǱɾṣ uɅ ʌțȡɾ ɶǸȓǍɶǱṞ ʌțȡɾ ʔɾǸ ǪǍɾǸ țȡȓțȺȡȓțʌɾ ʌțǸ ɅǸǸǱ Ȓɐɶ 
ǍǪʌȡʬǸȺʳ ǩǍȺǍɅǪȡɅȓ ǍɅǱ ɶǸẁǩǍȺǍɅǪȡɅȓ ʌțǸ ȺɐǍǱ ǍǪɶɐɾɾ ǍȺȺ ǍʬǍȡȺǍǩȺǸ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ ȡɅ Ǎ 
țǸʌǸɶɐȓǸɅǸɐʔɾṞ ȡɅʌǸȓɶǍʌǸǱ ÿ¸ṩ¸ÿ¸ ǸɅʬȡɶɐɅɃǸɅʌ ʌɐ ȒǍǪȡȺȡʌǍʌǸ ʌțǸ ȓɐǍȺ ɐȒ ɶǸǱʔǪȡɅȓ MɅǸɶȓʳ 
>ɐɅɾʔɃɳʌȡɐɅ ɐȒ ɃɐǩȡȺǸ ʌǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅ ɅǸʌʭɐɶȶɾṣ ñʔǪț Ǎ ȒɐɶɃ ɐȒ ǍǪʌȡʬǸ ɃǸǍɾʔɶǸɃǸɅʌṞ 
ɃɐɅȡʌɐɶȡɅȓṞ ǩǍȺǍɅǪȡɅȓ ǍɅǱ ɶǸẁǩǍȺǍɅǪȡɅȓ ɐȒ ʌțǸ ȺɐǍǱ ǍǪɶɐɾɾ ʬǍɶȡɐʔɾ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ ʭȡʌț ɶǸɾɳǸǪʌ ʌɐ 
ʌțǸȡɶ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ʭȡȺȺ ǸɅɾʔɶǸ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ʔʌȡȺȡʽǍʌȡɐɅ ɐȒ ʌțǸ ɶǸɾɐʔɶǪǸɾ ǍɅǱ ɶǸǱʔǪǸ ʌțǸ 
ÃæMĤ Ȓɐɶ ¶¸Ãɾṣ 

5.3.3.2 Advanced carrier shutdown in integrated NTN/TN networks  

ÿɶǍǱȡʌȡɐɅǍȺȺʳṞ ʌǸɶɶǸɾʌɶȡǍȺ ǪǸȺȺʔȺǍɶ ɅǸʌʭɐɶȶɾ țǍʬǸ ɐɳǸɶǍʌǸǱ ǍɶɐʔɅǱ ʌțǸ ǪȺɐǪȶṞ ʭȡʌț ɃǍǪɶɐ ǩǍɾǸ ɾʌǍʌȡɐɅɾ 
ɶǸȺǸɅʌȺǸɾɾȺʳ ǪțʔɶɅȡɅȓ ɐʔʌ ɾȡȓɅǍȺɾ ʌɐ ɳɶɐʬȡǱǸ ǩȺǍɅȶǸʌ ǪɐʬǸɶǍȓǸṣ oɐʭǸʬǸɶṞ ʌțȡɾ ɶɐʔɅǱẁʌțǸẁǪȺɐǪȶ ǍǪʌȡʬȡʌʳ 
ǸʲǍǪʌɾ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ʌɐȺȺ ɐɅ ǸɅǸɶȓʳ ɶǸɾɐʔɶǪǸɾṞ ǪɐɅʌɶȡǩʔʌȡɅȓ ʌɐ ǸɅʬȡɶɐɅɃǸɅʌǍȺ ǪɐɅǪǸɶɅɾ ǍɅǱ ǸɾǪǍȺǍʌȡɅȓ 
ɐɳǸɶǍʌȡɐɅǍȺ Ǫɐɾʌɾṣ ÿțǸ ǸɃǸɶȓǸɅǪǸ ɐȒ ¸ÿ¸ẁǩǍɾǸǱ țʳɳǸɶǪǸȺȺɾ ɐȒȒǸɶɾ Ǎ ȓǍɃǸẁǪțǍɅȓȡɅȓ ɾɐȺʔʌȡɐɅ ʌɐ ʌțȡɾ 
ǱȡȺǸɃɃǍṣ  

ÿțǸ ɅǸʭ ǪɐɅǪǸɳʌṩʔɾǸ ǪǍɾǸ ʭǸ țǍʬǸ ȡɅ ɃȡɅǱ ȡɾ ɾȡɃɳȺǸ ʳǸʌ ɳɶɐȒɐʔɅǱṝ EʔɶȡɅȓ ʌțǸ ɅȡȓțʌẁʌȡɃǸ țɐʔɶɾ 
ʭțǸɅ ɅǸʌʭɐɶȶ ʌɶǍȒȒȡǪ Ǹǩǩɾ ʌɐ Ǎ ɃȡɅȡɃʔɃṞ ȺɐʭẁʌɶǍȒȒȡǪ ʌǸɶɶǸɾʌɶȡǍȺ ɃǍǪɶɐ ǩǍɾǸ ɾʌǍʌȡɐɅɾ ǪǍɅ ɐȒȒȺɐǍǱ ʌțǸȡɶ 
ʌɶǍȒȒȡǪ ʌɐ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅʌ ¸ÿ¸ẁɳɐʭǸɶǸǱ țʳɳǸɶǪǸȺȺɾṣ ÿțȡɾ ɐȒȒȺɐǍǱȡɅȓ ǸɅǍǩȺǸɾ ɳɐʭǸɶẁțʔɅȓɶʳ ɃǍǪɶɐ 
ǩǍɾǸ ɾʌǍʌȡɐɅɾ ɶǸɾɳɐɅɾȡǩȺǸ Ȓɐɶ ǩȺǍɅȶǸʌ ǪɐʬǸɶǍȓǸ ʌɐ ǩǸ ɾțʔʌ ǱɐʭɅṣ ÿțǸɾǸ ǱɐɶɃǍɅʌ ɃǍǪɶɐ ǩǍɾǸ ɾʌǍʌȡɐɅɾṞ 
ʭțȡǪț ʭɐʔȺǱ ɐʌțǸɶʭȡɾǸ ɶǸɃǍȡɅ ǍǪʌȡʬǸṞ ǪɐɅɾʔɃǸ ɾʔǩɾʌǍɅʌȡǍȺ ǸɅǸɶȓʳ ǸʬǸɅ ʭțǸɅ ɾǪǍɶǪǸȺʳ ǩǸȡɅȓ ʔɾǸǱṣ 
EǸɾɳȡʌǸ ǍǱʬǍɅǪǸǱ ǸɅǸɶȓʳẁɾǍʬȡɅȓ ɾɐȺʔʌȡɐɅɾṞ ʌɐǱǍʳṞ Ǎǩɐʔʌ ᶲᶮụ ɐȒ ǩǍɾǸ ɾʌǍʌȡɐɅɾ ȡɅ Ǎ ɅǸʌʭɐɶȶ ɶǸɃǍȡɅ 
ɐɳǸɶǍʌȡɐɅǍȺ ʌɐ ɳɶɐʬȡǱǸ ǪɐʬǸɶǍȓǸ ṳᶴṴṣ 

=ʔʌ țɐʭ ǪǍɅ ʌțȡɾ ʬȡɾȡɐɅ ǩǸ ɶǸǍȺȡʽǸǱ ǸȒȒȡǪȡǸɅʌȺʳṤ ÿțǸ ǍɅɾʭǸɶ ȺȡǸɾ ȡɅ Ǎ ʌɶʔȺʳ ȡɅʌǸȓɶǍʌǸǱ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ 
¸ÿ¸ ǍɅǱ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ǪɐɐɳǸɶǍʌȡʬǸ ǍȺȓɐɶȡʌțɃɾ ǱǸɾȡȓɅǸǱ ʌɐ ɃȡɅȡɃȡʽǸ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶṧɾ 
ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ʌțɶɐʔȓț ɾǍʌǸȺȺȡʌǸ ǍɅǱ țȡȓțẁǍȺʌȡʌʔǱǸ ɳȺǍʌȒɐɶɃ ɾʌǍʌȡɐɅ ṵo!æñṶ ǍɅǱṩɐɶ ʔɅɃǍɅɅǸǱ 
ǍǸɶȡǍȺ ʬǸțȡǪȺǸ ṵĆ!ĞṶ ɐȒȒȺɐǍǱȡɅȓṞ ʭțȡȺǸ ɃǍȡɅʌǍȡɅȡɅȓ ʌțǸ ɵʔǍȺȡʌʳ ɐȒ ǸʲɳǸɶȡǸɅǪǸ ɐȒ ʔɾǸɶɾṣ ÿțǸ ȡɅʌǸȓɶǍʌȡɐɅ 
Ƀʔɾʌ ǪɐɃǩȡɅǸ ʌǸǪțɅɐȺɐȓȡǪǍȺ ȡɅɅɐʬǍʌȡɐɅ ʭȡʌț ɾʔɾʌǍȡɅǍǩȡȺȡʌʳṞ ɾǸʌʌȡɅȓ ʌțǸ ɾʌǍȓǸ Ȓɐɶ Ǎ ȒʔʌʔɶǸ ʭțǸɶǸ ɐʔɶ 
ǱȡȓȡʌǍȺ ǪɐɅɅǸǪʌȡʬȡʌʳ ǪɐǸʲȡɾʌɾ țǍɶɃɐɅȡɐʔɾȺʳ ʭȡʌț ʌțǸ ǪɐɅɾǸɶʬǍʌȡɐɅ ɐȒ ɐʔɶ ɳȺǍɅǸʌṧɾ ɶǸɾɐʔɶǪǸɾṣ fɐɶ ʌțǸ 
ǱǸʌǍȡȺɾ ɐɅ Ǎ technical  ɾɐȺʔʌȡɐɅ ǍɅǱ ȡʌɾ ɳǸɶȒɐɶɃǍɅǪǸṞ ʌțǸ ɶǸǍǱǸɶ ȡɾ ɶǸȒǸɶɶǸǱ ʌɐ ñǸǪʌȡɐɅ ᶳṣᶲṣᶯṣ  

uɅ ɾțɐɶʌṞ Ǎɾ ʭǸ ǱǸȺʬǸ ǱǸǸɳǸɶ ȡɅʌɐ ʌțǸ ɅȡȓțʌṞ ʌțȡɾ ʔɾǸ ǪǍɾǸ envisions  Ǎ ɅǸʭ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ɾɐȺʔʌȡɐɅṞ 
ʭțǸɶǸ ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶɾ ȓɐ ʌɐ ɾȺǸǸɳ ʭțȡȺǸ ¸ÿ¸ țʳɳǸɶǪǸȺȺɾ ʌǍȶǸ ɐʬǸɶṞ ɶǸǱʔǪȡɅȓ ɐʔɶ ǪǍɶǩɐɅ ȒɐɐʌɳɶȡɅʌ 
ǍɅǱ ȡȺȺʔɃȡɅǍʌȡɅȓ Ǎ ǩɶȡȓțʌǸɶṞ ɃɐɶǸ ɾʔɾʌǍȡɅǍǩȺǸ ȒʔʌʔɶǸṣ 
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5.3.4  Use case 4: Multiple -Access  Networks  in integrated NTN/TN 
Network  

uɅ ʌțǸ ǪʔɶɶǸɅʌ ᶱgææ ɃɐǩȡȺǸ ʌǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʌǍɅǱǍɶǱɾṞ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ¸ɐɅẁÿǸɶɶǸɾʌɶȡǍȺ ¸Ǹʌʭɐɶȶɾ 
ṵ¸ÿ¸Ṷ ȡɅʌɐ ÿǸɶɶǸɾʌɶȡǍȺ ¸Ǹʌʭɐɶȶɾ ṵÿ¸Ṷ țǍɾ ȓǍɶɅǸɶǸǱ Ǎ Ⱥɐʌ ɐȒ ǍʌʌǸɅʌȡɐɅṞ ʭțǸɶǸ éǸȺǸǍɾǸɾ ᶯᶳẁɳ ᶶ ǱȡɾǪʔɾɾ 
ɾɐȺʔʌȡɐɅɾ Ȓɐɶ ¸é Ἁ ¸gẁé!¸ ʌɐ ɾʔɳɳɐɶʌ ¸ÿ¸ ṵÿé ᶱᶶṣᶶᶯᶯ éǸȺǸǍɾǸ ᶯᶳ ṳᶰṴṞ ÿé ᶱᶶṣᶶᶰᶯ éǸȺǸǍɾǸ ᶯᶴ ṳᶱṴṞ ÿé ᶰᶱṣᶵᶮᶮẁ
ᶰƫ éǸȺǸǍɾǸ ᶯ ʉṳᶲṴṞ ÿé ᶰᶱṣᶵᶮᶮẁɴ  ʉéǸȺǸǍɾǸ ᶯᶶ ṳᶳṴṶṞ ʭțȡȺǸ éǸȺǸǍɾǸ ᶯᶷ ǱȡɾǪʔɾɾǸɾ ȡɃɳɶɐʬǸɃǸɅʌɾ Ȓɐɶ ɐɳʌȡɃȡʽǸǱ 
ɳǸɶȒɐɶɃǍɅǪǸ Ȓɐɶ ʌǸɶɃȡɅǍȺɾṞ ǪǍɳǍǪȡʌʳ ɳǸɶȒɐɶɃǍɅǪǸ ɐɅ ʔɳ ȺȡɅȶṞ ɅɐʌȡȒȡǪǍʌȡɐɅ ɐȒ ɾǸɶʬȡǪǸ ǍɶǸǍ ɐȒ Ǎ 
ǩɶɐǍǱǪǍɾʌ ɾǸɶʬȡǪǸṞ ɾʔɳɳɐɶʌ Ȓɐɶ ǍɅ ̧ ÿ¸ ǍɶǪțȡʌǸǪʌʔɶǸ ʭȡʌț ᶳg ɾʳɾʌǸɃ ȒʔɅǪʌȡɐɅɾ ɐɅ ǩɐǍɶǱ ʌțǸ ¸ÿ¸ 
ʬǸțȡǪȺǸ ǍɅǱ ʔɾǸ ɐȒ éǸǱ>Ǎɳ ǱǸʬȡǪǸɾ ʭȡʌțȡɅ féᶯ ¸ÿ¸ṣ ÿțǸɶǸȒɐɶǸṞ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ÿ¸ṩ¸ÿ¸ 
ʌǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅ ǸɅʬȡɶɐɅɃǸɅʌ ȡɾ ǍɅʌȡǪȡɳǍʌǸǱ ȡɅ ᶴgṣ ¶ɐɶǸɐʬǸɶṞ ʭǸ ǩǸȺȡǸʬǸ ʌțǍʌ ¶ʔȺʌȡɳȺǸ éǍǱȡɐ 
!ǪǪǸɾɾ ṵ¶!Ṷ ÿǸǪțɅɐȺɐȓȡǸɾ ȺȡȶǸ ¬ÿMṞ ¸éṞ ÿoʽṞ ¸ÿ¸Ṟ ğȡẁfȡṞ ʌɐ ɅǍɃǸ Ǎ ȒǸʭṞ ʭȡȺȺ ǩǸ ǍʬǍȡȺǍǩȺǸ 
ɾȡɃʔȺʌǍɅǸɐʔɾȺʳ ʌɐ ĆɾǸɶɾ ȡɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ṩÿ¸ ǸɅʬȡɶɐɅɃǸɅʌṣ oǸɅǪǸṞ ĆɾǸɶẏɾ MɵʔȡɳɃǸɅʌɾ ṵĆMṶ ʭȡȺȺ 
ǩǸ ǸɵʔȡɳɳǸǱ ʭȡʌț ɶǍǱȡɐ ǪǍɳǍǩȡȺȡʌȡǸɾ ʌɐ ʔʌȡȺȡʽǸ ɾǸɶʬȡǪǸɾ ɐȒȒǸɶǸǱ ʌțɶɐʔȓț ʌțǸɾǸ ɃʔȺʌȡʌʔǱǸ ɐȒ 
ʌǸǪțɅɐȺɐȓȡǸɾ ȡɅ ɐɶǱǸɶ ʌɐ ɃǍʲȡɃȡʽǸ ʌțǸȡɶ ʌțɶɐʔȓțɳʔʌ ǍɅǱ ɶǸȺȡǍǩȡȺȡʌʳṣ ğțȡȺǸṞ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶɾ ʭɐʔȺǱ 
ɃǍʲȡɃȡʽǸ ʌțǸ ʔɾǸ ɐȒ ʌțǸȡɶ țǸʌǸɶɐȓǸɅǸɐʔɾ ʌǸǪțɅɐȺɐȓʳ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ǍɅǱ ɶǸɾɐʔɶǪǸɾṣ ÿțǸɶǸȒɐɶǸṞ ȡɅʌǸɶẁ
ɐɳǸɶǍʌȡɐɅ ǍɃɐɅȓ ɾʔǪț țǸʌǸɶɐȓǸɅǸɐʔɾ ɅǸʌʭɐɶȶɾ ȡɾ ǱǸǸɃǸǱ ȡɃɳǸɶǍʌȡʬǸ ṵɶǸȒǸɶ ʌɐ ÿñ ᶰᶰṣᶰᶴᶯ ǪȺǍʔɾǸ ᶴṣᶱ 
ṳᶯᶮṴṶ ǍɅǱ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ʌǸǪțɅɐȺɐȓȡǸɾ Ƀʔɾʌ ǪɐẁǸʲȡɾʌ ǍɅǱ ɐɳǸɶǍʌǸ ǸȒȒȡǪȡǸɅʌȺʳ ȡɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ṩÿ¸ 
ǸɅʬȡɶɐɅɃǸɅʌṣ ÿțȡɾ ǩɶȡɅȓɾ ȒɐɶʭǍɶǱ ɃǍɅʳ ɅǸʭ ǪțǍȺȺǸɅȓǸɾ ʌțǍʌ Ƀʔɾʌ ǩǸ ǍǱǱɶǸɾɾǸǱṣ  

ÿțǸɶǸȒɐɶǸṞ ʌțȡɾ ʔɾǸ ǪǍɾǸ ǍȡɃɾ ʌɐ ǱȡɾǪʔɾɾ ʌțǸ ǪțǍȺȺǸɅȓǸɾ ǍɅǱ ɶǸɵʔȡɶǸɃǸɅʌɾ Ȓɐɶ ÿ¸ṩ¸ÿ¸ ȡɅʌǸȓɶǍʌȡɐɅ ȡɅ 
ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ ɃʔȺʌȡɳȺǸ țǸʌǸɶɐȓǸɅǸɐʔɾ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾ ǍȺɐɅȓ ʭȡʌț ǪțǍȺȺǸɅȓǸɾ ǍɅǱ ɶǸɵʔȡɶǸɃǸɅʌɾ 
Ȓɐɶ ɾʔɾʌǍȡɅǍǩȺǸ ɐɳǸɶǍʌȡɐɅ ɐȒ ʌǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅ ɅǸʌʭɐɶȶɾ ȡɅ ɾʔǪț ǍɅ ǸɅʬȡɶɐɅɃǸɅʌ ʌțɶɐʔȓț 
ǸȺǍǩɐɶǍʌȡɅȓ ɐɅ ʌțǸ ȒɐȺȺɐʭȡɅȓ ȡɾɾʔǸɾṞ ʭțȡǪț ǍǱǱɶǸɾɾ ɾɳǸǪȡȒȡǪ ǍɾɳǸǪʌɾ ʭȡʌțȡɅ ʌțǸ ȺǍɶȓǸɶ ǪɐɅʌǸʲʌ ɐȒ ʌțȡɾ 
ʔɾǸ ǪǍɾǸṣ 

5.3.4.1 Seamless Service Continuity in a TN -NTN integrated Environment with Multiple 
Access Technologies  

uɅ ʌɐǱǍʳẏɾ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṞ țǍɅǱɐʬǸɶ ȡɾ ɳǸɶȒɐɶɃǸǱ ʌɐ ǸɅɾʔɶǸ ɾǸɾɾȡɐɅ ǪɐɅʌȡɅʔȡʌʳṣ oɐʭǸʬǸɶṞ ǪʔɶɶǸɅʌ 
țǍɅǱɐʬǸɶ ɃǍɅǍȓǸɃǸɅʌ ɾɐȺʔʌȡɐɅɾ ǍɶǸ ǪɐɃɳȺǸʲṣ uɅ Ǎ ɃʔȺʌȡẁǍǪǪǸɾɾ ȡɅʌǸȓɶǍʌǸǱ ÿ¸ṩ¸ÿ¸ ǸɅʬȡɶɐɅɃǸɅʌṞ 
ʭțǸɶǸ ǸʬǸɅ ¸ÿ¸ ɅɐǱǸɾ ʭȡȺȺ ǩǸ ɃɐǩȡȺǸṞ ȡɅʌɶȡǪǍʌǸ ǪɐẁɐɶǱȡɅǍʌȡɐɅɾ ʭȡȺȺ ǩǸ ɅǸǸǱǸǱ ǩǸʌʭǸǸɅ ɳǍɶʌȡǪȡɳǍʌȡɅȓ 
!ǪǪǸɾɾ ¸Ǹʌʭɐɶȶɾ ǍɅǱ >ɐɶǸ ¸ǸʌʭɐɶȶɾṞ ɶǸɾʔȺʌȡɅȓ ȡɅ ȺǍʌǸɅǪʳṞ ɾǪǍȺǍǩȡȺȡʌʳ ǍɅǱ èɐM ȡɾɾʔǸɾ ṵɶǸȒǸɶ ʌɐ ÿñ 
ᶱᶵṣᶱᶲᶮ ṳᶯᶯṴṶṞ ʭțȡǪț ɃǍʳ ʭɐɶɾǸɅ ʌțǸ ǸȒȒǸǪʌɾ ɐȒ țǍɅǱɐʬǸɶṞ ɶǸɾʔȺʌȡɅȓ ȡɅ ȡɅǪɶǸǍɾǸǱ oǍɅǱɐʬǸɶ uɅʌǸɶɶʔɳʌȡɐɅ 
ÿȡɃǸ ṵouÿṶ ǍɅǱ oǍɅǱɐʬǸɶ fǍȡȺʔɶǸɾ ṵoɐfṶṣ ÿțȡɾ ʔɾǸ ǪǍɾǸ țȡȓțȺȡȓțʌɾ ʌțǸ ɅǸǸǱ ʌɐ ǍǱǱɶǸɾɾ ʌțǸ ȡɾɾʔǸ ɐȒ 
ɾȡɃɳȺȡȒʳȡɅȓ țǍɅǱɐʬǸɶɾ ȡɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ɃʔȺʌȡẁǍǪǪǸɾɾ ÿ¸ṩ¸ÿ¸ ǸɅʬȡɶɐɅɃǸɅʌ ǸṣȓṣṞ ʌțɶɐʔȓț ǸȒȒȡǪȡǸɅʌȺʳ 
ȺǸʬǸɶǍȓȡɅȓ ɃʔȺʌȡɳȺǸ ɾȡɃʔȺʌǍɅǸɐʔɾ ǪɐɅɅǸǪʌȡɐɅɾ ȒɶɐɃ ʌțǸ ɅǸʌʭɐɶȶ ǍɅǱ ǸɅǍǩȺȡɅȓ ĆMɾ ʌɐ ǱȡɾʌɶȡǩʔʌǸ 
ʌțǸȡɶ ʌɶǍȒȒȡǪ ǍǪɶɐɾɾ ǍȺȺ ǍʬǍȡȺǍǩȺǸ ǪɐɅɅǸǪʌȡɐɅɾ ǩǍɾǸǱ ɐɅ ʌțǸ ǪǍɳǍǩȡȺȡʌʳ ɐȒ ʌțǸ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾṣ 
MɾɾǸɅʌȡǍȺȺʳṞ ʭǸ ɅǸǸǱ ɾɐȺʔʌȡɐɅɾ ʌɐ ǸɅɾʔɶǸ ĆMɾ ǪǍɅ ǸʲɳǸɶȡǸɅǪǸ ɶǸȺȡǍǩȺǸ ǪɐɅɅǸǪʌȡʬȡʌʳ ǍɅǱ ȓȺɐǩǍȺ 
ǪɐʬǸɶǍȓǸ ʭȡʌț ɾǸǍɃȺǸɾɾ ɾǸɶʬȡǪǸ ǪɐɅʌȡɅʔȡʌʳ ǩǸʌʭǸǸɅ ʬǍɶȡɐʔɾ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾ ʭȡʌț Ʌɐ ouÿ ǍɅǱ oɐf 
ǱʔɶȡɅȓ ɃɐǩȡȺȡʌʳṣ 

5.3.4.2  Application Influenced Traffic Steering in a Multiple Access Environment  

ĆʌȡȺȡʽȡɅȓ țǸʌǸɶɐȓǸɅǸɐʔɾ ɶǸɾɐʔɶǪǸɾ ǸȒȒȡǪȡǸɅʌȺʳ ȡɅ Ǎ ɃʔȺʌȡẁǍǪǪǸɾɾ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ṩÿ¸ ɅǸʌʭɐɶȶ ȡɾ Ǎ 
ǪțǍȺȺǸɅȓǸ Ȓɐɶ ʌțǸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶṣ ÃɅ ʌțǸ ɐʌțǸɶ țǍɅǱṞ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɅǱ ɾǸɶʬȡǪǸɾ ʭǍɅʌ ʌɐ 
ǸɅɾʔɶǸ Ǎ ǪǸɶʌǍȡɅ èɐM Ȓɐɶ ʌțǸȡɶ ĆɾǸɶɾṞ ǩʔʌ ǍɶǸ ʔɅǍʭǍɶǸ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ʌțǍʌ ǍɅ ǸɅǱẁ
ʔɾǸɶ ȡɾ ǸʲɳǸɶȡǸɅǪȡɅȓṣ oǸɅǪǸṞ ʌțȡɾ ʔɾǸ ǪǍɾǸ țȡȓțȺȡȓțʌɾ ʌțǸ ɅǸǸǱ Ȓɐɶ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶɾ ʌɐ ɳǍɶʌɅǸɶ ʭȡʌț 
ɶɵǱ ɳǍɶʌʳ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɅǱ ɾǸɶʬȡǪǸ ɳɶɐʬȡǱǸɶɾ ǍɅǱ ȡɅǪȺʔǱǸ ʌțǸȡɶ ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɅ ʌțǸ ɾǸɶʬȡǪǸ ɐȒȒǸɶȡɅȓɾ 
ʌɐ ĆɾǸɶɾṣ ÿțȡɾ ɳǍɶʌɅǸɶɾțȡɳ ʭțǸɅ ɶǸǍȺȡʽǸǱ ǪɐʔȺǱ ȺǸǍǱ ʌɐ ȡɅǱȡǪǍʌȡɐɅɾ ɾʔǪț Ǎɾ ǸṣȓṣṞ ȡɅɾʌɶʔǪʌȡɐɅɾ ʌɐ ʌțǸ 
ĆMɾ ɐɅ țɐʭ ʌɐ ǱȡɾʌɶȡǩʔʌǸ ʌțǸȡɶ ʌɶǍȒȒȡǪ Ȓɐɶ Ǎ ɾǸɾɾȡɐɅ ɐɅ ʌțǸ ǍʬǍȡȺǍǩȺǸ ǪɐɅɅǸǪʌȡɐɅɾṣ ÿțȡɾ ʭȡȺȺ ǸɅɾʔɶǸ ʔɾǸɶɾ 
ɶǸǪǸȡʬǸ Ǎ ɃʔǪț ǩǸʌʌǸɶ èɐM ʭțȡȺǸ ʌțǸ ɶǸɾɐʔɶǪǸɾ ȡɅ ɅǸʌʭɐɶȶ ǍɅǱ ȡɅ ǸɅǱẁɳɐȡɅʌ ǍɳɳȺȡǪǍʌȡɐɅɾṩɾǸɶʬȡǪǸɾ 
ǍɶǸ ʔʌȡȺȡʽǸǱ ǸȒȒȡǪȡǸɅʌȺʳṣ 
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5.3.4.3  Traffic Engineering with Multiple Access Technologies  

ğțǸɅ ɃʔȺʌȡɳȺǸ ɾǸɶʬȡǪǸɾ ǪɐẁǸʲȡɾʌṞ ɐɅǸ ɐɶ ɃɐɶǸ ɾǸɶʬȡǪǸɾ ǪɐʔȺǱ ɃɐɅɐɳɐȺȡʽǸ ǍʬǍȡȺǍǩȺǸ ɶǸɾɐʔɶǪǸɾ ǩǍɾǸǱ 
ɐɅ ʌțǸȡɶ ɶǸɵʔȡɶǸɃǸɅʌɾ ǸṣȓṣṞ țȡȓț ǩǍɅǱʭȡǱʌțṞ Ⱥɐʭ ȺǍʌǸɅǪʳṞ ǸʌǪṣ ÿțǸɶǸȒɐɶǸṞ ǸȒȒȡǪȡǸɅʌ ʌɶǍȒȒȡǪ ǱȡɾʌɶȡǩʔʌȡɐɅ 
ɐʬǸɶ ǍȺȺ ǍʬǍȡȺǍǩȺǸ ȺȡɅȶɾ ȡɾ Ǎ ǪɶʔǪȡǍȺ ɶǸɵʔȡɶǸɃǸɅʌ Ȓɐɶ Ǎ ɅǸʌʭɐɶȶ ɳɶɐʬȡǱǸɶ ȡɅ ɐɶǱǸɶ ʌɐ ǸȒȒȡǪȡǸɅʌȺʳ ʔʌȡȺȡʽǸ ʌțǸ 
ɶǸɾɐʔɶǪǸɾ ȡɅ Ǎ țǸʌǸɶɐȓǸɅǸɐʔɾ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ṩÿ¸ ɅǸʌʭɐɶȶ ʭȡʌț ʌțǸ ȓɐǍȺ ɐȒ ǸɅɾʔɶȡɅȓ ǍɅ ɐʬǸɶǍȺȺ ȓɐɐǱ 
èʔǍȺȡʌʳ ɐȒ MʲɳǸɶȡǸɅǪǸ ṵèɐMṶ Ȓɐɶ ʔɾǸɶɾṣ fɶɐɃ ɳɶǍǪʌȡǪǸṞ ȡʌ țǍɾ ǩǸǸɅ ɐǩɾǸɶʬǸǱ ʌțǍʌ ǸʬǸɶʳ ɅǸʌʭɐɶȶ țǍɾ 
ɾɐɃǸ ǪɐɅȓǸɾʌǸǱ ȺȡɅȶɾṞ ʭțȡȺǸ ɾɐɃǸ ȺȡɅȶɾ ǍɶǸ ʔɅǱǸɶʔʌȡȺȡʽǸǱṣ ÿțǸɶǸȒɐɶǸṞ ȡʌ ȡɾ ǪɶʔǪȡǍȺ ʌɐ ǸɅȓȡɅǸǸɶ ʌțǸ 
ʌɶǍȒȒȡǪ ǸȒȒǸǪʌȡʬǸȺʳ ȡɅ ɐɶǱǸɶ ʌɐ ǍʬɐȡǱ ǪɐɅȓǸɾʌȡɐɅṣ oǸɅǪǸṞ ʌțȡɾ ʔɾǸ ǪǍɾǸ țȡȓțȺȡȓțʌɾ ʌțǸ ɅǸǸǱ Ȓɐɶ 
ǱʳɅǍɃȡǪǍȺȺʳ ǱȡɾʌɶȡǩʔʌȡɅȓ ʌțǸ ʌɶǍȒȒȡǪ ȡɅ Ǎ ɃʔȺʌȡẁǍǪǪǸɾɾ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ṩÿ¸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶṣ ğȡʌț 
ǱʳɅǍɃȡǪ ʌɶǍȒȒȡǪ ǱȡɾʌɶȡǩʔʌȡɐɅ ʌțɶɐʔȓț ȺǸʬǸɶǍȓȡɅȓ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾ ʭǸ ǪɐʔȺǱ ǸɅɾʔɶǸ ʌțǍʌ Ʌɐ 
ɅǸʌʭɐɶȶ ȡɾ ȺǸȒʌ ʌɐ ɐɳǸɶǍʌǸ ɐɅ ȡʌɾ own  ǍɅǱ ǸʲɳǸɶȡǸɅǪǸ ǍǱʬǸɶɾǸ ǸȒȒǸǪʌɾ ɶǸɾʔȺʌȡɅȓ ȒɶɐɃ ɃʔȺʌȡɳȺǸ ǱȡȒȒǸɶǸɅʌ 
ʌʳɳǸɾ ɐȒ ǍɳɳȺȡǪǍʌȡɐɅ ʌɶǍȒȒȡǪ ǍɅǱ ĆɾǸɶ ȺɐǍǱɾṣ 

5.3.4.4  Networking, Compute and Energy aware scheduling in integrated NTN/TN 
networks  

uɅ ᶴgṞ ǩȡȺȺȡɐɅɾ ɐȒ ȓȺɐǩǍȺȺʳ ǱȡɾʌɶȡǩʔʌǸǱ ʔɾǸɶɾ ǍɶǸ ǸʲɳǸǪʌǸǱṞ ɶǍɅȓȡɅȓ ȒɶɐɃ țʔɃǍɅɾ ʌɐ ʬǸțȡǪȺǸɾ ʌɐ uɐÿ 
ǱǸʬȡǪǸɾṣ ñʔǪț Ǎ țǸʌǸɶɐȓǸɅǸȡʌʳ ȡɅ ʔɾǸɶɾ ʭȡȺȺ ɅǍʌʔɶǍȺȺʳ ȡɅʌɶɐǱʔǪǸ ʬǍɶʳȡɅȓ ɶǸɵʔȡɶǸɃǸɅʌɾ ȒɶɐɃ ʌțǸ 
ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṣ fʔɶʌțǸɶṞ ǍǱʬǍɅǪǸǱ ǍɳɳȺȡǪǍʌȡɐɅɾ ʌțǍʌ ᶴg ȡɾ ǸʲɳǸǪʌǸǱ ʌɐ ɾʔɳɳɐɶʌ ȺȡȶǸ !ɶʌȡȒȡǪȡǍȺ éǸǍȺȡʌʳ 
ṵ!éṶṩĞȡɶʌʔǍȺ éǸǍȺȡʌʳ ṵĞéṶṞ țɐȺɐȓɶǍɳțȡǪ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ǸʌǪṣṞ ʭȡȺȺ ɶʔɅ ɃʔȺʌȡɳȺǸ ɾȡɃʔȺʌǍɅǸɐʔɾ 
ǪɐɃɳʔʌǸṞ ɾʌɐɶǍȓǸ ǍɅǱ ʌɶǍɅɾɳɐɶʌ ɾǸɾɾȡɐɅɾ ʭȡʌț ɾʌɶȡɅȓǸɅʌ ɳǸɶȒɐɶɃǍɅǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾṣ ÿțȡɾ ʔɾǸ ǪǍɾǸ 
țȡȓțȺȡȓțʌɾ ʌțǸ ɅǸǸǱ ʌɐ ɾǪțǸǱʔȺǸ ʬǍɶȡɐʔɾ ǱȡȒȒǸɶǸɅʌ ʌʳɳǸɾ ɐȒ ĆɾǸɶ ɾǸɾɾȡɐɅɾ ǍɅǱ ʌțǸȡɶ ʌǍɾȶɾ ɐɅʌɐ ɅǸʌʭɐɶȶ 
ǸɅʌȡʌȡǸɾ ȡɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ÿ¸ṩ¸ÿ¸ ǸɅʬȡɶɐɅɃǸɅʌ ǩǍɾǸǱ ɐɅ ʌțǸ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾṞ 
ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ʌǍɾȶɾ ǍɅǱ ʌțǸȡɶ ǸʲɳǸǪʌǸǱ M> ʭȡʌț ʌțǸ ɐʬǸɶǍɶǪțȡɅȓ ȓɐǍȺ ɐȒ ɶǸǱʔǪȡɅȓ ʌțǸ M> 
ɐȒ ʌțǸ ɅǸʌʭɐɶȶṣ ğȡʌț ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ɾǪțǸǱʔȺȡɅȓṞ ǸɅǱẁʌɐẁǸɅǱ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʔɾǸɶ ɾǸɾɾȡɐɅɾ 
ǍɅǱ ɅǸʌʭɐɶȶɾ ǪǍɅ ǩǸ ǪɐɅʌɶɐȺȺǸǱ ǍɅǱ ɾǸɶʬȡǪǸɾ ǪǍɅ ǩǸ ɾǪțǸǱʔȺǸǱ ʭȡʌț ʌțǸ ȓɐǍȺ ɐȒ Ʌɐʌ ɐɅȺʳ ɾǍʌȡɾȒʳȡɅȓ 
ʌțǸ ɶǸɵʔǸɾʌɾ ɐȒ ĆɾǸɶɾ ǩʔʌ ǍȺɾɐ ʌɐ ɶǸǱʔǪǸ ʌțǸ ɐʬǸɶǍȺȺ M> ɶǸɾʔȺʌȡɅȓ ȒɶɐɃ ǸʲǸǪʔʌȡɐɅ ɐȒ ĆɾǸɶ ɶǸɵʔǸɾʌɾṣ   

 

5.4  Enabling technologies for the use cases  
This section will elaborate on selected enabling technologies for the use cases introduced in the 
previous section.  

5.4.1 NTN for improving energy efficiency  

!ɾ ȡɅʌɶɐǱʔǪǸǱ ǸǍɶȺȡǸɶ ȡɅ ñǸǪʌȡɐɅ Ṟɲ ʌțǸ ǸʲɳɐɅǸɅʌȡǍȺ ȓɶɐʭʌț ȡɅ ʭȡɶǸȺǸɾɾ ʌɶǍȒȒȡǪṞ ǱɶȡʬǸɅ ǩʳ ʌțǸ 
ɳɶɐȺȡȒǸɶǍʌȡɐɅ ɐȒ ɃɐǩȡȺǸ ǱǸʬȡǪǸɾ ǍɅǱ ʌțǸ ǍǱʬǸɅʌ ɐȒ ᶴg ʌǸǪțɅɐȺɐȓʳṞ ɳɐɾǸɾ ɾȡȓɅȡȒȡǪǍɅʌ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ 
ǪțǍȺȺǸɅȓǸɾ Ȓɐɶ ɶǍǱȡɐ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶɾṣ ! ǪɶȡʌȡǪǍȺ ȡɾɾʔǸ ȡɾ ʌțǸ ṦʽǸɶɐ ǩȡʌ ɅɐɅẁ̔ Ǹɶɐ ʭǍʌʌṦ ɳɶɐǩȺǸɃṞ ʭțȡǪț 
ǍɶȡɾǸɾ Ǎɾ ɃǍɅʳ ǪɐʬǸɶǍȓǸ ɃǍǪɶɐǪǸȺȺɾ ǍɶǸ ȶǸɳʌ ǍǪʌȡʬǸ ǸʬǸɅ ʭțǸɅ ʌțǸɶǸ ǍɶǸ Ʌɐ ʔɾǸɶɾ ʌɐ ǸɅɾʔɶǸ ʌțǍʌ ʌțǸ 
ɅǸʌʭɐɶȶ ȡɾ ǍȺʭǍʳɾ ɶǸǍǱʳ Ȓɐɶ ɳɐʌǸɅʌȡǍȺ ʔɾǸɶɾṣ ÿțȡɾ ɶǸɾʔȺʌɾ ȡɅ ʔɅɅǸǪǸɾɾǍɶʳ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǍɅǱ 
ɐɳǸɶǍʌȡɐɅǍȺ Ǫɐɾʌɾṣ ÃɅǸ ɐȒ ʌțǸ ǍȡɃɾ ɐȒ ʌțǸ ʭɐɶȶ ɳɶǸɾǸɅʌǸǱ țǸɶǸ ȡɾ ʌɐ ʌǍǪȶȺǸ ʌțȡɾ ɳɶɐǩȺǸɃ ǩʳ ȡɅʌǸȓɶǍʌȡɅȓ 
¸ɐɅẁÿǸɶɶǸɾʌɶȡǍȺ ¸Ǹʌʭɐɶȶ ṵ¸ÿ¸Ṷ ǪɐɃɳɐɅǸɅʌɾ ʌțǍʌ ǪǍɅ ǱʳɅǍɃȡǪǍȺȺʳ ɃǍɅǍȓǸ ɅǸʌʭɐɶȶ ʌɶǍȒȒȡǪ ǍɅǱ 
ɶǸǱʔǪǸ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅṣ 

ÿțǸ ǪɐɅǪǸɳʌ ɐȒ ȡɅʌǸȓɶǍʌȡɅȓ ¸ÿ¸ ȡɅʌɐ ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶɾ ɳɶǸɾǸɅʌɾ Ǎ ɳɶɐɃȡɾȡɅȓ ɾɐȺʔʌȡɐɅ ʌɐ ʌțǸ ẌʽǸɶɐ 
ǩȡʌ ɅɐɅẁ̔ Ǹɶɐ ʭǍʌʌẍ ɳɶɐǩȺǸɃṣ Ãʔɶ ɾɐȺʔʌȡɐɅ ȡɅʬɐȺʬǸɾ ɐȒȒȺɐǍǱȡɅȓ ʌɶǍȒȒȡǪ ȒɶɐɃ ʌǸɶɶǸɾʌɶȡǍȺ ɃǍǪɶɐǪǸȺȺɾ ʌɐ 
¸ÿ¸ țʳɳǸɶǪǸȺȺɾṞ ǸɅǍǩȺǸǱ ǩʳ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ɾǍʌǸȺȺȡʌǸɾṞ o!æñṞ ɐɶ ǸʬǸɅ ʌǸʌțǸɶǸǱ Ć!Ğɾṣ =ʳ ǱʳɅǍɃȡǪǍȺȺʳ 
ɐȒȒȺɐǍǱȡɅȓ ʌɶǍȒȒȡǪṞ ʌǸɶɶǸɾʌɶȡǍȺ ǪɐʬǸɶǍȓǸ ɃǍǪɶɐǪǸȺȺɾ ǪǍɅ ǩǸ ɾʭȡʌǪțǸǱ ɐȒȒ ɐɶ ʌɶǍɅɾȡʌȡɐɅǸǱ ʌɐ ȺɐʭẁɳɐʭǸɶ 
ɾʌǍʌǸɾ ǱʔɶȡɅȓ ɳǸɶȡɐǱɾ ɐȒ Ⱥɐʭ ʌɶǍȒȒȡǪṞ ʌțǸɶǸǩʳ ɶǸǱʔǪȡɅȓ ɐʬǸɶǍȺȺ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǍɅǱ țǸȺɳȡɅȓ ʔɾ 
ǍǪțȡǸʬǸ ʌțǸ ẌʽǸɶɐ ǩȡʌ ʽǸɶɐ ʭǍʌʌẍ ɳǍɶǍǱȡȓɃṣ MǍǪț ʌʳɳǸ ɐȒ ¸ÿ¸ ɅɐǱǸ ɐȒȒǸɶɾ ʔɅȡɵʔǸ ɳǸɶȒɐɶɃǍɅǪǸ ʌɶǍǱǸẁ
ɐȒȒɾ ǍɅǱ ǪɐɃɳȺǸɃǸɅʌǍɶʳ ǍǱʬǍɅʌǍȓǸɾ ʌɐʭǍɶǱɾ ʌțȡɾ ǸɅǱṝ 
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¶ Satellites: Ideal for offloading outdoor users at night -time due to their extensive coverage 
and the limited capacity needs during this time of day, although they may face latency and 
signal degradation issues.  

¶ HAPS: Suitable for offloading indoor users, HAPS provide better spatial reuse, signal 
penetration, and lower latency, making them more effective for urban environments.  

¶ Tethered Drones: These provide addit ional offloading capabilities in high -demand areas, 
offering flexibility and targeted coverage efficiently as tethering allows to leave the most of 
the radio on the ground and bring electricity to the drone.  

ÿɐ ɐɳʌȡɃȡʽǸ ʌțȡɾ ɐȒȒȺɐǍǱȡɅȓ ɳɶɐǪǸɾɾ ǍɅǱ ǍɾɾǸɾɾ ʌțǸ ɳɐʌǸɅʌȡǍȺ ǩǸɅǸȒȡʌɾ ɐȒ ʌțǸ ɳɶɐɳɐɾǸǱ ɾɐȺʔʌȡɐɅṞ Ǎ 
țǸʔɶȡɾʌȡǪ ǍȺȓɐɶȡʌțɃ țǍɾ ǩǸǸɅ ǱǸɾȡȓɅǸǱ ʌɐ ɃȡɅȡɃȡʽǸ ʌțǸ țɐʔɶȺʳ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ 
ɅǸʌʭɐɶȶ ʭțȡȺǸ ǸɅɾʔɶȡɅȓ ʌțǸ ɵʔǍȺȡʌʳ ɐȒ ɾǸɶʬȡǪǸ Ȓɐɶ ʔɾǸɶɾṣ ÿțǸ ǍȺȓɐɶȡʌțɃ ɳɶȡɐɶȡʌȡʽǸɾ ɐȒȒȺɐǍǱȡɅȓ ȒɶɐɃ 
ʌǸɶɶǸɾʌɶȡǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾ ʭȡʌț ʌțǸ ȺǸǍɾʌ ʌɶǍȒȒȡǪ ʬɐȺʔɃǸ ȒȡɶɾʌṞ ʌțǸɶǸǩʳ ɃǍʲȡɃȡʽȡɅȓ ǸɅǸɶȓʳ ɾǍʬȡɅȓɾ ǩʳ 
ǍȺȺɐʭȡɅȓ ɃɐɶǸ ǩǍɾǸ ɾʌǍʌȡɐɅɾ ʌɐ ǸɅʌǸɶ ɾȺǸǸɳ ɃɐǱǸṣ ñɳǸǪȡȒȡǪǍȺȺʳṞ ʌțǸ ǍȺȓɐɶȡʌțɃ ɾɐɶʌɾ ǩǍɾǸ ɾʌǍʌȡɐɅɾ ǩʳ 
țɐʔɶȺʳ ʌɶǍȒȒȡǪ ɶǍʌǸṞ ɐȒȒȺɐǍǱȡɅȓ ʌɶǍȒȒȡǪ ȒɶɐɃ ʌțɐɾǸ ʭȡʌț ȺɐʭǸɶ ɶǍʌǸɾ ʔɅʌȡȺ ʌțǸ ǪǍɳǍǪȡʌʳ ǪɐɅɾʌɶǍȡɅʌɾ Ǎʌ ʌțǸ 
¸ÿ¸ țʳɳǸɶǪǸȺȺɾ ǍɶǸ ɃǸʌṣ 

ÿțǸ ɾǸȺǸǪʌȡɐɅ ɐȒ ʌțǸ ǍɳɳɶɐɳɶȡǍʌǸ ¸ÿ¸ ɅɐǱǸ ṵɾǍʌǸȺȺȡʌǸṞ o!æñṞ ɐɶ Ć!ĞṶ ʌɐ ɐȒȒȺɐǍǱ ǸǍǪț ɾɳǸǪȡȒȡǪ ʔɾǸɶ 
ǱǸɳǸɅǱɾ ɐɅ ʌțǸ ʔɾǸɶẏɾ ȺɐǪǍʌȡɐɅṞ ɾȡȓɅǍȺ ɵʔǍȺȡʌʳṞ ǍɅǱ ɶǸɵʔȡɶǸɃǸɅʌɾṞ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ȺɐǪǍȺ ɅǸʌʭɐɶȶ 
ǪǍɳǍǩȡȺȡʌȡǸɾṣ ÿɐ ǸɅɾʔɶǸ Ǎ ɾɃɐɐʌț ʌɶǍɅɾȡʌȡɐɅ ɐȒ ʔɾǸɶɾ ȒɶɐɃ ʌǸɶɶǸɾʌɶȡǍȺ ʌɐ ¸ÿ¸ ǪǸȺȺɾṞ ɶɐǩʔɾʌ țǍɅǱɐʬǸɶ 
ɃǸǪțǍɅȡɾɃɾ ǍɶǸ ǸɾɾǸɅʌȡǍȺṣ ÿɐ ȓʔǍɶǍɅʌǸǸ ɵʔǍȺȡʌʳ ɐȒ ɾǸɶʬȡǪǸṞ ɾȺǸǸɳȡɅȓ ɃǍǪɶɐǪǸȺȺ ɾʌǍʌȡɐɅɾ ʭȡȺȺ țǍʬǸ ʌɐ 
ǩǸ ǍǪʌȡʬǍʌǸǱ ɐɅ ʌȡɃǸṣ ! ʌɶʔǸ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ¸ÿ¸ ɅǸʌʭɐɶȶɾ ʭȡȺȺ ǸɅǍǩȺǸ ʌțǸ ǪɐȺȺǸǪʌȡɐɅ ɐȒ 
ɶǸȺǸʬǍɅʌ ǱǍʌǍ ǍɅǱ ʌțǸ ǸʲǸǪʔʌȡɐɅ ɐȒ ȡɅȒɐɶɃǸǱ ǱǸǪȡɾȡɐɅɾ ʌɐ ɐɳʌȡɃȡʽǸ ʌțȡɾ ǸɅǸɶȓʳẁɾǍʬȡɅȓ ɾɐȺʔʌȡɐɅ ǍɅǱ 
ȡɅ ʌʔɶɅ ɅǸʌʭɐɶȶ ɳǸɶȒɐɶɃǍɅǪǸ ǸȒȒǸǪʌȡʬǸȺʳṣ ÿțȡɾ ɃǸʌțɐǱ țǸȺɳɾ ɾǍʬǸ ʌțǸ ȺɐǍǱẁȡɅǱǸɳǸɅǱǸɅʌ ǸɅǸɶȓʳ 
ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ɃɐɶǸ ʌǸɶɶǸɾʌɶȡǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾṞ ʌțʔɾ ǸɅțǍɅǪȡɅȓ ɐʬǸɶǍȺȺ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳṣ 

ÿɐ ǍɾɾǸɾɾ ɳǸɶȒɐɶɃǍɅǪǸ ȓǍȡɅɾṞ ʭǸ ȒɐǪʔɾ ɐʔɶ ǍɅǍȺʳɾȡɾ ɐɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ ɅǸʌʭɐɶȶ ǩǍɾǸǱ ɐɅ o!æñ 
ǍɅǱ ʔɾǸ ɾʳɾʌǸɃẁȺǸʬǸȺ ɾȡɃʔȺǍʌȡɐɅɾ ʭȡʌț ɶǸǍȺȡɾʌȡǪ ʌɶǍȒȒȡǪ ǍɅǱ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɃɐǱǸȺɾṝ 

¶ Traffic Modelling: Our simulation uses mobile traffic data from Milan (2015) with 1419 traffic 
traces, each for a base station (BS), reported hourly over two months. To reflect current 
trends, we scaled these traces to match recent data from 960 4G/5G BSs in China (2020). We 
followed a four -step process: averaging the original traces to construct weekly profiles, 
scaling these profiles to recent data, selecting the most representative scaled trace, and 
constructing updated weekly profiles. This ensured our simulation data was realistic and up -
to -date.  

¶ Energy Consumption Modelling: We modelled RAN energy consumption using data from 
over 12,000 4G/5G macrocells  in China, incorporating sleep modes. The model includes 
baseline energy consumption in sleep mode (E0), baseband processing energy (EBB), 
energy consumed by RF chains (ETran), power amplifier static energy (EPA), and energy for 
data transmission (Eout). T his comprehensive model, fitted with real energy consumption 
values, allows accurate estimation of BS energy usage based on traffic load, ensuring precise 
simulations. Additionally, NTN nodes are considered self -sufficient, contributing to energy 
savings w ithout consuming additional power.  

Ãʔɶ ɾʌʔǱʳ ɳǸɶȒɐɶɃɾ Ǎ ɳǍɶǍɃǸʌɶȡǪ ǍɅǍȺʳɾȡɾ ʌɐ ǸʬǍȺʔǍʌǸ ʌțǸ ȡɅȒȺʔǸɅǪǸ ɐȒ ȶǸʳ ɳǍɶǍɃǸʌǸɶɾṞ ȡɅǪȺʔǱȡɅȓ ʌțǸ 
ǸȺǸʬǍʌȡɐɅ ǍɅȓȺǸ ɐȒ o!æñṞ ʌțǸ ɳǸɶǪǸɅʌǍȓǸ ɐȒ ʌɶǍǱȡʌȡɐɅǍȺ ǩʔȡȺǱȡɅȓɾṞ ǍɅǱ ʌțǸ ɳɶɐɳɐɶʌȡɐɅ ɐȒ ȡɅǱɐɐɶ ʔɾǸɶ 
ǸɵʔȡɳɃǸɅʌ ṵĆMɾṶṣ ÿțȡɾ ǍɅǍȺʳɾȡɾ țǸȺɳɾ ʌɐ ʔɅǱǸɶɾʌǍɅǱ ʌțǸ ǪɐɅǱȡʌȡɐɅɾ ʔɅǱǸɶ ʭțȡǪț ɃǍʲȡɃʔɃ ǸɅǸɶȓʳ 
ɾǍʬȡɅȓɾ ǪǍɅ ǩǸ ǍǪțȡǸʬǸǱṣ Ãʔɶ țǸʔɶȡɾʌȡǪ ǍȺȓɐɶȡʌțɃ ȡɾ ǸɃɳȺɐʳǸǱ ʌɐ ɃȡɅȡɃȡʽǸ ʌțǸ țɐʔɶȺʳ ǸɅǸɶȓʳ 
ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶṣ !ɾ ɃǸɅʌȡɐɅǸǱ ǸǍɶȺȡǸɶṞ ʌțǸ ǍȺȓɐɶȡʌțɃ ɳɶȡɐɶȡʌȡʽǸɾ ɐȒȒȺɐǍǱȡɅȓ 
ȒɶɐɃ =ñɾ ʭȡʌț ʌțǸ ȺǸǍɾʌ ʌɶǍȒȒȡǪ ʬɐȺʔɃǸ ȒȡɶɾʌṞ ǍȺȺɐʭȡɅȓ ɃɐɶǸ =ñɾ ʌɐ ǸɅʌǸɶ ɾȺǸǸɳ ɃɐǱǸ ǍɅǱ ʌțǸɶǸǩʳ 
ɃǍʲȡɃȡʽȡɅȓ ǸɅǸɶȓʳ ɾǍʬȡɅȓɾṣ ! ¶ɐɅʌǸ >ǍɶȺɐ ɾȡɃʔȺǍʌȡɐɅ ɳɶɐǪǸɾɾ ȡɾ ʔɾǸǱ ʌɐ ǍǪǪɐʔɅʌ Ȓɐɶ ʬǍɶȡǍǩȡȺȡʌʳ ǍɅǱ 
ʔɅǪǸɶʌǍȡɅʌʳ ȡɅ ʌțǸ ɳǍɶǍɃǸʌǸɶɾṞ ɾʔǪț Ǎɾ ʌțǸ ɳɶɐǩǍǩȡȺȡʌʳ ɐȒ ȺȡɅǸẁɐȒẁɾȡȓțʌ ṵ¬ÃñṶ ǪɐɅǱȡʌȡɐɅɾṞ ȡɅǱɐɐɶ ʬɾṣ 
ɐʔʌǱɐɐɶ ĆMɾṞ ǍɅǱ ʌɶǍǱȡʌȡɐɅǍȺ ʬɾṣ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ǩʔȡȺǱȡɅȓɾṣ ÿțȡɾ ǍɳɳɶɐǍǪț ǸɅɾʔɶǸɾ ʌțǸ ɶɐǩʔɾʌɅǸɾɾ ɐȒ 
ʌțǸ ɾȡɃʔȺǍʌȡɐɅ ɶǸɾʔȺʌɾṣ ÿǍǩȺǸ  ɸɳɶɐʬȡǱǸɾ Ǎ ɾʔɃɃǍɶʳ ɐȒ ʌțǸ ɳǍɶǍɃǸʌǸɶɾ ɐȒ ɐʔɶ simulation ṣ  
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Table 4: Simulation parameters  

 

ÿțǸ ǸʲɳǸɶȡɃǸɅʌǍȺ ɶǸɾʔȺʌɾ ȡɅǱȡǪǍʌǸ ɾʔǩɾʌǍɅʌȡǍȺ ǸɅǸɶȓʳ ɾǍʬȡɅȓɾ ʌțɶɐʔȓț ʌțǸ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ o!æñ ȡɅʌɐ 
ʌǸɶɶǸɾʌɶȡǍȺ é!¸ɾṣ =ʳ ɐȒȒȺɐǍǱȡɅȓ ʌɶǍȒȒȡǪ ʌɐ o!æñṞ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǪǍɅ ǩǸ ɶǸǱʔǪǸǱ ǩʳ ʔɳ ʌɐ ᶰᶷụ 
ǍǪɶɐɾɾ ʌțǸ ǸɅʌȡɶǸ ʭǸǸȶṞ ʭȡʌț ǸʬǸɅ țȡȓțǸɶ ɾǍʬȡɅȓɾ ɐȒ ʔɳ ʌɐ ᶲᶯụ ǱʔɶȡɅȓ ɅȡȓțʌẁʌȡɃǸ țɐʔɶɾṣ ÿțǸ ǍɅǍȺʳɾȡɾ 
ɾțɐʭɾ ʌțǍʌ ǱʔɶȡɅȓ ʌțǸ ǱǍʳṞ ɐɅȺʳ Ǎ ɾɃǍȺȺ ȒɶǍǪʌȡɐɅ ṵᶱụ ʌɐ ᶯᶳụṶ ɐȒ ʌțǸ ʌɐʌǍȺ ʌɶǍȒȒȡǪ ȡɾ țǍɅǱȺǸǱ ǩʳ o!æñṞ 
ʭțȡȺǸ Ƀɐɾʌ ɐȒ ʌțǸ ʌɶǍȒȒȡǪ ȡɾ ɾʌȡȺȺ ɃǍɅǍȓǸǱ ǩʳ ʌǸɶɶǸɾʌɶȡǍȺ =ñɾṣ EǸɾɳȡʌǸ ʌțȡɾ ȺȡɃȡʌǸǱ ɐȒȒȺɐǍǱȡɅȓṞ ǸɅǸɶȓʳ 
ɾǍʬȡɅȓɾ ǍɶǸ ǍǪțȡǸʬǸǱ ǱʔǸ ʌɐ ʌțǸ ɶǸǱʔǪǸǱ ǍǪʌȡʬȡʌʳ ɐȒ ɳɐʭǸɶẁțʔɅȓɶʳ =ñɾṣ ÿțǸ ɳǍɶǍɃǸʌɶȡǪ ǍɅǍȺʳɾȡɾṞ 
ɾʔɃɃǍɶȡʽǸǱ ȡɅ Figure 10Ṟ ɶǸʬǸǍȺɾ ʌțǸ ȒɐȺȺɐʭȡɅȓ ȡɅɾȡȓțʌɾṝ  

¶ Elevation Angle: The elevation angle has the most significant impact on energy savings. 
Differences of up to 6 percentage points in energy savings are observed between the 
smallest and largest angles.  

¶ Indoor UEs: The proportion of indoor UEs affects energy savings, with additional savings of 
approximately 3.6% when the percentage of indoor UEs decreases from 90% to 60%.  

¶ Traditional Buildings: The percentage of traditional buildings shows a localized effect, with 
differences of around 2.5% in energy savings.  

 
Figure 10: Energy saving at each trial (y -axis) with respect to elevation angle (sample colour: the darker the 

colour, the larger the angle), portion of indoor users (x -axis), and percentage of traditional buildings (sample 
size: the larger the size, the more the t raditional buildings).  
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ÃʬǸɶǍȺȺṞ ʌțǸ ɾʌʔǱʳ țȡȓțȺȡȓțʌɾ ʌțǍʌ țȡȓțǸɶ ǸȺǸʬǍʌȡɐɅ ǍɅȓȺǸɾṞ ȒǸʭǸɶ ȡɅǱɐɐɶ ʔɾǸɶɾṞ ǍɅǱ Ǎ ȓɶǸǍʌǸɶ ɅʔɃǩǸɶ 
ɐȒ ʌɶǍǱȡʌȡɐɅǍȺ ǩʔȡȺǱȡɅȓɾ ǪɐɅʌɶȡǩʔʌǸ ʌɐ țȡȓțǸɶ ǸɅǸɶȓʳ ɾǍʬȡɅȓɾṣ ÿțǸ ȒȡɅǱȡɅȓɾ ʔɅǱǸɶɾǪɐɶǸ ʌțǸ ɳɐʌǸɅʌȡǍȺ 
ɐȒ ȡɅʌǸȓɶǍʌȡɅȓ o!æñ ȡɅʌɐ é!¸ɾ ʌɐ ǍǪțȡǸʬǸ ɾȡȓɅȡȒȡǪǍɅʌ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ȡɃɳɶɐʬǸɃǸɅʌɾṞ ǸɃɳțǍɾȡʽȡɅȓ 
ʌțǸ ȡɃɳɐɶʌǍɅǪǸ ɐȒ ɐɳʌȡɃȡʽȡɅȓ ʌțǸɾǸ ɳǍɶǍɃǸʌǸɶɾ Ȓɐɶ ɃǍʲȡɃʔɃ ǩǸɅǸȒȡʌṣ fɐɶ ȒʔɶʌțǸɶ ǱǸʌǍȡȺɾṞ ʌțǸ ɶǸǍǱǸɶ 
ȡɾ ɶǸȒǸɶɶǸǱ ʌɐ ṳᶴṴṣ  

5.4.2  Dynamic spectrum sharing between  NTN and TN  

ÿțǸ ȡɅǪɶǸǍɾȡɅȓ ǱǸɃǍɅǱ Ȓɐɶ ʔǩȡɵʔȡʌɐʔɾ ǪɐɅɅǸǪʌȡʬȡʌʳ ǍɅǱ ʌțǸ ǸʲʌǸɅɾȡʬǸ ǱǸɳȺɐʳɃǸɅʌ ɐȒ ǪǸȺȺʔȺǍɶ 
ɅǸʌʭɐɶȶɾ țǍɾ ɳɶɐɃɳʌǸǱ ɾȡȓɅȡȒȡǪǍɅʌ ǪɐɅǪǸɶɅɾ Ǎǩɐʔʌ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ȡɅ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṣ ! 
ɅɐʬǸȺ ȒɶǍɃǸʭɐɶȶ ǪǍȺȺǸǱ =¬!ñÿMé ṵ=ǍɅǱʭȡǱʌț ɾɳ¬ȡʌṞ ʔɾǸɶ !ñɾɐǪȡǍʌȡɐɅṞ ǍɅǱ æɐʭMɶ ǪɐɅʌéɐȺṶ ǍȡɃɾ ʌɐ 
ǸɅțǍɅǪǸ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ǍɅǱ ɅǸʌʭɐɶȶ ɳǸɶȒɐɶɃǍɅǪǸ ǩʳ ǱʳɅǍɃȡǪǍȺȺʳ ɃǍɅǍȓȡɅȓ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ 
ȡɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶ ṵÿ¸ẁ̧ ÿ¸Ṷ ṳᶯᶰṴṣ ÿțǸ ȒɶǍɃǸʭɐɶȶ ȒɐǪʔɾǸɾ ɐɅ 
ɐɳʌȡɃȡʽȡɅȓ ʌțǸ ǍɾɾɐǪȡǍʌȡɐɅ ɐȒ ʔɾǸɶ ǸɵʔȡɳɃǸɅʌ ṵĆMṶṞ ǩǍɾǸ ɾʌǍʌȡɐɅ ṵ=ñṶ ǍǪʌȡʬǍʌȡɐɅṞ ǍɅǱ ǩǍɅǱʭȡǱʌț 
ǍȺȺɐǪǍʌȡɐɅ ǩǸʌʭǸǸɅ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ȺǍʳǸɶɾ ʌɐ ǍǱǍɳʌ ʌɐ ʬǍɶʳȡɅȓ ʌɶǍȒȒȡǪ ǪɐɅǱȡʌȡɐɅɾ 
ǸȒȒǸǪʌȡʬǸȺʳṣ 

uɅ ʌțǸ ɳɶɐɳɐɾǸǱ ȡɅʌǸȓɶǍʌǸǱ ÿ¸ẁ̧ ÿ¸ ɾʳɾʌǸɃṞ ȺɐʭẁǸǍɶʌț ɐɶǩȡʌ ṵ¬MÃṶ ɾǍʌǸȺȺȡʌǸɾ ǪɐɃɳȺǸɃǸɅʌ ʌțǸ 
ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶɾ ʌɐ ǸʲʌǸɅǱ ǪɐʬǸɶǍȓǸ ǍɅǱ ȡɃɳɶɐʬǸ ǪɐɅɅǸǪʌȡʬȡʌʳṞ ǸɾɳǸǪȡǍȺȺʳ ȡɅ ɶǸɃɐʌǸ ǍɅǱ ɶʔɶǍȺ 
ǍɶǸǍɾṣ =ɐʌț ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ ʌȡǸɶɾ ɐɳǸɶǍʌǸ ȡɅ ʌțǸ ñẁǩǍɅǱṣ ÿțǸ ¸ÿ¸ɾ Ʌɐʌ ɐɅȺʳ țǸȺɳ ȡɅ 
ɳɶɐʬȡǱȡɅȓ ǸʲʌǸɅɾȡʬǸ ǪɐʬǸɶǍȓǸṞ ǩʔʌ ǍȺɾɐ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ɾʔɳɳɐɶʌ ɶǸǱʔǪȡɅȓ ʌțǸ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǩʳ 
ǸɅǍǩȺȡɅȓ ǱʳɅǍɃȡǪ =ñ ǍǪʌȡʬǍʌȡɐɅ ǩǍɾǸǱ ɐɅ ʌɶǍȒȒȡǪ ȺɐǍǱṣ ÿțȡɾ ȡɾ ɳǍɶʌȡǪʔȺǍɶȺʳ ʔɾǸȒʔȺ ǱʔɶȡɅȓ ȺɐʭẁʌɶǍȒȒȡǪ 
ɾǪǸɅǍɶȡɐɾṞ ɾʔǪț Ǎɾ ǱʔɶȡɅȓ ɅȡȓțʌẁʌȡɃǸṞ ʭțǸɶǸ ¸ÿ¸ ǪǍɅ ǩǸ ʔɾǸǱ ʌɐ ɳɶɐʬȡǱǸ ǩȺǍɅȶǸʌ ǪɐʬǸɶǍȓǸ ǍɅǱ Ƀɐɾʌ 
ʌǸɶɶǸɾʌɶȡǍȺ ɃǍǪɶɐ =ñɾ ṵ¶=ñɾṶ ǪǍɅ ǩǸ ʌʔɶɅǸǱ ɐȒȒ ǍǪǪɐɶǱȡɅȓȺʳ ʌɐ ɾǍʬǸ ǸɅǸɶȓʳṣ 

ÿțǸ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ =¬!ñÿMé ȡɅʬɐȺʬǸɾ Ǎ ǱǸʌǍȡȺǸǱ ɾȡɃʔȺǍʌȡɐɅ ɾǸʌʔɳṞ ʭțǸɶǸ ʌțǸ ɅǸʌʭɐɶȶ ǪɐɃɳɶȡɾǸɾ 
ǩɐʌț ʌǸɶɶǸɾʌɶȡǍȺ ¶=ñɾ ǍɅǱ ¶=ñɾ țɐɾʌǸǱ ɐɅ ¬MÃ ɾǍʌǸȺȺȡʌǸɾṣ ÿțǸ ʌɐʌǍȺ ɾʳɾʌǸɃ ǩǍɅǱʭȡǱʌț ȡɾ ɾʌɶǍʌǸȓȡǪǍȺȺʳ 
ǍȺȺɐǪǍʌǸǱ ǩǸʌʭǸǸɅ ʌțǸɾǸ ʌʭɐ ʌȡǸɶɾṞ ǍɅǱ ʌțǸ ǍɾɾɐǪȡǍʌȡɐɅ ɐȒ ĆMɾ ʌɐ =ñɾ ȡɾ ȓɐʬǸɶɅǸǱ ǩʳ ʌțǸ ɾʌɶǸɅȓʌț 
ǍɅǱ ɵʔǍȺȡʌʳ ɐȒ ʌțǸ ɶǸǪǸȡʬǸǱ ɾȡȓɅǍȺ ǍɅǱ ʌțǸ ǪʔɶɶǸɅʌ ȺɐǍǱ ɐɅ ǸǍǪț ǪǸȺȺ ṵȡɅ ÿ¸ Ǎɾ ʭǸȺȺ Ǎɾ ¸ÿ¸Ṷṣ ÿțȡɾ 
ǍɳɳɶɐǍǪț ǸɅɾʔɶǸɾ ǍɅ ɐɳʌȡɃǍȺ ȺɐǍǱ ǱȡɾʌɶȡǩʔʌȡɐɅ ǍɅǱ ɃȡɅȡɃȡʽǸɾ ɳǸɶȒɐɶɃǍɅǪǸ ǱǸȓɶǍǱǍʌȡɐɅ ǱʔǸ ʌɐ 
ɐʬǸɶȺɐǍǱǸǱ =ñɾṣ 

=¬!ñÿMéṧɾ ɾʌɶǍʌǸȓʳ ȡɾ ʌɐ ǱȡɾʌɶȡǩʔʌǸ ʌțǸ ɅǸʌʭɐɶȶ ȺɐǍǱ ɐɳʌȡɃǍȺȺʳ ǍǪɶɐɾɾ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ɅɐɅẁ
ʌǸɶɶǸɾʌɶȡǍȺ ʌȡǸɶɾṣ =ʳ ǍǱȲʔɾʌȡɅȓ ʌțǸ =ñ ʌɶǍɅɾɃȡʌ ɳɐʭǸɶṞ ǍǪʌȡʬǍʌȡɅȓ ɐɶ ǱǸǍǪʌȡʬǍʌȡɅȓ =ñɾṞ ǍɅǱ ɃǍɅǍȓȡɅȓ 
ǩǍɅǱʭȡǱʌț ǍȺȺɐǪǍʌȡɐɅṞ =¬!ñÿMé ǪǍɅ ɶǸǱʔǪǸ ʌțǸ ǍʬǸɶǍȓǸ ǱǍȡȺʳ ʌɐʌǍȺ ɳɐʭǸɶ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʌțǸ 
ɅǸʌʭɐɶȶ ǩʳ ʔɳ ʌɐ ᶲᶳụ ǪɐɃɳǍɶǸǱ ʌɐ ʌɶǍǱȡʌȡɐɅǍȺ ɅǸʌʭɐɶȶɾ ȒɐȺȺɐʭȡɅȓ ᶱgææ ɶǸǪɐɃɃǸɅǱǍʌȡɐɅɾṞ Ǎɾ 
ɾțɐʭɅ ȡɅ fȡȓʔɶǸ ᶯṣɳ ¶ɐɶǸɐʬǸɶṞ ʌțǸ ɾʳɾʌǸɃ ǍǪțȡǸʬǸɾ ǍɅ ǍʬǸɶǍȓǸ ʌțɶɐʔȓțɳʔʌ ȡɅǪɶǸǍɾǸ ɐȒ Ǎǩɐʔʌ ᶰᶳᶮụṞ 
ȡɅǱȡǪǍʌȡɅȓ Ǎ ɾʔǩɾʌǍɅʌȡǍȺ enhancement  ȡɅ ɅǸʌʭɐɶȶ ǪǍɳǍǪȡʌʳ ǱʔɶȡɅȓ țȡȓțẁʌɶǍȒȒȡǪ ɳǸɶȡɐǱɾṣ  

 
Figure 11: Network Power consumption throughout the day.  
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ñȡɃʔȺǍʌȡɐɅ ɶǸɾʔȺʌɾ ʔɅǱǸɶȺȡɅǸ ʌțǸ ǸȒȒȡǪǍǪʳ ɐȒ =¬!ñÿMé ȡɅ ǱʳɅǍɃȡǪ ʌɶǍȒȒȡǪ ɾǪǸɅǍɶȡɐɾ ʌʳɳȡǪǍȺ ȡɅ ɶʔɶǍȺ 
ɾǸʌʌȡɅȓɾṣ ÿțǸ ɅǸʌʭɐɶȶ ǍǱǍɳʌɾ ʌɐ țɐʔɶȺʳ ʬǍɶȡǍʌȡɐɅɾ ȡɅ ĆM ǱǸɅɾȡʌʳṞ ɐɳʌȡɃȡʽȡɅȓ ɶǸɾɐʔɶǪǸ ʔʌȡȺȡʽǍʌȡɐɅ ǍɅǱ 
ɃǍȡɅʌǍȡɅȡɅȓ ɵʔǍȺȡʌʳ ɐȒ ɾǸɶʬȡǪǸ ṵèɐñṶ ǍǪɶɐɾɾ ʌțǸ ɅǸʌʭɐɶȶṣ EʔɶȡɅȓ ɳǸǍȶ ʌɶǍȒȒȡǪ țɐʔɶɾṞ =¬!ñÿMéṧɾ ǍǩȡȺȡʌʳ 
ʌɐ ɃǍɅǍȓǸ ɶǸɾɐʔɶǪǸɾ ɾʌǍɅǱɾ ɐʔʌṞ Ǎɾ ȡʌ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ǸɅțǍɅǪǸɾ ʌțɶɐʔȓțɳʔʌ ʭțȡȺǸ ȶǸǸɳȡɅȓ ǸɅǸɶȓʳ 
ǪɐɅɾʔɃɳʌȡɐɅ ȡɅ ǪțǸǪȶṞ Ǎɾ ɾțɐʭɅ ȡɅ fȡȓʔɶǸ ᶯṣɴ >ɐɅʬǸɶɾǸȺʳṞ ȡɅ ȺɐʭẁʌɶǍȒȒȡǪ ɳǸɶȡɐǱɾṞ ɾʔǩɾʌǍɅʌȡǍȺ ǸɅǸɶȓʳ 
ɾǍʬȡɅȓɾ ǪǍɅ ǩǸ ɶǸǍȺȡʽǸǱ ǩʳ ȺǸʬǸɶǍȓȡɅȓ ¸ÿ¸ɾ ʌɐ țǍɅǱȺǸ Ǎ ȺǍɶȓǸɶ ɾțǍɶǸ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ȺɐǍǱṞ ǍȺȺɐʭȡɅȓ 
Ȓɐɶ ʌțǸ ǱǸǍǪʌȡʬǍʌȡɐɅ ɐȒ ʌǸɶɶǸɾʌɶȡǍȺ =ñɾ ʭȡʌțɐʔʌ ɾǍǪɶȡȒȡǪȡɅȓ ǪɐʬǸɶǍȓǸ ɐɶ ǪɐɅɅǸǪʌȡʬȡʌʳṣ  

 
Figure 12: Network Sum Data -Rate throughout the day.  

uɅ ǪɐɅǪȺʔɾȡɐɅṞ =¬!ñÿMé ǸʲǸɃɳȺȡȒȡǸɾ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ɾʌǸɳ ȒɐɶʭǍɶǱ ȡɅ ʌțǸ ǱǸɾȡȓɅ ɐȒ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ǍɅǱ 
țȡȓțẁɳǸɶȒɐɶɃǍɅǪǸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṣ =ʳ ɾǸǍɃȺǸɾɾȺʳ ȡɅʌǸȓɶǍʌȡɅȓ ʌǸɶɶǸɾʌɶȡǍȺ ǍɅǱ ɅɐɅẁʌǸɶɶǸɾʌɶȡǍȺ 
ʌǸǪțɅɐȺɐȓȡǸɾṞ ȡʌ Ʌɐʌ ɐɅȺʳ ǍǱǱɶǸɾɾǸɾ ʌțǸ ȡɃɃǸǱȡǍʌǸ ǪțǍȺȺǸɅȓǸɾ ɐȒ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǍɅǱ ɅǸʌʭɐɶȶ 
ǪɐʬǸɶǍȓǸṞ ǩʔʌ ǍȺɾɐ ɳɶɐʬȡǱǸɾ Ǎ ɾǪǍȺǍǩȺǸ ɃɐǱǸȺ Ȓɐɶ ȒʔʌʔɶǸ ɅǸʌʭɐɶȶ ǱǸɳȺɐʳɃǸɅʌɾṣ ÿțǸ ȒȺǸʲȡǩȡȺȡʌʳ ǍɅǱ 
ǸȒȒȡǪȡǸɅǪʳ ɐȒ =¬!ñÿMé ɾʔȓȓǸɾʌ ʌțǍʌ ɾʔǪț ȡɅʌǸȓɶǍʌǸǱ ǍɳɳɶɐǍǪțǸɾ ʭȡȺȺ ǩǸ ǪɶʔǪȡǍȺ ȡɅ ǸʬɐȺʬȡɅȓ ɅǸʌʭɐɶȶ 
ȡɅȒɶǍɾʌɶʔǪʌʔɶǸɾ ʌɐ ɃǸǸʌ ʌțǸ ǸʲɳǍɅǱȡɅȓ ǱǸɃǍɅǱɾ ɐȒ ȓȺɐǩǍȺ ǪɐɅɅǸǪʌȡʬȡʌʳṞ ǸɾɳǸǪȡǍȺȺʳ ȡɅ ʔɅǱǸɶɾǸɶʬǸǱ 
ɶǸȓȡɐɅɾṣ 

5.4.3  Multi -Access  

ñǸǍɃȺǸɾɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ȓȺɐǩǍȺ ǪɐʬǸɶǍȓǸ ǍɶǸ ǪɐɅɾȡǱǸɶǸǱ ȡɃɳɐɶʌǍɅʌ ɶǸɵʔȡɶǸɃǸɅʌɾṩ©æuɾ Ȓɐɶ 
ɾʔɳɳɐɶʌȡɅȓ ɃǍɅʳ ᶴg ʔɾǸ ǪǍɾǸɾ ȺȡȶǸ ĞᶰĤṞ ɶɐǩɐʌȡǪɾṞ !éṩĞé ǍɅǱ ɃʔȺʌȡẁɃɐǱǍȺ ʔɾǸ ǪǍɾǸɾ ʭțȡǪț ɅǸǸǱ ʌɐ 
ʌɶǍɅɾɃȡʌ ʔȺʌɶǍẁɶǸȺȡǍǩȺǸ ʌȡɃǸẁɾǸɅɾȡʌȡʬǸ ɃʔȺʌȡẁɃɐǱǍȺ ǱǍʌǍ ȺȡȶǸ ɾȡɃʔȺʌǍɅǸɐʔɾ ʌɶǍɅɾɃȡɾɾȡɐɅ ɐȒ ǍʔǱȡɐṞ 
ʬȡǱǸɐṞ țǍɳʌȡǪṞ ǍǪǪʔɶǍʌǸẁɳɐɾȡʌȡɐɅṞ ɾɳǸǸǱṞ ʬǸȺɐǪȡʌʳṞ ǍɅǱ ǱǸɶȡʬǸǱ ǱǍʌǍ ȺȡȶǸ ǩɐǱʳ ɳɐɾʌʔɶǸṞ ȒǍǪȡǍȺ 
ǸʲɳɶǸɾɾȡɐɅɾṞ țǸǍǱ ɃɐʬǸɃǸɅʌṞ ɐǩȲǸǪʌɾṞ ǍɅǱ ɐɳǸɶǍʌȡɅȓ ǸɅʬȡɶɐɅɃǸɅʌ ǱǍʌǍṣ uɅ ɳǍɶǍȺȺǸȺṞ Ǎɾ ǱȡɾǪʔɾɾǸǱ ȡɅ 
ĆɾǸ >ǍɾǸ Ṟɲ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ʌǸǪțɅɐȺɐȓȡǸɾ ʭȡȺȺ ǩǸ ǍʬǍȡȺǍǩȺǸ ȡɅ ᶴg ȡɅ ǍɅ ȡɅʌǸȓɶǍʌǸǱ ¸ÿ¸ṩÿ¸ 
ǸɅʬȡɶɐɅɃǸɅʌ ǍɅǱ ĆMɾ ʭȡȺȺ ǩǸ ǸɵʔȡɳɳǸǱ ʭȡʌț ɃʔȺʌȡɳȺǸ ɶǍǱȡɐ ǪǍɳǍǩȡȺȡʌȡǸɾ Ȓɐɶ ȺǸʬǸɶǍȓȡɅȓ ɾʔǪț 
țǸʌǸɶɐȓǸɅǸɐʔɾ ɶǍǱȡɐ ʌǸǪțɅɐȺɐȓȡǸɾṣ EʔǸ ʌɐ ǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ ¶ʔȺʌȡɳȺǸ !ǪǪǸɾɾ ÿǸǪțɅɐȺɐȓȡǸɾṞ ᶱgææ țǍɾ 
ǩǸǸɅ ǸʲɳȺɐɶȡɅȓ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ ɾȡɅǪǸ éǸȺǸǍɾǸ ᶯᶳṣ  

MʬǸɅ ʌțɐʔȓț ᶱgææ ɳɶɐʬȡǱǸɾ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ ɾɐȺʔʌȡɐɅɾ ȺȡȶǸ ¶ʔȺʌȡ éǍǱȡɐ EʔǍȺ >ɐɅɅǸǪʌȡʬȡʌʳ ṵ¶éẁE>Ṷ 
ʌɐ ɾʔɳɳɐɶʌ ʌțǸ ɅɐɅẁɾʌǍɅǱǍȺɐɅǸ ᶳg ǍɶǪțȡʌǸǪʌʔɶǸ  ṵɶǸȒǸɶ ʌɐ ᶱgææ ÿñ ᶱᶵṣᶱᶲᶮ ṳᶯᶯṴṞ éǸȺǸǍɾǸ ᶯᶳṶ ǍɅǱ !ǪǪǸɾɾ 
ÿɶǍȒȒȡǪ ñʌǸǸɶȡɅȓṞ ñʭȡʌǪțȡɅȓ Ἁ ñɳȺȡʌʌȡɅȓ ṵ!ÿñññṶ ʌɐ ǩǍȺǍɅǪǸ ʌțǸ ʌɶǍȒȒȡǪ ȺɐǍǱ ǩǸʌʭǸǸɅ ᶱgææ ǍɅǱ ğȡẁfȡ 
ɅǸʌʭɐɶȶɾ ṵɶǸȒǸɶ ʌɐ ᶱgææ ÿñ ᶰᶲṣᶯᶷᶱ ṳᶯᶱṴṞ éǸȺǸǍɾǸ ᶯᶵẁɳ ᶷṶṞ ȡʌ ȡɾ Ʌɐʌ ʌɶʔȺʳ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳṞ Ǎɾ ȡʌ ȺȡɃȡʌɾ ʌțǸ 
ĆM ʌɐ Ǎ ɃǍʲȡɃʔɃ ɐȒ ɐɅȺʳ ʌʭɐ ɾȡɃʔȺʌǍɅǸɐʔɾ ǪɐɅɅǸǪʌȡɐɅɾṣ ¶ɐɶǸɐʬǸɶṞ ¶éẁE> ǍɅǱ !ÿñññ ǍɶǸ ǱȡȒȒȡǪʔȺʌ 
ʌɐ ɾǪǍȺǸ ǍɅǱ ɶǸɵʔȡɶǸ ǪɐɃɳȺǸʲṞ ȡɅʌɶȡǪǍʌǸ ǪɐɅȒȡȓʔɶǍʌȡɐɅɾṞ ʭȡʌț ɾɐɃǸ ʬǍɶȡǍɅʌɾ ǍȺɾɐ ɶǸɵʔȡɶȡɅȓ 
¶æÿ>æṩ¶æèĆu> ɳɶɐʌɐǪɐȺɾ ȡɅ ʌțǸ ɅǸʌʭɐɶȶ ǍɅǱ ȡɅ ʌțǸ ĆMɾṣ ĆɅȒɐɶʌʔɅǍʌǸȺʳṞ ʌțȡɾ ɃǍʳ ȺǸǍǱ ʌɐ ÿ>æ ɳɐɶʌ 
ǪɐȺȺȡɾȡɐɅ ǍɅǱ ǸʲțǍʔɾʌȡɐɅ ʭțǸɅ ĆMɾ ǪɶǸǍʌǸ Ǎ ȺǍɶȓǸ ɅʔɃǩǸɶ ɐȒ ȒȺɐʭɾṣ oǸɅǪǸṞ ¶éẁE> ǍɅǱ !ÿñññ ɃǍʳ 
Ʌɐʌ ǩǸ ɾʔȒȒȡǪȡǸɅʌ ʌɐ ȒʔȺȒȡȺ ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ǍǩɐʬǸ ɃǸɅʌȡɐɅǸǱ ᶴg ʔɾǸ ǪǍɾǸɾṞ Ǎɾ ʌțǸʳ ɅǸǸǱ ɃʔȺʌȡɳȺǸ 
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ɾȡɃʔȺʌǍɅǸɐʔɾ ǪɐɅɅǸǪʌȡɐɅɾ ʌɐ ǱǸȺȡʬǸɶ ɃʔȺʌȡẁǱȡɃǸɅɾȡɐɅǍȺ ǱǍʌǍ ǍɅǱ ɾǸɶʬȡǪǸɾṞ ʭțǸɶǸ ǸǍǪț ɾʌɶǸǍɃ ɐȒ 
ǱǍʌǍ ǍɅǱ ɾǸɶʬȡǪǸ ʭȡȺȺ țǍʬǸ ȡʌɾ ɐʭɅ ɾǸʌ ɐȒ ɶǸɵʔȡɶǸɃǸɅʌɾṣ ¶ɐɶǸɐʬǸɶṞ ʌțǸɾǸ ɾɐȺʔʌȡɐɅɾ ǍǱǱ ǍǱǱȡʌȡɐɅǍȺ 
ɐʬǸɶțǸǍǱ ǱʔɶȡɅȓ ɃɐǩȡȺȡʌʳ ɶǸɾʔȺʌȡɅȓ ȒɶɐɃ ǪɐɃɳȺǸʲ ǍɅǱ ȡɅʌɶȡǪǍʌǸȺʳ ǪɐɐɶǱȡɅǍʌǸǱ țǍɅǱɐʬǸɶɾṞ oǍɅǱɐʬǸɶ 
fǍȡȺʔɶǸɾ ṵoɐfṶ ǍɅǱ ʔɅǍʬɐȡǱǍǩȺǸ oǍɅǱɐʬǸɶ uɅʌǸɶɶʔɳʌȡɐɅ ÿȡɃǸɾ ṵouÿṶṞ ȡɅǍǱʬǸɶʌǸɅʌȺʳ ǍȒȒǸǪʌȡɅȓ ɾǸǍɃȺǸɾɾ 
ɃɐǩȡȺȡʌʳ ǸɾɳǸǪȡǍȺȺʳ ȡɅ țǸʌǸɶɐȓǸɅǸɐʔɾ ɅǸʌʭɐɶȶ ǸɅʬȡɶɐɅɃǸɅʌɾṣ  

ÿɐǱǍʳṞ ¸ÿ¸ ɅǸʌʭɐɶȶɾ ǪǍɅɅɐʌ ǩǸ ǱȡɶǸǪʌȺʳ ȡɅǪɐɶɳɐɶǍʌǸǱ ȡɅʌɐ ᶱgææ ʌɐ ǸɅǍǩȺǸ ȓȺɐǩǍȺ ǪɐʬǸɶǍȓǸ Ǎɾ ¸ÿ¸ 
ǪɐɃɳɐɅǸɅʌɾ ǪǍɅɅɐʌ ɐɳǸɶǍʌǸ ȡɅǱǸɳǸɅǱǸɅʌȺʳ ʭȡʌț ᶱgææ ǪɐɶǸ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ ȺȡȶǸṞ ǸṣȓṣṞ !¶fṣ ÿțǸ 
ɅǸǪǸɾɾǍɶʳ ȒʔɅǪʌȡɐɅǍȺȡʌʳṞ ɃǸǪțǍɅȡɾɃɾ ǍɅǱ ǍɳɳǍɶǍʌʔɾ ʌɐ ǸʲʌǸɅǱǸǱ ᶱgææ ɾǸɶʬȡǪǸɾ ʌɐ ¸ÿ¸ ǍɶǸ Ʌɐʌ ʳǸʌ 
ȡɅ ɳȺǍǪǸṣ oɐʭǸʬǸɶṞ ɾȡɅǪǸ ¸ÿ¸ ʭȡȺȺ ǩǸǪɐɃǸ ǍɅ ȡɅʌǸȓɶǍȺ ɳǍɶʌ ɐȒ ᶴg ṵȡɅ ǍǱǱȡʌȡɐɅ ʌɐ ȺǸȓǍǪʳ ǍǪǪǸɾɾǸɾṶṞ 
ʌțǸɶǸ ȡɾ Ȓɐɶ ʌțǸ Ȓȡɶɾʌ ʌȡɃǸ ǍɅ ɐɳɳɐɶʌʔɅȡʌʳ Ȓɐɶ ɾǸʬǸɶǍȺ ǱȡȒȒǸɶǸɅʌ ǍǪǪǸɾɾ ʌǸǪțɅɐȺɐȓȡǸɾ ʌɐ ǩǸ ɾʌǍɅǱǍɶǱȡʽǸǱ 
ʭȡʌțȡɅ Ǎ ɾȡɅȓȺǸ ᶴg ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾʳɾʌǸɃṣ uɅ ʌțȡɾ ɶǸȓǍɶǱṞ ǍɅ ɐǩʬȡɐʔɾ ǍɅǱ ȡɅǱȡɾɳʔʌǍǩȺǸ ɳɶɐǩȺǸɃ ȡɾ 
țɐʭ ʭȡȺȺ ǱȡȒȒǸɶǸɅʌ ǍǪǪǸɾɾ ʌʳɳǸɾ ǩǸ ʔɾǸǱ ȡɅ ᶴgṤ ğǸ ǩǸȺȡǸʬǸ ʌțǍʌ ȡʌ ǪɐʔȺǱ ɳɶɐǪǸǸǱ ȡɅ ɐɅǸ ɐȒ ʌțǸ ʌʭɐ 
ɳɐɾɾȡǩȺǸ ǱȡɶǸǪʌȡɐɅɾṝ  

1. ǩʳ ǪɐɅʌȡɅʔȡɅȓ ʌțǸ ǪʔɶɶǸɅʌ ɳɶǍǪʌȡǪǸ ɐȒ ɳǍʌǪțȡɅȓ ʌțǸ ɅǸʭ ɾʳɾʌǸɃ ʌɐ ɾʔɳɳɐɶʌ ʌțǸ ȺǸȓǍǪʳ ǍǪǪǸɾɾ 
ʌʳɳǸɾ ɐɶ  

2. ǩʳ ǩʔȡȺǱȡɅȓ Ǎ ɾʳɾʌǸɃ ʌțǍʌ ȡɾ ɃʔȺʌȡẁǍǪǪǸɾɾ ǩʳ ǱǸɾȡȓɅṞ ʭțǸɶǸȡɅ ǍɅ ǍǪǪǸɾɾ ȡɾ ʌɶǸǍʌǸǱ Ǎɾ Ȳʔɾʌ ǍɅ 
ǍǪǪǸɾɾ ǍɅǱ Ʌɐʌ Ǎɾ ʌțǸ ǸɅʌȡɶǸ ɾʳɾʌǸɃṣ  

ÿțǸ ȺǍʌʌǸɶ ɐȒ ʌțǸ ʌʭɐ ɳɐɾɾȡǩȡȺȡʌȡǸɾṞ ȡṣǸṣṞ ɃʔȺʌȡẁǍǪǪǸɾɾ ǩʳ ǱǸɾȡȓɅṞ ȡɾ ʭțǍʌ ʭǸ ǍǱʬɐǪǍʌǸ Ȓɐɶṣ uɅ ɳɶȡɅǪȡɳȺǸṞ 
ǍǪǪǸɾɾ ɅǸʌʭɐɶȶ ǍɅǱ ǪɐɶǸ ɅǸʌʭɐɶȶ ǍɶǸ ʌʭɐ ɾǸɳǍɶǍʌǸ ɳȡǸǪǸɾ ɐȒ Ǎ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶṞ ǍɅǱ ǍɅʳ ǪțǍɅȓǸɾ ʌɐ 
ʌțǸ ǍǪǪǸɾɾ ɅǸʌʭɐɶȶ ɾțɐʔȺǱ ǩǸ ɾʔɳɳɐɶʌǸǱ ȡɅ ʌțǸ ǪɐɶǸ ɅǸʌʭɐɶȶṞ ǩʔʌ Ʌɐʌ ȺǸǍǱ ʌɐ ʌțǸ ǪɶǸǍʌȡɐɅ ɐȒ Ǎ ʭțɐȺǸ 
ɅǸʭ ǪɐɶǸ ɅǸʌʭɐɶȶṣ oǸɅǪǸ Ȓɐɶ ᶴgṞ ȡʌ ȡɾ ɳǍɶǍɃɐʔɅʌ ʌɐ ǪɶǸǍʌǸ Ǎ ɃʔȺʌȡẁǍǪǪǸɾɾ ɾʳɾʌǸɃ ǩʳ ǱǸɾȡȓɅṞ ǪǍɳǍǩȺǸ 
ɐȒ ɾʔɳɳɐɶʌȡɅȓ ǍɅʳ ǍɅǱ ǍȺȺ ʌʳɳǸɾ ɐȒ ǍǪǪǸɾɾṣ 

5.4.3.1 Challenges for 6G Mobile Communication Systems  

ÿțǸ ȒɐȺȺɐʭȡɅȓ ǪțǍȺȺǸɅȓǸɾ ǍɅǱ ɶǸɵʔȡɶǸɃǸɅʌɾ ȒɶɐɃ ʌțǸ ǪɐɶɶǸɾɳɐɅǱȡɅȓ ʔɾǸ ǪǍɾǸɾ ȒʔɶʌțǸɶ ǱǸɃɐɅɾʌɶǍʌǸ 
ʌțǸ ɅǸǸǱ Ȓɐɶ ɃʔȺʌȡẁǪɐɅɅǸǪʌȡʬȡʌʳ ȡɅ ȒʔʌʔɶǸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṣ 

¶ Seamless Global Coverage:  in addition to increasing rate of end -user mobility, the network 
itself could be mobile in 6G e.g., NTN, fast trains providing sub networks to their passengers, 
etc. Hence, the challenge of seamless service continuity, especially in a heterogeneous 
integr ated NTN/TN environment under various mobility scenarios requires further research.  

¶ Multi -modal Communications: as mentioned above, many 6G applications require 
simultaneous compute, storage and communication sessions with very low latency and no -
ɾǸɶʬȡǪǸ ȡɅʌǸɶɶʔɳʌȡɐɅɾṣ ÿɐǱǍʳẏɾ ɾʌǍɅǱǍɶǱ ɳɶǍǪʌȡǪǸ ɐȒ ɳɶɐʬȡǱȡɅȓ Ǎ ɾȡɅȓȺǸ ɾǸɾɾȡɐɅ ʌɐ ĆM ɐʬǸɶ ᶯ-2 
access will longer be suffi cient. Since heterogeneous networks will be available in the future 
mobile networks, allocating multiple sessions over the resources in heterogeneous networks 
based on the requirements of the application will be necessary. Howev er, managing 
multiple simultaneous sessions across heterogeneous networks needs further research.  

¶ Diverse User Requirements: Since a multitude of advanced and complex applications and 
services are expected to be available in 6G like AR, V2X, haptic -based services, etc., to name 
a few examples, users of these applications will have varied types of requirement unlike the 
tradition al mobile users e.g., high reliability, including during mobility, increased 
throughput, low latency and service continuity, multiple antennas, However, satisfying such 
diverse User requirements while simultaneously, ensuring opt imally resource utilization in a 
heterogeneous network environment needs further research.  

¶ Autonomic Core and RAT Network Evolution:  traditionally,  every new radio access 
technology has led to a new corresponding Core Network, resulting in a tight integration 
between the RAN and Core Networks. Moreover, in order to co -exist with legacy networks, 
additional enhancements are provided e.g., in 5G multipl e inter -working architectures are 
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provided in order to co -exist with 4G and non -3GPP networks. If this trend continues, then 
6G will have to provide inter -working architectures for 4G, 5G, NTN and non -3GPP networks, 
and succeeding generations will then have to support all the preceding (legacy) networks. 
This design choice will certainly not be scalable. The design trend of tightl y integrating the 
RAN and Core networks with separate inter -working architectures to operate with legacy 
networks poses a major challenge for future mobile network s. Further research is needed to 
develop a 6G Core architecture with true separation of RAN and Core (remove tight 
integration between RAT and Core) such that, a 6G core can simultaneously operate with 
any and all types of RATs including legacy RATs and RATs that will be developed in the future.  

5.4.4  UAV -aided Wireless Networks  

uɅ ʌțǸ ɶǸǍȺɃ ɐȒ ǪȡʬȡȺ ǍɳɳȺȡǪǍʌȡɐɅɾṞ ĆɅɃǍɅɅǸǱ !ǸɶȡǍȺ ĞǸțȡǪȺǸɾ ṵĆ!ĞɾṶ țǍʬǸ ʭȡʌɅǸɾɾǸǱ Ǎ ɅɐʌǍǩȺǸ ɾʔɶȓǸ 
ȡɅ ʔʌȡȺȡʌʳṞ ȒȡɅǱȡɅȓ ɶɐȺǸɾ ȡɅ ǱǸȺȡʬǸɶʳ ɾǸɶʬȡǪǸɾṞ ʬȡǱǸɐ ɃɐɅȡʌɐɶȡɅȓṞ ɳțɐʌɐȓɶǍɃɃǸʌɶʳṞ ǍɅǱ ǩǸʳɐɅǱṞ ǸʬǸɅ 
ʭȡʌțȡɅ ʔɶǩǍɅ ȺǍɅǱɾǪǍɳǸɾṣ !ǱʬǍɅǪǸɃǸɅʌɾ ȡɅ ʌǸǪțɅɐȺɐȓʳ ǍɶǸ ɳɐȡɾǸǱ ʌɐ ɶǸɅǱǸɶ ɳɶɐȒǸɾɾȡɐɅǍȺ Ć!Ğɾ ɾǍȒǸɶṞ 
ǪǍɳǍǩȺǸ ɐȒ ǩǸǍɶȡɅȓ țǸǍʬȡǸɶ ɳǍʳȺɐǍǱɾṞ ǍɅǱ ǸʲʌǸɅǱȡɅȓ ʌțǸȡɶ ȒȺȡȓțʌ ǱʔɶǍʌȡɐɅɾṣ fɐɶ ʌțǸɾǸ ɶǸǍɾɐɅɾṞ ʭǸ ǪǍɅ 
ɳɶǸǱȡǪʌ ǍɅ ȡɅǪɶǸǱȡǩȺǸ ȡɅǪɶǸǍɾǸ ȡɅ ʌțǸ ʔɾǸ ɐȒ Ć!Ğɾ ȡɅ ʔɶǩǍɅ ǸɅʬȡɶɐɅɃǸɅʌɾṣ 

uɅ ʌțȡɾ ɶǸȓǍɶǱṞ ȡɅ ʌțǸ ǱʳɅǍɃȡǪ ǍɶǸɅǍ ɐȒ ʌǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ ʌțǸ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ǱɶɐɅǸɾ Ǎɾ ȒȺʳȡɅȓ =ǍɾǸ 
ñʌǍʌȡɐɅɾ ṵ=ñṶ țǸɶǍȺǱɾ Ǎ ȒʔɅǱǍɃǸɅʌǍȺ ɾțȡȒʌ ȡɅ ɅǸʌʭɐɶȶ ǍɶǪțȡʌǸǪʌʔɶǸṣ ğțȡȺǸ Ć!Ğɾ ȒʔȺȒȡȺ ʌțǸȡɶ ɳɶȡɃǍɶʳ 
ȒʔɅǪʌȡɐɅɾṞ ɾʔǪț Ǎɾ ǍǸɶȡǍȺ ɃɐɅȡʌɐɶȡɅȓ ʬȡǍ ɐɅǩɐǍɶǱ ǪǍɃǸɶǍɾṞ ʌțǸɶǸ Ǹʲȡɾʌɾ ʌțǸ ɳɐʌǸɅʌȡǍȺ Ȓɐɶ ʌțǸɃ ʌɐ ǍȺɾɐ 
ɾǸɶʬǸ Ǎɾ ĆɅɃǍɅɅǸǱ !ǸɶȡǍȺ =ǍɾǸ ñʌǍʌȡɐɅɾ ṵĆ!=ñɾṶṞ ʌțǸɶǸǩʳ ɳɶɐʬȡǱȡɅȓ ʭȡɶǸȺǸɾɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ɾǸɶʬȡǪǸɾ ʭțǸɅ ɶǸɵʔȡɶǸǱṣ ÿțȡɾ ǍǱǍɳʌǍʌȡɐɅ ɳɐɾȡʌȡɐɅɾ Ć!=ñɾ Ǎɾ ǍǱǍɳʌǍǩȺǸ ʌɐɐȺɾ ʭȡʌțȡɅ ʌțǸ ǍɶɾǸɅǍȺ ɐȒ ᶴg 
ɅǸʌʭɐɶȶɾṞ ǪǍɳǍǩȺǸ ɐȒ ɾʌɶǸɅȓʌțǸɅȡɅȓ ʌțǸ ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ʌɐ ɃǸǸʌ ʌțǸ ǪɐɅɅǸǪʌȡʬȡʌʳ ɅǸǸǱɾ ɐȒ 
ȓɶɐʔɅǱ ʔɾǸɶɾṣ 

¶ɐɶǸɐʬǸɶṞ Ć!=ñɾ ɐȒȒǸɶ ʔɅɳǍɶǍȺȺǸȺǸǱ ȒȺǸʲȡǩȡȺȡʌʳ ǍɅǱ ɾǪǍȺǍǩȡȺȡʌʳ Ȓɐɶ ȒʔʌʔɶǸ ɅǸʌʭɐɶȶɾṣ ÿțǸȡɶ ɐɅẁǱǸɃǍɅǱ 
ǱǸɳȺɐʳɃǸɅʌ ǪǍɳǍǩȡȺȡʌȡǸɾ ǸɅǍǩȺǸ ɾʭȡȒʌ ɶǸɾɳɐɅɾǸɾ ȡɅ ǍǱ țɐǪ ɾǪǸɅǍɶȡɐɾṞ ɶǍɅȓȡɅȓ ȒɶɐɃ ǱǸȺȡʬǸɶȡɅȓ 
ǪɐɅɅǸǪʌȡʬȡʌʳ ʌɐ ɶǸɃɐʌǸ ǱȡɾǍɾʌǸɶẁɾʌɶȡǪȶǸɅ ǍɶǸǍɾ ʌɐ ǸɅțǍɅǪȡɅȓ ǍȓɶȡǪʔȺʌʔɶǍȺ ɐɳǸɶǍʌȡɐɅɾ ʌțɶɐʔȓț ɾǸɅɾɐɶ 
ɅǸʌʭɐɶȶɾ ǍɅǱ ɐɳʌȡɃȡʽȡɅȓ ʬǸțȡǪʔȺǍɶ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṞ Ǎɾ ǱȡɾǪʔɾɾǸǱ ȡɅ ʌțǸ ɳɶǸʬȡɐʔɾ ɾǸǪʌȡɐɅɾṣ ĆɅȺȡȶǸ 
ʌǸɶɶǸɾʌɶȡǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸṞ Ć!=ñɾ ǍɶǸ Ʌɐʌ ǩɐʔɅǱ ǩʳ ɶɐǍǱɾṞ ʔɅǍȒȒǸǪʌǸǱ ǩʳ ʌɶǍȒȒȡǪ ǪɐɅȓǸɾʌȡɐɅṞ ǍɅǱ 
ɳɐɾɾǸɾɾ ɶɐǩʔɾʌ ǪɐɅɅǸǪʌȡʬȡʌʳ ʭȡʌț ǩɐʌț ȓɶɐʔɅǱẁǩǍɾǸǱ ʔɾǸɶɾ ǍɅǱ ʌǸɶɶǸɾʌɶȡǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾṞ ʌțǍɅȶɾ ʌɐ 
ʌțǸȡɶ țȡȓț ȺȡȶǸȺȡțɐɐǱ ɐȒ ɃǍȡɅʌǍȡɅȡɅȓ ¬ȡɅǸ ɐȒ ñȡȓțʌ ṵ¬ɐñṶṣ 

¸ǸʬǸɶʌțǸȺǸɾɾṞ ʌțǸ ɾǸǍɃȺǸɾɾ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ ǱɶɐɅǸɾ ȡɅʌɐ ʌǸɶɶǸɾʌɶȡǍȺ ɅǸʌʭɐɶȶɾ ɳɶǸɾǸɅʌɾ ǪțǍȺȺǸɅȓǸɾ 
ɅǸǪǸɾɾȡʌǍʌȡɅȓ ǪǍɶǸȒʔȺ ǪɐɅɾȡǱǸɶǍʌȡɐɅṣ fɐɶǸɃɐɾʌ ǍɃɐɅȓ ʌțǸɾǸ ǪțǍȺȺǸɅȓǸɾ ǍɶǸ ɶǸȓʔȺǍʌɐɶʳ ǩǍɶɶȡǸɶɾ 
ǪɐɅǪǸɶɅȡɅȓ ǍȡɶɾɳǍǪǸ ɃǍɅǍȓǸɃǸɅʌ ǍɅǱ ɾɳǸǪʌɶʔɃ ǍȺȺɐǪǍʌȡɐɅṞ ʔɅǱǸɶɾǪɐɶȡɅȓ ʌțǸ ȡɃɳǸɶǍʌȡʬǸ Ȓɐɶ ǪȺɐɾǸ 
ǪɐȺȺǍǩɐɶǍʌȡɐɅ ǩǸʌʭǸǸɅ ʌǸȺǸǪɐɃ ɐɳǸɶǍʌɐɶɾ ǍɅǱ ɶǸȓʔȺǍʌɐɶʳ ǍʔʌțɐɶȡʌȡǸɾ ʌɐ ǱǸȺȡɅǸǍʌǸ ǪȺǸǍɶ ǱǸɳȺɐʳɃǸɅʌ 
ȓʔȡǱǸȺȡɅǸɾṣ fʔɶʌțǸɶɃɐɶǸṞ ǸɅɾʔɶȡɅȓ ɾɃɐɐʌț ȡɅʌǸɶɐɳǸɶǍǩȡȺȡʌʳ ǍɅǱ țǍɅǱɐȒȒ ǩǸʌʭǸǸɅ ʌǸɶɶǸɾʌɶȡǍȺ ǩǍɾǸ 
ɾʌǍʌȡɐɅɾ ǍɅǱ ǍȡɶǩɐɶɅǸ ǪɐʔɅʌǸɶɳǍɶʌɾ ǱǸɃǍɅǱɾ ʌțǸ ȡɃɳȺǸɃǸɅʌǍʌȡɐɅ ɐȒ ɶɐǩʔɾʌ ɅǸʌʭɐɶȶ ɐɶǪțǸɾʌɶǍʌȡɐɅ 
ɃǸǪțǍɅȡɾɃɾṣ ÿțǸɾǸ ǪțǍȺȺǸɅȓǸɾ ʔɅǱǸɶɾǪɐɶǸ ȶǸʳ ɶǸɾǸǍɶǪț ʌɶǸɅǱɾ ǱɶȡʬȡɅȓ ʌțǸ ʌɶǍȲǸǪʌɐɶʳ ʌɐʭǍɶǱɾ ᶴg 
ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅṞ ȡɅǪȺʔǱȡɅȓ ʌɶǍȲǸǪʌɐɶʳ ɐɳʌȡɃȡʽǍʌȡɐɅ ṳᶯᶲṴṞ ɶǍǱȡɐ ɶǸɾɐʔɶǪǸ ɃǍɅǍȓǸɃǸɅʌ ṳᶯᶳṴṞ ǍɅǱ ʌțǸ 
ɐʬǸɶǍɶǪțȡɅȓ ȡɅʬǸɾʌȡȓǍʌȡɐɅ ȡɅʌɐ ǪɐɐɶǱȡɅǍʌȡɐɅ ǩǸʌʭǸǸɅ ǍȡɶǩɐɶɅǸ ǍɅǱ ʌǸɶɶǸɾʌɶȡǍȺ ǩǍɾǸ ɾʌǍʌȡɐɅɾṞ ʔɾȡɅȓ Ȓɐɶ 
ǸʲǍɃɳȺǸ ɃǸǪțǍɅȡɾɃɾ ɾʔǪț Ǎɾ uɅʌǸȓɶǍʌǸǱ !ǪǪǸɾɾ ǍɅǱ =ǍǪȶțǍʔȺ ṳᶯᶴṴṣ 
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6.  Multimodal sensing, computing, 
communication, and control for 6G 
remote operation  

Maintaining a human model and digital representation of the physical environment for remote 
operation use cases over 6G involves the exchange of multimodal data including haptic, position, 
velocity, interaction forces, as well as audio, visual, gestures, h ead movements and posture, eye 
ǪɐɅʌǍǪʌṞ ȒǍǪȡǍȺ ǸʲɳɶǸɾɾȡɐɅɾṞ ʔɾǸɶẏɾ ǸɃɐʌȡɐɅ ǸʌǪṣ ÿʳɳȡǪǍȺȺʳṞ țǍɳʌȡǪ ȡɅȒɐɶɃǍʌȡɐɅ ȡɾ ǪɐɃɳɐɾǸǱ ɐȒ ʌʭɐ 
distinct types of feedback: kinaesthetic feedback (providing information on force, torque, position, 
velocity, etc.) and tactil e feedback (providing information on surface texture, friction, etc.). The 
former is perceived by the muscles, joints, and tendons of the body, while the latter is consumed by 
the mechanoreceptors of the human skin. While the exchange of kinaesthetic infor mation closes a 
global control loop with stringent latency constraints, this is typically not the case with the delivery 
of tactile impressions. In case of non -haptic control, the feedback is audio/visual and there is no 
notion of a closed control loop. Wi th voice and data applications driving the designs of modern 
communication systems, the future Internet will enable exchange of haptic and other sensory 
information which in turn will be a paradigm shift toward Internet of skills and senses [1][2].  

In addition to enabling multimodal data transfer, 5G and beyond mobile networks aim to deliver 
real -time control, for which, low latency is of critical importance. Hence, the interoperability among 
different communication technologies, with different capab ilities, e.g., 5G Ultra -Reliable Low 
Latency Communication (URLLC), and IEEE Time Sensitive Networking (TSN), is essential. 3GPP 
Release 16 featured various architectural enhancements for seamless integration of the two 
technologies; however, realizing TSN -like functionality over 5G (and beyond) networks still needs 
several challenges to be addressed. In such converged scenarios, a teleoperated robot can be used 
to interact and operate (from a distance) by any connected device. In a tele -robotic system, a h uman 
operator controls the movements of the robot from a distance by sending signals to the robot to 
control it, while receiving the feedback that tells the operator the robot has followed the 
instructions.  

In this section, we refer to the term telerobot as a robot controlled at a distance by a human 
operator, regardless of the degree of robot autonomy. Sheridan [3] makes a finer distinction, which 
depends on whether all robot movements are continuously controlled by the operator (manually 
controlled teleoperator), or whether the robot has partial autonomy (tele -robot and supervisory 
control). By this definition, the  human interface to a tele -robot is distinct and not part of the tele -
robot. Haptic interfaces that mechanically link a human to a tele -robot nevertheless share similar 
issues in mechanical design and control and include haptic interface development. These  controls 
and feedback signals are called telemetry. In a more sophisticated form of teleoperation known as 
Telepresence, the human operator can see what the robot "sees," which gives the operator a sense 
of being on location and provides a user with an au gmented reality (AR) experience.  

Telerobotics encompasses a highly diversified set of fundamental issues and supporting 
technologies. More generally, tele -robots are representative of human -machine systems that must 
have sufficient sensory and reactive capability to successfully translate  and interact within their 
environment. The fundamental design issues encountered in the field of telerobotics, therefore, 
have significant overlap with those that are and will be encountered in the development of veridical 
virtual environments (VEs) [3] or distributed virtual environments (DVEs) in virtual reality 
environment such as metaverse, a shared immersive virtual environment.  

The evolution of mobile radio networks beyond 5G is expected to enable new applications and 
enhance telerobotics applications, such as remote operation for industry sites, tele -surgery to 
extend the coverage of medical services, tele -edutainment and so on.  6G can unlock robotic 
applications potentials by facilitating existing requirements and addressing new requirements that 
have not been previously discussed or analysed in detail from robotics perspective. In the following, 
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we define a number of tele -operations use cases and define their requirements and key 
performance indicators (KPIs) to explore potential gaps in existing connectivity technologies.  

6.1 Use cases for multimodal  remote operation in 6G 
systems  

Remote operation has attracted significant industrial interest particularly due to the pandemic  to 
prevent physical contact between the expert and the workers in the factory, so that the expert has 
to work from remote locations (e.g., remote inspection, remote certification, remote maintenance, 
or remote repair). TACtile and MultiModal (TACMM) use cases for remote operation, including multi -
user, multi -device applications, and their requirements, performance indicators, network 
functionalities and service f low are being defined and collected as inputs relevant for 6G network 
design.  

6.1.1 Remote facilities: Remote  operation and maintenance  for 
uncrewed sites  

Remote facilities are uncrewed industrial/manufacturing platforms where human operator(s) are 
remote and no human is onsite (e.g., for high -risk or not easily accessible sites), with robots 
cooperating and capable of further adopting the details of coopera tion. Telerobotic operations may 
require Human Robot Interaction (HRI), meaning multimodal information and action exchanges 
(e.g., through vocal, visual and tactile means) between human and robot to perform a task in remote 
facilities. Wireless infrastruct ure is required to provide highly reliable coverage for remote operation 
(e.g., by using XR and haptic controllers) between the remote operator and onsite robots as well as 
communication links between the robots cooperating together and between robots and the 
edge/cloud computing entities.  

An example for remote facility is offshore drilling which is a dangerous job for rig personnel. Moving 
this role onshore increases operation safety yet the remote operators need an immersive 
experience (including tactile feedback) from the cyber drill for remote operation and maintenance  
on uncrewed platforms. The platform will be controlled remotely by an onshore facility, with a range 
of innovations, from a digital twin for trials to uncrewed wellhead platforms, among the new 
approaches planned for the re mote facility. In addition to the risk, accessibility issues such as Covid -
related restrictions for workers, have demonstrated the clear benefits that robotics, AI, and machine 
learning technologies can bring to the industry. Therefore, tactile and multimo dal robotic operation 
could help enhance safety in oil and gas operations, as well as help to improve efficiency, reduce 
emissions and cut costs.  

æɶǸẁǪɐɅǱȡʌȡɐɅ 

(1) mobile robots can be equipped with 6G ISAC  capable UE. (2) Robot(s) interact with human with 
implicit or non -implicit task assignment. (3) Robot with local control and AI capability (4) Human 
operator(s) are remote and run the operation and maintenance (6) no human is onsite (unscrewed 
industrial p latforms).  

EǸɾǪɶȡɳʌȡɐɅ 

Robot designed for direct interaction with a human. Tele -operation robots may require Human 
Robot Interaction (HRI), meaning information and action exchanges (e.g., through vocal, visual and 
tactile means) between human and  robot  to perform a task remotely and with no onsite human 
intervention by means of a  user interface.  
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ñǸɶʬȡǪǸ fȺɐʭɾ 

¶ The remote operator(s) interacting with the off -shore robot(s) get authorized and have 
permission to perform remote procedures  

¶ The remote operator(s) are trained over Human Robot Interaction (HRI) interface  

¶ Robot actuators execute seamlessly to the given commands from remote operator 
throughout the operation over network.  

©Ǹʳ ʌǸǪțɅȡɵʔǸɾ 

IEEE 1918.1 and 3GPP XRM & Metaverse features describe main techniques to enable collaborative 
operation:  

¶ Low latency and reliable communication over regional distance  

¶ Multimodality synchronization  

¶ Service availability  

¶ Predictive digital twin  

æɐɾʌẁǪɐɅǱȡʌȡɐɅɾṝ 

The rig maintenance  is performed remotely and safely without the need to send engineers 
to the rig.  

æɐʌǸɅʌȡǍȺ éǸɵʔȡɶǸɃǸɅʌɾṝ  

¶ Environment model accuracy (including sensing, intelligence, communication)  

¶ Environment model convergence time  

¶ Connectivity latency, reliability, deterministic, service coverage, etc.  

¶ Multimodal synchronization for communication and control for distributed remote 
operators  

Table 5 [SA1 22.104] highlights which of the 5G KPIs needs to be reviewed to extend the service area 
requirements for 6G uncrewed robotic tele -operation.  

Table 5: 5G KPIS [3GPP22.104] with highlighted potential requirements on the service area coverage  
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6.1.2 Dual -User Shared Teleoperation ( DUST ): Tele -surgery  

Dual -User Shared Teleoperation (DUST) configuration refers to structures that have two leader 
stations for the collaboration of two operators on one follower console. Tele -operation robots are 
tightly collaborating with humans and may require HRI, meaning information and action 
exchanges (e.g., through vocal, visual and tactile means) between human and robot to perform a 
task in the same space by means of a multimodal user interface. Furthermore, the 6G network 
enables remote monitoring and control of the c ollaborative robots, allowing for greater flexibility in 
ɃǍɅǍȓȡɅȓ ɳɶɐǱʔǪʌȡɐɅ ȺȡɅǸɾṣ fɐɶ ǸʲǍɃɳȺǸṞ ȡȒ Ǎ ʭɐɶȶǸɶ ɅǸǸǱɾ ʌɐ ǍǱȲʔɾʌ Ǎ ɶɐǩɐʌẏɾ ɃɐʬǸɃǸɅʌ ɐɶ 
programming, they can do so from a remote location using a mobile device connected to the 6G 
network.  

æɶǸẁǪɐɅǱȡʌȡɐɅɾ 

Robots are equipped with 6G ISAC capable UE. (2) Robot(s) interact with human with implicit or 
non -implicit task assignment. (3) Robot with local control and AI capability (4) human (expert) in 
the loop (Human expert is remote and human operator is on -site) (5) The local and remote surge ons 
are trained and have permission to perform such remote procedures.  

EǸɾǪɶȡɳʌȡɐɅ 

Collaboration helps improve the task execution in comparison with the same task done individually. 
The concept of haptic -enabled negotiation between two operators can be made feasible using this 
framework to control the follower console collaboratively thr ough haptic communication. Tele -
operation scenario to allow skilled surgeons/operators to monitor, advise and take over as required 
from a distant location.  

The depicted example scenario in Figure 13 is tele -surgery/tele -diagnosis - same challenges apply 
for industry remote operation where an engineer is remotely supporting/operating the onsite staff. 
Cage -free hybrid cell setup based on the industry set up will add the safety requirements for onsite 
w orkers.  

 

Figure 13: 6G-Tactile -DUST Operation room (OR).  

©Ǹʳ ʌǸǪțɅȡɵʔǸɾ 

IEEE 1918.1 [1] and 3GPP TACMM [15] and XRM [16] features describe main techniques to enable 
collaborative operation:  

¶ Low latency and reliable communication over regional distance  

¶ Multimodality synchronization  
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¶ Service availability  

¶ Safety -rated monitored stop, collision avoidance  

¶ Safety zone setup (cobotic cells/hybrid cells)  

ñǸɶʬȡǪǸ fȺɐʭɾ 

¶ The patient/local surgeon authorizes the remote medical intervention.  

¶ The surgeon was trained and has permission to perform such remote procedure.  

¶ The surgeon controls the patient side card remotely through his surgeon console to perform 
the operation  

æɐɾʌẁǪɐɅǱȡʌȡɐɅɾ 

Patient was operated in remote areas, where there is a lack of experienced medical personnel to 
perform the needed medical intervention. The patient has now his/her health conditions improved.  

æɐʌǸɅʌȡǍȺ éǸɵʔȡɶǸɃǸɅʌɾ 

¶ The system shall consider edge console computing in order to reduce the latency in the 
network: low latency (<20 ms), achievable data throughput, roundtrip interaction delay (<50 
ms for ultra -low latency applications and <100 ms for low -latency application s); 

¶ The surgeon console and the patient side console shall have connection to THz access point 
(Section 1); 

¶ ÿțǸ ɾʳɾʌǸɃ ɾțǍȺȺ ǪɐɅɾȡǱǸɶ ʌțǸ ʔɾǸ ɐȒ !u ʌɐ ɃǍɅǍȓǸ ʌțǸ ɳǍʌȡǸɅʌẏɾ ǱǍʌǍ ȡɅ ʌțǸ ᶴg ɅǸʌʭɐɶȶ ǍɅǱ 
help in the medical interventions;  

¶ The system can support haptic and tactile technology;  

¶ The system can support multi -party (source) data stream synchronization in very low latency 
environments;  

¶ The system shall consider AR in order to enable holographic image transfer with ultra -
efficient data transmission techniques;  

¶ Environment model accuracy (including sensing, intelligence, communication);  

¶ Environment model convergence time;  

¶ Safety zone update time (including dynamic human behaviour model);  

¶ Connectivity latency, reliability, deterministic, service coverage, etc.;  

¶ Sensing accuracy;  

Multimodal synchronization for communication and control;  

 

Table 6 ɾțǍɶǸɾ Ǎ ɾʔɃɃǍɶʳ ɐȒ ᶳg ©æuɾ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɅǱ țȡȓțȺȡȓțʌɾ ʭțǸɶǸ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǍǪʌȡʬǸ ĆMẏɾ 
need to be reviewed to extend in the service area requirements for 6G DUST.  
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Table 6: [3GPP 22.104] blue arrow highlights where the 5G KPIs need to potentially be extended for 
Telesurgery use case.  

 

6.1.3 Tele -Edutainment   

The development of extended reality (XR) technologies (e.g., VR, AR, MR) provides an opportunity to 
develop new education and training practices. By adding layers of contextually relevant information 
and delivering it visually or by activating other senses  with the help of wearable and handheld 
devices, AR offers an enhanced picture of the physical environment. Immersive technologies can 
make learning a fun and enriching experience, especially for young students, through the use of 
immersive classrooms. Vir ʌʔǍȺ ǸɅʬȡɶɐɅɃǸɅʌɾ țǍʬǸ ʌțǸ ǪǍɳǍǩȡȺȡʌʳ ʌɐ ǱǸʬǸȺɐɳ ǪțȡȺǱɶǸɅẏɾ ǪɐɶǸ ɾȶȡȺȺɾ ǍɅǱ 
imagination by providing endless opportunities for exploration and interaction. When engaging in 
XR environments, the learning surrounding should be enriched with tactile feedback to enhance 
the level of immersion and create a more realistic environment for the user. By adding touch, 
learners will also experience social connection with the environment, but also with other human 
learners. The learning experience can be enhanced by co mbining XR techniques with AI -based 
object and language recognition, mnemonic -based training exercises and sensory stimulation that 
relate to the personal context of the learner.  

æɶǸẁǪɐɅǱȡʌȡɐɅɾ 

¶ XR environment  

¶ AI 

¶ haptics  

¶ human -in -the -loop  

EǸɾǪɶȡɳʌȡɐɅ 

Tele-edutainment can be seen as a real -time collaborative activity, which is characterised by 
simultaneous support of very high throughput and very low latency across multiple concurrent and 
synchronized communications channels. The effectiveness of this u se case depends on the ability 
ʌɐ ɳɶǸǱȡǪʌ ʌțǸ ʔɾǸɶẏɾ ɃɐʬǸɃǸɅʌ ǍɅǱ ǸɃɐʌȡɐɅǍȺ ǸʲɳɶǸɾɾȡɐɅɾṞ ʌțʔɾṞ ɶǍɳȡǱȺʳ ǍǱǍɳʌȡɅȓ ʌțǸ ǱǍʌǍ Ǎɾ 
ɅǸǸǱǸǱṣ ÿțȡɾ ȡɾ ʌțǸ ẌʔɾǸɶ ȡɅʌǸɶǍǪʌȡʬȡʌʳ ǪțǍȺȺǸɅȓǸṞẍ ǍɅǱ ȡʌ ǸɅȒɐɶǪǸɾ ʔȺʌɶǍ-high bandwidth and ultra -low 
latency (to ensure interactiv ity with the content). In addition, perfect synchronization of concurrent 
flows will be needed. Contrary to other types of multimedia services (e.g., UHD streaming), ultra -low 
latency is required even if dealing with pre -recorded content that does not invo lve real -time 
interaction with a remote party, as the user still interacts with the content simply by changing the 
viewing angle and position. Further, highly precise 3D models of the human face, body, and 
clothing, as well as recognition and prediction of  human movements and facial emotions, and 
streaming the data in real time requires compression and decompression, which come at the price 
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of additional computation, which will heavily influence the latency incurred. Therefore, a higher level 
of compression trades off computation bandwidth and latency vs required networking bandwidth 
and latency, and vice versa. Even with compression, streami ng of data generated by the capture 
process requires massive bandwidth. For example, a capture of a 3D frame including mesh 
geometry is about 5 MB with compression so for real -time performance, an average per frame 
transmission of 1 -2 Gbit/sec with overhea d for compression (< 10 ms) is a must. While people can 
experience time delays of approximately 16 milliseconds or greater, the data requirement of 3D 
models is assumed to be at terabytes. The real -time holographic transmission requires 10 Gbps or 
higher b itrate to use current compression techniques.  

©Ǹʳ ʌǸǪțɅȡɵʔǸɾ 

țɐȺɐȓɶǍɳțȡǪ ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṣ 

æɐʌǸɅʌȡǍȺ éǸɵʔȡɶǸɃǸɅʌɾ 

¶ low latency (<20 ms), achievable data throughput, roundtrip interaction delay (<50 ms for 
ultra -low latency applications and <100 ms for low -latency applications);  

¶ Support for processing capability at the edge with < 5 ms round -trip time  

¶ support of multi -party (source) data stream synchronization in very low latency 
environments;  

¶ Network quality of service: prioritization of real -time traffic and mechanisms to ensure 
consistent performance across different network conditions; possibly support for dedicated 
network slices.  

¶ The system shall consider AR in order to enable holographic image transfer with ultra -
efficient data transmission techniques.  

¶ The system may provide multimedia conversational communication services between two 
or more users to enable real -time interaction.  

¶ Robust security and privacy  

ς End -to -end encryption for all communications  (e.g., AES-GCM with 256 -bit key 
length for symmetric encryption  or Curve25519 for asymmetric encryption ) with 
encryption performance at l atency overhead: < 2ms for encryption/decryption  and at  
least 5 Gbps throughput to handle high -quality VR video streams . 

ς Secure authentication and access control systems : Secure, encrypted channels for 
real -time updates of shared virtual objects  and v erification of data integrity for 
synchronized elements: < 50ms . 

6.1.4 Meta -collaboration: XR enabled  collaborative engineering  

Since the industrial age, engineering design has become an extremely demanding activity. 
Collaborative and concurrent engineering occur as a concept and methodology at the end of the 
last century and was defined as a systematic approach to integrated co -de sign of products and 
their related processes. The diversity and complexity of actual products require collaboration of 
engineers from different geographic locations to share ideas and solutions with customers and to 
evaluate products development. VR and AR  technologies have found their ways into critical 
applications in industrial sectors such as aerospace engineering, automotive engineering, and 
medical engineering. The range of technologies include Cave Automatic Virtual Environment 
(CAVE) environments, r eality theatres, power walls, holographic workbenches, individual immersive 
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systems, head -mounted displays, tactile sensing interfaces, haptic feedback devices, multi -
sensational devices, speech interfaces, and mixed reality systems. One of the key challenges is how 
to enable a distributed virtual environment (DVE) allowing multip le users from different 
geographical locations (some of them are present at the same location) to interact over a network.  

All the performed tasks and knowledge acquired both in the physical world and metaverse will be 
shared in a DVE (with the corresponding 6G communication subscriptions) for collaborative and 
cooperative engineering in their product design with engineers par ticipating locally and remotely, 
e.g., to work together with several partner companies to design and produce a new model of aero -
plane engine. Some engineers use mobile phones or computers (as well as the necessary XR devices 
and tactile gloves) to attend such engineering meetings.  

 

Figure 14: a: XR enabled collaborative and concurrent engineering in product design; (Source: 
https://vrtech.wiki/); b: Illustration of Collaborative Workspace (Source: ESI -Icido GmbH) [3GPP metaverse 

feature]  

æɶǸẁǪɐɅǱȡʌȡɐɅɾ 

(1) A distributed virtual environment set up for collaborative engineering in the product design with 
engineers participating locally and remotely, (2) engineers use mobile phones, computers, the 
necessary XR and multimodal devices, with the corresponding 6G communication subscriptions, to 
attend such engineering meetings, (3) mobile metaverse services have subscribed with different 
network slice for these different types of service,  and different QoS for different flows accordingly for 
better user experience (4) strict security requirements for user identity management and data 
security to protect the sensitive business information.  

©Ǹʳ ʌǸǪțɅȡɵʔǸɾ 

IEEE 1918.1 and 3GPP TACMM, XRM and Metaverse features describe the main techniques to enable 
collaborative operation:  

¶ Low latency and reliable communication over local and regional distances;  

¶ Multimodality synchronization;  

¶ Service availability.  

æɐʌǸɅʌȡǍȺ éǸɵʔȡɶǸɃǸɅʌɾ 

¶ Latency, data rate, and reliability;  



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

77 

¶ Mobile metaverse media support among multiple users;  

¶ Native support for mobile metaverse services;  

¶ User Identity management;  

¶ Data security.  

Table 7  [18] highlights where the 6G KPIs need to be reviewed to extend the number of active UEs 
in the service area requirements for 6G metaverse tele -collaboration.  

Table 7: Typical QoS requirements for multimodal streams [3GPP TACMM feature]  

  Haptics  Video  Audio  

Jitter  (ms)  Ỗ 2 Ỗ 30  Ỗ 30  

Delay  (ms)  Ỗ 50  Ỗ 400  Ỗ 150 

Packet  loss (%) Ỗ 10 Ỗ 1 Ỗ 1 

Update  rate  (Hz) ổ 1000  ổ 30  ổ 50  

Packet  size (bytes)  64 -128 Ỗ MTU  160-320  

Throughput  (kbit/s)  512-1024 2500  - 40000  64 -128 

 

6.1.5 AMR remote  control in a future factory  

Autonomous Mobile Robots (AMRs) play a critical role in the industrial sector by automating 
material handling and transportation tasks, replacing manual labour. These vehicles are equipped 
with advanced sensors and collision avoidance systems to ensure saf e operations, especially when 
interacting with humans and other machines. AMRs offer the flexibility of being programmable and 
reprogrammable, allowing them to handle various tasks and adapt to changing production 
requirements. As a result, AMRs contribute  to the development of efficient and secure industrial 
assembly and operation lines. AMR can be divided in operation in indoor, outdoor and both indoor 
and outdoor areas. These environmental conditions have an impact on the requirements of the 
communicatio n system, e.g., the handover process, to guarantee the required cycle times [17]. 

As smart manufacturing and Industry 4.0 trends continue to mature, AMR technologies are 
receiving increasing attention due to their significant applications in various industry verticals. 
However, the current development and implementation of AMRs primaril y follow a control -centric 
paradigm [28] , focusing on the design of complex control algorithms and leveraging sensory 
capabilities. The shortcomings associated with this approach are becoming apparent. For instance, 
it is unable to handle versatile operational environments and has difficulties i n perceiving the 
environment. Communication -based control offers an alternative to the conventional control -
centric approach while overcoming many of its limitations [29] [30] . This alternative approach places 
emphasis on the exchange of information and communication among the various components of 
a robot system, by establishing or leveraging effective communication channels. It fosters 
coordination and collaboration among dif ferent subsystems of a robot. The concept of 
communication -centric control has been extensively explored in the literature and has 
demonstrated significant benefits, particularly when combined with the capabilities of advanced 
communication networks. That paradigm will simplify the design of AMR systems, to create a more 
streamlined and interconnected network of subsystems, so as to offer new opportunities for 
ǸȒȒȡǪȡǸɅǪʳ ǍɅǱ ɳɶɐǱʔǪʌȡʬȡʌʳṣ !Ʌ ȡȺȺʔɾʌɶǍʌȡɐɅ ɐȒ ʌțǸ ÿɐɾțȡǩǍẏɾ !¶é ʌǸɾʌǩǸǱ for handling pallets wit h 
varying sizes and shapes is shown in Figure 15. 
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Figure 15: Illustration of the AMR testbed for handling pallets with varying sizes and shapes.  

æɶǸẁǪɐɅǱȡʌȡɐɅɾ 

1) AMR node equipped with a rich set of sensors and able to share the locally sensed information 
observations through the 6G wireless interface/network. (2) AI/ML techniques network 
management/support of the networks. (3) Communication and control co -desig n techniques.  

EǸɾǪɶȡɳʌȡɐɅ 

It is anticipated that more benefits can be realized by embracing future 6G for AMR control. While 
the specifications and standards of 6G are still being defined, its most prominent features are ultra -
reliable and low -latency connections, native AI support , and cloud/edge intelligence 
enhancements. As a result, the following advancements can be envisioned in AMR solutions 
empowered by 6G. (1) Enhanced AMR robot coordination ability: With 6G connectivity, the 
coordination ability of AMR robots can be further  strengthened. Through rapid data sharing, these 
robots can exchange operational states swiftly, enabling them to make informed decisions based 
on collected observations. (2) Empowered real -time data processing and remote control: The ultra -
reliable and lo w -latency connections offered by 6G will empower AMR systems with real -time data 
processing and remote -control capabilities. This becomes particularly valuable in specialized 
application scenarios, such as those involving high temperatures or pressures tha t restrict human 
on -site operations. In such cases, remote control of AMRs proves extremely helpful. (3) Improved 
scalability: Leveraging the native AI support of the 6G network, AMR control can implement various 
types of distributed ML algorithms. This en ables AMR control to be conducted in a partitioned and 
hierarchical manner, significantly enhancing the scalability of the AMR system [31][32]. (4) Enhanced 
co-design: The communication and control co -design approach involves joint design and 
optimization of communication and control systems, where the former plays the critical role of 
communicating control information and feedback signals among  system components. This 
approach can be further empowered by incorporating 6G connectivity, as it is expected to offer 
enhanced robustness, agility, and deterministic behaviour. By leveraging the capabilities of 6G, the 
complexity of co -design can be redu ced, leading to improved performance in AMR systems. (5) 
Automated planning of complex tasks: By harnessing the native AI capabilities of 6G and leveraging 
associated cloud/edge intelligence, the future AMR system is expected to achieve automated 
planning of complex tasks. This includes determining optimal paths and collaborative methods for 
the robots. The control policies of the AMR system can be managed in a unified manner, 
streamlining operations.  

©Ǹʳ ʌǸǪțɅȡɵʔǸɾ 

¶ Cloud, distributed and hierarchical computing and machine learning supported by 6G 
networks;  

¶ multi -service edge -intelligence control paradigm;  



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

79 

¶ Autonomous planning of AMR;  

¶ Communication technologies  that employ different frequency bands (IEEE 802.11 2.4 -GHz 
and 5 -GHz frequency bands).  

æɐʌǸɅʌȡǍȺ éǸɵʔȡɶǸɃǸɅʌɾ 

¶ Low response times (<20ms) and deterministic connectivity  

¶ AMR self -localization (centimetre -level) leveraging the 6G ISAC feature  

¶ Holistic information/task exchange and synchronization mechanism among AMR robots for 
communication and control co -design.  

6.1.6 Remote driving  

Remote driving, also known as teleoperation, is an emerging field in the domain of autonomous 
vehicles that aims to enable human operators to remotely control vehicles from a distant location 
[33]. With advancements in communication technology and the increasing deployment of 
autonomous vehicles, remote driving has gained significant attention for its potential applications 
in various industries such as transportation, logistics, and public safety. R emote driving systems 
typically involve a combination of high -speed data transmission, sensor feedback, and control 
interfaces that allow operators to perceive and interact with the vehicle's surroundings in real -time.  

Multimodal learning and communication are effective enablers for interaction and understanding 
between human operators and autonomous vehicles. Through the integration of multiple sensory 
modalities, such as visual, auditory, and haptic feedback, operators  can gather comprehensive 
information about the vehicle's surroundings and make informed decisions. Multimodal 
communication can facilitate bidirectional information exchange between the human operator 
and the vehicle. The communication requirements for re mote driving include:  

¶ Traffic Direction:  Bidirectional traffic between the human operator and the vehicle.  

¶ Traffic Type:  Includes control signals, sensor data, video/audio streams, and system status 
updates.  

¶ Burst Size:  The burst size can vary depending on the specific application and the frequency 
of data updates. For instance, control signals might have small burst sizes as they convey 
concise instructions, while video/audio streams could have larger burst sizes due to  the 
continuous transmission of sensory information.  

¶ Reliability:  Reliability is a critical requirement for remote driving communication.  

¶ Latency:  Latency requirements typically aim for values below 100 milliseconds, and certain 
applications might require even lower latencies in the range of 10 to 50 milliseconds.  

¶ Average Data Rate:  The average data rate is the amount of data transferred per unit of time. 
It depends on the specific communication requirements of the remote driving system, 
including the complexity of the control signals, resolution of video streams, and the 
frequency o f sensor data updates.  

æɶǸǪɐɅǱȡʌȡɐɅ 

Vehicles equipped with cameras, LiDAR, radar, GPS, accelerometers, steering and braking systems.  
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ÿǸǪțɅɐȺɐȓʳ 

Current standardization activities for the next generation wireless  connectivity in vehicular 
networks are based on orthogonal frequency division multiplexing (OFDM) as by 3GPP NR  V2X. In 
3GPP TR 22.885, there exist the following three different types of V2X: Vehicle -to -Vehicle (V2V), 
Vehicle -to -Infrastructure (V2I), Vehicle -to -Pedestrian (V2P) Communications. The support of V2X by 
3GPP is provided over the PC5 interface by sidelink (SL)  transmissions. The main characteristic is the 
use of mini -slot schedul ing, which allows to schedule transmission of a slot for latency -critical 
services. Improved localization of vehicles is made possible using large antenna arrays, and the 
exchange of safety -based (V2X, ETSI-compliant) messages. Another aspect is the defini tion of the 
resource allocation modes, where the base station schedules the resources, and, which lets the user 
equipment (UE) autonomously select the SL transmission resources. In the USA, The Federal 
Communications Commission (FCC) has endorsed the C -V2X as the standard for automotive uses.  

æɐʌǸɅʌȡǍȺ ɶǸɵʔȡɶǸɃǸɅʌɾ 

¶ Remote driving encompasses various key features, including driver alerting and 
environmental awareness. Level 1 communication primarily relies on CAM (Cooperative 
Awareness Messages) and DENM (Decentralized Environmental Notification Messages). The 
transmi ssion frequency can reach up to 10 Hz, such as in the case of emergency vehicle 
warnings, or lower frequencies for roadwork warnings;  

¶ sensor orchestration that can be distributed with tight latencies;  

¶ Distributed antenna deployment with 10 -100 GHz bandwidth in support of fast 
association/disassociation with RSUs and strict air -interface jitter (<1 ns);  

¶ Fully AI -based communication and sensing is required to support control and 
programmability;  

¶ For this use case, t he Connected and Autonomous Vehicles (CAVs) require (i) High -
frequency Communications Communication systems operating in the mmWave (30 -100 
GHz), sub -THz (100 - 300 GHz), THz (300 GHz - 10 THz) and optical (> 10 THz) bands are 
envisioned to be pillars of 6G V2X networks [34] , (ii) resilient Network Technologies and smart 
V2X protocol architectures to handle the complex mission critical interactions that require 
flexible computing and communication frameworks;  

¶ Other important requirement is related to sensing and localization which 6G V2X 
connectivity can handle through orchestration of sensing by sharing the measurements 
over a common virtual bus, by joint communication and sensing networks, hybrid 
positioning when GNSS signals are discontinued.  

6.1.7 Emergency access  to buildings in case of d isasters  

First responder services such as fire fighters and search and rescue units are frequently exposed to 
challenging access to indoor environments in a search for affected persons or animals. The main 
obstacles include sudden changes of connection quality and positioning accuracy while moving 
between outdoor and indoor environment, and lack of information about the indoor environment. 
Information about the location and current status of victims are also usually unavailable or possibly 
inaccurate. In such a situ ation, the team might easily take wrong decisions that will reflect on the 
time spent in search and rescue mission and increase the chance of mission failure.  

This use case  requires  multimodal communication, sensing and positioning to demonstrate how 
the team of humans and uncrewed autonomous mobile vehicles can  access the building. During 
the mission critical emergency operation, it is of utmost importance to maintain uninterrupted and 
Quality of Service (QoS) -aware access to communication and compute resources to receive relevant 
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multimodal  data streams and execute needed AI inference models while receiving reliable 
information on position and status of affected entities within the building. The future solutions in 
6G environment will use evolving wireless infrastructure (6G, but also augmenting next -generation 
Wi -Fi and Li -Fi technologies) supported by UAV nodes and next -generation 6G ambient IoT sensors 
[101] integrated with AI/Edge compute platform components both attached to 
humans/autonomous vehicles and deployed at network edge close to base stations to support the 
required resilience and efficiency.  Exploiting AR/XR technologies, positioning in an unknow n indoor 
environment and interaction with surrounding sensors, future first responders may rely heavily on 
multimodal learning, inference and multimodal positioning services to support optimal decision 
making [102]. 

 

Figure 16: Enabling technologies for 6G multimodal  public safety services.  

æɶǸǪɐɅǱȡʌȡɐɅ 

Multimodal communication, sensing and positioning may significantly improve the prospects of  
search and rescue mission by augmenting the perception of human and robotic actors through 
exchange of multimodal content between the relevant devices and infrastructure. To be able to 
benefit from the full capacity of such services, the future buildings in urban environments should 
be covered by both outdoor and indoor cellular technologies augmented with next -generation Wi -
Fi and Li -Fi deployments. Additional 3D n etworking  support from on -site deployed UAVs is needed 
in case of major disruptions of cellular infrastructure. Access to beyond -5G multimodal services 
through AR/XR equipment (e.g., AR/XR glasses) and their seamless information exchange with 
surrounding ambient in door IoT sensors underlies the possibility for augmented perception of 
emergency crews. This is complemented by  further improvements of indoor positioning, tracking 
and mapping including the seamless transition from outdoor to indoor environments that should 
be provided by upcoming wireless cellular technologies at any location.  

ÿǸǪțɅɐȺɐȓʳ 

The discussed  scenario depends on the number of technological enablers:  

¶ Integrated and flexible air interface for 3D wireless communication  and sensing, that 
supports seamless user communication with terrestrial and aerial nodes and acquisition and 
exchange of sensing information  

¶ Further integration of AI in 6G RAN that goes beyond current 3GPP efforts, enabling efficient 
and distributed execution of multimodal  learning algorithms at end users and edge 
infrastructure  
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¶ Pervasive ambient short -range low -energy (including zero -energy) IoT connectivity through 
novel massive IoT -enabling sidelink interfaces that support sidelink relaying and multi -hop 
ambient IoT configurations  

¶ Evolution of multimodal high -throughput communications to support future AR/XR 
services and their integration with surrounding ambient IoT and on -board or edge -AI 
compute infrastructure for provisioning future augmented perception services.  

¶ Enhanced positioning, tracking and map p ing indoor infrastructure integrated in 6G that 
exploits all available multimodal information sources to establish highly accurate 
positioning of objects in indoor environment and seamless positioning service transition 
between outdoor and indoor spaces.  

æɐʌǸɅʌȡǍȺ ɶǸɵʔȡɶǸɃǸɅʌɾ 

ĞǍɶȡɐʔɾ ɾǸɶʬȡǪǸ ©æuɾ ʭȡȺȺ țǍʬǸ ʌɐ ǩǸ ȡɃɳɶɐʬǸǱ ǪɐɃɳǍɶǸǱ ʌɐ ʌɐǱǍʳẏɾ ʌǸǪțɅɐȺɐȓȡǸɾ ȡɅ ɐɶǱǸɶ ʌɐ ǸɅǍǩȺǸ 
efficient in -building disaster relief services:  

¶ Latency is anticipated to be further reduced to sub -1 millisecond level, with objectives 
targeting as low as 0.1 ms in certain ultra -reliable and low -latency communication scenarios. 
This improvement is pivotal for applications necessitating instantaneous response times 
among indoor autonomous vehicular and aerial units and their mutual interaction and 
interaction with human units in real -time.  

¶ Data rate expectations for 6G are set to reach unprecedented peaks, aiming for up to 1 Tbps 
to accommodate the exponential increase in data consumption driven by immersive 
augmented and virtual reality applications, enhanced holographic content, and advanc ed 
media streaming services. This requirement will be relevant for indoor disaster recovery 
missions by enabling richer and more immersive crew experiences.  

¶ Localization accuracy will see significant improvements, with 6G networks expected to 
achieve centimetre -level precision, facilitated by integrated sensing and communication 
technologies. This high level of accuracy will be instrumental in safety scenarios  requiring 
precise location information of many surrounding entities, supporting both outdoor and 
indoor uncrewed ground or aerial navigation, and automated exchange of critical 
positioning information for augmented reality services.  

¶ Integrating AI with 6G will lead to more intelligent and autonomous network operations, 
including predictive reactions during search and rescue missions, dynamic resource 
allocation and decision making, and enhanced network security. AI integration will play a 
critical r ole in optimizing network performance and user experiences while minimizing 
operational costs and energy consumption.  

6.2 State -of -the -art and discussion topics   
Significant recent interest in multimodal remote operation use cases is evidenced by academic 
publications [1]-[12], industrial demonstrations [2] and recently started research projects for remote 
operation which demands a reliable and stable network operation. F or high precision tele -
operations Tactile and multimodal robots can be used in a variety of use cases such as Tactile 
Internet with Human -in -the -Loop (TaHiL) [23], smart factory [24] , emergency [25], and medical use 
cases [26] . 
Tactile Internet is indeed the innovation leap enabling wireless remote control of collaborative 
robots over mobile network, which is currently revolutionizing several sectors such as healthcare, 
manufacturing, agriculture, construction, and logistics [6]. As 2G and 5G were the media for 
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communicating voice and mobile data, Tactile Internet is the medium where haptic 
communications take place [2]. However, to fully realize Tactile Internet, apart from extremely high 
reliability (seven nines) and low latency (less than 1 ms), 6G needs to provide also extremely high 
data rate to support the complementary high definition 4K/8K 180º/360º video for XR/ VR 
applications to provide a fully immersive experience for the remote human operator [6].     

Since the introduction of 1G to 4G mobile networks, every odd -numbered generation (1G and 3G) 
has introduced new mobile services (voice and data, respectively) to business customers, while the 
even -numbered generations (2G and 4G) have democratized this an d extended those services to 
ordinary customers [6]. Extrapolating this trend, besides enhanced mobile broadband for 
consumers, 5G was the first generation introducing URLLC and promising the introduction of 
Tactile Internet. However, URLLC and haptic communication services are currently limited to 
vertica l industries. Hence, 6G is expected to be the first generation extending URLLC and haptic 
communications from vertical industries to every individual citizen to provide an infrastructure to 
support remote control and mobile robotic solutions for everyone Ṿ realizing the vision of Personal 
Tactile Internet [6].  In terms of communication requirements for Tactile Internet applications, there 
are further constraints that must be faced. With  regards to sensors and data acquisition, many of 
these devices must share their information at high data rates to ensure the Quality of Experience 
(QoE) of the user.  This aspect is currently being researched and studied  [7] to improve scheduling 
algorithms at MAC level. These enhancements include the introduction of Quality Indicators  (QI) 
required for the application to modify the performance of the network, and thus the user  QoE . 

In parallel, the Internet has drastically evolved over the past three decades - going from the fixed 
Internet, connecting personal computers, which fuelled the economy in 1990s and 2000s, to the 
mobile Internet, connecting mobile phones and tablets in late  2000s and 2010s. The Internet then 
evolved to Internet of Things, connecting every single object (big or small) in the physical 
environment, which enabled a wide spectrum of smart applications based on IoT connectivity. The 
introduction of IoT was also a starting point for the coexistence of radio -based sensors (e.g., Radar 
and UWB indoor localization) with wireless communication interfaces. Now, with the deployment 
of 5G and the realization of Tactile Internet, the Internet is evolving into the Internet o f Skills, 
enabling the delivery of specialized skills (surgery, maintenance, engineering, design, etc.) through 
the Internet anywhere in the world rather than content delivery over the current Internet [2]. This 
relies on real -time multimodal communications using voice, video, and haptic data across the 
globe. However, the required latency of the Internet of Skills is between 1 ms and 10 ms, which 
reduced the communication distance between 100 Km and 1000 K m, under typical network 
conditions [10]. Using AI for predicting the model and the network latency, this can be extended to 
tens of thousands of kilometres [8] .      

Digital twin is another cornerstone of remote operation and networked control use cases over 6G, 
which produces a digital replica of the physical and biological worlds at every spatial and time 
instant unifying the user experience across the physical, digi tal, and human worlds. To create an 
accurate and up -to -date twin of the physical world for seamless interactions with the remote 
operator and controller, an enormous amount of capacity with ultra -low latency and high reliability 
is required. Any excess del ay, jitter, or packet loss in updating the digital twin and/or applying the 
control signal may significantly compromise the user experience and even destabilize the control 
system, which may result in severe consequences [9]. Apart from Terabit per second data rate, 
massive capacity, and supporting URLLC at scale, 6G is expected to 1) integrate radio sensing into 
RAN infrastructure for better use of spectrum and unified hardware design supporting both 
functionalities; 2) unif y computing resources distributed across multiple edge nodes and the cloud 
that can be managed by different operators; 3) support multi -sensor fusion for better 
environmental awareness and mixed -reality experience; and 4) enable actuation to control the 
ph ysical processes. On the user device side, new human -machine interfaces need to be developed 
for multimodal interaction (including haptic modality) between the human operator and the 
digital/physical world. These augmented reality user interfaces will enab le efficient and intuitive 
human control of the physical, virtual or biological worlds. Last but not least, new security and 
privacy preservation and trust mechanisms need to be developed in order counteract new security 
attacks on multimodal 6G communicat ion networks, e.g. jamming attacks on industrial networks 
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coming from outside the industrial facility, which makes physical protection insufficient [9]. A key to 
the 6G development is to provide a unified, distributed, and agile framework to enable data 
pipelines coming from the entire sensing stratum that includes distributed endpoints (e.g., 
embedded devices) with sensing and actuating capabilities, ed ge platforms (e.g., edge/cloud 
computing servers, fog nodes, micro -datacentres), and remote cloud datacentres [100].  

In the following, we provide existing activities in the area including projects, platforms, and data sets 
available for multimodal research and analysis.  

6.2.1 Multimodal teleoperation related projects   

Multimodal sensing, communications and control enabled remote operation use cases, testbeds 
and pilots dominate demonstration aspects of majority of recent 6G -focused research initiatives. 
Extreme and conflicting requirements for data rates, latency, relia bility, AI/ML integration present 
in multimodal remote teleoperation use cases described in the previous section need to be verified 
in pilot proof -of -concept demonstrators which is a commonplace ambition of 6G research 
initiatives. In Europe, as part of 6 G Smart Networks and Services (SNS) framework within Horizon 
Europe research and innovation funding managed by European Commission, the first batch of 35 
projects have been approved. In the table below, we present a representative sample of research 
projec ts, mainly funded by 6G SNS scheme, that develop use cases, testbeds or field trials in the 
domain of remote multimodal operation over 6G.  

Table 8: Multimodal teleoperation related projects  

Related 
projects  

Field trials and use 
cases  

Description  

Umbrella  
Swarm robotics and 
other Industrial IoT use  

This cobot  testbed is part of a larger open Industrial IoT testbed 
which has been deployed in the UK. It relates to warehouse 
robotics, which aims to permit flexible experimentation using 
different end devices to evaluate algorithms or new practical 
application scen arios as each robot node supports multiple 
sensors and a number of wireless communication technologies 
[35]. 

5G-encode  

AR/VR to support 
design, manufacturing 
and training  
Monitoring and tracking 
of time sensitive assets  
Wireless real -time in -
process monitoring & 
analytic  

5G-encode is a collaborative project in the UK, aiming to develop 
clear business cases and value propositions for 5G applications 
in the manufacturing industry.  

VERGE 

XR-driven edge -
enabled industrial B5G 
applications  
Edge -assisted 
Autonomous Trams  

The first use case focuses on the design of industrial products 
that require collaboration of engineers from different locations. 
Using 6G XR tools, designers can work on the same product 
design simultaneously thus avoiding costly and time -
consuming travel. In the second use case, autonomous trams 
integrate multimodal sensors such as lidar, radars, GNSS, IMU, 
inf rared and visible cameras to promptly detect and avert 
critical situations. Due to a high computational complexity, 
computation is partly offloaded to the edge, where it is fused 
with other smart city IoT data for improved situational 
awareness.  
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Related 
projects  

Field trials and use 
cases  Description  

ADROIT -6G 

Extreme eMBB for 
immersive Extended 
Reality  
Extreme URLLC for 
collaborative robots  

The ADROIT -6G use cases will aim to: 1) demonstrate the 
proposed AI network architecture to support holographic 
telepresence services, 2) focus on distributed and collaborative 
robot and drone systems.  

TARGET-X 

Idiada automotive 
testbed  
RWTH Aachen Industry 
Campus Europae  

Idiada  focuses on 5G and beyond technology use cases and 
demonstrations in the domain of cooperative perception of 
connected vehicles and digital road twins. RWTH Aarched 
Industry Campus Europae is a large -scale 5G industrial testbed 
for connected robotics (line less mobile assembly lab), 
connected construction site and connected and smart energy 
grid.  

TRIALS-NET 
Large number of trials 
for beyond 5G  

Support for a large number of  beyond 5G use cases in the 
domain of infrastructure, transportation, eHealth, culture, 
tourism and entertainment  

FIDAL  Field trials beyond 5G  

Three large -scale test infrastructures in Greece, Norway and 
Spain targeting the augmentation of human capabilities, 
media and vertical industry players to perform advanced large -
scale field trials.  

IMAGINEB5G  

Large -scale 
experimentation 
facilities for various use 
cases and field trials.  

Four advanced 5G experimental facilities in Norway, Spain, 
Portugal and France to support firefighting and forest 
surveillance, port surveillance and inspection, crisis 
management, media production, localisation for transportation 
and logistics, telepresen ce-aided maintenance, Industry 4.0, 
education, smart agriculture and forestry.  

6G-SANDBOX  

Automated 
experimentation 
capabilities through a 
rich toolbox.  

Fully configurable, manageable and controlled end -to -end 
networks, composed of both digital and physical nodes on 
distributed infrastructure located in Malaga, Oulu, Athens and 
Berlin.  

6G-BRICKS 
Building reusable 
testbed infrastructure  

Deliver an evolvable 6G experimentation facility that will 
integrate 6G technologies and federate two testbeds to 
validate and showcase advanced use cases in holographic 
communication, metaverse and digital twinning.  

6G-XR 

experimental research 
infrastructure to 
enable next -generation 
XR services  

6G-XR will develop an experimental infrastructure 
demonstrating the performance of key B5G/6G candidate 
technologies, components, and architectures and focusing on 
demanding immersive applications such as holographic, digital 
twins and XR/VR.  

6.2.2 Multimodal Datasets  

Many of the possible tele -operation use cases rely to some extent on extended reality (XR), as a 
group of technologies that seek to enhance and expand human perception of the physical world. 
The interactions between the multimodal sensors and the wireless network are studied in [59] , 
where the data exchange between the algorithms and their hardware requirements are analysed, 
leading to the identification of the required network key performance indicators (KPIs).  

An XR offloading IP traffic dataset is available in [60] , which can be used for simulation or 
prototyping. It contains traffic traces that have been captured using a novel implementation of a 
Transmission Control Protocol (TCP) for XR offloading. Besides, a full stack 5G Radio Access Network 
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(RAN) emulator fully scalable in terms of users and throughput handling capabilities is described in 
[61]. DeepSense 6G [62]  is a multimodal dataset that comprises coexisting multimodal sensing and 
communication data, such as camera, GPS data, LiDAR, and radar, collected in 30+ scenarios and 
over several locations covering a diverse vehicular, drone, RIS, human, robots for indo or/outdoor 
scenarios are designed based on realistic wireless environments to enable different novel 
applications. A list of other available datasets mainly from IEEE DataPort platform are listed in Table 
9. 

Table 9: Publicly available multimodal dataset  

Description  Feature  Dataset/analysis  Papers/others  

Dataset for Influence 
of Visual and Haptic 
Feedback on the 
Detection of 
Threshold Forces in a 
Surgical Grasping 
Task [63]  

Tactile, multimodality, 
Haptics, surgical robotics  

Anova analysis; Force threshold 
vs Iteration analysis; Threshold 
force analysis  

Data in brief, Elsevier 
2022 [64]  

 

Opportunity++: A 
Multimodal Dataset 
for Video - and 
Wearable, Object and 
Ambient Sensors -
based Human Activity 
Recognition [65]  

AI and machine learning 
research focused on the 
multimodal perception 
and learning of human 
activities  

19.75 hours of sensor data 
annotated with multiple tracks; 
sensors placed on the objects 
produced a total of 3.92 hours of 
annotated data; Overall, the 
dataset comprised of more than 
24000 unique annotations  

Frontiers in Computer 
2021 [66]  

 

VibTac -12: Texture 
Dataset Collected by 
Tactile Sensors [67]  

Signal feature extraction 
method and the Fourier 
transform as input to 
machine learning 
classifiers  

3D accelerometer recordings; 
sound recordings  

IEEE Access 2020+ 
publication record from 
2010 [67]  

 

 

A Unified Perception 
Benchmark for 
Capacitive Proximity 
Sensing Towards Safe 
Human -Robot 
Collaboration (HRC)  
[68]  

The perception gap 
between tactile 
detection and mid -range  

Speed and Separation 
Monitoring (SSM)  

Power and Force Limiting (PFL)  

Capacitive Proximity Sensors 
(CPSs) 

IEEE ICRA, 2021 Xi'an, 
China + Based on ISO/TS 
15066 [68]  

 

ExoNet Database: 
Wearable Camera 
Images of Human 
Locomotion 
Environments [69]   

Large -scale hierarchical 
database of high -
resolution wearable 
camera images (i.e., 
egocentric perception) 
of legged locomotion 
environments  

Over 5.6 million RGB images of 
indoor & outdoor real -world 
walking environments  

Approximately 923,000 images 
in ExoNet were human -
annotated using a novel, 12 -
class hierarchical labelling 
architecture  

Frontiers in Robotics 
and AI 2020 [70]  

Multimodal grasp 
data set: A novel 
visualṾtactile data set 
for robotic 
manipulation [71]  

Integration of visual and 
tactile data for 
understanding the 
grasping process and 
deeper analysis of 
grasping issues  

2550 sets data, including tactile, 
joint, time label, image, and 
RGB and depth video  

International Journal of 
Advanced Robotic 
Systems, Sage Journals 
2019 [71] 
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Description  Feature  Dataset/analysis  Papers/others  

Learning hand -eye 
coordination for 
robotic grasping with 
deep learning and 
large -scale data 
collection [72]   

First experiment: 
Learning -based 
approach to hand -eye 
coordination for robotic 
grasping from 
monocular images.  

Second experiment: test 
transfer between robots, 
how data from a 
different set of robots 
can be used to aid 
learning  

First experiment, about 800,000 
grasp attempts using between 
6 and 14 robotic manipulators 
with differences in camera 
placement and gripper wear 
and tear.  

Second experiment with 
different robotic platform and 8 
robots to collect a dataset 
consisting of over 900,000 
grasp attempts.  

International Journal of 
Advanced Robotic 
Systems, Sage Journals; 
2019 [72]  

Complex urban 
dataset with multi -
level sensors from 
highly diverse urban 
environments [73]  

Light Detection and 
Ranging (LiDAR) and 
image data acquired in 
complex urban 
environments  

LiDAR sensor data (2D and 3D), 
navigation sensor data with 
commercial -level and high -level 
accuracy, stereo camera images 
of the environment, position 
information of the vehicle 
estimated through 
simultaneous localization 
mapping (SLAM)  

International Journal of 
Advanced Robotic 
Systems, Sage Journals; 
2019  [73] 

 

Create: multimodal 
dataset for 
unsupervised 
learning and 
generative modelling 
of sensory data from a 
mobile robot [74]   

Mobile robot that can 
navigate and learn 
multimodal 
representations of its 
environment  

Stereo RGB images, stereo 
audio, inertial measurement 
unit (accelerometer, gyroscope, 
magnetometer), odometry, 
battery current, motor 
velocities, infrared and contact 
sensors, atmospheric pressure, 
air temperature  

IEEE Dataport 2018, 
updated 2022, Linked 
paper: Optimality of 
inference in hierarchical 
coding for distributed 
object -based 
representations [75]  

 

Hard dataset and 
normal dataset for 
robotic tactile sensing 
[76]  

Tactile sensors for 
detecting grasping 
stability and slip 
detection during lifting 
of objects  

PVT points of robot arms and 
grasping 
parameters/timestamp of 
gripper, tactile files with 
timestamps, images of each 
grasping  

IEEE Dataport 2022, 
Linked paper: A Robotic 
Grasping State 
Perception Framework 
with Multi -Phase Tactile 
Information and 
Ensemble Learning [77]   

Tactile Information 
Dataset TacAct : 
Physical Human -
Robot Interactions 
[78]  

Tactile intelligence for 
human -contact safety to 
complement visual and 
auditory information for 
human -robot interaction  

Real-time pressure distribution 
of 50 subjects who performed a 
total of 24,000 touch actions  

Data available on 
Zenodo, doi: 
10.5281/zenodo.5138841  
[78] https://zenodo.org/r
ecords/5138841    

6.2.3 Standardisation and related industry  initiatives  

Relevant Standardisation activities for multimodal remote operation are further discussed in the 
following:  

uMMM 

Tactile internet P19181.1 standard [1] was the first standardization activity for haptic communication 
started in 2017. IEEE P1918.1 has been further adopted in 3GPP 5GS Specs [27] in TACMM [15], XRM 
features  [16], Cyber -CAV [17] and Metaverse [18] as well as in IEC TC100 PT63448 [19], standardizing 
ultra -low latency communication for control -centric applications, addressing the use case 

https://zenodo.org/records/5138841
https://zenodo.org/records/5138841
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requirements and enabling technologies. IEEE P1955  [20]  is a recent standard for 6G empowering 
Robotics: Use Case Scenarios, Requirements, Architectural Impact, and Technical Assumptions. This 
standard defines a framework for 6G empowering robotics applications. The framework 
incorporates potential robotics use case requirements, 6G enabli ng technologies, and defines the 
architectural impact necessary to enhance robotics and automation processes.   

Mÿñu 

TțǸ MʔɶɐɳǸǍɅ ÿǸȺǸǪɐɃɃʔɅȡǪǍʌȡɐɅ ñʌǍɅǱǍɶǱ uɅɾʌȡʌʔʌȡɐɅ ṵMÿñuṶẏɾ uɅǱʔɾʌɶʳ ñɳǸǪȡȒȡǪǍʌȡɐɅ gɶɐʔɳ ṵuñgṶ 
on ISAC [21] concentrates on pre -standards research efforts on ISAC with a focus on use cases, 
channel models, key performance indicators, and evaluation assumptions, for subsequent 
evaluation by standards organizations. This includes defining a prioritized set of 6G use cases and 
sensing types, developing advanced channel models for these use cases, specifying performance 
indicators and evaluation methods, studying system and radio access network architectures for 6G, 
addressing privacy and security aspects in the con text of 6G sensing data, and studying the 
potential impact of widespread ISAC deployments.  

uMÿf 

IETF Tactile Internet was also discussed in a number of groups within IETF, primarily as a use case 
that demands improved networking technologies that satisfy its stringent resource requirements 
namely, INTAREA working group [81] presents the service requirements for haptic and Tactile 
Internet use cases. Activities in Network Function Virtualization (NFV) Research Group (NFVRG) [22] 
suggests that a combination of radio access and core network components must be isolated into 
network slices for addressing specific requirements of emerging use cases, such as Tactile Internet 
services.  

ᶱgææ 

From the outset, 3rd Generation Partnership Project (3GPP) 5G System (5GS) was designed to 
provide service -based, highly reliable (e.g., URLLC, Time Sensitive Communications (TSC), Edge 
Computing) low latency communications and enablers for Industrial Auto mation, e.g., Network 
Analytics and Network Slicing. Although great progress was achieved, many existing and new Use 
Cases still remain to be addressed, e.g., UCs with stringent requirements, as those needed to 
support tactile and multimodal communication services over the 5G system. To address these 
challenges, 3GPP TR 22.847 [15] (multimodality SA1 feature) and 3GPP TR 23.700 ( XRM SA2 feature) 
[16] intend to create a gap analysis between new potential requirements and existing requirements 
and functionalities supported by 3GPP. Especially, for use cases that are immersive real -time 
experiences, including closed -loop feedback and control under varyin g DoFs. Requirements for use 
cases under consideration include (but are not limited to), parallel transmission of multiple modality 
representations associated with the same application. Also, their reliability, availability, security, 
privacy, charging, an d the identification of KPIs for specific use cases are considered. 3GPP 
multimodality feature provides an example of new requirements motivating 3GPP 5GS 
enhancements to meet the needs of demanding applications as those seen in the healthcare 
industry. In  residential/small environments, this gateway is referred to as evolved Residential 
Gateway (eRG) (3GPP TR22.858) and they are considered from a 3GPP System perspective as User 
Equipment (UE). Nevertheless, they also provide connectivity and Quality of Ser vice (QoS) handling 
to other devices connected behind their realm, e.g., Personal IoT networks (PIN) (3GPP TR 22.859), 
which might correspond to sensors or actuators remotely controlled by e.g., a factory worker or a 
physician. It is thus quite possible th at in an end -to -end scenario where a surgeon wearing a tactile 
glove, which is a wireless device connected through an eRG, may connect to actuators in a remote 
location, far away from the surgeon. In that case, the eRG at each end of the connection will ne ed 
to satisfy reliability and latency constraints, using technologies that may further extend the existing 
5GSs. To support the XR KPIs requirements, prediction of, or fast adaptation to, RF conditions 
changes is critical. Key vertical UCs (especially for factory and process automation) are studied in 
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3GPP System Aspects (SA) WG1 (SA1) (3GPP22.104) and SA6 (3GPP TR 23.745) [81]. XR-based services 
ǍɶǸ ǍɅ ǸɾɾǸɅʌȡǍȺ ɳǍɶʌ ɐȒ Ẍ¶ǸʌǍʬǸɶɾǸẍ ɾǸɶʬȡǪǸɾ ʌɐ ɳɶɐʬȡǱǸ ȡɃɃǸɶɾȡʬǸ ǸʲɳǸɶȡǸɅǪǸ ǍǪǪǸɾɾǸǱ ǸȡʌțǸɶ ǩʳ 
users in the proximity or remotely. The 3GPP Localized Mobile Metaverse Services in Study Item 
(Rel19) [18] supports the XR KPI requirements, prediction and adaptation where coordinating input 
perception/sensing data from different user devices (such as sensors and cameras) and 
coordinating output data to different devices at different destinations to support t he same 
application is required.  

Besides multimodal communication based on device -based sensing, a key role in wireless 
communication standardization, is actively involved in advancing the standardization for ISAC by 
defining the service requirements and system architecture aspects [82] . The early study items for 
ISAC are focusing on both communication -assisted -sensing and sensing -assisted -communication, 
while currently Rel. 19 puts a great emphasis on communication -assisted -sensing. There are 32 
industry use cases for various industries  identified for functionality requirements. In parallel, 
discussions of ISAC for 6G have also been started in various industry forums, including the 3GPP SA1 
study, which has identified  use cases with requirements for Vehicular -to -X (V2X), unmanned aerial 
vehicles ( UAVs), 3D map reconstruction, smart city, smart home, factories, healthcare, and 
applications for the maritime sector  [83] .  

uÿĆẁÿ 

The Focus Group on Technologies for Network 2030, which concluded its work in Summer 2020, 
studied the capabilities of networks for the year 2030 and beyond. The group selected TI as a 
representative use case for network 2030, among other use cases such as  holographic type 
communications and Space terrestrial integrated network. Recent Metaverse focus group (MV -FG) 
was established under TSAG in December 2022. The group aims to analyse the technical 
requirements of the metaverse to identify fundamental enabl ing technologies in areas from 
multimedia and network optimization to digital currencies, Internet of Things, digital twins, and 
environmental sustainability [96] . 

6.3  Multimodal Sensing, computing, communications and 
control  

Multimodal sensing, computing, communications for remote control and operation can be 
achieved based on a fully integrated and unified, next -generation architecture serving the edge -to -
cloud compute continuum, integrated sensing and communication and commu nication and 
control co -design as three key architecture technology aiming at serving the most demanding 
applications and use cases, aligned with the 6G standardization discussed in subsection 6.2.3. 

Firstly, the integration of high -performance computing devices into cellular networks with the 
performance expected for 6G, gives rise to the development of multimodal computing concept. 
This term that englobes sensing, control, communications, and computi ng, can be applied in most 
of the industry 4.0 and 5.0 scenarios. For example, in industry use cases, the requirements vary in 
terms of latency and data throughput, although high security and reliability are a must. The 
extraction of data if processed in d istanced servers (i.e., the cloud) can significantly increase the 
latency but also pose risks to the security and data privacy. To this end, the notion of edge 
computing and edge devices are introduced to address such concerns, and to provide computing 
capǍǩȡȺȡʌȡǸɾ ʭȡʌțȡɅ ʔɾǸɶɾẏ ȺɐǪǍȺȡʌʳṣ ñǸǪɐɅǱȺʳṞ ʌɐ ǱǸȺȡʬǸɶ ǍɅ ȡɃɃǸɶɾȡʬǸ ɶǸɃɐʌǸ-control experience, the 
remote operator requires the perception of the shared operation environment (i.e., a digital model) 
for decision -making process and control. This can be achi eved by processing and interchanging the 
data generated from external (ambient) and internal (on -board) sensors or from RF sensing 
technique such as networked sensing. Finally, the communication Ṿcontrol co -design methods can 
also optimize remote control op eration by including both communication and control constraints 
in the design.  
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The high -level illustration of the concept and its key enabler technologies is shown in Figure 17.  

 

Figure 17: A high -level representation of the 6G logical building blocks for multimodal remote operation  

6.3.1 Edge computing   

With the fast growth of multimodal edge devices and network infrastructure, 6G mobile 
communications enable resource -intensive applications by delivering quick, efficient, and 
intelligent hyper -connectivity. Edge computing has become a promising solution t owards efficient 
and low -latency multimodal communications [97] [98] . Currently, there are two approaches about 
the location to integrate edge devices in the mobile networks. In case of use cases with a limited 
area and thus, a limited number of radio infrastructure, edge devices can be connected to the Core 
Network via Us er Plane to transfer data and Control Plane (Network Exposure Function) to have 
access to Network information, as specified by ETSI [98] . However, this approach could increase data 
latency in large deployed networks. In this case, edge devices could be integrated directly in the 
access network, reducing the distance to the multimodal user equipment, but then requiring 
mobility support sinc e processes must move from one or a set of edge devices to another (set) to 
maintain the distance with the end devices. More specifically, edge computing reduces the 
requirement for data transfer to centrally located servers or the cloud, resulting in impr oved real -
time processing capabilities. Especially in the case of multimodal communications, edge 
computing contributes towards:  

¶ Reduced latency : Multimodal communications frequently require real -time processing of 
heterogeneous data across several modalities. Latency is considerably decreased by 
transferring computations near the edge, closer to the edge device level and data 
generation. This is especially critical in time -sensitive applications and services (e.g., 
autonomous driving, remote operation) that require real -time decision -making.  

¶ Reliability:  Edge computing further enhances resiliency of multimodal communications by 
avoiding a central point of failure, thereby improving the reliability of the system.  

¶ Reduced communication overhead:  Multimodal communications often involve frequent 
transmissions of large volume of data across different network domains. Transmitting vast 
amount of data to centrally located network entities or cloud infrastructures could 
potentially lead to significant communication and signalling overhead, causing network 
delays. However, edge computing enables processing and analysis of multimodal data 
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closer to data generation, contributing towards communication overhead reduction by 
decreasing data exchanges with the core network.  

¶ Privacy preservation: Although centralized computing for multimodal communications 
could provide accurate analytics, it may also raise some privacy concerns. This relies on the 
fact that highly sensitive or private information (e.g., personal images, audio, or biometric 
information) may pose restrictions in data exchange. Edge computing performs processing 
and analysis of multimodal information locally, without requiring any raw data exchanges to 
third partie s. This approach enhances data privacy, since sensitive information is kept in a 
trustworthy environment.  

Consequently, edge computing architectures have been adopted and proposed for enabling low -
latency multimodal communications, including a high level three -layer hierarchical scheme 
comprised of a sensing, an edge computing and a cloud computing layer.  

¶ Sensing Layer : The sensing layer's primary function is to gather raw multimodal data from 
diverse sensory devices, conduct lightweight tasks such as filtering, and communicate 
important inputs to the hierarchy's subsequent tiers.  

¶ Edge Computing Layer : The edge computing layer receives as input data the output of the 
underline layer and performs demanding tasks such as data pre -processing, feature 
extraction, data fusion, lightweight ML model training, and inference tasks. In critical 
applications, it is essential to analyse and act real -time on the provided multimodal data 
towards quick decision making.  

¶ Cloud Computing Layer : The cloud computing layer could further improve edge multimodal 
communications. The cloud computing layer may be utilized for long -term storage, 
centralized analytics, ML model training, and edge device orchestration.  

Section 6.5.2 further discusses distributed Federated AI at the edge for low -latency and reliable 
multimodal communications.  

6.3.2 Multimodal  communications and control co -design  

Cloud, communication and control systems are generally designed independently, which leads to 
substantial wireless resource consumption. In communication Ṿcontrol co -design methods (aka 
Integrated communication and control) [86] , the strong correlations between control and 
communication systems are in two folds: 1) control optimization problem with communication 
constraints and 2) communication optimization problem with control constraints. To apply the 
communication Ṿcontrol co -design, the essence of the co -design problem should be explored and 
then build an effective co -design model to help with communication and control optimization. For 
instance, for AMR UC (Section 6.1.5), a communication -control co -design can help lowering the 
requirements on the coding rate and lower the consumption of wireless resources as well as 
achieving better results in the probability of system instability and the number of admissible AMRs.  

Additionally, communications and control co -design introduce various KPIs beyond the 
conventional ones used in communication networks. For example, age of information (AoI), could 
be used for measuring information freshness in remote monitoring and control  scenarios [87] . The 
age of incorrect information (AoII) [88] , urgency of information (UoI) [89]  as well as value of 
information (VoI) [90]  are other KPIs that have been considered to quantify the application layer 
performance, as an alternative to latency, throughput or jitter.  

Each of these metrics captures a different aspect of control performance and offer great potential 
for future industrial networks, adding a new dimension to control and communications co -design. 
Despite being well -accepted and employed by the research comm unity, the adoption of such novel 
©æuɾ ȡɅ ʌɐǱǍʳẏɾ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ țǍɾ Ʌɐʌ ǩǸǸɅ ǪɐɅɾȡǱǸɶǸǱ ǍɅǱ ȡɾ ǍɅ ɐɳǸɅ ɵʔǸɾʌȡɐɅ Ȓɐɶ ȒʔʌʔɶǸ 
standardization efforts.   
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6.3.3 Multimodal sensing and communication   

Multimodal sensing can be implemented with multiple sensors in the same device or through the 
fusion of data from several distributed sensors. In both cases, communication is key to convey the 
information to where it will be processed, enabling the offload  of this processing to powerful 
devices, as well as data fusion when needed. At the same time, sensors that estimate the position 
of objects often rely on wireless transmission, used for localization or radar techniques. 
Synergistically, sensing can help c ommunications as well. For example, beam training can be aided 
by positioning information and camera images [85] , and the same applies to multiple access [91]. 
The fact that sensing and communications must eventually make use of the same (scarce) radio - 
spectrum has motivated many recent approaches to combine sensing and communications, using 
either the same frequencies by multiplexing, the same radio interface  (same signal format and radio 
resources) by a joint design, and/or the same hardware.  

The so -called integrated sensing and communication and sensing (ISAC) are seen as key 
ingredients in the evolution towards 6G [60] . These are thoroughly described in Section 4. 
Simultaneously performing multimodal sensing and communications motivates new 
requirements in the waveform design, which needs to be more energy -efficient to be able to cover 
large sensing ranges [92] . Several works address the multiplexing of signals dedicated to sensing 
and communications [92] [94] [95], while it is not clear yet how an optimum waveform from the ISAC 
point of view would look like. Also, new ways of scheduling the radio resources dedicated to ISAC 
need to be devised. Multiplexing of multimodal information (audio, video, haptic, tactile) f or efficient 
transmission over B5G/6G air -interface is an important challenge which has not been addressed in 
5G. 

The fusion of data gathered from multiple sensors that is shared and combined through wireless 
communications is a powerful tool to enhance the environment awareness, achieving cooperative 
perception [93]. Local information processed locally in any device can be combined with that 
obtained at the edge nodes, reducing the needs for local sensing and computing. To maximise the 
efficiency, the multi -sensor information fusion, the information sharing strategy and the 
communications need to be designed in a coherent way.  

6G Networked sensing can also complement device -based sensing to increase the sensing 
coverage and reliability of the final perception. This is as part of the environmental sensor fusion or 
as data stream by taking advantage of the dense deployment of 6G n odes. For instance, in remote 
robotic operations, active multimodal sensing and data collection by robot internal sensors or 
ambient sensors can be used for 6G network services optimisation (such as coverage, rate). 
Networked sensing enabled by RAN and dev ice sensing are new key technologies and enhance 
environmental sensor fusions gained from device -based sensing. It is obvious that 6G networked 
and device sensing are complementing state of the art sensors. It is clear that the dense 
deployment of 6G nodes  increases the sensing coverage and reliability of the final perception.  

Furthermore, the ISAC co -existence of a diverse range of sensing modalities, including vision, audio, 
motion, environmental, biomedical sensing, etc., will provide information for applications such as 
augmented reality, immersive experiences, smart surveil lance, healthcare monitoring, and 
environmental monitoring [103]. ISAC based use cases and enhanced 6G capabilities will provide a 
paradigm shift to the 5G infrastructure and mobile services [104], such as deploying energy -efficient 
and spectrally -efficient solutions [105]- [109]. There are several user -assisted enhancements that 
ISAC signalling will revolutionize such as edge computing, where adding a nominal computational 
ǩʔɶǱǸɅ Ǎʌ ʌțǸ ʔɾǸɶẏɾ ǸɅǱṞ ɾǸʬǸɶǍȺ ǩǸɅǸȒȡʌɾ ǪɐʔȺǱ ǩǸ ǍǪțȡǸʬǸǱṞ ȡɅǪȺʔǱȡɅȓ ǍṶ ǩɶȡɅȓȡɅȓ ǪɐɃɳʔʌǍʌȡɐɅ ǍɅǱ 
data sto rage closer to the network edge, b) reducing end -user latency, c) possessing real -time 
processing capabilities, and d) enabling context -aware services. Accordingly, ISAC based networks 
can support a diverse range of applications. Another enhancement can be  achieved in terms of 
environment monitoring, since by integrating sensors, devices, etc., into the edge -computing unit, 
wireless networks can provide real -time environmental insights to facilitate diverse applications, 
e.g., smart city initiatives, enviro nmental sustainability, proactive decision -making, etc. Accordingly, 
this enables the networks to collect and analyse vast amounts of data for various modern 
applications.  
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Within the indoor factory setting and of particular relevance to ISAC for Industrial IoT (IIoT), the 
following use cases have been  considered: detection of Automatic Guided Vehicles (AGV) and 
measurement of proximity to humans, collision avoidance for Autonomous Mobile Robots (AMR) 
and AGVs, the combined use of sensing and localization for accurate positioning of AGVs and AMRs, 
gestu re detection and recognition, etc.  Additionally, THz frequencies can be used for multimodal 
sensing and communication, for applications such as localization and tracking ; simultaneous 
imaging, mapping, and localization , such as in virtual urban city and in door factories,  augmented 
human sense  applications such as in remote surgery,  detection of product defects, sink leakage 
detection, etc., where very high range and cross -range resolutions are required ; and  gesture  
recognition , emotion recognition, heartbeat detection, fall detection, respiration detection, sneeze 
sensing, intrusion detection, etc., can be implemented in a smart hospital in the foreseeable future . 
For instance, a robot arm equipped with ISAC -THz module is used to represent a human arm 
holdi ng a THz imaging camera. The prototype is built to operate at 140 GHz carrier frequency with 
a bandwidth of 8 GHz  [110]. In terms of multimodal sensing and communication, one should note 
several challenges that exist in ISAC based deployment, such as channel modelling for the co -
design, maintaining network reliability and security, cost effectiveness, efficient dual -functi on 
waveform design, regulatory considerations, and large data volume handling and processing. In 
this regard, several solutions such as efficient dual -function ISAC waveform design [111], [112], and 
channel estimation approaches for sensing and communication co -design [113]. 

6.4  TACMM device capabilities  and functionality impact   
On top of audio -visual information, next generation immersive communications will involve 
TACMM information. Immersive realities will blur the boundary between the physical and the virtual 
worlds, inspiring new types of interactions between them. Such disr uption will enrich 
communication experiences of users and bring forward new use cases such as 3D telepresence, 
online interactive sports with unprecedented realism, and game changing immersive learning, and 
many others. The same paradigm could be applicabl e to human -machine interaction and 
collaboration and robotic tele -operation in, e.g., industrial environments, and to set a cornerstone 
for the next industrial revolution. To this end, significant progress has been made in recent years in 
new terminals equ ipment and sensor systems and data capturing techniques, data processing and 
computing frameworks, and rendering and display devices. TACMM is expected to coexist with XR 
and holographic communications delivering technologies that will enable users to have  lifelike 
experiences of the physical world, in the virtual world, or a combination of both, with interactions 
using 3D audio -visual and haptic information exchange. In concrete, multi -sensory XR will leverage 
human senses and perception (e.g., visual, aud itory, olfactory, and tactile) into XR content, to provide 
a highly realistic immersive experience. This will be achieved by combining multiple disciplines, of 
ultra -high performance and low latency communications, computing and networking, AI -ML, 
computer  vision, biology, robotics, etc., providing a fusion of real and virtual worlds.  

6.4.1 Multimodal teleoperation terminal  equipment and capabilities  

Terminal Equipment (TE) provides the functions necessary for the operation of the access protocols 
by the user, a functional group on the user side of a user -network interface [58]ṣ ÿțǸ ÿMẏɾ ṧʔɳɳǸɶ 
layers' may be in more than one device, e.g., VR glasses, gloves, etc. New TEs with sensory/actuator 
integration result in new user equipment (UEs) capabilities and functionalities required by future 
multimodal applications, further incre ases the demand on processing power required to execute 
the computation -intensive and low -latency tasks.  

Simple, intuitive, multimodal, and easy to use interface to interact with devices, services, and 
surroundings, are needed. While current handheld smartphones are mainly used to provide 
audio/video services, immersive remote operation would require addition al device capabilities such 
as smart glasses, haptic wearables, etc., which can be distributed to other connected devices for 
providing enhanced user experience. The use of such dedicated devices is driven by the 
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technologies like telepresence, haptic user interactions, holographic displays and content 
distribution, multi -dimensional imaging, and extended reality, and metaverse applications. New UE 
types could be classified and used by health, entertainment or indu stry verticals. Some examples 
are as following:  

¶ Connected nano -things and bio -nano -things, which could interact with biological systems 
and act as sensors and actuators to interact with the environment. That could be part of 
development for multimodal user interaction and human -machine interactions;  

¶ New sensory/actuator integration results in new user equipment capabilities and 
functionalities required by future holographic XR/multisensory XR applications, further 
increases the demand on processing power required to execute the computation -intensive 
and low -latency tasks;  

¶ uɃɳȺǍɅʌǍǩȺǸ ɃȡɅȡǍʌʔɶǸ ɾǸɅɾɐɶɾ ǍɅǱ ẎɅǍɅɐɾǸɅɾɐɶɾẏ ǱǸʬȡǪǸɾṞ ɾʔǪț Ǎɾ ȡɃɳȺǍɅʌɾṞ ɾʌǸɅʌɾṞ ȺǸɅɾǸɾ 
and pumps are mainly used for medical purpose, e.g., a battery -operated pacemaker. Also, 
Biomolecular Sensing devices (DNA microarrays, Chemical sensors) that can pot entially be 
used for people who may have devices on or beneath their skin that monitor heart rate, 
glucose, or oxygen saturation and help control chronic conditions like diabetes or respiratory 
disease. The monitoring could enable people to live at home in stead of having to move into 
an assisted living facility;  

¶ Wearable: Sensors that are embedded in some type of garments/textile to monitor. Example 
sensors are electrocardiogram (ECG), Electroencephalogram (EEG), Electromyography 
(EMG), blood variation pressure (BVP), galvanic skin resistance (GSR), 
Photoplethysmo graphy (PPG), accelerometers, and glucose sensors. Use case examples can 
be paramedics and firefighters may eventually be required to use wearables that track their 
heart rates, emotion and stress levels.  

¶ Tattooable: Ultra -thin electric mesh for human skin, or temporary skin that can store data 
and deliver drugs ṽand electronic second skins made of microscopic semiconductors;  

¶ !ɃǩȡǸɅʌ ñǸɅɾɐɶɾṝ ñǸɅɾɐɶɾ ɃɐɅȡʌɐɶȡɅȓ ʔɾǸɶẏɾ ǍǪʌȡʬȡʌȡǸɾ ṵǸṣȓṣṞ ɳǍɾɾȡʬǸ ȡɅȒɶǍɶǸǱ ɾǸɅɾɐɶ ṵæuéṶṞ éf 
imaging, surveillance cameras - fixed or on drones);  

¶ Actuators: Haptic devices to provide feedback for navigation or alarm (haptic buzz), display 
interface (braille language), interaction (haptic gloves/belt/suits), and remote industrial 
control;  

¶ Robot hand and arm: A robot hand, especially one with multiple fingers, is necessary for 
conducting various tasks in daily life. The robot hand should be able to make flexible human -
like motions using a design inspired by the human and integrated with robo t arms to 
construct systems with a high number of degrees of freedom (DoF). Skin or touch sensing 
is desirable, which sets requirements for haptic signal amplitude range, temporal and spatial 
resolution. To match the human hand for remote operation, a robo t hand should be 
equipped with multimodal tactile sensors with different types of tactile sensing modalities 
(thermal, fast adapting and slow adapting afferents). The development of autonomous 
dexterous robotic manipulation systems is a complex process of an interdisciplinary nature 
involving such diverse research fields as computer vision, force control, motion planning, 
grasping, sensor fusion, digital signal processing, human -robot interaction, learning and 
tactile and multimodal sensing.  

6.4.2  TACMM functionalities   

TACMM communication combined with XR will pose new requirements in forthcoming 6G 
architectures. In general, XR has stringent latency requirements for accurate and smooth content 
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playback based on user motions. Furthermore, in order to achieve low content delivery latency, an 
ultra -high data transmission rate is required for delivering XR content. The computing capability of 
both network servers and user devices dominates the perfo rmance of interactive XR applications, 
and limited computing capability in the network can be another bottleneck for XR content delivery.  

Multilateral TACMM communication procedures will take as a working assumption that even if 
there is no direct TACMM interaction between two users, they can still share haptic information. For 
example, the data format and content of the transmitted TACMM in formation may differ from those 
of the transmitted haptic information in direct haptic interactions. The end -to -end (e2e) delay 
tolerance of TACMM communications can be as low as 1 ms while the packet rate of TACMM data 
could reach more than 1,000 packets per second. In practice, the e2e delay requirement of TACMM 
communication is defined by perceptual sensitivity of receivers, the changing aspects of TACMM 
interaction, and the concrete operation or interaction among any others factors. In addition, the 
rel iability of TACMM communication in immersive gaming is required to be above 99.9%, whereas 
higher reliability is required (i.e., above 99.999%) in telesurgery and remote machine manipulation.  

6G architecture must embrace a number of technologies to tackle the challenges of TACMM 
communications. An indicative sample of them is mentioned in the following (i.e., a full and in -depth 
analysis does not fall within the scope of this White Paper):  

¶ The nominal communication delay of 1 ms for TACMM, is translated to a physical -layer delay 
of less than 0.1 ms.  

ς Queuing delay in the downlink transmissions could be reduced, if TACMM data 
preempt the data of other types. Non -orthogonal multiple access (NOMA) can 
improve spectrum efficiency and reduce channel access delay of TACMM in uplink 
transmissions.  

ς Grant -free user scheduling has been exploited to remove the scheduling delay by 
saving transmission resources, which could be assigned to TACMM -based devices.  

ς In packet retransmissions, interference in multiple access should be dealt with. In 
grant -free NOMA, such interference can be managed by device activity detection 
and successive interference cancellation (SIC).  

¶ In addition to low latency, guaranteed latency is an important need of teleoperation and can 
allow for predictive algorithms to operate reliably in, e.g., teleoperation.  

ς Guaranteed latency is often harder to achieve in mobile communications, and 
require deterministic approach to various processes that are stochastics in nature.  

¶ The communication reliability of TACMM could be improved by adopting several solutions 
offered in the literature.  

ς Low -density parity -check (LDPC) codes and short polar codes could fit with the 
requirements of TACMM communications.  

ς Massive multiple -input and multiple -output (MIMO), IRS, and multi -connectivity 
techniques.  

ς NOMA can improve retransmission efficiency where the transmit power of a device 
can be optimised to retransmit the required minimum redundant bits for satisfying 
the reliability requirement.  

¶ Low delay and high reliability of TACMM communications, could be enforced by network 
slicing and in concrete via:  

ς Resource reservation in the network slice for TACMM communications.  

ς When various tele -operation slices are considered and when delay should be 
considered, customised transmission resource reservation should be applied.  

ς AI-based learning methods should be leveraged for the traffic patterns of TACMM -
based scenarios to efficiently assign resources.  
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In short, a battery of advanced signal processing techniques, distributed edge computing and AI -
driven innovations should enhance the proposed 6G architectures in order to efficiently integrate 
TACMM communications, tackle their challenges and satisfy thei r requirements.  

Furthermore, t he distributed user equipment requires additional functionalities and interfaces to 
be exploited in 6G architecture, e.g., for multimodal synchronisation to provide highly reliable 
immersive and inter -related multimodal communications in 6G systems. This i s due to a crucial 
requirement in scenarios where the application experience is consumed over multiple devices. 
Multimodal data belonging to the same application/session must be delivered, and ultimately 
presented to the user at the same time  addressing different synchronisation threshold tolerance. A 
high -level illustration of the multimodal data flow over 6G communication system for an operator 
using multiple devices (i.e., VR and haptic gloves) to remotely operate a robotic hand in an indus trial 
domain is shown in Figure 18. 

 

Figure 18: High level illustration of an E2E Multimodal remote operation example using a robotic hand  

6.5  AI/ML techniques for multimodal  operation  
Audio and visual information have been traditionally captured, processed and communicated 
across networks for remote consumption. With tactile Internet, communicating tactile information 
is driving current trends in connected robotics [36]. Including smell and taste information in future 
multisensory communication systems will round up remote perception of all five human senses. 
Furthermore, although humans are restricted to visual sensing in visible light band, the machines 
are not. They c an make sense and learn the environment by sensing across different bands [44] . 
Establishing environmental features (e.g., location and movement of objects) can be done across 
different bands which drives current interest in integrated communication and sensing.  

In the above scenarios, machines will collect and learn from multimodal data in order to execute 
one or more tasks. In order to do so in an efficient manner, cross -modal perception can be applied 
for loss recovery in multimodal applications which demands d esign of combined classifiers [39] for 
the purpose of Data recovery while maintaining precision and resource efficiency trade -off. 
Furthermore, they will have to exploit fundamental principles of multimodal and multitask learning. 
In particular, learning and decision making from multimodal  data usually involves learning suitable 
multimodal representations from which different decision -making tasks can be executed with high 
efficiency. In this section, we review learning methods that are likely to have significant impact on 
the design and im plementation of multimodal sensing and communication systems.  
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6.5.1 Multimodal learning techniques  

The gains of integrating AI in domains requiring analysis of high -dimensional unstructured data, as 
in the case of multimodal communications, are evident. In order for the AI to provide an 
interpretation and understanding of such complex systems, correlati on and extraction of latent 
information from multimodal data is required. The underlying motivation to use correlated 
multimodal data is that complementary information could be extracted from each of the modalities 
considered for a given learning task, yie lding a richer representation that could be used to produce 
much improved performance compared to using only a single modality [37]. Towards this direction, 
multimodal learning aims at creating models that can process and relate information from multiple 
modalities. Such information consists of data from various sensors monitoring common 
phenomena, towards being exploited in a complim entary manner in order to identify patterns and 
interpret a complex task. The following five challenges in multimodal learning have been identified 
[38] : 

¶ Representation:  The heterogeneity of multimodal sensory data poses significant challenges 
in terms of learning latent representations.  

¶ Translation:  The relationship (mapping) between different modalities towards interpret the 
multimodal information is another core challenge, e.g., different ways to translate an image 
or an audio.  

¶ Alignment:  To align different modalities, a model has to measure similarities between them 
and has to deal with long -range dependencies. Other challenges in multimodal alignment 
include the absence of annotated datasets, the development of acceptable similarity 
metr ics between modalities, and the presence of numerous accurate alignments.  

¶ Fusion:  Another challenge is to provide predictions, combining data from two or more 
modalities. This relies on the fact that different modalities generalise at different rates and 
Ǎɾ Ǎ ɶǸɾʔȺʌ Ǎ ȲɐȡɅʌ ʌɶǍȡɅȡɅȓ ɾʌɶǍʌǸȓʳ ȡɾɅẏʌ ǍȺʭǍʳɾ ɐɳʌȡɃǍȺṣ 

¶ Co-learning:  Finally, another challenge is to transfer knowledge between modalities, their 
representation, and their predictive models, especially in the case of modalities with limited 
resources (e.g., annotated data).  

As previously mentioned, different modalities generalise at different rates and as such a multimodal 
fusion approach is required, involving better combination decisions of multimodal data, either by 
removing correlations between modalities or representing the fused data in a lower -dimensional 
common subspace. The fused data can then be exploited towards anticipatory decision making. 
Some well -known techniques for multimodal fusion are listed below:  

¶ Early Fusion:  A method of modality combination at the input level before fed to an ML model 
[40] . 

¶ Late Fusion:  Late fusion involves an independent training of models for each modality and 
the integration of their outputs (predictions) throughout the decision -making process.  

¶ Intermediate Fusion:  Combining modalities at intermediate level of model training.  

Currently, deep learning, a subfield of representational learning, focuses on the use of artificial 
neural networks (ANN) to automatically generate suitable representations or hidden features from 
raw data for specific tasks, resulting in a richer represen tation [41] that can contribute towards better 
decision making. As a result, it is critical to develop joint embeddings in order to better describe 
such notions by using the complementarity of multimodal data. A list of well -studied models for 
multimodal representati on learning include:  

¶ Multimodal Deep Autoencoders (MDAs):  MDAs are neural network -based models that learn 
sequential and joint representations of different modalities and use a decoder to learn to 
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reconstruct the initial input [42] [43] . Indicative examples of such encoders could be 
considered a Long -Short Term Memory encoder, a Transformer encoder, a Convolutional 
encoder etc.  

¶ Graph -based Neural Networks (GNNs):  GNNs are neural network -based models that can be 
directly applied and capture relationships and interactions between multimodal graph 
structures [44] .  

¶ Generative Adversarial Networks (GANs):  GANs are known for their ability to generate 
realistic artificial data in the original space. As an extension of their main functionality, GANs 
can be used as means that allow cross -modal translation from one initial space (e.g., text) to 
another initial space (e.g., image), enabling the capture of joint distributions of different 
modalities  [45] .  

¶ Multimodal Zero -Shot Learning (MZSL):  MZSL comprehensively integrates the benefits of 
both multimodal learning and ZSL, resulting in models with greater generalization ability. 
The multimodal ZSL aims to distinguish unseen objects in the principal modality with the 
assistance of a secondary m odality in which the entities are seen [46] . 

The outcome of the above described approaches could be further exploited by AI -driven 
approaches such as forecasting ML models towards early event detection for anticipatory decision 
making. The provided forecasts can provide insights into prospective outc omes and enable 
proactive adaptations.  

6.5.2 Federated Learning Techniques   

Multimodal learning can be efficiently applied in complex sensing tasks such as person tracking, 
activity detection, audio and video analysis. However, integrating multimodal learning in a wireless 
network environment, where data from heterogeneous data so urces or modalities is distributed 
across devices and locations, poses new challenges. Data sizes for distinct modalities (e.g., video vs. 
audio) can be substantially asymmetric, resulting in considerable network delays or decreased 
performance accuracy [47] . Therefore, distributed federated learning (FL) paradigm has emerged 
as alternative solution, enabling collaborative training of models, while reducing network delays, 
preserving data privacy and decreasing data exchanges.  

Federated learning  has improved the security of multimodal learning by enabling a distributed and 
privacy -enhancing approach. In a multimodal system, devices can provide data for FL either 
through a single modality or multiple modalities, such as cameras and sensors in the same scene. 
The FL model is trained locally by fusing data collected by different sensors extract common or 
correlated representations between multiple modalities, without requiring any data exchange. A 
server with the role of coordinator  combines encrypted FL model parameters to update a global FL 
model that will be re -distributed among the involved devices. The use of FL accelerates the learning 
process, while saving communication costs. FL in multimodal systems is classified as horizont al, 
vertical, and transfer learning based on how the data is spread in the feature and sample space  [48] , 
as described in the following:  

¶ Horizontal FL (HFL): HFL considers participants that share the same feature space (same 
multimodal data types) but may differ in the sample space.  

¶ Vertical FL (VFL ): In contrast to HFL, VFL is applicable to the scenarios where different 
participants have the same number of multimodal data samples but differ in feature space.  

¶ Transfer FL (TFL): TFL is a supplement to horizontal and vertical settings, and is suitable for 
scenarios where the sample space and feature space of each participant have less overlap.  
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6.5.3 Multitask Learning  Techniques  

In multimodal setting, we are usually interested in exploiting different modalities for different 
learning tasks. This is traditionally done separately and independent models are designed to 
perform different tasks across different input modalities. Howeve r, by focusing on a single task in a 
presence of parallel learning process on related tasks, we might ignore useful information and 
representations obtained from these related tasks. Multitask learning (MTL) exploits such 
relationships and advocates for sh aring the representations between the related tasks, enabling 
better generalization capabilities of the resulting models for each of the tasks [47] . In general, any 
scenario in which one is required to optimise across multiple loss functions leads to multitask 
learning. Even in single -task scenarios, exploiting the domain -specific information of related tasks 
may improve performance and reduce traini ng complexity.  

Multitask learning is simply integrated into deep neural networks framework using two main 
approaches. In hard parameter sharing, most of the DNN architecture is shared across the tasks, 
except for several final task -specific output layers. In soft paramet er sharing, different DNN 
architectures are used for different tasks under certain regularisation constraints that ensures 
parameter similarity. Many intuitive arguments on why multitask learning is useful and improves 
single -learning approach includes imp licit increase of sample size, extracting more relevant or 
reusing (eavesdropping on) similar features, favourising joint representations, and by introducing 
regularisation effects.  

Multitask learning has a recent history of successful applications across the mainstream machine 
learning fields such as Natural Language Processing [48]  or Computer Vision [49] . A number of 
recent studies investigated multitask learning in the domain of wireless communications, e.g., in 
the context of connected autonomous vehicles [50] , network management and orchestration [51], 
IoT network traffic prediction [52]. Multitask learning naturally fits multimodal sensing and 
communications, leading to exploration of multitask multimodal learning for training multimodal 
navigation agents [53] and remote robotic grasping [54] . Multitask learning is also suitable for an 
evolving concept of semantic or task -oriented communications. Multitask deep learning models 
may be developed as a core part of a semantic communication systems enabling serving different 
tasks based on multiple  modalities [55]. 

6.5.4  Summary of ML multimodal techniques analysis  

Table 10 provides a comprehensive overview of the latest  multimodal machine learning  techniques 
applied to both  private and publicly available datasets . It encapsulates the state -of -the -art models 
referenced above , detailing the analysis conducted,  the solutions developed and the  advanc ements 
achieved in multimodal and tactile technologies . 

Multimodal Learning (Section 6.5.1) encompasses several advanced AI techniques, notably the use 
of Multimodal Deep Autoencoders (MDAs) and Generative Adversarial Networks (GANs). MDAs, 
demonstrated through tasks such as digit classification and network simulation, emphasi se the 
denoising process to achieve high accuracy in data reconstruction and clustering. GANs, especially 
in video hyperlinking applications, leverage the power of Conditional GANs (CGANs) to create high -
quality embeddings that improve cross -modal mappings.  These models not only perform 
effectively in their respective domains but also pr ovide a framework for enhancing data 
representation across multiple modalities. Future  study is required to expand these techniques to 
more complex scenarios and improve their generali sation capabilities by exploring different 
architectures  and processes.  

Federated Learning (Section 6.5.2) is explored through Multimodal Federated Learning (MMFL), 
which distributes the learning process across multiple clients, each handling different data 
modalities. This approach is particularly beneficial in scenarios where data privacy and localisation 
are  crucial, as it allows the development of deep learning models without centralised data sharing. 
By employing techniques such as hierarchical gradient blending and optimal aggregation of local 
updates, MMFL can achieve significant performance improvements.  However, challenges remain 
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in handling computational costs for clients with incomplete data and ensuring the real -time 
applicability of these models. Future research is directed towards unsupervised learning and data 
augmentation to mitigate these issues.  

Multitask Learning  (Section 6.5.3) integrates tasks such as speech recognition, event detection, and 
network traffic prediction within a unified framework. This approach benefits from sharing deep 
network layers across related tasks, which improves the generalisation performance and effic iency 
of the models. Examples include the use of CNNs and LSTMs for audio -visual event detection and 
leveraging deep architectures like LSTMs for tracking IIoT backbone network traffic. MTL models 
show promising results in reducing latency and maintaining high accuracy. Further research is 
required for extending these models to handle more modalities and improving their scalability and 
robustness in diverse application scenarios.  

Table 10: Dataset, models, analysis , and solutions for AI/ML multimodal techniques  

Model  Dataset  Analysis  Solution  Results  

AI/ML Technique: Multimodal Learning  

Multimodal 
Deep 
Autoencoders 
(MDAs)  

Variations of 
MNIST digit 
classification 
as discussed 
on 
Larochelle et 
al., 2007  

Denoising autoencoders 
map corrupted examples 
to uncorrupted ones, and  
can be seen as a way to 
define and learn a 
manifold.  

Stacked denoising 
autoencoders (SdA -3) 

SdA-3 algorithm 
performs on par 
or better than 
the best other 
algorithms  

Multimodal 
Deep 
Autoencoders 
(MDAs)  

Data 
generated 
using the 
discrete -
event 
network 
simulator 
(NS3) 

Enhancing performance 
using clustering 
techniques like k -Means 
and HDBSCAN, and 
ensemble techniques like 
Weighted Voting model 
enriched by base models 
like Naïve Bayes, MLP and 
SGD. 

Ensemble Weighted 
Voting Model, combines 
the predictions from 4 
supervised ML models: 
DT, RF, k-NN, and SVM  

High accuracy 
96% for Device, 
92.72% for 
Service and 
93.68% for 
Network  

Generative 
Adversarial 
Networks 
(GANs) 

BBC video  

hyperlinking 
dataset 
(MediaEval 
2014) 

Evaluate classical and 
state -of -the -art 
multimodal AEs and 
BiDNNs. Obtain 
multimodal embeddings  
with CGANs. Generator  
network visualizes 
crossmodal mappings, and 
obtains high -quality 
embeddings.  

Multimodal mbeddings  

with conditional 
enerative adversarial 
networks (CGANs)  

Improved  

multimodal 
embeddings 
over initial  

representations.  

Multimodal 
Zero -Shot 
Learning 
(MZSL)  

Multiple 
datasets 
(e.g., Animals 
with 
attributes, 
Caltech -
UCSD-Birds, 
Oxford 
flowers)  

ZSL distinguishes unseen 
objects in one modality 
with the aid of another.  
Multimodal learning can 
endow ZSL with high -
quality multimodal 
representation and the 
derived MZSL model has 
enhanced generalization.  

Numerus ZSL and MZSL 
models e.g. E -PGN, MFF, 
TF-VAEGAN, FREE, f-
VAEGAN -D2, and other  

Improved 
recognition for 
both seen and 
unseen classes 
but still 
challenging for 
high accuracy on 
all classes.  
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Model  Dataset  Analysis  Solution  Results  

AI/ML Technique: Federated Learning  

MMFL based 
on modal 
conditions, 
the 
distribution of 
modalities 
and the 
availability of 
modal 
annotations  

Kineics -400, 
RealWorld2, 
IEMOCAP, 
ModelNet40, 
Vehicle 
sensor, 
mHealth 
dataset, UR 
fall detection 
dataset  

Classification based on 
modality distribution and 
annotations.  

Homogeneous  
Multimodality, 
Heterogeneous hybrid 
modality.  
Supervised MMFL, 
Semi -supervised and 
unsupervised MMFL  

Effective 
gradient 
blending, and 
optimal local 
update 
aggregation.  
Potential of FL in 
multidomain, 
multitask deep 
learning without  
sharing data.  

AI/ML Technique: Multitask Learning   

End -to -End 
multimodal  
models  
 

Lip Reading 
in the Wild 
(LRW) 
Dataset  

Speculative inference on 
multimodal data streams 
optimize multimodel 
ɃɐǱǸȺẏɾ ǍǪǪʔɶǍǪʳ ʭțȡȺǸ 
minimising end -to -end 
latency.  
 

The speech recognition 
model predicts the 
inference class  

Slight accuracy  
drop (1%) but 
significant 
latency speedup 
(2Ṿ128x) 
 

Audio -Visual 
Event (AVE) 
dataset  

Event detection model 
used to classify audio -
visual events  

STISEN 
dataset  

Activity recognition with 
dedicated CNN to 
extract features that 
combine through fully -
connected layers to 
infer output.  

Significant 
latency speedup 
(7Ṿ24×) with 
minimal 
accuracy drop 
(1.4%) 

A general 
deep NN 
architecture 
for NLP  

PropBank  
dataset, 
Wikipedia 
common 
words, 
Stanford 
Named 
Entity 
Recognizer  

Training NNs on related 
tasks improves features 
produced and thus 
improves generalization 
performance. Great 
performance for NLP tasks 
when sharing the lookup -
tables of each task.  

All tasks were trained 
using the NN. POS, NER, 
and chunking tasks 
were trained with the 
window version. SRL 
with 1 convolution layer,  
hidden units, and 
lookup tables  

Embeddings 
obtained in the 
word lookup 
table  were 
excellent. SRL 
improves by 
learning auxiliary 
tasks.  

UniT: 
transformer 
with separate 
encoders for 
each  
input 
modality 
followed by a 
decoder  

COCO 
Dataset, 
Visual 
Genome 
(VG) dataset, 
GLUE 
benchmark, 
VQAv2 
dataset, 
SNLI-VE 
dataset  

Jointly learns tasks from 
different domains, 
including object detection 
as a vision -only and 
language -only tasks. 
Jointly train the model on 
object detection and VQA 
tasks. Then, language 
understanding tasks and 
SNLI-VE as an additional 
joint vision -and -language 
reasoning task.  

Training on object 
detection as a  
vision -only task and 
VQA as a multimodal 
task that requires  
jointly modeling the 
image and the text 
modalities  

Strong 
performance on 
multiple tasks 
with a compact  
set of shared 
parameters.  
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Model  Dataset  Analysis  Solution  Results  

LSTM and 
MTL-based 
deep 
architecture  

Real dataset 
sampled via 
the Abilene 
and GÉANT 
backbone 
networks  

The method predicts IIoT 
backbone network traffic 
by extracting the spatial 
and temporal features of 
TM. LSTM tracks the 
spatial features of 
network traffic features. 
Multitask regression to 
train an additional task, 
which improves 
generalisation.  

PCA method,  
the sparsity  
regularized matrix 
factorization (SRMF) 
method.  

Accurate 
tracking of IIoT 
network traffic 
with enhanced 
generalisation  

The Dual -
Attention 
model, 
Gated -
Attention and 
Spatial - 
Attention  

Chaplot et al. 
(2017) 
instructions 
dataset  

Jointly learning semantic 
goal navigation and 
embodied question 
answering through fusion 
of textual and visual 
modalities. Adaptation of 
baselines using 
multimodal fusion 
techniques.  

Two naive baselines, 
Image and Text only. 
Two baselines on prior 
semantic goal 
navigation, Concat and 
Gated -Attention. Two 
baselines on Question 
Answering models, FiLM 
and PACMAN.  

Achieves 
superior 
accuracy for SGN 
and EQA, 
compared to 
baseline models.  
Spatial auxiliary 
tasks lead to 
better 
performance for 
all models.  

6.6  Conclusions on multimodal  operation  
Advancements in multimodal and tactile technology, including high levels of co -presence in real 
time, which demand ultra -reliable low latency platforms over distance to offer high quality 
interpersonal communication experiences remotely. Compared to 5G tha t offers haptic services to 
business customers (Non -Public 5G networks), 6G is expected to democratise tactile and 
multimodal communication to mass consumers enabling remote skillset/labour delivery, in a 
similar way the Internet democratise the knowledge sharing. This is revolutionizing many sectors, 
including, healthcare, education, manufacturing, mining, warehousing, and so forth.   

In this section, we have highlighted the 6G technology capabilities that can enhance remote 
operation and control in several vertical use cases including industry, education, emergency 
response and health. Multimodal related academic and industry research,  and in multiple SDOs 
discussed in this section, need to advance in parallel, initially with focus on 6G vertical requirements 
and architectural design, and later through harmonization of computing, communication and 
control and their interfaces and APIs.  

Considering the existing technology enablers, we highlight a number of open areas of research that 
a) are required for the interoperability between the discussed standards in order to realise a 
communication platform within millisecond and sub -milliseconds  latency depending on the use 
case requirements, b) highlight advancements in other technologies (e.g., AI/ML) that can support 
improvement in haptic control and multimodality scenarios, c) present terminal innovations that 
can evolve into immersive experi ences and communications including bi -directional tactile and 
multimodality remote operation.  
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7. Distributed  Federated  AI  
!ɶʌȡȒȡǪȡǍȺ ȡɅʌǸȺȺȡȓǸɅǪǸ ṵ!uṶ ǍɅǱ ¶ǍǪțȡɅǸ ¬ǸǍɶɅȡɅȓ ṵ¶¬Ṷ ǍɶǸ ǍɃɐɅȓ ʌțǸ ȶǸʳ ʌǸǪțɅɐȺɐȓȡǸɾ ɾțǍɳȡɅȓ ʌțǸ 
ȒʔʌʔɶǸ ɐȒ ʌțǸ ȡɅʌǸɶɅǸʌ ǍɅǱ ʌțǸ ʭɐɶȺǱṣ ÿțǸʳ ǍɶǸ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ǪțǍɅȓȡɅȓ ʌțǸ ʭǍʳ ǱǍʌǍ ȡɾ ǪɐȺȺǸǪʌǸǱ ǍɅǱ 
ǍɅǍȺʳɾǸǱ ʌɐ ȓǍȡɅ ǩǸʌʌǸɶ ǍɅǱ ɃɐɶǸ ȡɃɳɐɶʌǍɅʌ ȡɅɾȡȓțʌɾ ɐɅ ȶǸʳ ɳɶɐǪǸɾɾǸɾ ǍɅǱ ɾʔɳɳɐɶʌ ǱǸǪȡɾȡɐɅ ɃǍȶȡɅȓ 
ȡɅ ɅʔɃǸɶɐʔɾ ǍɳɳȺȡǪǍʌȡɐɅ ȒȡǸȺǱɾ ǸṣȓṣṞ ɾɃǍɶʌ ǪȡʌȡǸɾṞ ȡɅǱʔɾʌɶʳ ᶲṣᶮṞ ǸẁțǸǍȺʌțṞ ɾɃǍɶʌ ǍȓɶȡǪʔȺʌʔɶǸ ǸʌǪṣ ÿțǸ 
țǸʌǸɶɐȓǸɅǸȡʌʳ ɐȒ ʌɐǱǍʳẏɾ ȺǍɶȓǸẁɾǪǍȺǸ ʔǩȡɵʔȡʌɐʔɾ ɅǸʌʭɐɶȶɾ ǍɅǱ ʌțǸ ɅǸǸǱ ʌɐ ȒʔȺȒȡȺ ʌțǸ ǱȡʬǸɶɾǸ 
ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸȡɶ ʔɾǸɶɾ ȡɅ ʌțǸ ǩǸɾʌ ɳɐɾɾȡǩȺǸ ʭǍʳṞ ǍȺɾɐ ɃǍɅǱǍʌǸ ʌțǸ ʔɾǍȓǸ ɐȒ !uṩ¶¬ ǍɳɳɶɐǍǪțǸɾ 
ṳᶲᶴṴṣ  

!u ɶǸɳɶǸɾǸɅʌɾ Ǎ ʌɐɐȺ ʌɐ ɾɐȺʬǸ ɅǸʌʭɐɶȶȡɅȓ ɳɶɐǩȺǸɃɾ ʌțǍʌ ʭǸɶǸ ɳɶǸʬȡɐʔɾȺʳ ǱǸǸɃǸǱ ȡɅʌɶǍǪʌǍǩȺǸ ǱʔǸ ʌɐ 
ʌțǸȡɶ ʌɶǸɃǸɅǱɐʔɾ ǪɐɃɳȺǸʲȡʌʳ ɐɶ ʌțǸ ȺǍǪȶ ɐȒ ʌțǸ ɅǸǪǸɾɾǍɶʳ ɃɐǱǸȺɾ ǍɅǱ ǍȺȓɐɶȡʌțɃɾṣ ! ǪɐɃɃɐɅ 
ǍɳɳɶɐǍǪț ʌɐ ǩʔȡȺǱ ǍɅ !uẁǸɅǍǩȺǸǱ ɾʳɾʌǸɃ ȡɾ ʌɐ ɾʌɶǸǍɃ ǍȺȺ ǱǍʌǍ ȒɶɐɃ ɾɐʔɶǪǸ ǱǸʬȡǪǸɾ ʌɐ ʌțǸ ǪȺɐʔǱ ǍɅǱ 
ɳǸɶȒɐɶɃ ʌțǸ ɃɐǱǸȺ ǩʔȡȺǱȡɅȓṩʌɶǍȡɅȡɅȓ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ȡɅȒǸɶǸɅǪǸ ʌțǸɶǸṣ oɐʭǸʬǸɶṞ ʌțǸ ȺǍɶȓǸ ǍɃɐʔɅʌɾ ǍɅǱ 
ǪɐɃɳȺǸʲȡʌʳ ɐȒ ǱǍʌǍ ʌțǍʌ ɅǸǸǱ ʌɐ ǩǸ ǸʲǪțǍɅȓǸǱṞ ɐȒʌǸɅ ǸʲǪǸǸǱ ʌțǸ ɅǸʌʭɐɶȶ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ǪǍɳǍǩȡȺȡʌȡǸɾ 
ǪǍʔɾȡɅȓ ǪțǍȺȺǸɅȓǸɾ ʭȡʌț ɶǸȓǍɶǱ ʌɐ ǱǍʌǍ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɐʬǸɶțǸǍǱṞ ɅǸʌʭɐɶȶ ǱǸȺǍʳɾṞ ɳɶȡʬǍǪʳ ǍɅǱ Ǫɐɾʌɾṣ 
ÿɐ ɐʬǸɶǪɐɃǸ ʌțǸɾǸ ǪțǍȺȺǸɅȓǸɾṞ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ǍɅǱ ȡɅȒǸɶǸɅǪǸ ʌǸǪțɅȡɵʔǸɾ țǍʬǸ ǩǸǸɅ ɳɶɐɳɐɾǸǱṣ 
uɅ ʌțȡɾ ǍɳɳɶɐǍǪț !u ǪɐɃɳɐɅǸɅʌɾ ǱǸʬɐʌǸǱ ʌɐ ʌɶǍȡɅȡɅȓṩȡɅȒǸɶǸɅǪǸ ʌǍɾȶɾ ǍɶǸ ǱȡɾʌɶȡǩʔʌǸǱ Ǎʌ ʌțǸ ǸǱȓǸ 
ǱǸʬȡǪǸɾ ʌțʔɾ ǍȺȺǸʬȡǍʌȡɅȓ ʌțǸ ɅǸǸǱ ʌɐ ʌɶǍɅɾȒǸɶ țʔȓǸ ǍɃɐʔɅʌɾ ɐȒ ǱǍʌǍ ʌɐ ʌțǸ ǪȺɐʔǱ ǍȡɃȡɅȓ Ǎʌ ǸʲɳȺɐȡʌȡɅȓ 
ʌțǸ ǍʬǍȡȺǍǩȺǸ ǪɐɃɳʔʌȡɅȓ ɶǸɾɐʔɶǪǸɾ ȡɅ ʌțǸ ǩǸɾʌ ɳɐɾɾȡǩȺǸ ʭǍʳṣ 

 

 
Figure 19: A carrier network along with connected terminals forms a distributed platform.  

ñɳǸǪȡȒȡǪǍȺȺʳṞ Ǎ ǪǍɶɶȡǸɶ ɅǸʌʭɐɶȶ ǍȺɐɅȓ ʭȡʌț ǪɐɅɅǸǪʌǸǱ ʌǸɶɃȡɅǍȺɾ ȒɐɶɃɾ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ ɳȺǍʌȒɐɶɃṞ ʭțǸɶǸ 
ǪɐɃɳʔʌǍʌȡɐɅǍȺ ɶǸɾɐʔɶǪǸɾ ǍɶǸ ǱȡɾʌɶȡǩʔʌǸǱ ȒɶɐɃ ʌțǸ ǪɐɶǸ ʌɐ ʌțǸ ǸǱȓǸ ȓɐȡɅȓ ǱɐʭɅ ʌɐ ǱǸǸɳẁǸǱȓǸ 
ɶǸɾɐʔɶǪǸɾ ṵɾʔǪț Ǎɾ ɾɃǍɶʌ țɐɃǸɾṞ ɾɃǍɶʌ ȒǍǪʌɐɶȡǸɾṞ ɾɃǍɶʌ ǪǍɶɾṞ ǱɶɐɅǸɾ ǸʌǪṣṶṞ Ǎɾ ǱǸɳȡǪʌǸǱ ȡɅ Figure 19ṣ 
EǍʌǍ ȡɾ ǍȺɾɐ ȓǍʌțǸɶǸǱ ǍɅǱ ǪɐȺȺǸǪʌǸǱ ǍȺȺ ɐʬǸɶ ʌțǍʌ ǱȡɾʌɶȡǩʔʌǸǱ ɾʳɾʌǸɃ ȡɅǪȺʔǱȡɅȓ ɐɅ ǍɅǱ ȒɶɐɃ ǸɅǱ 
ǱǸʬȡǪǸɾ ṵǸṣȓṣ ʬǸțȡǪȺǸɾṞ ɃɐǩȡȺǸ ʌǸɶɃȡɅǍȺɾṶṞ ɐɅ =ñɾṞ ɐɅ ɶɐʔʌǸɶɾṞ ɐɅ ¸f ȡɅɾʌǍɅǪǸɾṞ ɐɅ ǍɳɳȺȡǪǍʌȡɐɅ ɾǸɶʬǸɶɾ 
ǸʌǪṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸɶǸ ȡɾ Ǎ ȓɶǸǍʌ ɳɐʌǸɅʌȡǍȺ ȡɅ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ǍɅǱ ǸʲǸǪʔʌȡɐɅṨ ʌɐ ɐȒȒȺɐǍǱ 
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ǪɐɃɳʔʌǍʌȡɐɅ ʌǍɾȶɾṞ ǍɅǱṞ ʌțʔɾṞ ʌɐ ȡɅǪɶǸǍɾǸ ʌțǸ ɾɳǸǸǱ ɐȒ ȺǸǍɶɅȡɅȓṨ ʌɐ ǩɶȡɅȓ ǪɐɃɳʔʌǍʌȡɐɅ ǪȺɐɾǸɶ ʌɐ ǱǍʌǍṞ 
ǱǸǪɶǸǍɾȡɅȓ ȺǍʌǸɅǪʳṞ ʌɶǍɅɾɃȡɾɾȡɐɅ ɐʬǸɶțǸǍǱṞ ǍɅǱ ǪɐɾʌṨ ǍɅǱ ʌɐ ǪɐɅȒɐɶɃ ʌɐ ɳɶȡʬǍǪʳ ǪɐɅɾʌɶǍȡɅʌɾṣ 

uɅ ʌțȡɾ ɾǸǪʌȡɐɅṞ ʭǸ ɳɶɐʬȡǱǸ ǸʲǍɃɳȺǸ ʔɾǸ ǪǍɾǸɾṞ Ǎɾ ʭǸȺȺ Ǎɾ ǍɅ ɐʬǸɶʬȡǸʭ ɐȒ ʌțǸ ɾʌǍʌǸ ɐȒ Ǎɶʌ ǍɅǱ ʌțǸ Ƀɐɾʌ 
ɳɶɐɃȡɾȡɅȓ ǱǸʬǸȺɐɳɃǸɅʌɾ ȡɅ ʌțǸ ǸʲɳȺɐȡʌǍʌȡɐɅ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ !u ʌǸǪțɅȡɵʔǸɾ Ȓɐɶ ɅǸʌʭɐɶȶ ɃǍɅǍȓǸɃǸɅʌṞ 
ɐɶǪțǸɾʌɶǍʌȡɐɅ ǍɅǱ ɐʬǸɶǍȺȺ ɐɳʌȡɃȡʽǍʌȡɐɅṣ ÿțǸ ǸʬɐȺʔʌȡɐɅ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ʌɐ ɾʔɳɳɐɶʌ ɅɐʬǸȺ ǱȡɾʌɶȡǩʔʌǸǱ !u 
ǱǸɳȺɐʳɃǸɅʌɾ ȡɾ ǍȺɾɐ ǱȡɾǪʔɾɾǸǱṣ 

 

7.1 Use  cases   
EȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ȒɐǪʔɾǸɾ ɐɅ ȡɅȒɐɶɃǍʌȡɐɅ ɃǍɅǍȓǸɃǸɅʌ ȡɅ ɾʳɾʌǸɃɾ ǪɐɃɳɐɾǸǱ ɐȒ ɾǸʬǸɶǍȺ 
ǪɐɃɳɐɅǸɅʌɾ ʌțǍʌ ʭɐɶȶ ʌɐȓǸʌțǸɶ ʌɐ ǍǪțȡǸʬǸ Ǎ ǱǸɾȡɶǸǱ ȓɐǍȺṞ ǍɅǱ ǍɳɳȺȡǸɾ ɃʔȺʌȡẁǍȓǸɅʌ ɾʳɾʌǸɃɾ ʌɐ ȺǸǍɶɅ 
ǍɅǱ ɃǍɅǍȓǸ ʌțǸ ǩǸțǍʬȡɐʔɶ ɐȒ ȡɅǱǸɳǸɅǱǸɅʌ ǍȓǸɅʌɾ ǍɅǱ Ȓɐɶ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ǪɐɃɳȺǸʲ ɃʔȺʌȡẁ
ǍȓǸɅʌ ɾʳɾʌǸɃɾ ṳᶲᶱṴṣ ÿțǸ ʌɶǍǱȡʌȡɐɅǍȺ ǍɶǸǍɾ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ !u ɾɐȺʔʌȡɐɅɾ ǍɶǸ țǸǍȺʌț ȡɅȒɐɶɃǍʌȡɐɅ ɾʳɾʌǸɃɾṞ 
ǪɐɃɃǸɶǪǸṞ ǸɅǸɶȓʳ ǱȡɾʌɶȡǩʔʌȡɐɅ ǍɅǱ ʌɶǍȒȒȡǪ ǪɐɅʌɶɐȺṣ oɐʭǸʬǸɶṞ ɃǍɅʳ ɃɐɶǸ ǪǍɾǸɾ ǍɶǸ Ʌɐʭ ǩǸȡɅȓ 
ǪɐɅɾȡǱǸɶǸǱṞ ɾȡɅǪǸ ʌțǸ ʬǍɾʌ ǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ ǱǍʌǍ ȡɅ ɅʔɃǸɶɐʔɾ ǸʬǸɶʳǱǍʳ ǍǪʌȡʬȡʌȡǸɾ țǍɾ ȓǸɅǸɶǍʌǸǱ ɅǸʭ 
ɐɳɳɐɶʌʔɅȡʌȡǸɾ ǩʔʌ ǪǸɅʌɶǍȺȡʽǸǱ ǍɳɳȺȡǪǍʌȡɐɅ ɐȒ !u ȡɾ ʔɅȒǸǍɾȡǩȺǸ ɐɶ ʔɅɳɶǍǪʌȡǪǍȺṣ  

!Ʌ ǸʲǍɃɳȺǸ ʔɾǸ ǪǍɾǸ ȡɅǪȺʔǱǸɾ ɾǸɶʬȡǪǸ ɳɶɐʬȡɾȡɐɅȡɅȓ ǍɅǱ ǪɐɐɶǱȡɅǍʌȡɐɅ ȡɅ ǪǍɶɶȡǸɶ ɅǸʌʭɐɶȶɾṞ ʭȡʌț 
ɾǸɶʬȡǪǸɾ ǩǸȡɅȓ ǸʲǸǪʔʌǸǱ ǍǪɶɐɾɾ ɃʔȺʌȡɳȺǸ ǱȡɾʌɶȡǩʔʌǸǱ ɅǸʌʭɐɶȶ ɅɐǱǸɾ ɐɅ ǱǸɃǍɅǱṣ ÿɐ ɳɶɐǪǸɾɾ 
ȡɅǪɐɃȡɅȓ ʌɶǍȒȒȡǪṞ ɾǸɶʬȡǪǸ ǪɐɃɳɐɅǸɅʌɾ țǍʬǸ ʌɐ ǩǸ ȡɅɾʌǍɅʌȡǍʌǸǱ ǍɅǱ ʌɶǍȒȒȡǪ ǍɾɾȡȓɅǸǱ ʌɐ ʌțǸɾǸ ȡɅɾʌǍɅǪǸɾṞ 
ʌǍȶȡɅȓ ǪǍɳǍǪȡʌȡǸɾṞ ǪțǍɅȓȡɅȓ ǱǸɃǍɅǱɾṞ ǍɅǱ èʔǍȺȡʌʳ ɐȒ ñǸɶʬȡǪǸ ṵèɐñṶ ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɅʌɐ ǍǪǪɐʔɅʌṣ ÿțȡɾ 
ǪțǍȺȺǸɅȓǸ ȡɾ ʔɾʔǍȺȺʳ ɾɐȺʬǸǱ ʭȡʌț ǪʔɾʌɐɃ ǍɳɳɶɐǍǪțǸɾ ǱǸɾȡȓɅǸǱ ǩʳ ǸʲɳǸɶʌɾṞ ɶǸȺʳȡɅȓ ɐɅ ʔɅɶǸǍȺȡɾʌȡǪ 
ǍɾɾʔɃɳʌȡɐɅɾ ɐɶ ɐɅ ȶɅɐʭȺǸǱȓǸ ʭțȡǪț ȡɾ Ʌɐʌ ǍʬǍȡȺǍǩȺǸ ȡɅ ɳɶǍǪʌȡǪǸ ṵǸṣȓṣṞ Ǎ ɳɶȡɐɶȡ ȶɅɐʭȺǸǱȓǸṶṣ =ǸɾȡǱǸɾṞ 
ɃǍɅʳ ɐȒ ʌțǸɾǸ ɾɐȺʔʌȡɐɅɾ ǍɶǸ ǪǸɅʌɶǍȺȡʽǸǱṞ ǍɅǱ țǸɅǪǸ ɾʔȒȒǸɶ ȒɶɐɃ ɾǪǍȺǍǩȡȺȡʌʳ ɳɶɐǩȺǸɃɾṣ EȡɾʌɶȡǩʔʌǸǱ 
ɶǸȡɅȒɐɶǪǸɃǸɅʌ ȺǸǍɶɅȡɅȓ ɾɐȺʔʌȡɐɅɾ ṳᶱᶶṴṳᶱᶷṴ țǍʬǸ ɾțɐʭɅ ʌɐ ǩǸ ǍǩȺǸ ʌɐ ǍǱǱɶǸɾɾ ʌțǸɾǸ ȡɾɾʔǸɾṞ 
ɐʔʌɳǸɶȒɐɶɃȡɅȓ ǸʲȡɾʌȡɅȓ ǍɳɳɶɐǍǪțǸɾ ʭțȡȺǸ ɶǸɵʔȡɶȡɅȓ ɃʔǪț ȒǸʭǸɶ ɶǸɾɐʔɶǪǸɾ ʌɐ ǸɅɾʔɶǸ țȡȓț ɾʔǪǪǸɾɾ 
ɶǍʌǸɾ ɐɅ ɶǸǍȺẁʭɐɶȺǱ ɅǸʌʭɐɶȶ ʌɐɳɐȺɐȓȡǸɾṣ 

!ɅɐʌțǸɶ ʔɾǸ ǪǍɾǸ ȡɅǪȺʔǱǸɾ ǪɐɃɳʔʌǍʌȡɐɅ ʌǍɾȶ ɐȒȒȺɐǍǱȡɅȓ Ȓɐɶ ĞᶰĤ ǍɳɳȺȡǪǍʌȡɐɅɾṣ ñʔǪț ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɶǸ 
ʔɾʔǍȺȺʳ ǪɐɃɳʔʌǍʌȡɐɅ ȡɅʌǸɅɾȡʬǸṞ ǸṣȓṣṞ ȡɅȒǸɶɶȡɅȓ ȒɶɐɃ ȺǍɶȓǸ ɅǸʔɶǍȺ ɅǸʌʭɐɶȶɾ ɐɶ ɾɐȺʬȡɅȓ ɅɐɅẁǪɐɅʬǸʲ 
ɐɳʌȡɃȡʽǍʌȡɐɅ ɳɶɐǩȺǸɃɾṣ ÿțǸɾǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ǪʔɶɶǸɅʌȺʳ ɶǸɾȡǱǸ ȡɅ ʌțǸ ʬǸțȡǪȺǸẏɾ ɐɅǩɐǍɶǱ ʔɅȡʌɾ ṵÃ=ĆṶṞ ǩʔʌ 
ʌțǸ ȓɶɐʭȡɅȓ ǪɐɃɳȺǸʲȡʌʳ ɐȒ ʌțǸɾǸ ʌǍɾȶɾ ǪǍȺȺɾ Ȓɐɶ ǍȺʌǸɶɅǍʌȡʬǸ ɐɳʌȡɐɅɾ ɾʔǪț Ǎɾ ɐȒȒȺɐǍǱȡɅȓ ʌɐ ǱȡɾʌɶȡǩʔʌǸǱ 
ǸǱȓǸ ǪȺɐʔǱɾ ṳᶴȓMǪɐṴṣ !ɾ ȡɅ ʌțǸ ɳɶǸʬȡɐʔɾ ǪǍɾǸṞ ǪɐɃɳʔʌǍʌȡɐɅ ɐȒȒȺɐǍǱȡɅȓ ǱǸǪȡɾȡɐɅɾ ǍɶǸ ǍɳɳȺȡǸǱ ȡɅ 
ǪǸɅʌɶǍȺȡʽǸǱ ɃǍɅɅǸɶ ǍȺɾɐṞ ɶǸȺʳȡɅȓ ɐɅ ʔɅɶǸǍȺȡɾʌȡǪ ǍɾɾʔɃɳʌȡɐɅɾ ɾʔǪț Ǎɾ ʌțǸ ǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ ȓȺɐǩǍȺ ɾʌǍʌǸ 
ȡɅȒɐɶɃǍʌȡɐɅ Ǎʌ ʌțȡɾ ǪǸɅʌɶǍȺȡʽǸǱ ǱǸǪȡɾȡɐɅẁɃǍȶȡɅȓ ǪɐɃɳɐɅǸɅʌṞ ǍɅǱ țǸɅǪǸ ǍɶǸ ʔɅɳɶǍǪʌȡǪǍȺ ǍɅǱ Ʌɐʌ 
ɾǪǍȺǍǩȺǸṣ EȡɾʌɶȡǩʔʌǸǱ ɶǸȡɅȒɐɶǪǸɃǸɅʌ ȺǸǍɶɅȡɅȓ ǍɳɳɶɐǍǪțǸɾṞ ʭțǸɶǸ ǸǍǪț ʬǸțȡǪȺǸ ǪǍɅ ǱǸǪȡǱǸ ǩǍɾǸǱ ɐɅ 
ȡʌɾ ȺɐǪǍȺ ɾʌǍʌǸ ȡɅȒɐɶɃǍʌȡɐɅ ʭțǍʌ ʌǍɾȶ ʌɐ ɐȒȒȺɐǍǱ ǍɅǱ ʭțǸɅṞ ǍɶǸ ɾțɐʭɅ ʌɐ ǩǸ ɐȒ ȓɶǸǍʌ ȡɅʌǸɶǸɾʌṞ ɳɶɐʬȡǱȡɅȓ 
ȓɶǸǍʌ ȡɃɳɶɐʬǸɃǸɅʌɾ ǪɐɃɳǍɶǸǱ ʭȡʌț ñÃÿ! ṳᶲᶯṴṳᶲᶰṴṞ Ǎɾ ǱȡɾǪʔɾɾǸǱ ɾțɐɶʌȺʳ ȡɅ ñǸǪʌȡɐɅ ᶵṣṣɵ  

fȡɅǍȺȺʳṞ ǍʔʌɐɅɐɃɐʔɾ ɅǍʬȡȓǍʌȡɐɅ ȡɾ ɐɅǸ ɐȒ ʌțǸ ȒȡǸȺǱɾ ʌțǍʌ ɳɶǸɾǸɅʌɾ ɃǍɅʳ ǪțǍȺȺǸɅȓǸɾ ǱʔǸ ʌɐ ʌțǸ 
ȡɅȒȺʔǸɅǪǸ ɐȒ ɃǍɅʳ ȒǍǪʌɐɶɾ ȡɅ ǱǸǪȡɾȡɐɅ ɃǍȶȡɅȓṞ ɾȡɅǪǸ ȡʌ Ƀʔɾʌ ǪɐɅɾȡǱǸɶ ɅǸǍɶǩʳ ʬǸțȡǪȺǸɾṞ ɳǸǱǸɾʌɶȡǍɅɾṞ 
ǪʳǪȺȡɾʌɾṞ ɶɐǍǱ ȺǍɅǸɾṞ ǍɃɐɅȓ ɐʌțǸɶɾ ṵɾǸǸ Figure  20Ṷṣ >ʔɶɶǸɅʌȺʳ ɐɅǸ ɐȒ ʌțǸ Ƀɐɾʌ ʔɾǸǱ !u ɃɐǱǸȺɾ ȡɾ ǱǸǸɳ 
ȺǸǍɶɅȡɅȓ ǩǸǪǍʔɾǸ ʭǸ ǪǍɅ ɐǩʌǍȡɅ ɃʔǪț ɃɐɶǸ ǍǪǪʔɶǍʌǸ ɃɐǱǸȺɾ ǍȺȺɐʭȡɅȓ ʔɾ ʌɐ ɶʔɅ Ǎ ɾǍȒǸ ǍʔʌɐɅɐɃɐʔɾ 
ǱɶȡʬȡɅȓṣ ¸ɐɶɃǍȺȺʳ ʌțǸ ǍɳɳɶɐǍǪț ʔɾǸǱ ȡɾ ʌțǸ ɐɅǸ ȡɅ ʭțȡǪț ǍʔʌɐɃɐǩȡȺǸɾ ɾʌɐɶǸ Ǎ țʔȓǸ ǍɃɐʔɅʌ ɐȒ ǱǍʌǍ 
ǪǸɅʌɶǍȺȺʳ ɐɅ ɾǸɶʬǸɶɾ ȡɅ ɐɶǱǸɶ ʌɐ ɳǸɶȒɐɶɃ ʌțǸ ɐȒȒȺȡɅǸ ȺǸǍɶɅȡɅȓ ɳțǍɾǸṣ oɐʭǸʬǸɶṞ Ǎ ǩǸʌʌǸɶ ǍɳɳɶɐǍǪț ʭɐʔȺǱ 
ǩǸ ʬȡǍ Ǎ ǱǸǪǸɅʌɶǍȺȡʽǸǱ ɃɐǱǸȺṞ ʭțǸɶǸ ʌțǸ ɅǸʌʭɐɶȶ ȡɾ Ǎ ǪɐɅʌȡɅʔɐʔɾ ȺǸǍɶɅȡɅȓ ɅǸʌʭɐɶȶṞ ʭțǸɶǸ ǪǍɶɾ ǪǍɅ 
ɾțǍɶǸ ʌțǸȡɶ ɅǸʔɶǍȺ ɅǸʌʭɐɶȶ ɃɐǱǸȺɾ ǍɅǱ ȡɃɳɶɐʬǸ ʌțǸȡɶ ɐʭɅ ɃɐǱǸȺ ȡɅ ɶǸǍȺ ʌȡɃǸ ṳᶲᶲṴṣ 
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Figure  20 : Autonomous navigation is an example use case of distributed learning.  

7.2 State -of -the -art  

7.2.1 Standardiza tion & Related Initiatives  

¶¬ ʌǸǪțɅȡɵʔǸɾ ǪǍɅ ǩǸ ǍɳɳȺȡǸǱ ʌɐ ȡɃɳɶɐʬǸ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸṞ ɾɃǍɶʌɅǸɾɾṞ ǸȒȒȡǪȡǸɅǪʳ ǍɅǱ ɾǸǪʔɶȡʌʳ ɐȒ 
ñE¸Ṟ Ǎɾ ǸʲʌǸɅɾȡʬǸȺʳ ɾʔɶʬǸʳǸǱ ȡɅ ṳᶳᶮṴṣ uʌ țǍɾ ǩǸǸɅ ȺǍɶȓǸȺʳ ɶǸǪɐȓɅȡʽǸǱ ʌțǍʌ !u ǍɅǱ ¶¬ ʌǸǪțɅȡɵʔǸɾ ǪǍɅ 
ɳȺǍʳ Ǎ ɳȡʬɐʌǍȺ ɶɐȺǸ ʌɐ ǸɅǍǩȺǸ ȡɅʌǸȺȺȡȓǸɅʌ ǍɅǱ ǪɐȓɅȡʌȡʬǸ ɐɶǪțǸɾʌɶǍʌȡɐɅ ɐȒ ᶳg ɅǸʌʭɐɶȶ ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ṳᶳᶯṴṣ 
!ʌ ʌțǸ ɾʌǍɅǱǍɶǱȡʽǍʌȡɐɅ ȺǸʬǸȺṞ ᶱgææ țǍɾ ȡɅʌɶɐǱʔǪǸǱ ȡɅ ʌțǸ ᶳg ǍɶǪțȡʌǸǪʌʔɶǸ ʌțǸ ¸Ǹʌʭɐɶȶ EǍʌǍ !ɅǍȺʳʌȡǪɾ 
fʔɅǪʌȡɐɅ ṵ¸ğE!fṶ ṳᶯṴṞ ǸɅǍǩȺȡɅȓ ¸fɾ ʌɐ ǍǪǪǸɾɾ ʌɐ ʌțǸ ɐɳǸɶǍʌɐɶẁǱɶȡʬǸɅ ǍɅǍȺʳʌȡǪɾ Ȓɐɶ ǱȡȒȒǸɶǸɅʌ ɳʔɶɳɐɾǸɾṞ 
ȡɅǪȺʔǱȡɅȓ ȡɅʌǸȺȺȡȓǸɅʌ ṵȡṣǸṣṞ ¶¬ẁǸɅǍǩȺǸǱṶ ɾȺȡǪǸ ɾǸȺǸǪʌȡɐɅ ǍɅǱ ǪɐɅʌɶɐȺṣ  

uɅ ǍɅɐʌțǸɶ ᶱgææ ɾʌʔǱʳ ṳᶰṴṞ ʌțǸ ǍɾɳǸǪʌɾ ʌɐ ǩǸ ǪɐɅɾȡǱǸɶǸǱ ȡɅ ɶǸȺǍʌȡɐɅ ʌɐ ʌțǸ ɳɐʌǸɅʌȡǍȺ ǸʲʌǸɅɾȡɐɅ ɐȒ ʌțǸ 
ǪʔɶɶǸɅʌ ¸ğE!f ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ʌɐʭǍɶǱɾ ǱȡɾʌɶȡǩʔʌǸǱ ɐɳǸɶǍʌȡɐɅɾ ǍɶǸ ǱǸɾǪɶȡǩǸǱṣ ñǸʬǸɶǍȺ ɳɶɐɳɐɾǍȺɾ ǍɶǸ 
ɃǍǱǸṞ ǍɃɐɅȓ ʭțȡǪț ɾɐɃǸ ǪɐɅɾȡǱǸɶǍʌȡɐɅɾ ȡɅǪȺʔǱǸ ǍṶ ¸ğE!f ǩǸȡɅȓ ɶǸɾɳɐɅɾȡǩȺǸ Ȓɐɶ ǱǍʌǍ ǍɅǍȺʳʌȡǪɾ 
ȓǸɅǸɶǍʌȡɐɅ ǩǍɾǸǱ ɐɅ Ǎ ɃɐǱǸȺṞ ʭțȡǪț ǪǍɅ ǩǸ ʌɶǍȡɅǸǱ ʔɾȡɅȓ ǱȡȒȒǸɶǸɅʌ ɃǍǪțȡɅǸẁȺǸǍɶɅȡɅȓ ǍȺȓɐɶȡʌțɃɾ 
ǍɅǱ ʌɶǍȡɅȡɅȓ ǱǍʌǍ ɾǸʌɾṨ ǩṶ ʌɐ ɾʌʔǱʳ ʭțǸʌțǸɶ ¸ğE!f ȒʔɅǪʌȡɐɅǍȺ ɾɳȺȡʌ ȡɾ ɶǸɵʔȡɶǸǱṞ ǍɅǱ ȡǱǸɅʌȡȒʳ ʌțǸ 
¸ğE!f ȒʔɅǪʌȡɐɅǍȺȡʌʳ ʌțǍʌ ǪǍɅ ǩǸ ɾǸɳǍɶǍʌǸǱ ɐɶ ɳȺǍǪǸǱ ȡɅ Ǎ ǱȡȒȒǸɶǸɅʌ ¸fṩ¸f ñǸɶʬȡǪǸṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ ȶǸʳ 
ȡɾɾʔǸɾ ǍɶǸ țȡȓțȺȡȓțʌǸǱ ȡɅ ʌțȡɾ ʭɐɶȶṞ ɾʔǪț Ǎɾ ʌɶǍȡɅǸǱ ǱǍʌǍ ɃɐǱǸȺ ɾțǍɶȡɅȓ ǩǸʌʭǸǸɅ ɃʔȺʌȡɳȺǸ ¸ğE!f 
ȡɅɾʌǍɅǪǸɾṣ fʔɶʌțǸɶɃɐɶǸṞ ɾɐɃǸ ɵʔǸɾʌȡɐɅɾ ɶǍȡɾǸǱ ǍɶǸ ʌțǸ ȒɐȺȺɐʭȡɅȓṝ !ɶǸ ʌțǸɶǸ ʔɾǸ ǪǍɾǸɾṞ ʭțǸɶǸ ¸ğE!f 
ȡɅɾʌǍɅǪǸɾ ǪǍɅ ȓǸɅǸɶǍʌǸ ǱǍʌǍ ǍɅǍȺʳʌȡǪɾ ɶǸʔɾȡɅȓ Ǎ ɃɐǱǸȺ ʌɶǍȡɅǸǱ ǩʳ ɐʌțǸɶ ¸ğE!f ȡɅɾʌǍɅǪǸɾṤ oɐʭ 
ǱɐǸɾ Ǎ ¸ğE!f ȡɅɾʌǍɅǪǸ ɳɶɐʬȡǱǸ ʌțǸ ʌɶǍȡɅǸǱ ǱǍʌǍ ɃɐǱǸȺ ʌɐ ɐʌțǸɶ ¸ğE!f ȡɅɾʌǍɅǪǸɾṤ ğțȡǪț 
ȡɅʌǸɶǍǪʌȡɐɅɾ ɾțɐʔȺǱ țǍʬǸ ɾʌǍɅǱǍɶǱȡʽǸǱ ȡɅʌǸɶȒǍǪǸɾ ʭȡʌț ¸ğE!f ǍɶǪțȡʌǸǪʌʔɶǸṤ ÿɐ ɾʔǪț ɵʔǸɾʌȡɐɅɾṞ ʌțǸ 
ɾǍɃǸ ɾʌʔǱʳ ȡǱǸɅʌȡȒȡǸɾ ʌțǸ ǸɃɳȺɐʳɃǸɅʌ ɐȒ fǸǱǸɶǍʌǸǱ ¬ǸǍɶɅȡɅȓ Ǎɾ ɐɅǸ ɐȒ ʌțǸ Ƀɐɾʌ ɳɶɐɃȡɾȡɅȓ 
ɾɐȺʔʌȡɐɅɾṞ ʭțȡǪț ǪɐʔȺǱ ǍȺɾɐ țǍɅǱȺǸ ȡɾɾʔǸɾ ɶǸȺǍʌǸǱ ʌɐ ǱǍʌǍ ɳɶȡʬǍǪʳ ǍɅǱ ɾǸǪʔɶȡʌʳṞ ɃɐǱǸȺ ʌɶǍȡɅȡɅȓ 
ǸȒȒȡǪȡǸɅǪʳṞ ǸʌǪṣ 

uɅ MÿñuṞ ʌțǸ MʲɳǸɶȡǸɅʌȡǍȺ ¸ǸʌʭɐɶȶǸǱ uɅʌǸȺȺȡȓǸɅǪǸ uɅǱʔɾʌɶʳ ñɳǸǪȡȒȡǪǍʌȡɐɅ gɶɐʔɳ ṵM¸u uñgṶ ṳᶱṴ ȡɾ ǱǸȒȡɅȡɅȓ 
Ǎ >ɐȓɅȡʌȡʬǸ ¸Ǹʌʭɐɶȶ ¶ǍɅǍȓǸɃǸɅʌ ǍɶǪțȡʌǸǪʌʔɶǸṞ ʔɾȡɅȓ !u ʌǸǪțɅȡɵʔǸɾ ǍɅǱ ǪɐɅʌǸʲʌẁǍʭǍɶǸ ɳɐȺȡǪȡǸɾ ʌɐ 
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ǍǱȲʔɾʌ ɐȒȒǸɶǸǱ ɾǸɶʬȡǪǸɾ ǩǍɾǸǱ ɐɅ ǪțǍɅȓǸɾ ȡɅ ʔɾǸɶ ɅǸǸǱɾṞ ǸɅʬȡɶɐɅɃǸɅʌǍȺ ǪɐɅǱȡʌȡɐɅɾ ǍɅǱ ǩʔɾȡɅǸɾɾ 
ȓɐǍȺɾṣ 

uÿĆẏɾ fɐǪʔɾ gɶɐʔɳ ɐɅ ¶ǍǪțȡɅǸ ¬ǸǍɶɅȡɅȓ Ȓɐɶ fʔʌʔɶǸ ¸Ǹʌʭɐɶȶɾ ȡɅǪȺʔǱȡɅȓ ᶳg ṳᶲṴ țǍɾ ȓǸɅǸɶǍʌǸǱ Ǎ 
ɅʔɃǩǸɶ ɐȒ ɶǸȺǸʬǍɅʌ ɐʔʌɳʔʌɾṞ ɾʔǪț Ǎɾ ǍɅ ǍɶǪțȡʌǸǪʌʔɶǍȺ ȒɶǍɃǸʭɐɶȶ Ȓɐɶ ɃǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ȡɅ ȒʔʌʔɶǸ 
ɅǸʌʭɐɶȶɾṞ ʔɾǸ ǪǍɾǸɾẏ ȡǱǸɅʌȡȒȡǪǍʌȡɐɅ Ȓɐɶ ɃǍǪțȡɅǸ ȺǸǍɶɅȡɅȓṞ ȒɶǍɃǸʭɐɶȶ Ȓɐɶ ǸʬǍȺʔǍʌȡɅȓ ȡɅʌǸȺȺȡȓǸɅǪǸ 
ȺǸʬǸȺɾṞ ǱǍʌǍ țǍɅǱȺȡɅȓṞ ǸʌǪṣṞ Ǎɾ ʭǸȺȺ Ǎɾ Ǎ ɅʔɃǩǸɶ ɐȒ ǱǸȺȡʬǸɶǍǩȺǸɾṞ ȡɅǪȺʔǱȡɅȓ ɶǸɵʔȡɶǸɃǸɅʌɾṞ ǍɶǪțȡʌǸǪʌʔɶǸ 
ǍɅǱ ǱǸɾȡȓɅ Ȓɐɶ ɃǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ȒʔɅǪʌȡɐɅ ɐɶǪțǸɾʌɶǍʌȡɐɅṞ ¶¬ẁǩǍɾǸǱ ǸɅǱẁʌɐẁǸɅǱ ɅǸʌʭɐɶȶ ɾȺȡǪǸ 
ɃǍɅǍȓǸɃǸɅʌ ǍɅǱ ɐɶǪțǸɾʌɶǍʌȡɐɅṞ ʬǸɶʌȡǪǍȺẁǍɾɾȡɾʌǸǱ ɅǸʌʭɐɶȶ ɾȺȡǪȡɅȓ ǩǍɾǸǱ ɐɅ Ǎ ǪɐȓɅȡʌȡʬǸ ɅǸʌʭɐɶȶṞ ǸʌǪṣ 
uɅ ʌțǸ ɳɶɐɳɐɾǸǱ Ẍ!ɶǪțȡʌǸǪʌʔɶǍȺ ȒɶǍɃǸʭɐɶȶ Ȓɐɶ ɃǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ȡɅ ȒʔʌʔɶǸ ɅǸʌʭɐɶȶɾ ȡɅǪȺʔǱȡɅȓ u¶ÿẁ
ᶰᶮᶰᶮẍṞ țȡȓțẁȺǸʬǸȺ ǍɶǪțȡʌǸǪʌʔɶǍȺ ɶǸɵʔȡɶǸɃǸɅʌɾ Ȓɐɶ ¶¬ ȡɅ ȒʔʌʔɶǸ ɅǸʌʭɐɶȶɾ ǍɶǸ ȡɅʌɶɐǱʔǪǸǱṞ ɾʔǪț Ǎɾ 
ǸɅǍǩȺǸɶɾ Ȓɐɶ ǪɶɐɾɾẁȺǍʳǸɶ ǱǍʌǍ ǪɐɶɶǸȺǍʌȡɐɅṞ ǸɅǍǩȺǸɶɾ Ȓɐɶ ¶¬ ǍɶǪțȡʌǸǪʌʔɶǸɾ ǱǸɳȺɐʳɃǸɅʌṞ ɅǍɃǸȺʳ ɳɐȡɅʌɾ 
ɐȒ ȡɅʌǸɶǍǪʌȡɐɅ ǩǸʌʭǸǸɅ ¶¬ ȒʔɅǪʌȡɐɅɾ ǍɅǱ ʌǸǪțɅɐȺɐȓʳẁɾɳǸǪȡȒȡǪ ʔɅǱǸɶȺǍʳ ɅǸʌʭɐɶȶ ȒʔɅǪʌȡɐɅɾṞ ȒȺǸʲȡǩȺǸ 
ɳȺǍǪǸɃǸɅʌ ɐȒ ¶¬ ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ȡɅ ʌțǸ ʔɅǱǸɶȺʳȡɅȓ ɅǸʌʭɐɶȶ ȒʔɅǪʌȡɐɅɾṞ ɳȺʔȓȓȡɅȓ ȡɅ ǍɅǱ ɐʔʌ ɅǸʭ ǱǍʌǍ 
ɾɐʔɶǪǸɾ ɐɶ ǪɐɅȒȡȓʔɶǍʌȡɐɅ ʌǍɶȓǸʌɾ ʌɐ ɶʔɅɅȡɅȓ ¶¬ ǸɅʬȡɶɐɅɃǸɅʌɾṞ ¶¬ ɃɐǱǸȺɾẏ ǍɅǱ ʌɶǍȡɅȡɅȓṩʌǸɾʌȡɅȓ ǱǍʌǍ 
ʌɶǍɅɾȒǸɶ ǍɃɐɅȓ ¶¬ ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ ɐɅ ǱȡȒȒǸɶǸɅʌ ȺǸʬǸȺɾṞ ǸʌǪṣ 

uɅ ǍǱǱȡʌȡɐɅ ʌɐ ʌțǸ ǍȒɐɶǸɃǸɅʌȡɐɅǸǱ ȡɅȡʌȡǍʌȡʬǸɾṞ ȺǸǍǱȡɅȓ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶɾ țǍʬǸ ǸɾʌǍǩȺȡɾțǸǱ 
ʌțǸ Ãẁé!¸ !ȺȺȡǍɅǪǸ ȡɅ ᶰᶮᶯᶶṞ ʭȡʌț ʌțǸ ȡɅʌǸɅʌȡɐɅ ʌɐ ǸɃɳɐʭǸɶ ʌțǸ ɐɳǸɅ é!¸ ʭȡʌț !u ʌǸǪțɅɐȺɐȓȡǸɾṞ ʌțʔɾ 
ɃǍȶȡɅȓ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾ ɃɐɶǸ ȡɅʌǸȺȺȡȓǸɅʌṞ ɐɳǸɅṞ ʬȡɶʌʔǍȺȡʽǸǱ ǍɅǱ ȒʔȺȺʳ ȡɅʌǸɶɐɳǸɶǍǩȺǸ ṳᶳṴṣ  

7.2.2 H2020 research projects  

¶ǍɅʳ ɶǸǪǸɅʌ ɳɶɐȲǸǪʌɾ ǍȺɾɐ ɳɶɐɃɐʌǸ ʌțǸ ǱǸɾȡȓɅ ɐȒ !uẁǱɶȡʬǸɅṞ ǪɐȓɅȡʌȡʬǸ ɅǸʌʭɐɶȶ ɐɶǪțǸɾʌɶǍʌȡɐɅ ǍɅǱ 
ɶǸɾɐʔɶǪǸ ɃǍɅǍȓǸɃǸɅʌ ɃǸǪțǍɅȡɾɃɾṣ  

uɅ ᶳgẁ¶ɐɅǍɶǪț ṳᶴṴ ɅǸʌʭɐɶȶ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳ ȡɾ ȡɅǪɶǸǍɾǸǱ ʌțɶɐʔȓț !uẁǩǍɾǸǱ ɶǸɾɐʔɶǪǸ ɾǪǍȺȡɅȓ 
ɃǸǪțǍɅȡɾɃɾ Ȓɐɶ ǸȺǍɾʌȡǪ Ğ¸f ǱǸɳȺɐʳɃǸɅʌṣ  

ñȡɃȡȺǍɶȺʳṞ ᶳgįÃééÃ ṳᶵṴ ʔɾǸɾ ǱȡɾʌɶȡǩʔʌǸǱ !u ʌɐ ȡɃɳȺǸɃǸɅʌ ǪɐȓɅȡʌȡʬǸ ɅǸʌʭɐɶȶ ɐɶǪțǸɾʌɶǍʌȡɐɅ ǍɅǱ 
ɃǍɅǍȓǸɃǸɅʌ ʭȡʌț ɃȡɅȡɃǍȺ ɃǍɅʔǍȺ ȡɅʌǸɶʬǸɅʌȡɐɅṣ  

ᶳgẁ>¬!éuÿĥ ṳᶶṴ ʌǍɶȓǸʌɾ ʌɐ ǱǸʬǸȺɐɳ Ǎ ɃǍɅǍȓǸɃǸɅʌ ɳȺǍɅǸ ȒǸǍʌʔɶȡɅȓ ñE¸ṩ¸fĞ ǪɐɃɳɐɅǸɅʌɾ ʌɐȓǸʌțǸɶ 
ʭȡʌț ǍɅ !u ǸɅȓȡɅǸ ʌɐ ǍʔʌɐɃǍʌǸ ɅǸʌʭɐɶȶ ɃǍɅǍȓǸɃǸɅʌ ǩʳ ɶǸǪǸȡʬȡɅȓ țȡȓț ȺǸʬǸȺ ȡɅʌǸɅʌ ɳɐȺȡǪȡǸɾ ȒɶɐɃ 
ʌțǸ ɅǸʌʭɐɶȶ ǍǱɃȡɅȡɾʌɶǍʌɐɶṣ  

ᶳgéÃğÿo ṳᶷṴ ȡɅʌɶɐǱʔǪǸǱ Ǎ ɅɐʬǸȺ ǍɶǪțȡʌǸǪʌʔɶǸṞ ʭțȡǪț ȒǸǍʌʔɶǸɾ ǍɅ !uṩ¶¬ ǪɐɶǸ ǪɐɃɳɐɅǸɅʌṞ ɅǍɃǸȺʳ 
ʌțǸ ᶳgɶɐʭʌțẁ!uṩ¶¬ ɳȺǍʌȒɐɶɃ ʌțǍʌ ɶǸǍȺȡʽǸɾ ʌțǸ ǪɐɅǪǸɳʌ ɐȒ !uṩ¶¬ Ǎɾ Ǎ ñǸɶʬȡǪǸ ṵ!u¶¬ǍǍñṶṣ ÿțǸ ʌǍɶȓǸʌ ɐȒ 
ʌțǸ !u¶¬ǍǍñ ȡɾ ʌɐ ǍǱǱɶǸɾɾ ʌțǸ ɅǸǸǱɾ Ȓɐɶ !uṩ¶¬ ɃɐǱǸȺɾ Ȓɐɶ ȒʔȺȺʳ ǍʔʌɐɃǍʌǸǱ ɾǸɶʬȡǪǸ ɃǍɅǍȓǸɃǸɅʌṞ 
ɅǸʌʭɐɶȶ ɐɶǪțǸɾʌɶǍʌȡɐɅṞ ǍɅǱ ɶǸɾɐʔɶǪǸ ǪɐɅʌɶɐȺ ʭȡʌțȡɅ ʌțǸ ᶳgɶɐʭʌț ǍɶǪțȡʌǸǪʌʔɶǸṣ  

E!M¶Ã¸ ṵ¸Ǹʌʭɐɶȶ ȡɅʌǸȺȺȡȓǸɅǪǸ Ȓɐɶ ǍE!ɳʌȡʬǸ ǍɅǱ ɾMȺȒẁ¬ǸǍɶɅȡɅȓ ¶ÃǩȡȺǸ ¸ǸʌʭɐɶȶɾṶ ɳɶɐȲǸǪʌ ṳᶯᶮṴ 
ȡɅʌɶɐǱʔǪǸɾ Ǎ ʬȡɾȡɐɅ Ȓɐɶ Ǎ ¸Ǹʌʭɐɶȶ uɅʌǸȺȺȡȓǸɅǪǸ ṵ¸uṶ ȒɶǍɃǸʭɐɶȶṞ ʭțȡǪț ʭȡȺȺ ɐɳǸɶǍʌǸ ǍǪɶɐɾɾ ǍȺȺ ǱȡȒȒǸɶǸɅʌ 
ẌɃȡǪɶɐẁǱɐɃǍȡɅɾẍṞ ȒɶɐɃ ʌțǸ ǪɐɶǸ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ʌɐ ʌțǸ ṵȒǍɶṶ ǸǱȓǸṞ ǍɅǱ ɃǍȡɅȺʳ ǍȡɃɾ Ǎʌ ȒʔȺȒȡȺȺȡɅȓ ʌțǸ 
ʬȡɾȡɐɅ ɐȒ ʽǸɶɐẁʌɐʔǪț ɅǸʌʭɐɶȶ ǍɅǱ ɾǸɶʬȡǪǸ ɃǍɅǍȓǸɃǸɅʌ ȡɅ ɃɐǩȡȺǸ ɾʳɾʌǸɃɾṣ  

¶ɐɅ=ᶳg ṵEȡɾʌɶȡǩʔʌǸǱ ¶ǍɅǍȓǸɃǸɅʌ ɐȒ ¸Ǹʌʭɐɶȶ ñȺȡǪǸɾ ȡɅ ǩǸʳɐɅǱ ᶳgṶ ɳɶɐȲǸǪʌ ṳᶯᶰṴ ȒɐǪʔɾǸɾ ɐɅ Ǎ ɅɐʬǸȺ 
ǍʔʌɐɅɐɃɐʔɾ ɾȺȡǪǸ ɃǍɅǍȓǸɃǸɅʌ ǍɅǱ ɐɶǪțǸɾʌɶǍʌȡɐɅ ȒɶǍɃǸʭɐɶȶ ʌțǍʌ ǍȡɃɾ ʌɐ ȒǍǪȡȺȡʌǍʌǸ ʌțǸ ɃǍɾɾ 
ǱǸɳȺɐʳɃǸɅʌ ɐȒ ɾȺȡǪǸɾṞ ɶǸȺʳȡɅȓ ɐɅ ɾʌǍʌǸẁɐȒẁʌțǸẁǍɶʌ ɃǸǪțǍɅȡɾɃɾ ǩǍɾǸǱ ɐɅ ǱǍʌǍẁǱɶȡʬǸɅ !uṣ ÿțǸ ɅǸʌʭɐɶȶ 
ɃǍɅǍȓǸɃǸɅʌ ɾʳɾʌǸɃ ȡɾ țȡǸɶǍɶǪțȡǪǍȺṞ ȒǍʔȺʌẁʌɐȺǸɶǍɅʌṞ ǍʔʌɐɃǍʌǸǱṞ ǱǍʌǍẁǱɶȡʬǸɅṞ ǍɅǱ ʭȡʌț ǍǱǍɳʌȡʬǸṞ 
țǍɅǱɾẁɐȒȒ ɾǸɶʬȡǪǸɾṣ  

oǸʲǍẁĤ ṳᶯᶱṴ ɳɶɐȲǸǪʌ ȡɾ ǍȡɃǸǱ Ǎʌ ɳɶǸǱȡǪʌȡʬǸ ɐɶǪțǸɾʌɶǍʌȡɐɅ ǍɅǱ ɾǸɶʬȡǪǸ ɃǍɅǍȓǸɃǸɅʌṞ ȒɶǍȓɃǸɅʌǍʌȡɐɅ 
ʭȡʌțɐʔʌ ɐʬǸɶẁɳɶɐʬȡɾȡɐɅȡɅȓṞ ǸȺǍɾʌȡǪȡʌʳ ɐȒ ɾǸȓɃǸɅʌǍʌȡɐɅ ǍǪǪɐɶǱȡɅȓ ʌɐ ʌɶǍȒȒȡǪ ǪɐɅǱȡʌȡɐɅɾṞ ǍɅǱ ɶǸǍȺẁʌȡɃǸṞ 



one6G white paper ,  6G technology overview  Ṿ 4 th  Edition,  September  2024 

 

w w w . o n e 6 g . o r g  
 

114 

țǍɅǱɾẁɐȒȒ ǍʔʌɐɃǍʌȡɐɅ ʔɾȡɅȓ ɃʔȺʌȡẁǍǪʌȡɐɅ !u ɃǸǪțǍɅȡɾɃɾ ʌɐ ǍǪțȡǸʬǸ ȡɅʌǸȺȺȡȓǸɅʌ ǸɅǱẁʌɐẁǸɅǱ 
ɐɶǪțǸɾʌɶǍʌȡɐɅṣ 

7.2.3 Academic literature  

7.2.3.1 From the cloud to the edge: towards distributed AI  

!ɾ ʌțǸ ɅʔɃǩǸɶ ɐȒ ɅǸʌʭɐɶȶȡɅȓ ǍɳɳȺȡǪǍʌȡɐɅɾ ȡɅǪɶǸǍɾǸɾṞ ɾȡȓɅȡȒȡǪǍɅʌ ɳɶɐȓɶǸɾɾ țǍɾ ǩǸǸɅ ɃǍǱǸ ȡɅ ʌțǸ 
ɳǸɶȒɐɶɃǍɅǪǸ ǍɅǱ ǍǪǪʔɶǍǪʳ ɐȒ !uẁǩǍɾǸǱ ɾɐȺʔʌȡɐɅɾṣ oɐʭǸʬǸɶṞ !u ȡɅʌǸȓɶǍʌȡɐɅ ȡɅʌɐ ǱǸǪȡɾȡɐɅẁɃǍȶȡɅȓ 
ɾʳɾʌǸɃɾ ǍɅǱ ǪɶȡʌȡǪǍȺ ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ɾʌȡȺȺ ɶǸɵʔȡɶǸɾ ǍɾɾʔɶȡɅȓ ǸɅǱẁʌɐẁǸɅǱ ɵʔǍȺȡʌʳṣ ÿțǸ ǪɐɃɃɐɅ ǍɳɳɶɐǍǪț 
ʌɐ ǩʔȡȺǱ ǍɅ !uẁǸɅǍǩȺǸǱ ɾʳɾʌǸɃ ȡɾ ʌɐ ɾʌɶǸǍɃ ǍȺȺ ʌțǸ ǱǍʌǍ ȒɶɐɃ ɾɐʔɶǪǸ ǱǸʬȡǪǸɾ ṵǸṣȓṣṞ uɐÿ ɐǩȲǸǪʌɾṶ ʌɐ ʌțǸ 
ǪȺɐʔǱ ǍɅǱ ɳǸɶȒɐɶɃ ʌțǸ ɃɐǱǸȺ ǩʔȡȺǱȡɅȓṩʌɶǍȡɅȡɅȓ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ȡɅȒǸɶǸɅǪǸ ʌțǸɶǸṣ 

!ɾ ǍɅ ǍȺʌǸɶɅǍʌȡʬǸṞ ʌțǸ ȡɅʌǸɶɳȺǍʳ ɐȒ ǸǱȓǸ ǪɐɃɳʔʌȡɅȓ ǍɅǱ !uṞ ǍȺɾɐ ɶǸȒǸɶɶǸǱ ʌɐ Ǎɾ ẌǸǱȓǸ ȡɅʌǸȺȺȡȓǸɅǪǸẍ ɐɶ 
ẌǸǱȓǸ !uẍṞ ɶǸǪǸɅʌȺʳ ȓǍȡɅǸǱ ɃɐɃǸɅʌʔɃ ṳᶯᶲṴṞ Ǎɾ ʌǸɾʌȡȒȡǸǱ ǩʳ ʌțǸ ȒȺɐʔɶȡɾțȡɅȓ ȺȡʌǸɶǍʌʔɶǸ Ǎɾ ʭǸȺȺ Ǎɾ ǩʳ țȡȓțẁ
ǸɅǱ Ǫțȡɳɾ ǪɐɃɃǸɶǪȡǍȺȺʳ ǍʬǍȡȺǍǩȺǸṞ ǸṣȓṣṞ gɐɐȓȺǸ MǱȓǸ ÿæĆṞ ʌțǍʌ ǍɶǸ ȓǸʌʌȡɅȓ ɾɃǍȺȺǸɶ ǍɅǱ ǪɐɾʌẁǸȒȒȡǪȡǸɅʌṞ 
țǸɅǪǸ ɃǍȶȡɅȓ ȒǸǍɾȡǩȺǸ ʌɐ Ȓȡʌ ʌțǸɃ ǸǍɾȡȺʳ ȡɅ ɃɐǩȡȺǸ ǱǸʬȡǪǸɾ ɐɶ ǸʬǸɅ uɐÿ ǱǸʬȡǪǸɾṞ ȡɅ ǍȓɶǸǸɃǸɅʌ ʌɐ ʌțǸ 
ʌȡɅʳ¶¬ ɳțȡȺɐɾɐɳțʳ ṳᶯᶳṴṣ =ʳ ɳʔɾțȡɅȓ !uṩ¶¬ ǪȺɐɾǸ ʌɐ ʌțǸ ǸɅǱẁʔɾǸɶɾ ǍɅǱ ʭțǸɶǸ ǱǍʌǍ ȡɾ ɳɶɐǱʔǪǸǱṞ ǸǱȓǸ!u 
ǍɅǱ ʌȡɅʳ¶¬ ǩɶȡɅȓ ǍǱʬǍɅʌǍȓǸɾ ʌɐ ʌțǸ ǍȒɐɶǸɃǸɅʌȡɐɅǸǱ ȒȡǸȺǱɾ ɃǍȡɅȺʳ ȡɅ ʌǸɶɃɾ ɐȒ ɃɐɶǸ ɶǸɾɳɐɅɾȡʬǸ ǍɅǱ 
ɳɶȡʬǍǪʳẁɳɶǸɾǸɶʬȡɅȓ ǱǸǪȡɾȡɐɅ ɃǍȶȡɅȓṣ  

oɐʭǸʬǸɶṞ ɶǸɾʌɶȡǪʌȡɅȓ !u ǍȺȓɐɶȡʌțɃɾ ʌɐ ɶʔɅ ɐɅȺʳ ɐɅ ǸǱȓǸ ǱǸʬȡǪǸɾ ɃǍʳ Ʌɐʌ ǩǸ Ǎ ɳɶǍǪʌȡǪǍȺ ǍɅǱ ǸȒȒȡǪȡǸɅʌ 
ɾɐȺʔʌȡɐɅṣ ÿțǸ Ƀɐɾʌ ɳʔɶɾʔǸǱ ǍɅǱ ɾʌɶǍȡȓțʌȒɐɶʭǍɶǱ ǍɳɳɶɐǍǪț ȡɾ ʌɐ ɳǸɶȒɐɶɃ ʌțǸ ɃɐǱǸȺ ʌɶǍȡɅȡɅȓ ȡɅʌɐ ʌțǸ 
ǪȺɐʔǱ ǍɅǱ ɶʔɅ ȡɅȒǸɶǸɅǪǸ Ǎʌ ʌțǸ ǸǱȓǸṣ ¶ɐɶǸ ɾɐɳțȡɾʌȡǪǍʌǸǱ ǍɳɳɶɐǍǪțǸɾ ɾțɐʔȺǱ ȡɅɾʌǸǍǱ ǩǸ ɳʔɶɾʔǸǱṞ ɾɐ 
ʌțǍʌ ʌțǸ țȡǸɶǍɶǪțʳ ɐȒ uɐÿ ǱǸʬȡǪǸɾṞ ǸǱȓǸ ǍɅǱ ǪȺɐʔǱ ɅɐǱǸɾ ǍɶǸ ȺǸʬǸɶǍȓǸǱ ʌɐ ɐɳʌȡɃȡʽǸ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸṣ 

éǸǪǸɅʌȺʳṞ Ǎ Ⱥɐʌ ɐȒ ɶǸɾǸǍɶǪț ȡɅȡʌȡǍʌȡʬǸɾ țǍʬǸ ǩǸǸɅ ǱǸʬɐʌǸǱ ɐɅ țɐʭ ʌɐ ǍǱǍɳʌ ṵǸṣȓṣ ǪɐɃɳɶǸɾɾṞ ɾɳȺȡʌṶ !uṩ¶¬ 
ɃɐǱǸȺɾṞ ʌɐ Ȓȡʌ ʭȡʌțȡɅ ǸǱȓǸṩǸɅǱẁǱǸʬȡǪǸɾ ʭȡʌț ʌȡȓțʌǸɶ ǪɐɅɾʌɶǍȡɅʌɾ ʭȡʌț ɶǸȓǍɶǱ ʌɐ ʌțǸ ǪȺɐʔǱṞ ǍɅǱ ɐɅ 
ʭțǸɶǸ ʌɐ ɳȺǍǪǸ ʌțǸɃ ṳᶯᶲṴṣ ÿțǸ ǸǍɶȺʳ ʭɐɶȶ ȡɅ ṳᶯᶴṴ ɳɶɐɳɐɾǸɾ Ǎ ɾǪțǸǱʔȺȡɅȓ ɾʌɶǍʌǸȓʳ ʌțǍʌ ɾɳȺȡʌɾ Ǎ ɃʔȺʌȡẁ
ȺǍʳǸɶ E¬ ɅǸʌʭɐɶȶ ȡɅʌɐ ɾǸʬǸɶǍȺ ʌǍɾȶɾṞ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ɾȡʽǸɾ ɐȒ ȡɅʌǸɶɃǸǱȡǍʌǸ ǱǍʌǍ ǍɅǱ ǪɐɃɳʔʌǍʌȡɐɅǍȺ 
ɐʬǸɶțǸǍǱṞ ʌɐ ǩǸ ǱȡɾʌɶȡǩʔʌǸǱ ǍɃɐɅȓ ǸǱȓǸ ǍɅǱ ǪȺɐʔǱ ɅɐǱǸɾṣ 

7.2.3.2 Federated learning  

fǸǱǸɶǍʌǸǱ ȺǸǍɶɅȡɅȓ ṵf¬Ṷ ȡɾ Ǎ ɶǸǪǸɅʌȺʳ ȡɅʌɶɐǱʔǪǸǱ ǱǸǪǸɅʌɶǍȺȡʽǸǱ ǍɳɳɶɐǍǪțṞ ʭțǸɶǸ ȺǸǍɶɅȡɅȓ ȡɾ 
ɳǸɶȒɐɶɃǸǱ ȡɅ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ ɃǍɅɅǸɶ ɐɅ ǸǍǪț ʌǸɶɃȡɅǍȺṩǱǸʬȡǪǸṩǸɅʌȡʌʳṞ ǸɅǍǩȺȡɅȓ ʌțǸɃ ʌɐ ɾțǍɶǸ 
ȶɅɐʭȺǸǱȓǸ ʭȡʌțɐʔʌ ǍɅʳ ɅǸǸǱ ʌɐ ǸʲǪțǍɅȓǸ ɶǍʭ ǱǍʌǍ ṳᶲᶳṴṣ ÿțʔɾṞ ɐɅǸ ȡɃɳɐɶʌǍɅʌ ǪțǍɶǍǪʌǸɶȡɾʌȡǪ ɐȒ f¬ ȡɾ 
ʌțǍʌṞ ɾȡɅǪǸ ʌțǸ ʔɾǸɶ ȓǸɅǸɶǍʌǸǱ ǱǍʌǍ ǍɶǸ ȶǸɳʌ ȺɐǪǍȺȺʳṞ ȡʌ ǪǍɅ ɳɶǸɾǸɶʬǸ ǱǍʌǍ ɳɶȡʬǍǪʳ ǍɅǱ ɾǸǪʔɶȡʌʳ ǩʳ 
ǱǸɾȡȓɅ ȓȡʬǸɅ ɐȒ ǪɐʔɶɾǸ ʌțǍʌ ǪǸɶʌǍȡɅ ǱǸɾȡȓɅ ȓʔȡǱǸȺȡɅǸɾ ǍɶǸ ǍǱɐɳʌǸǱṣ ÃɅ ʌțǸ ɐʌțǸɶ țǍɅǱṞ ʌɶǍȡɅȡɅȓ ȡɅ 
ɾʔǪț țǸʌǸɶɐȓǸɅǸɐʔɾ ɾǸʌʌȡɅȓɾ Ǹṣȓṣ ɾɃǍɶʌɳțɐɅǸɾṞ ǱǍʌǍ ǪǸɅʌɶǸɾ ǸʌǪṣ ǪɶǸǍʌǸɾ ɅǸʭ ǪțǍȺȺǸɅȓǸɾ Ȓɐɶ ȺǍɶȓǸ 
ɾǪǍȺǸ ɃǍǪțȡɅǸ ȺǸǍɶɅȡɅȓ ǍɅǱ ǍɾɾɐǪȡǍʌǸǱ ɐɳʌȡɃȡɾǍʌȡɐɅɾṣ fɐɶ ǸʲǍɃɳȺǸṞ ȡɅ ṳᶶᶮṴṞ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ ɃɐǱǸ ɐȒ 
ǱǸɳȺɐʳɃǸɅʌ ɐȒ ¸ğE!f ʭǍɾ ɳɶɐɳɐɾǸǱṞ ȡɅ ɐɶǱǸɶ ʌɐ ɐɳʌȡɃȡʽǸ ɅǸʌʭɐɶȶ ɶǸɾɐʔɶǪǸ ǪɐɅɾʔɃɳʌȡɐɅ ʭțȡȺǸ 
ǸɅɾʔɶȡɅȓ ǱǍʌǍ ɾǸǪʔɶȡʌʳṣ uɅ ɳǍɶʌȡǪʔȺǍɶ ʌțǸ ȒɐȺȺɐʭȡɅȓ ǪɶȡʌȡǪǍȺ ǍɾɳǸǪʌɾ ǍɶǸ ȡǱǸɅʌȡȒȡǸǱṝ ǍṶ ʌțǸ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ Ǫɐɾʌ ɾȡɅǪǸ Ǎ ʬǍɾʌ ɅʔɃǩǸɶ ɐȒ ǱǸʬȡǪǸɾ ɃǍʳ ɅǸǸǱ ʌɐ ǪɐɃɃʔɅȡǪǍʌǸṞ ǩṶ ʌțǸ 
țǸʌǸɶɐȓǸɅǸɐʔɾ ɅǍʌʔɶǸ ɐȒ ʌțǸ ɾʳɾʌǸɃɾṞ ǪṶ ʌțǸ țǸʌǸɶɐȓǸɅǸȡʌʳ ɐȒ ʌțǸ ɾʌǍʌȡɾʌȡǪǍȺ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ʌțǸ 
ǪɐȺȺǸǪʌǸǱ ǱǍʌǍ ǍɅǱ ǱṶ ʌțǸ ɳɶǸɾǸɶʬǍʌȡɐɅ ɐȒ ʌțǸ ɳɶȡʬǍǪʳ ɐȒ ʌțǸ ǸʲǪțǍɅȓǸǱ ǱǍʌǍ ṳᶲᶵṴṣ ÿțʔɾṞ ʌțǸ ɶǸɾǸǍɶǪț 
ǪɐɃɃʔɅȡʌʳ ɾțɐʔȺǱ ǱǸʬɐʌǸ ǸȒȒɐɶʌɾ ʌɐ ǍǱǱɶǸɾɾ ʌțǸɾǸ ǪțǍȺȺǸɅȓǸɾ ȡɅ ɐɶǱǸɶ ʌɐ ǍǪțȡǸʬǸ ʌțǸ ǸɅʬȡɾǍȓǸǱ f¬ 
ȓǍȡɅɾ ȒʔȺȺʳṣ 

fɐɶ ǸʲǍɃɳȺǸṞ Ǎ ɶǸǪǸɅʌ ʭɐɶȶ ǍȡɃɾ Ǎʌ ɶǸǱʔǪȡɅȓ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ Ǫɐɾʌ ǍɅǱ ȡɃɳǍǪʌ ɐȒ ʌțǸ 
țǸʌǸɶɐȓǸɅǸȡʌʳ ɐȒ ʌțǸ ǱǍʌǍ ȓǸɅǸɶǍʌȡɅȓ ǱȡɾʌɶȡǩʔʌȡɐɅɾ ȒɶɐɃ ǱȡȒȒǸɶǸɅʌ ʔɾǸɶɾ ǩʳ ǸɅțǍɅǪȡɅȓ ʌțǸ ɾɐ ǪǍȺȺǸǱ 
ɐʬǸɶẁʌțǸẁǍȡɶ ṵÃÿ!Ṷ fǸǱǸɶǍʌǸǱ ¬ǸǍɶɅȡɅȓ ǍɳɳɶɐǍǪț ṳᶲᶶṴṣ uɅ ʌțȡɾ ǍɳɳɶɐǍǪț ǍȺȺ ʔɾǸɶɾ ɾȡɃʔȺʌǍɅǸɐʔɾȺʳ 
ʌɶǍɅɾɃȡʌ ʌțǸȡɶ ʔɳǱǍʌǸɾ Ǎɾ ǍɅǍȺɐȓ ɾȡȓɅǍȺɾ ɐʬǸɶ Ǎ ɃʔȺʌȡɳȺǸ ǍǪǪǸɾɾ ǪțǍɅɅǸȺṞ ǍɅǱ ʌțǸ ɾǸɶʬǸɶ ɶǸǪǸȡʬǸɾ Ǎ 
ɾʔɳǸɶɳɐɾȡʌȡɐɅ ɐȒ ʌțǸ ǍɅǍȺɐȓ ʌɶǍɅɾɃȡʌʌǸǱ ɾȡȓɅǍȺɾṣ ÿțǸ Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸ ʌțǸ >ɐɅʬǸɶȓǸɅʌ Ãÿ! f¬ 
ṵ>Ãÿ!fṶ ǍȺȓɐɶȡʌțɃ ʭțȡǪț ǸɅțǍɅǪǸɾ ʌțǸ ǪɐɃɃɐɅ ȺɐǪǍȺ ɾʌɐǪțǍɾʌȡǪ ȓɶǍǱȡǸɅʌ ǱǸɾǪǸɅʌ ṵñgEṶ f¬ 
ǍȺȓɐɶȡʌțɃ ǍɅǱ ȡʌ ȡɾ ɾțɐʭɅ ʌțǍʌ ǪǍɅ ǍȺȺǸʬȡǍʌǸ ʌțǸ ǪțǍɅɅǸȺ ɅɐȡɾǸ ʌțǍʌ ǍȒȒǸǪʌɾ ʌțǸ ɐɳʌȡɃȡʽǍʌȡɐɅ 
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ɳɶɐǪǸǱʔɶǸɾ ȡɅ Ãÿ! f¬ṣ ÿțȡɾ ȡɾ ǍǪțȡǸʬǸǱ ǩʳ ȡɅʌɶɐǱʔǪȡɅȓ Ǎ ʌȡɃǸẁʬǍɶʳȡɅȓ ɳɶǸǪɐǱȡɅȓ ǍɅǱ ɾǪǍȺȡɅȓ ɾǪțǸɃǸ 
ʌțǍʌ ȺǸǍǱɾ ʌɐ ǍɅ ǸȒȒǸǪʌȡʬǸ ǱǸǪǍʳ ɐȒ ʌțǸ ɅɐȡɾǸ ǪɐɅʌɶȡǩʔʌȡɐɅṣ 

uɅ ʌțǸ ȒȡǸȺǱ ɐȒ ȡɅʌǸȺȺȡȓǸɅʌ ʌɶǍɅɾɳɐɶʌǍʌȡɐɅ ɾʳɾʌǸɃɾṞ f¬ ʌǸǪțɅȡɵʔǸɾ ʭȡʌț țǸʌǸɶɐȓǸɅǸɐʔɾ ɃɐǱǸȺ 
ǍȓȓɶǸȓǍʌȡɐɅ țǍʬǸ ǩǸǸɅ ǍɳɳȺȡǸǱ ǍɅǱ ʌʭɐ ǱȡɾʌɶȡǩʔʌǸǱ ȺǍʳǸɶɾ ǍɶǸ ʔɾǸǱ ʌɐ ȺǸʬǸɶǍȓǸ ʌțǸ ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ 
ʌțǸ ǪǸɅʌɶǍȺ ǪȺɐʔǱ ʌɐ ǍǪțȡǸʬǸ ǩǸʌʌǸɶ ʌɶǍȡɅȡɅȓ ǸȒȒȡǪȡǸɅǪʳ ǍɅǱ țȡȓțǸɶ ǍǪǪʔɶǍǪʳ ɶǸɾʔȺʌɾ ṳᶯᶵṴ ʌțǸ 
ǪɐɃɳʔʌǍʌȡɐɅ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǸɅǸɶȓʳ ɶǸɵʔȡɶǸɃǸɅʌɾ ǪǍɅ ǩǸ ɐɳʌȡɃȡʽǸǱ ʔɅǱǸɶ Ǎ ȺǍʌǸɅǪʳ 
ǪɐɅɾʌɶǍȡɅʌ ʌțǍʌ ǍȒȒǸǪʌɾ ʌțǸ ȺǸǍɶɅȡɅȓ ǍǪǪʔɶǍǪʳ Ǎɾ ɾțɐʭɅ ȡɅ ṳᶲᶷṴṣ !Ʌ ȡʌǸɶǍʌȡʬǸ ǍȺȓɐɶȡʌțɃ ʭȡʌț Ⱥɐʭ 
ǪɐɃɳȺǸʲȡʌʳṞ Ȓɐɶ ʭțȡǪțṞ Ǎʌ ǸǍǪț ȡʌǸɶǍʌȡɐɅ ȡɾ ɳɶɐɳɐɾǸǱṞ ǍɅǱ ǪȺɐɾǸǱẁȒɐɶɃ ɾɐȺʔʌȡɐɅɾ Ȓɐɶ ǪɐɃɳʔʌǍʌȡɐɅ ǍɅǱ 
ʌɶǍɅɾɃȡɾɾȡɐɅ ɶǸɾɐʔɶǪǸɾ ǍɶǸ ǱǸɶȡʬǸǱ ʌțǍʌ ɶǸǱʔǪǸ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǪɐɃɳǍɶǸǱ ʌɐ 
ǪɐɅʬǸɅʌȡɐɅǍȺ f¬ṣ 

7.2.3.3 Network for AI  

EȡɾʌɶȡǩʔʌǸǱ !u ǍɳɳɶɐǍǪțǸɾ ɶǍȡɾǸ ǪțǍȺȺǸɅȓǸɾ ǪɐɅǪǸɶɅȡɅȓ ʌțǸ ʭǍʳ ǱȡɾʌɶȡǩʔʌǸǱ !u ǪɐɃɳɐɅǸɅʌɾ ǱǸʬɐʌǸǱ 
ʌɐ ʌɶǍȡɅȡɅȓṩȡɅȒǸɶǸɅǪǸ ʌǍɾȶɾ ǍɶǸ ǪɐɅɅǸǪʌǸǱ ǍɅǱ ɾɳɶǸǍǱ ɐʬǸɶ ʌțǸ ǪȺɐʔǱ ǪɐɅʌȡɅʔʔɃṣ éǸǪǸɅʌȺʳṞ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ǸɅǍǩȺȡɅȓ ǱȡɾʌɶȡǩʔʌǸǱ ¶¬ țǍʬǸ ǩǸǸɅ ǱǸɾȡȓɅǸǱ ǩʔʌ ǍɶǸ ɃɐɾʌȺʳ ȺȡɃȡʌǸǱ ʌɐ 
ʌțǸ ʭȡɶǸȺǸɾɾ ǸǱȓǸ ṳᶯᶶṴṣ uɅ ṳᶯᶷṴ ɶǍǱȡɐ ɶǸɾɐʔɶǪǸɾ ǍɶǸ ǍȺȺɐǪǍʌǸǱ ʌɐ ǸǱȓǸ ǱǸʬȡǪǸɾ ǱǸɳǸɅǱȡɅȓ ɐɅ ʌțǸ 
ȡɃɳɐɶʌǍɅǪǸ ɐȒ ǱǍʌǍ ɳɶɐʬȡǱǸǱ Ȓɐɶ ɃɐǱǸȺ ʌɶǍȡɅȡɅȓṣ ñȡɃȡȺǍɶ ǍɳɳɶɐǍǪțǸɾ Ȓɐɶ ɶǸʌɶǍɅɾɃȡɾɾȡɐɅ ǍɅǱ Ȓɐɶ ȲɐȡɅʌ 
ǱǍʌǍ ɾǸȺǸǪʌȡɐɅ ǍɅǱ ɶǍǱȡɐ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ǍɶǸ ǱǸʬȡɾǸǱ ȡɅ ṳᶰᶮṴ ǍɅǱ ṳᶰᶯṴṣ EǸɳǍɶʌȡɅȓ ȒɶɐɃ ʌțǸ ɶǍǱȡɐ 
ɾǸȓɃǸɅʌṞ ȡɅ ṳᶰᶰṴ ʌțǸ ɶɐȺǸ ɐȒ ɅǸʌʭɐɶȶ ʌɐɳɐȺɐȓʳ ȡɅ ǱȡɾʌɶȡǩʔʌǸǱ ¶¬ ȡɾ ȡɅʬǸɾʌȡȓǍʌǸǱ ǍɅǱ ȡɅ ṳᶰᶱṴ ʌțǸ ɐɅǸ 
ʭțȡǪț ɾɳǸǸǱɾ ʔɳ fǸǱǸɶǍʌǸǱ ¬ǸǍɶɅȡɅȓ ʌɶǍȡɅȡɅȓ ȡɾ ɾǸȺǸǪʌǸǱ ǍǪǪɐɶǱȡɅȓ ʌɐ ɾǸʬǸɶǍȺ ɳǸɶȒɐɶɃǍɅǪǸ ɃǸʌɶȡǪɾṣ  

ÿțǸ ɅǸʌʭɐɶȶ ǍȒȒǸǪʌɾ ǱȡɾʌɶȡǩʔʌǸǱ !u ɳǸɶȒɐɶɃǍɅǪǸṣ fɐɶ ȡɅɾʌǍɅǪǸṞ ȡɅ ṳᶰᶲṴ ȡʌ ȡɾ ɶǸǪɐȓɅȡʽǸǱ Ǎɾ ʌțǸ 
ǩɐʌʌȺǸɅǸǪȶ Ȓɐɶ ǱȡɾʌɶȡǩʔʌǸǱ éǸȡɅȒɐɶǪǸɃǸɅʌ ¬ǸǍɶɅȡɅȓ ṵé¬Ṷ ǱʔǸ ʌɐ ʌțǸ țʔȓǸ ǱǍʌǍ ǸʲǪțǍɅȓǸ ɐʬǸɶ 
ɃʔȺʌȡɳȺǸ ɶɐʔɅǱɾṣ oǸɅǪǸṞ ɅǸʌʭɐɶȶȡɅȓ ǪǍɳǍǪȡʌʳ ɾțɐʔȺǱ ǩǸ ǪɐɅɾȡǱǸɶǸǱ ȲɐȡɅʌȺʳ ʭȡʌț ɐʌțǸɶ ɶǸɾɐʔɶǪǸɾṨ 
ǩǸɾȡǱǸɾṞ ȡʌ ǪǍɅ ǍǪʌȡʬǸȺʳ ǪɐɅʌɶȡǩʔʌǸ ʌɐ ȺǸǍɶɅȡɅȓ ǍɅǱ ȡɅȒǸɶǸɅǪǸṣ EǸɾɳȡʌǸ ʌțǸ ȡɅʌǸɶǸɾʌ Ȓɐɶ ɳʔɾțȡɅȓ ȡɅẁ
ɅǸʌʭɐɶȶ ǪɐɃɳʔʌǍʌȡɐɅ ṳᶰᶳṴṳᶰᶴṴṞ ȡɅẁɅǸʌʭɐɶȶ ɾʔɳɳɐɶʌ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ !uṩ¶¬ ʌǸǪțɅȡɵʔǸɾ ȡɾ ɾʌȡȺȺ ɳɐɐɶȺʳ 
ȡɅʬǸɾʌȡȓǍʌǸǱṣ ÿțȡɾ ȡɾɾʔǸ ȡɾ ǸǍɶȺʳ ǱȡɾǪʔɾɾǸǱ ȡɅ Ǎ ɶǸǪǸɅʌ ʭɐɶȶ ṳᶲᶴṴṞ ʭțǸɶǸ ʌțǸ ɅǸʭ ɅǸʌʭɐɶȶ ǱǸɾȡȓɅ 
ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɅǱ ǪțǍȺȺǸɅȓǸɾ Ȓɐɶ ɾʔɳɳɐɶʌȡɅȓ !u ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɶǸ ɳɶǸȺȡɃȡɅǍɶȡȺʳ ɳɶǸɾǸɅʌǸǱṣ ÿțǸɶǸṞ ȡʌ ȡɾ 
ǸɃɳțǍɾȡʽǸǱ ʌțǍʌ ɾȡɅǪǸ ǸɃǸɶȓȡɅȓ !u ǍɅǱ ¶¬ ǍɳɳȺȡǪǍʌȡɐɅɾ ɶǸɵʔȡɶǸ ʌɐ ʌɶǍɅɾɳɐɶʌ Ʌɐʌ ɐɅȺʳ ɶǍʭ ǱǍʌǍ ǩʔʌ 
ǍȺɾɐ ȡɅȒɐɶɃǍʌȡɐɅ ǍɅǱ ȶɅɐʭȺǸǱȓǸṞ ɅǸʭ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɶȡɃȡʌȡʬǸɾ ǍɶǸ ɶǸɵʔȡɶǸǱṞ ȡɅǪȺʔǱȡɅȓ 
ɃʔȺʌȡɳɐȡɅʌẁʌɐẁɃʔȺʌȡɳɐȡɅʌ ǍɅǱ ȡɅẁɅǸʌʭɐɶȶ ɳɶɐǪǸɾɾȡɅȓṩǍȓȓɶǸȓǍʌȡɐɅ ǱʔǸ ʌɐ ǪɐɅʌɶɐȺ ǍɅǱ ȺǍʌǸɅǪʳ 
ǪɐɅɾʌɶǍȡɅʌɾṣ ¸Ǹʌʭɐɶȶɾ ɅǸǸǱ ʌɐ ɃǍɅǍȓǸ Ʌɐʌ ɐɅȺʳ ʌțǸ ǩǍɅǱʭȡǱʌț ǍɅǱ ǩʔȒȒǸɶṞ ǩʔʌ ǍȺɾɐ ǪɐɃɳʔʌȡɅȓ ǍɅǱ 
ǪǍǪțȡɅȓ ɶǸɾɐʔɶǪǸɾṣ ğȡʌț ɾȡɃȡȺǍɶ ɃɐʌȡʬǍʌȡɐɅɾṞ ʌțǸ ɅǸǸǱ ʌɐ ɾțȡȒʌ ȒɶɐɃ Ǎ ɅǸʌʭɐɶȶ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅ ʌɐ Ǎ 
ɅǸʌʭɐɶȶ ɐȒ ȡɅʌǸȺȺȡȓǸɅǪǸ ȡɾ ǍȺɾɐ ǍɶȓʔǸǱ ȡɅ ṳᶰᶵṴṣ 

ÿțǸ ʭɐɶȶ ȡɅ ṳᶰᶶṴ ȺǸʬǸɶǍȓǸɾ ɳɶɐȓɶǍɃɃǍǩȺǸ ɾʭȡʌǪțǸɾ ʌɐ ǩʔȡȺǱ ǍɅ ǍǪǪǸȺǸɶǍʌɐɶ ʭțȡǪț ǪɐɅǱʔǪʌɾ 
ǪɐɃɳʔʌǍʌȡɐɅ ɐɅ ɳǍǪȶǸʌ ɳǍʳȺɐǍǱɾ ʌɐ ȒǍǪȡȺȡʌǍʌǸ ȓɶǍǱȡǸɅʌ ǍȓȓɶǸȓǍʌȡɐɅ Ȓɐɶ ǱȡɾʌɶȡǩʔʌǸǱ é¬ ʌɶǍȡɅȡɅȓṣ uɅẁ
ɅǸʌʭɐɶȶ ȡɅȒǸɶǸɅǪǸ ȡɾ ǍȺɾɐ ǱǸǸɃǸǱ ɳɶɐɃȡɾȡɅȓ ȡɅ ṳᶰᶷṴṣ uɅ ṳᶱᶮṴṞ ʌțǸ ȡǱǸǍ ɐȒ ȡɅȒǸɶǸɅǪǸ ǱǸȺȡʬǸɶʳ ɅǸʌʭɐɶȶɾ 
ṵuE¸Ṷ ȡɾ ɳɶɐɳɐɾǸǱ Ǎɾ ɅǸʌʭɐɶȶɾ ɐȒ ǪɐɃɳʔʌȡɅȓ ɅɐǱǸɾ ʌțǍʌ ǪɐɐɶǱȡɅǍʌǸ ʌɐ ɾǍʌȡɾȒʳ ȡɅȒǸɶǸɅǪǸ ɶǸɵʔǸɾʌɾ 
ǍǪțȡǸʬȡɅȓ ʌțǸ ǩǸɾʌ ʌɶǍǱǸẁɐȒȒ ǩǸʌʭǸǸɅ ǍǪǪʔɶǍǪʳṞ ȺǍʌǸɅǪʳ ǍɅǱ ɶǸɾɐʔɶǪǸẁʔʌȡȺȡʽǍʌȡɐɅṞ ǍǱǍɳʌǸǱ ʌɐ ʌțǸ 
ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌțǸ ɾɳǸǪȡȒȡǪ ǍɳɳȺȡǪǍʌȡɐɅṣ >ɐɅǪǸȡʬȡɅȓ Ǎ ɅǸʌʭɐɶȶ ǸɅǍǩȺǸǱ ǱȡɾʌɶȡǩʔʌǸǱ !u ǍȺɾɐ ɳǍɾɾǸɾ 
ʌțɶɐʔȓț ɳɶɐɳǸɶṞ ǸʬǸɅ ɶǸʬɐȺʔʌȡɐɅǍɶʳṞ ǍɳɳɶɐǍǪțǸɾ ṳᶱᶯṴṣ ÿțɶɐʔȓț ɅǍʌȡʬǸ ȡɅẁɅǸʌʭɐɶȶ ǪǍǪțȡɅȓ ǍɅǱ ɅǍɃǸẁ
ǩǍɾǸǱ ȒɐɶʭǍɶǱȡɅȓṞ ȡɅȒɐɶɃǍʌȡɐɅẁǪǸɅʌɶȡǪ ɅǸʌʭɐɶȶȡɅȓ ṵu>¸Ṷ ǪǍɅ ȒǍǪȡȺȡʌǍʌǸ ʌțǸ ɐɶǪțǸɾʌɶǍʌȡɐɅ ɐȒ 
ǱȡɾʌɶȡǩʔʌǸǱ !u ǪɐɃɳɐɅǸɅʌɾ Ǎɾ ǸǍɶȺʳ ǍɶȓʔǸǱ ȡɅ ṳᶱᶰṴṳᶱᶱṴ ǍɅǱ ɶǸǪǸɅʌȺʳ ȡɅʬǸɾʌȡȓǍʌǸǱ ǍȺɾɐ ȡɅ ṳᶱᶲṴṣ ÿțǸɶǸṞ 
ʌțǸ ȡɅʌǸɶɳȺǍʳ ǩǸʌʭǸǸɅ ñE¸ ǍɅǱ u>¸ ȡɾ ɾʔȓȓǸɾʌǸǱ ʌɐ ɾʔɳɳɐɶʌ Ǎ ɅǸʌʭɐɶȶ ɐȒ ȡɅʌǸȺȺȡȓǸɅǪǸṣ ÃʬǸɶǍȺȺṞ țɐʭ 
ʌɐ ɶǸẁǸɅȓȡɅǸǸɶ ʌțǸ ɅǸʌʭɐɶȶ ʌɐ ɾʔɳɳɐɶʌ !u ɅǸǸǱɾ ʌɐ ǩǸ ȒʔȺȺʳ ʔɅʬǸȡȺǸǱṣ 

ÿțǸ ǍȒɐɶǸɃǸɅʌȡɐɅǸǱ ʌɶǸɅǱɾ ǍɶǸ ʭǸȺȺ ǱǸɾǪɶȡǩǸǱ ȡɅ ʌțǸ ɶǸǪǸɅʌ ɾʔɶʬǸʳ ȡɅ ṳᶵᶯṴṣ ÿțǸɶǸ ɅǸʌʭɐɶȶȡɅȓ 
ɾɐȺʔʌȡɐɅɾ ȡɅ ʌțǸ ȺȡʌǸɶǍʌʔɶǸṞ ɶǍɅȓȡɅȓ ȒɶɐɃ ʌțǸ ɶǍǱȡɐ ɾǸȓɃǸɅʌ ʌɐ ʌțǸ ǪɐɶǸṞ ǍȡɃǸǱ Ǎʌ ȡɃɳɶɐʬȡɅȓ ʌțǸ 
ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ǱȡɾʌɶȡǩʔʌȡɅȓ ȡɅʌǸȺȺȡȓǸɅǪǸ ʌțɶɐʔȓțɐʔʌ ʌțǸ ǪȺɐʔǱẁʌɐẁʌțȡɅȓɾ ǪɐɅʌȡɅʔʔɃ ǍɶǸ ǪɶȡʌȡǪǍȺȺʳ 
ɾǪǍɅɅǸǱ ǍɅǱ ȓʔȡǱǸȺȡɅǸɾ ǍɶǸ ɳɶɐʬȡǱǸǱ Ȓɐɶ ʌțǸ ǱǸɾȡȓɅ ɐȒ Ǎ ẌȒʔʌʔɶǸ ɅǸʌʭɐɶȶ Ȓɐɶ ǱȡɾʌɶȡǩʔʌǸǱ uɅʌǸȺȺȡȓǸɅǪǸṦṣ 

7.2.3.4  AI -as-a-service  

ÿțǸ ɃǍȲɐɶȡʌʳ ɐȒ ǸǱȓǸ ɾɐȺʔʌȡɐɅɾ ǸɃǩǸǱǱȡɅȓ !u ǪǍɳǍǩȡȺȡʌȡǸɾ ɶǸȺʳ ɃǍȡɅȺʳ ɐɅ ǪɐɃɳȺǸʲ ñʳɾʌǸɃɾ ɐɅ >țȡɳɾ 
ṵñɐ>ɾṶṞ ʭȡʌț ɾɐɳțȡɾʌȡǪǍʌǸǱ ǍɶǪțȡʌǸǪʌʔɶǸɾṞ ɶǸɵʔȡɶȡɅȓ ǱǸǱȡǪǍʌǸǱ țǍɶǱʭǍɶǸ ǍǪǪǸȺǸɶǍʌɐɶɾ ǍɅǱ țʔȓǸ 
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ɃǸɃɐɶʳ ɶǸɵʔȡɶǸɃǸɅʌɾṣ !ȺʌǸɶɅǍʌȡʬǸɾ ǍɶǸ gæẁgæĆɾṞ fæg!ẏɾṞ ɐɶ ɳɐʭǸɶȒʔȺ ɃʔȺʌȡẁǪɐɶǸ ǱǸʬȡǪǸɾ ṳᶱᶳṴṣ 
!Ⱥʌțɐʔȓț ʌțǸ ɅʔɃǩǸɶ ǍɅǱ ʬǍɶȡǸʌʳ ɐȒ ʌțǸɾǸ ǍǪǪǸȺǸɶǍʌɐɶɾ ǍɶǸ ȡɅǪɶǸǍɾȡɅȓṞ ʌțǸʳ ǍɶǸ ʌʳɳȡǪǍȺȺʳ ǱǸɾȡȓɅǸǱ 
Ȓɐɶ ɾɳǸǪȡȒȡǪ !u ǍȺȓɐɶȡʌțɃɾṞ țǸɅǪǸ ȡɅʌɶɐǱʔǪȡɅȓ ǍǱǱȡʌȡɐɅǍȺ ǪɐɃɳȺǸʲȡʌʳ Ȓɐɶ ɳȺǍʌȒɐɶɃ ǍǩɾʌɶǍǪʌȡɐɅɾṣ 
¶ɐɶǸɐʬǸɶṞ !u ǍȺȓɐɶȡʌțɃɾ ǍɶǸ ʌʳɳȡǪǍȺȺʳ ʌȡȓțʌȺʳ ǪɐʔɳȺǸǱ ʌɐ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ʌțǍʌ ǸʲɳȺɐȡʌɾ ʌțǸɃṞ ɾɐ 
țȡɅǱǸɶȡɅȓ ʌțǸ ɳɶɐʬȡɾȡɐɅȡɅȓ ɐȒ ʌțǸ ɾǍɃǸ ɐȒȒǸɶǸǱ ɾǸɶʬȡǪǸ ʌɐ ɐʌțǸɶ ǍɳɳȺȡǪǍʌȡɐɅɾṣ 

ĆɅȺȡȶǸ ǪǸɅʌɶǍȺȡʽǸǱ ǱǸɳȺɐʳɃǸɅʌɾṞ ǱȡɾʌɶȡǩʔʌǸǱ !u ɾɐȺʔʌȡɐɅɾ ɃǍʳ ɾʔȒȒǸɶ ȒɶɐɃ ȡɅʌǸɶɐɳǸɶǍǩȡȺȡʌʳ ȡɾɾʔǸɾṞ ǱʔǸ 
ʌɐ ȒɶǍȓɃǸɅʌǸǱ ǍɅǱ ɃǍȡɅȺʳ ǍɳɳȺȡǪǍʌȡɐɅẁɾɳǸǪȡȒȡǪ ɾɐȺʔʌȡɐɅɾ ṳᶯᶳṴṣ ÿɐ ǪȡɶǪʔɃʬǸɅʌ ʌțȡɾ ȡɾɾʔǸṞ ȡʌ ȡɾ ǪɶʔǪȡǍȺ ʌɐ 
ɾǸʌ ʔɳ ɃǸǪțǍɅȡɾɃɾ ʌɐ ȡǱǸɅʌȡȒʳ ǍɅǱ ǱȡɾǪɐʬǸɶ !u ǪɐɃɳɐɅǸɅʌɾ ǍɅǱ ǩʔȡȺǱ ȡɅʌǸȺȺȡȓǸɅʌ ǍɳɳȺȡǪǍʌȡɐɅɾ ʔɳɐɅ 
ʌțǸɃ ǍɾṞ Ȓɐɶ ȡɅɾʌǍɅǪǸ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶱᶴṴṣ ÿțǸɶǸṞ Ǎ ʬȡɶʌʔǍȺȡʽǍʌȡɐɅ ȺǍʳǸɶ ȡɾ ǱǸɾȡȓɅǸǱ ʭțȡǪț ȡɾ țɐɾʌǸǱ Ǎʌ ʌțǸ 
ɅǸʌʭɐɶȶ ǸǱȓǸ ǍɅǱ ȡɾ ȡɅ ǪțǍɶȓǸ ɐȒ ʌțǸ ɾǸɃǍɅʌȡǪ ǱǸɾǪɶȡɳʌȡɐɅ ɐȒ !u ɾǸɶʬȡǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɅǸǸǱǸǱ Ȓɐɶ 
ǍʔȓɃǸɅʌȡɅȓ ʌțǸȡɶ ǪɐȓɅȡʌȡʬǸ ǪǍɳǍǩȡȺȡʌȡǸɾṣ uɅ ɾʔǪț ǱǸɳȺɐʳɃǸɅʌɾ ʌțǸ ɳɶɐʬȡɾȡɐɅ ɐȒ !u ɾǸɶʬȡǪǸɾ ǪɐʔȺǱ ǩǸ 
ǱɐɅǸ ǩʳ ʌțȡɶǱ ɳǍɶʌʳ ǸɅʌȡʌȡǸɾ ɐɅ ǱǸɃǍɅǱ ǍȺȺǸʬȡǍʌȡɅȓ ʌțǸ ɅǸǸǱ ɐȒ ȡɅẁțɐʔɾǸ !u ǪɐɃɳɐɅǸɅʌ ǩʔȡȺǱȡɅȓ 
ǪǍɳǍǩȡȺȡʌȡǸɾṣ 

7.2.3.5 AI Towards Green Communications  

ÃʬǸɶ ʌțǸ ɶǸǪǸɅʌ ʳǸǍɶɾṞ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ȡɅ ʭȡɶǸȺǸɾɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɅǸʌʭɐɶȶɾ țǍɾ ǩǸǸɅ ʌțǸ ɳɶȡɃǍɶʳ 
ȒɐǪʔɾ Ȓɐɶ Ǎ ɅʔɃǩǸɶ ɐȒ ɶǸɾǸǍɶǪț ɾʌʔǱȡǸɾṞ ǍǱǱɶǸɾɾȡɅȓ ʌțǸ ɳɶɐǩȺǸɃ ȒɶɐɃ ǱȡȒȒǸɶǸɅʌ ɳǸɶɾɳǸǪʌȡʬǸɾ ʌțɶɐʔȓț 
ʌțǸ ǸʲɳȺɐȡʌǍʌȡɐɅ ɐȒ ɶǸɾɐʔɶǪǸ ɐɶǪțǸɾʌɶǍʌȡɐɅṞ ǪɐɃɳʔʌǍʌȡɐɅ ɐȒȒȺɐǍǱȡɅȓṞ Ǎɾ ʭǸȺȺ Ǎɾ ȺɐǍǱ ǩǍȺǍɅǪȡɅȓ 
ɾʌɶǍʌǸȓȡǸɾṣ  

! ɾʔǩɾǸʌ ɐȒ ɶǸɾǸǍɶǪț ʭɐɶȶɾ ȡɾ ʌǍǪȶȺȡɅȓ ʌțǸ ɳɶɐǩȺǸɃ ɐȒ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳṞ ǪɐɅɾȡǱǸɶȡɅȓ ȓǸɅǸɶȡǪ ṵɅɐɅẁ
f¬ ɶǸȺǍʌǸǱṶ ǪɐɃɳʔʌǍʌȡɐɅ ʌǍɾȶɾ ṳᶶᶲṴẁṳᶶᶶṴṣ uɅ ṳᶶᶲṴṞ ʌțǸ Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸ ɅɐʬǸȺ ʔɾǸɶ ǪɐɐɳǸɶǍʌȡɐɅ 
ǍɳɳɶɐǍǪțǸɾṞ ǪɐɅɾȡǱǸɶȡɅȓ ʌʭɐ ǪɐɃɳʔʌǍʌȡɐɅ ɐȒȒȺɐǍǱȡɅȓ ɾǪțǸɃǸɾ Ȓɐɶ ¶ɐǩȡȺǸ MǱȓǸ >ɐɃɳʔʌȡɅȓ ṵ¶M>Ṷ 
ɾʳɾʌǸɃɾṣ ÿțǸ ɳɶɐɳɐɾǸǱ ǍɳɳɶɐǍǪțǸɾ ȡɃɳɶɐʬǸ ʌțǸ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ Ȓɐɶ ȺǍʌǸɅǪʳẁǪɐɅɾʌɶǍȡɅǸǱ 
ǪɐɃɳʔʌǍʌȡɐɅṞ ǩʳ ȲɐȡɅʌȺʳ ɐɳʌȡɃȡʽȡɅȓ ʌțǸ ǍʬǍȡȺǍǩȺǸ ǪɐɃɳʔʌǍʌȡɐɅ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸɾɐʔɶǪǸɾṣ 
įțǍɅȓ Ǹʌ ǍȺṣ ȡɅ ṳᶶᶳṴ ȡɅʌɶɐǱʔǪǸ ǍɅ ȡɃɳɶɐʬǸǱ ñ!> ṵuñ!>Ṷ ǍȺȓɐɶȡʌțɃ ʌɐʭǍɶǱɾ Ǎ ȲɐȡɅʌ ɐɳʌȡɃȡʽǍʌȡɐɅ ɐȒ 
ɳǍɶʌȡǍȺ ʌǍɾȶ ɐȒȒȺɐǍǱȡɅȓ ǍɅǱ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ǱǸǪȡɾȡɐɅɾṞ ǍɃɐɅȓ ʬǍɶȡɐʔɾ uɅǱʔɾʌɶȡǍȺ uɅʌǸɶɅǸʌ ɐȒ ÿțȡɅȓɾ 
ṵuuɐÿṶ ǱǸʬȡǪǸɾṣ !ɅɐʌțǸɶ ʭɐɶȶ ṳᶶᶴṴ ɳɶǸɾǸɅʌɾ Ǎ ȶɅɐʭȺǸǱȓǸ ɳȺǍɅǸẁǩǍɾǸǱ ¶!¸Ã ȒɶǍɃǸʭɐɶȶṞ ʔɾȡɅȓ Ǎ ʌʭȡɅẁ
ǱǸȺǍʳǸǱ ǱɐʔǩȺǸẁè ɾɐȒʌ !Ǫʌɐɶẁ>ɶȡʌȡǪ ṵÿEñ!>Ṷ ɃǸʌțɐǱ ʌɐʭǍɶǱɾ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǍɅǱ ĞȡɶʌʔǍȺ 
¸Ǹʌʭɐɶȶ fʔɅǪʌȡɐɅ ṵĞ¸fṶ ȡɅɾʌǍɅʌȡǍʌȡɐɅ Ǫɐɾʌ ɃȡɅȡɃȡʽǍʌȡɐɅṣ uɅ ṳᶶᶵṴṞ ʌțǸ Ǎʔʌțɐɶɾ ɳɶɐɳɐɾǸ Ǎ èẁȺǸǍɶɅȡɅȓ 
ǍɅǱ EɐʔǩȺǸ EǸǸɳ è ¸Ǹʌʭɐɶȶɾ ṵEEè¸ṶẁǩǍɾǸǱ ɃǸʌțɐǱ ʌɐ ǱǸʌǸɶɃȡɅǸ ʌțǸ ȲɐȡɅʌ ɳɐȺȡǪʳ ɐȒ ǪɐɃɳʔʌǍʌȡɐɅ 
ɐȒȒȺɐǍǱȡɅȓ ǍɅǱ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ȡɅ Ǎ ǱʳɅǍɃȡǪ ɃʔȺʌȡẁʔɾǸɶ ¶M> ɾʳɾʌǸɃṣ !ȺèǸɶɃ Ǹʌ ǍȺṣ ȡɅ ṳᶶᶶṴṞ 
ɳɶɐɳɐɾǸ Ǎ ɅɐʬǸȺ ȡɅʌʔȡʌȡʬǸ ɐɅȺȡɅǸ ɶǸȡɅȒɐɶǪǸɃǸɅʌ ȺǸǍɶɅȡɅȓ ɃǸʌțɐǱɐȺɐȓʳṞ ȡɅ ɐɶǱǸɶ ʌɐ ǱǸʌǸɶɃȡɅǸ ʌțǸ 
Ƀɐɾʌ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅʌ ʌɶǍȒȒȡǪ ɐȒȒȺɐǍǱȡɅȓ ɾʌɶǍʌǸȓʳṣ  

!ǱǱȡʌȡɐɅǍȺȺʳṞ ʌțǸɶǸ ȡɾ Ǎ ɅʔɃǩǸɶ ɐȒ ɳɶɐɳɐɾǸǱ ɾɐȺʔʌȡɐɅɾ ʌțǍʌ ǪɐɅɾȡǱǸɶ ǍɅ f¬ ɳɶɐǪǸɾɾ Ǎɾ Ǎ ʔɾǸ ǪǍɾǸṞ 
ʌǍɶȓǸʌȡɅȓ ʌɐ ǍǱǱɶǸɾɾ ǸɅǸɶȓʳẁɶǸȺǍʌǸǱ ǪțǍȺȺǸɅȓǸɾ ṳᶶᶷṴẁṳᶷᶵṴṣ ÿțǸ ʭɐɶȶ ȡɅ ṳᶶᶷṴ ɳɶǸɾǸɅʌɾ Ǎ ɅɐʬǸȺ 
ȒɶǍɃǸʭɐɶȶ ʌțǍʌ ʌǍɶȓǸʌɾ ʌɐ ɃȡɅȡɃȡʽǸ ʌțǸ ɐʬǸɶǍȺȺ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ Ǎ fǸǱǸɶǍʌǸǱ MǱȓǸ 
uɅʌǸȺȺȡȓǸɅǪǸ ṵfMuṶẁɾʔɳɳɐɶʌǸǱ uɐÿ ɅǸʌʭɐɶȶṞ ʌțɶɐʔȓț ʌțǸ ȲɐȡɅʌ ɐɳʌȡɃȡʽǍʌȡɐɅ ɐȒ ɃʔȺʌȡɳȺǸ ȶǸʳ ɳǍɶǍɃǸʌǸɶɾṞ 
ʔɾȡɅȓ ʌțǸ !ȺʌǸɶɅǍʌǸ >ɐɅʬǸʲ ñǸǍɶǪț ṵ!>ñṶ ǍȺȓɐɶȡʌțɃṣ ÿțǸ Ǎʔʌțɐɶɾ ȡɅ ṳᶷᶲṴ ɳɶɐɳɐɾǸ Ǎ ȲɐȡɅʌ ɶǸɾɐʔɶǪǸ 
ǍȺȺɐǪǍʌȡɐɅ ɾǪțǸɃǸ Ȓɐɶ ǸȒȒȡǪȡǸɅʌ f¬ ȡɅ uɐÿṞ ǍȡɃȡɅȓ Ǎʌ ʌțǸ ɃȡɅȡɃȡʽǍʌȡɐɅ ɐȒ ʌțǸ ɾʳɾʌǸɃ ǍɅǱ ȺǸǍɶɅȡɅȓ Ǫɐɾʌɾ 
ǩʳ ȲɐȡɅʌȺʳ ɐɳʌȡɃȡʽȡɅȓ ǩǍɅǱʭȡǱʌțṞ ǪɐɃɳʔʌǍʌȡɐɅ ȒɶǸɵʔǸɅǪʳṞ ʌɶǍɅɾɃȡɾɾȡɐɅ ɳɐʭǸɶ ǍȺȺɐǪǍʌȡɐɅ ǍɅǱ ɾʔǩẁ
ǪǍɶɶȡǸɶ ǍɾɾȡȓɅɃǸɅʌṣ ¶ɐ Ǹʌ ǍȺṣ ṳᶷᶱṴ ȒɐǪʔɾ ɐɅ ɃȡɅȡɃȡʽȡɅȓ ʌțǸ ʌɐʌǍȺ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ Ǎ ȒǸǱǸɶǍʌǸǱ 
ǸǱȓǸ ȺǸǍɶɅȡɅȓ ɾʳɾʌǸɃṞ ɾʔǩȲǸǪʌ ʌɐ Ǎ ɃǍʲȡɃʔɃ ʌɶǍȡɅȡɅȓ ǱǸȺǍʳ ǪɐɅɾʌɶǍȡɅʌṞ ǩʳ ɐɳʌȡɃȡʽȡɅȓ ǩɐʌț ʌțǸ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ǪɐɃɳʔʌǍʌȡɐɅ ɶǸɾɐʔɶǪǸɾṞ ʔɾȡɅȓ ʌțǸ ʌǸǪțɅȡɵʔǸɾ ȒɶɐɃ ǪɐɅʬǸʲ ɐɳʌȡɃȡʽǍʌȡɐɅṣ 
!ɅɐʌțǸɶ ʭɐɶȶ ṳᶷᶮṴṞ ɳɶɐɳɐɾǸɾ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ ɾʌɶǍʌǸȓȡǸɾ Ȓɐɶ ǩǍɅǱʭȡǱʌț ǍȺȺɐǪǍʌȡɐɅ ǍɅǱ ɾǪțǸǱʔȺȡɅȓ ɾɐ 
Ǎɾ ʌɐ ɶǸǱʔǪǸ ʌțǸ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ʭțȡȺǸ ʭǍɶɶǍɅʌȡɅȓ ȺǸǍɶɅȡɅȓ ɳǸɶȒɐɶɃǍɅǪǸ ȡɅ Ǎ ȒǸǱǸɶǍʌǸǱ ǸǱȓǸ 
ȺǸǍɶɅȡɅȓ ṵfMM¬Ṷ ȒɶǍɃǸʭɐɶȶṣ uɅ ṳᶷᶳṴṞ ʌțǸ Ǎʔʌțɐɶɾ ȒɐɶɃʔȺǍʌǸ Ǎ ȲɐȡɅʌ ȺǸǍɶɅȡɅȓ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ɳɶɐǩȺǸɃ Ǎɾ ǍɅ ɐɳʌȡɃȡʽǍʌȡɐɅ ɳɶɐǩȺǸɃ Ȓɐɶ f¬ ǍɅǱ Ǎ ǩȡɾǸǪʌȡɐɅẁǩǍɾǸǱ ǍȺȓɐɶȡʌțɃ ȡɾ ɳɶɐɳɐɾǸǱṞ ʭțɐɾǸ 
ȓɐǍȺ ȡɾ ʌɐ ɃȡɅȡɃȡʽǸ ʌțǸ ʌɐʌǍȺ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ɐȒ ʌțǸ ɾʳɾʌǸɃ ʔɅǱǸɶ Ǎ ȺǍʌǸɅǪʳ ǪɐɅɾʌɶǍȡɅʌṣ 

įțǍɅȓ Ǹʌ ǍȺṣ ṳᶷᶯṴ ɳɶǸɾǸɅʌ ǍɅ ǸɅǸɶȓʳẁǸȒȒȡǪȡǸɅʌ f¬ ȒɶǍɃǸʭɐɶȶ Ȓɐɶ EȡȓȡʌǍȺ ÿʭȡɅ ṵEÿṶẁǸɅǍǩȺǸǱ uuɐÿ ʌțǍʌ 
ǸʲɳȺɐȡʌɾ Ǎ EEè¸Ṟ ȡɅ ɐɶǱǸɶ ʌɐ ȲɐȡɅʌȺʳ ɐɳʌȡɃȡʽǸ ʌɶǍȡɅȡɅȓ ɾʌɶǍʌǸȓȡǸɾ ǍɅǱ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅṞ ǪɐɅɾȡǱǸɶȡɅȓ 
Ǎ ǱʳɅǍɃȡǪ ǸɅʬȡɶɐɅɃǸɅʌṣ !ɅɐʌțǸɶ ʭɐɶȶ ṳᶷᶰṴṞ ʌțɶɐʔȓț ʌțǸ ʔɾǸ ɐȒ Ǎ æɶɐʲȡɃǍȺ æɐȺȡǪʳ ÃɳʌȡɃȡʽǍʌȡɐɅ 
ṵææÃṶẁǩǍɾǸǱ ǍǪʌɐɶẁǪɶȡʌȡǪ ɃǸʌțɐǱṞ ʌǍɶȓǸʌɾ ʌțǸ ǸɅǸɶȓʳ ǸȒȒȡǪȡǸɅǪʳ ȡɃɳɶɐʬǸɃǸɅʌ ɐȒ f¬Ṟ ǩʳ ȲɐȡɅʌȺʳ 
ɃȡɅȡɃȡʽȡɅȓ ʌțǸ ȺǸǍɶɅȡɅȓ ʌȡɃǸ ǍɅǱ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅṣ ÿțǸ Ǎʔʌțɐɶɾ ȡɅ ṳᶷᶴṴ ǸʲɳȺɐȡʌ ʌțǸ ɃǸɶȡʌɾ ɐȒ 
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¶ʔȺʌȡẁ!ȓǸɅʌ EǸǸɳ EǸʌǸɶɃȡɅȡɾʌȡǪ æɐȺȡǪʳ gɶǍǱȡǸɅʌ ṵ¶!EEægṶṞ ȡɅ ǍɅ ǍʌʌǸɃɳʌ ʌɐ ǍǱǱɶǸɾɾ ʌțǸ 
ǪțǍȺȺǸɅȓǸɾ ɳɐɾǸǱ ǩʳ ǍǱɐɳʌȡɅȓ f¬ ȡɅʌɐ ʌțǸ uɅʌǸɶɅǸʌ ɐȒ ĞǸțȡǪȺǸɾ ṵuɐĞṶ ɾǪǸɅǍɶȡɐṣ ÿțǸʳ ǱǸɾȡȓɅ Ǎ ɃɐǩȡȺȡʌʳ 
ɾʔɳɳɐɶʌǸǱ f¬ ɳǍɶʌȡǪȡɳǍɅʌ ǱǸǪȡɾȡɐɅ ǍȺȓɐɶȡʌțɃṞ ʭțȡǪț ȡɾ ȒɐȺȺɐʭǸǱ ǩʳ Ǎ ȲɐȡɅʌ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ 
ɳɶɐǩȺǸɃ ʌǍɶȓǸʌȡɅȓ ʌɐ ɐɳʌȡɃȡʽǸ ʌțǸ f¬ ǪɐɃɳʔʌǍʌȡɐɅ ǍɅǱ ǪɐɃɃʔɅȡǪǍʌȡɐɅ Ǫɐɾʌɾṣ ¸ȓʔʳǸɅ Ǹʌ ǍȺṣ ṳᶷᶵṴ 
ɳɶɐɳɐɾǸ Ǎ EǸǸɳ è ¬ǸǍɶɅȡɅȓ ṵEè¬Ṷ ǍȺȓɐɶȡʌțɃ ǪɐɅǪǸɶɅȡɅȓ ʌțǸ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅṞ ȡɅ Ǎ ɃɐǩȡȺȡʌʳẁǍʭǍɶǸ 
f¬ ɅǸʌʭɐɶȶṞ ʭțȡǪț ǍȡɃɾ ʌɐ ɃǍʲȡɃȡʽǸ ʌțǸ ɅʔɃǩǸɶ ɐȒ ɾʔǪǪǸɾɾȒʔȺ ʌɶǍɅɾɃȡɾɾȡɐɅɾṞ ʭțȡȺǸ ɃȡɅȡɃȡʽȡɅȓ ʌțǸ 
ǸɅǸɶȓʳ ǍɅǱ ǪțǍɅɅǸȺ Ǫɐɾʌɾṣ 

7.3 Ongoing research  

7.3.1 Distributed Privacy Aware Learning Framework for QoS Prediction  

=ǸʳɐɅǱ ᶳg ɅǸʌʭɐɶȶɾ ǩɶȡɅȓ Ǎ ɅǸʭ ǸɶǍ ȡɅ ɾʳɾʌǸɃ ǍʔʌɐɃǍʌȡɐɅṞ ǩʳ ȡɅʌɶɐǱʔǪȡɅȓ ɅǸʭ ǍɅǱ ǱǸɃǍɅǱȡɅȓṞ 
ȡɅ ʌǸɶɃɾ ɐȒ èʔǍȺȡʌʳ ɐȒ ñǸɶʬȡǪǸ ṵèɐñṶ ʔɾǸ ǪǍɾǸɾ ǍɅǱ ǍɳɳȺȡǪǍʌȡɐɅɾṣ æɶǸǱȡǪʌȡɅȓ ʌțǸ èɐñ Ȓɐɶ ǸɅǱ ʔɾǸɶɾ ȡɅ 
Ǎ ʌȡɃǸȺʳ ɃǍɅɅǸɶ ǍɅǱ ǸɅǍǩȺȡɅȓ ɾǸɶʬȡǪǸ ǍǱǍɳʌǍʌȡɐɅ ɃǸʌțɐǱɾ ʌɐ ɶǸǍǪʌ ȡɅ ǍǱʬǍɅǪǸ ȡɅ ǪǍɾǸ ɐȒ èɐñ 
ǱǸȓɶǍǱǍʌȡɐɅ ȡɾ ɐȒ țȡȓț ȡɃɳɐɶʌǍɅǪǸṞ ǸɾɳǸǪȡǍȺȺʳ Ȓɐɶ ɾǍȒǸʌʳẁǪɶȡʌȡǪǍȺ ǍɳɳȺȡǪǍʌȡɐɅɾ ɾʔǪț Ǎɾ ȡɅ ʬǸțȡǪʔȺǍɶ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅɾṣ uɅ ɳǍɶǍȺȺǸȺṞ ʌțǸ ʔɾǸ ɐȒ !u țǍɾ ǩǸǸɅ ɶǸǪɐȓɅȡʽǸǱ Ǎɾ Ǎ ȶǸʳ ǸɅǍǩȺǸɶ ȡɅ ȒʔʌʔɶǸ ʭȡɶǸȺǸɾɾ 
ɅǸʌʭɐɶȶɾ ǩʳ ǩɐʌț uɅǱʔɾʌɶʳ ǍɅǱ !ǪǍǱǸɃȡǍ ṳᶳᶰṴṣ ñɐ ȒǍɶṞ ɃǍȡɅȺʳ ǪǸɅʌɶǍȺȡʽǸǱ !u ǍɳɳɶɐǍǪțǸɾ 
ṳᶳᶱṴṳᶳᶲṴṳᶳᶳṴṳᶳᶴṴṳᶳᶵṴṳᶳᶶṴ țǍʬǸ ǩǸǸɅ ǸɃɳȺɐʳǸǱ Ȓɐɶ èɐñ ɳɶǸǱȡǪʌȡɐɅṞ ɶǸɵʔȡɶȡɅȓ ǱǍʌǍ ʌɶǍɅɾȒǸɶɾ ȒɶɐɃ ɾɐʔɶǪǸ 
ǱǸʬȡǪǸɾ ʌɐ ǪǸɅʌɶǍȺȺʳ ȺɐǪǍʌǸǱ ǱǍʌǍ ǪǸɅʌɶǸɾ ǍɅǱṞ ʌțʔɾṞ ɾʔȒȒǸɶȡɅȓ ȒɶɐɃ ǱǍʌǍ ɳɶȡʬǍǪʳṞ ǪɐɃɳʔʌǍʌȡɐɅǍȺ 
ǪɐɃɳȺǸʲȡʌʳ ǍɅǱ ɐɳǸɶǍʌȡɐɅǍȺ Ǫɐɾʌɾṣ !ȺʌǸɶɅǍʌȡʬǸ !u ɾɐȺʔʌȡɐɅɾ țǍʬǸ ǍȺɾɐ ɶǸǪǸɅʌȺʳ ǩǸǸɅ ǸɃǸɶȓǸǱ ṵǸṣȓṣ ñɳȺȡʌ 
¬ǸǍɶɅȡɅȓṞ fǸǱǸɶǍʌǸǱ ¬ǸǍɶɅȡɅȓṶṞ ǱȡɾʌɶȡǩʔʌȡɅȓ !u ɶǸȺǍʌǸǱ ʌǍɾȶɾ ɐȒ ɶǸǱʔǪǸǱ ǪɐɃɳʔʌǍʌȡɐɅǍȺ ǪɐɃɳȺǸʲȡʌʳ 
ṵǸṣȓṣ ȺɐǪǍȺ ʌɶǍȡɅȡɅȓṶ ʌɐ Ǎ ɅʔɃǩǸɶ ɐȒ ṵȡɅ ȓǸɅǸɶǍȺ țǸʌǸɶɐȓǸɅǸɐʔɾṶ ǱǸʬȡǪǸɾṞ ʭțȡȺǸ ǸʲɳȺɐȡʌȡɅȓ ȺɐǪǍȺȺʳ ɾʌɐɶǸǱ 
ǱǍʌǍɾǸʌɾ ǍɅǱ ǍʬɐȡǱȡɅȓ ǍɅʳ ɶǍʭ ǱǍʌǍ ǸʲǪțǍɅȓǸɾ ṳᶳᶷṴṣ 

ÿțǸ ǩǸɅǸȒȡʌɾ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ǍɶǸ ʭǸȺȺ ʔɅǱǸɶɾʌɐɐǱ ǩʔʌ ǪǍɅ ǩǸ ȓǍȡɅǸǱ Ǎɾ ȺɐɅȓ Ǎɾ ɾɐɃǸ 
ɾȡȓɅȡȒȡǪǍɅʌ ǪțǍȺȺǸɅȓǸɾ ǍɶǸ ǍǱǱɶǸɾɾǸǱṞ ɶǸȺǍʌǸǱ ʌɐ ǱȡɾʌɶȡǩʔʌȡɅȓ !u ȡɅ ʭȡɶǸȺǸɾɾ ɅǸʌʭɐɶȶɾṣ ÃɅǸ ɐȒ ʌțǸ 
ɃǍȲɐɶ ǪțǍȺȺǸɅȓǸɾ ʌɐʭǍɶǱɾ ǍɅ ǸȒȒǸǪʌȡʬǸ ȺǸǍɶɅȡɅȓ ȡɾ ȒǍǪʌɐɶȡɅȓ ȡɅ ǱǸʬȡǪǸ țǸʌǸɶɐȓǸɅǸȡʌʳṞ ȡɅ ʌǸɶɃɾ ɐȒ ǱǍʌǍ 
ʌʳɳǸɾṞ ǱǍʌǍ ǱȡɾʌɶȡǩʔʌȡɐɅṞ ǍɅǱ ǪɐɃɳʔʌǍʌȡɐɅǍȺ ǪǍɳǍǩȡȺȡʌȡǸɾṨ ɃɐǱǸȺ țǸʌǸɶɐȓǸɅǸȡʌʳ ɃǍʳ ǍȺɾɐ ǩǸ ɳɶǸɾǸɅʌ 
ǱʔǸ ʌɐ ɳɐɾɾȡǩȺǸ ʬǍɶȡǍʌȡɐɅɾ ȡɅ ɃɐǱǸȺ ǍɶǪțȡʌǸǪʌʔɶǍȺ ɐɳʌȡɐɅɾṣ ÿțǸ ǪțǍȺȺǸɅȓǸ ȡɅ ʌțȡɾ ǪǍɾǸ ȡɾ ʌɐ ɾʌɶȡȶǸ Ǎ 
ȓɐɐǱ ǩǍȺǍɅǪǸ ǩǸʌʭǸǸɅ ʌțǸ ȺǸʬǸȺ ɐȒ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ țǸʌǸɶɐȓǸɅǸɐʔɾ ɃɐǱǸȺ ǍɶǪțȡʌǸǪʌʔɶǸɾ ǍɅǱ ȺǸǍɶɅȡɅȓ 
ǸȒȒǸǪʌȡʬǸɅǸɾɾṣ ÿțǸ ȺǍʌʌǸɶ ɅǸǪǸɾɾȡʌǍʌǸɾ ʌțǸ ȡɅʬǸɾʌȡȓǍʌȡɐɅ Ȓɐɶ ɃɐǱǸȺ ǍȓȓɶǸȓǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ǪǍɳǍǩȺǸ ɐȒ 
ɳɶɐǱʔǪȡɅȓ ɶɐǩʔɾʌ ǍɅǱ ʭǸȺȺ ɳǸɶȒɐɶɃȡɅȓ ɃɐǱǸȺɾṞ ǸɾɳǸǪȡǍȺȺʳ ȡɅ ǪǍɾǸɾ ɐȒ ǪɶȡʌȡǪǍȺ ɾǸɶʬȡǪǸɾ ǍɅǱ 
ǍɳɳȺȡǪǍʌȡɐɅɾ ʭȡʌț ɾʌɶȡɅȓǸɅʌ èɐñ ɶǸɵʔȡɶǸɃǸɅʌɾṣ uɅ ǍǱǱȡʌȡɐɅṞ ʭǍʳɾ ʌɐ ǪɐɳǸ ʭȡʌț ʌțǸ ǍɅʌȡǪȡɳǍʌǸǱ 
ȡɅǪɶǸǍɾǸǱ ǩʔɶǱǸɅ ɐɅ ɅǸʌʭɐɶȶ ɶǸɾɐʔɶǪǸɾ ǍɶǸ ɅǸǸǱǸǱṝ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ʌʳɳȡǪǍȺȺʳ ɶǸɵʔȡɶǸɾ 
ǪɐɅʌȡɅʔɐʔɾ ɃɐǱǸȺ ʔɳǱǍʌǸ ʌɶǍɅɾɃȡɾɾȡɐɅɾṞ ǪɐɃɳɶȡɾȡɅȓ ɃȡȺȺȡɐɅɾ ɐɶ ǸʬǸɅ ǩȡȺȺȡɐɅɾ ɐȒ ɃɐǱǸȺ ɳǍɶǍɃǸʌǸɶɾṞ 
Ǎ ǩʔɶǱǸɅ ʌțǍʌ ȡɅǪɶǸǍɾǸɾ ɳɶɐɳɐɶʌȡɐɅǍȺȺʳ ʌɐ ʌțǸ ɅʔɃǩǸɶ ɐȒ ǱǸʬȡǪǸɾ ɳǍɶʌȡǪȡɳǍʌȡɅȓ ȡɅ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ !u 
ɃǸǪțǍɅȡɾɃṣ uɅ ʬȡǸʭ ɐȒ ʌțǸ ȺȡɃȡʌǍʌȡɐɅɾ ɐȒ ǪǸɅʌɶǍȺȡʽǸǱ èɐñ ɳɶǸǱȡǪʌȡɐɅ ǍɳɳɶɐǍǪțǸɾ ǍɅǱ ʌțǸ ǪțǍȺȺǸɅȓǸɾ 
ȡɅ ǱǸɳȺɐʳȡɅȓ ǸȒȒǸǪʌȡʬǸȺʳ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓṞ ȡʌ ǩǸǪɐɃǸɾ ǍɳɳǍɶǸɅʌ ʌțǍʌ ɅǸʭ ǍɅǱ ȡɅɅɐʬǍʌȡʬǸ ɾɐȺʔʌȡɐɅɾ 
ǍɶǸ ɶǸɵʔȡɶǸǱ Ȓɐɶ èɐñ ɳɶǸǱȡǪʌȡɐɅ ȡɅ ȒʔʌʔɶǸ ɃɐǩȡȺǸ ɅǸʌʭɐɶȶɾṣ ñʔǪț ɾɐȺʔʌȡɐɅɾ ɾțɐʔȺǱ ǸɅǍǩȺǸ Ǎ ɾǪǍȺǍǩȺǸ 
ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ǸʲǸǪʔʌȡɐɅ ǍǪɶɐɾɾ țǸʌǸɶɐȓǸɅǸɐʔɾ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ ǍɅǱ ɃɐǱǸȺ ǍɶǪțȡʌǸǪʌʔɶǸɾṞ 
ʭțȡȺǸ ǪɐɅʌɶȡǩʔʌȡɅȓ ʌɐ ɳɶȡʬǍǪʳ ɳɶǸɾǸɶʬǍʌȡɐɅ ǍɅǱ ǸɅɾʔɶȡɅȓ Ǎ ɶɐǩʔɾʌ ɃɐǱǸȺ ɳǸɶȒɐɶɃǍɅǪǸṣ 

¶ɐʌȡʬǍʌǸǱ ǩʳ ʌțǸɾǸ ɐɳǸɅ ǪțǍȺȺǸɅȓǸɾṞ Ǎ ɅɐʬǸȺ ɳɶȡʬǍǪʳẁǍʭǍɶǸ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ǍɳɳɶɐǍǪț ȡɾ 
ɳɶɐɳɐɾǸǱṞ ǱǸɾȡȓɅǍʌǸǱ Ǎɾ Euñÿu¸èÿ ṳᶴᶯṴṞ ǩǍɾǸǱ ɐɅ ɾǸɵʔǸɅǪǸẁʌɐẁɾǸɵʔǸɅǪǸ ǍʔʌɐǸɅǪɐǱǸɶɾṞ ǪǍɳǍǩȺǸ ɐȒ 
ɳɶɐʬȡǱȡɅȓ ǍǪǪʔɶǍʌǸ ɳɶǸǱȡǪʌȡɐɅɾ ʌɐ ǸɅǱ ʔɾǸɶɾ Ȓɐɶ Ǎ ȒʔʌʔɶǸ ʌȡɃǸ țɐɶȡʽɐɅṣ Euñÿu¸èÿ ǪɐɅʌɶȡǩʔʌǸɾ ʌɐ ǱǍʌǍ 
ɳɶȡʬǍǪʳ ɳɶǸɾǸɶʬǍʌȡɐɅ ǩʳ ǱȡɾʌɶȡǩʔʌȡɅȓ ṵǍɃɐɅȓ ǱȡɾʌȡɅǪʌ ɅɐǱǸɾṶ Ǎ ɅʔɃǩǸɶ ɐȒ ¸ǸʔɶǍȺ Ņ̀ʌʭɐɶȶ ṵ¸¸Ṷẁ
MɅǪɐǱǸɶɾṞ ǪǍɳǍǩȺǸ ɐȒ ǸɅǪɐǱȡɅȓ ȡɅɳʔʌ ǱǍʌǍ ȡɅʌɐ Ǎ ɅɐɅẁȺȡɅǸǍɶ ȺǍʌǸɅʌ ɶǸɳɶǸɾǸɅʌǍʌȡɐɅ ǩǸȒɐɶǸ ǍɅʳ 
ʌɶǍɅɾɃȡɾɾȡɐɅṣ Euñÿu¸èÿ ǍȺɾɐ ǍȺȺɐʭɾ ǱȡȒȒǸɶǸɅʌ ǍɶǪțȡʌǸǪʌʔɶǍȺ ɐɳʌȡɐɅɾ Ȓɐɶ ǸǍǪț ¸¸ẁMɅǪɐǱǸɶṞ ǱǸɳǸɅǱȡɅȓ 
ɐɅ ʌțǸ ǱǍʌǍ ʌʳɳǸɾ ǪɐȺȺǸǪʌǸǱ Ǎʌ ʌțǸ ǱȡȒȒǸɶǸɅʌ ɅɐǱǸɾṣ ÿțȡɾ ȒȺǸʲȡǩȡȺȡʌʳ ǸɅǍǩȺǸɾ ʌțǸ ȡɅǪɐɶɳɐɶǍʌȡɐɅ ɐȒ ǱȡʬǸɶɾǸ 
ȶɅɐʭȺǸǱȓǸ ǍɅǱ ɃɐǱǸȺ architectures  ȡɅʌɐ Ǎ ɾɐȺǸ ȺǸǍɶɅȡɅȓ ɳɶɐǪǸɾɾ ʌțǍʌ ʭȡȺȺ ǸɅțǍɅǪǸ ʌțǸ ɶɐǩʔɾʌɅǸɾɾ 
ǍɅǱ ȓǸɅǸɶǍȺȡʽǍʌȡɐɅ ǪǍɳǍǩȡȺȡʌȡǸɾ ɐȒ ʌțǸ ȒȡɅǍȺ èɐñ ɳɶǸǱȡǪʌȡɐɅ ɃɐǱǸȺṣ 
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Figure 21 DISTINQT's Architecture Overview  

¶ɐɶǸ ɾɳǸǪȡȒȡǪǍȺȺʳṞ Figure 21 ǱǸɳȡǪʌɾ Ǎ țȡȓțẁȺǸʬǸȺ ɐʬǸɶʬȡǸʭ ɐȒ ʌțǸ Euñÿu¸èÿṧɾ ¸¸ ǍɶǪțȡʌǸǪʌʔɶǸ ʌțǍʌ ʭȡȺȺ 
ǩǸ ǱȡɾʌɶȡǩʔʌǸǱ ǍɃɐɅȓ ǍȺȺ ȡɅʬɐȺʬǸǱ ɅɐǱǸɾ ɐȒ ǱȡȒȒǸɶǸɅʌ ¸Ǹʌʭɐɶȶ MɅʌȡʌʳ ÿʳɳǸɾ ṵ¸MÿɾṶṣ  

éɐȺǸ !ɾɾȡȓɅɃǸɅʌṝ ÿțǸ Euñÿu¸èÿ ȒɶǍɃǸʭɐɶȶ ȡɾ ɶǸǍȺȡʽǸǱ ȡɅ Ǎ ɾʳɅǪțɶɐɅȡʽǸǱ ɃǍɅɅǸɶṣ !ʌ ʌțǸ ǩǸȓȡɅɅȡɅȓ 
ɐȒ ʌțǸ ȺǸǍɶɅȡɅȓ ɳțǍɾǸṞ ǸǍǪț ¸Mÿ ȡɾ ǍɾɾȡȓɅǸǱ ʭȡʌț ɐɅǸ ɐȒ ʌțǸ ȒɐȺȺɐʭȡɅȓ ɶɐȺǸɾ ǩǍɾǸǱ ɐɅ ǱǍʌǍ ɾǍɃɳȺǸɾ 
ǍʬǍȡȺǍǩȡȺȡʌʳṣ  

¶ Active NET : An active NET holds data samples related with the learning task, as well as the 
set of ground -truth data (i.e. QoS KPI). Only one NET can be assigned this role.  

¶ Passive NET : A passive NET holds data samples related with the learning task, without any 
ground -truth data. Multiple NETs can be passive.  

¶ Coordinator NET : A coordinator NET coordinates the learning process in a synchronized 
manner, by contributing to the learning process with its own data samples, while also 
orchestrating the communication of the involved NETs.  

¶ Local NET Aggregator : A local aggr egator is assigned to each NET by collecting and 
transmitting all the necessary inputs, aggregating and updating the trainable weights of 
the involved nodes  of a specific NET.  

ÿțǸ ɾʌɶʔǪʌʔɶǸ ɐȒ ʌțǸ Euñÿu¸èÿṧɾ ¸¸ ǍɶǪțȡʌǸǪʌʔɶǸ ȡɾ Ǎɾ ȒɐȺȺɐʭɾṝ 

¶ NN -Encoder : Each node  is equipped with one NN -Encoder that may be comprised of 
multiple encoding layers. An NN -Encoder processes an input sequence and encodes it into 
a fixed -length vector, named as context vector, while applying a non -linear activation 
function (e.g. the rectified linear activation function - ReLU). This preserves data privacy, since 
the mapping of the input sequence to a non -linear latent representation is of higher 
complexity and as such cannot be easily reversed by any other worker or snooper  [60] . The 
nodes  of the same NET employ identical NN -Encoders, in terms of number and type of 
encoding layers, as well as number of neurons per layer. The NN -Encoders used by distinct 
NETs may differ in their NN structure, depending on the use case, data types (e.g. visua l, 
aural, numerical), and computational capabilities of the nodes . DISTINQT's flexibility in 
architecture configuration could enable and support a multi -modal learning process. The 
rest of the NN architecture is located at the coordinator NET and incl udes a Merging Layer, 
an NN -Decoder, as well as a number of Hidden Layers.  
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¶ Merging Layer : This layer is responsible for applying a merging function (e.g. summation, 
concatenation, average) to the context vectors produced by all nodes , including the 
coordinator. The merging is pe rformed between interconnected nodes  resided on different 
NETs. 

¶ NN -Decoder : The NN -Decoder is responsible for constructing the future sequence over the 
selected time horizon, based on the output of the Merging Layer. It should be noted that the 
NN -Decoder despite its name, does not attempt to reconstru ct any initial input sequence.  

¶ Hidden Layers : This part of the DISTINQT's architecture includes a set of hidden layers (e.g. 
fully connected), where their number and type could vary, depending on the prediction task.  

¶ Global NN -Encoder : When all NN -Encoders of a NET are updated (trainable parameters)  
during the learning process , the respective Local NET Aggregator produces a global model 
update, named as Global NN -Encoder, by aggregating the updated trainable parameters of 
the corresponding NN -Encoders.  The Global NN -Encoder can integrate collective and 
heterogeneous knowledge from the participating nodes , enhancing the performance, 
convergence speed and the generalization capabilities of our proposed framework.  

ÿțǸ Euñÿu¸èÿ ȒɶǍɃǸʭɐɶȶ ɃɐʌȡʬǍʌǸǱ ʌțǸ ǱǸɾȡȓɅ ǍɅǱ ȡɅʌǸȓɶǍʌȡɐɅ ɐȒ Ǎ èɐñ ɳɶǸǱȡǪʌȡɐɅ ȒʔɅǪʌȡɐɅ ȡɅ Ǎ 
ǱȡɾʌɶȡǩʔʌǸǱ ɃǍɅɅǸɶṞ ʌɶǍɅɾȒǸɶɶȡɅȓ ʌțǸ ȒʔɅǪʌȡɐɅǍȺȡʌʳ ȒɶɐɃ ʌțǸ ǪɐɶǸ ɅǸʌʭɐɶȶ ʌɐ ʌțǸ ǸǱȓǸṞ ʭțǸɶǸ ǸǱȓǸ 
ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾ ǍɅǱ ǸɅǱ ʔɾǸɶɾ ǪɐʔȺǱ ǩǸ ȡɅʬɐȺʬǸǱ ȡɅ ʌțǸ èɐñ ɳɶǸǱȡǪʌȡɐɅ ɳɶɐǪǸɾɾ ȡɅ Ǎ ǪɐȺȺǍǩɐɶǍʌȡʬǸ 
ɃǍɅɅǸɶṣ ñȡɅǪǸ ʌțǸ ǪɐɶǸ ɅǸʌʭɐɶȶ ȡɾ ǱǸǪɐʔɳȺǸǱ ȒɶɐɃ ʌțǸ èɐñ ɳɶǸǱȡǪʌȡɐɅ ɳɶɐǪǸɾɾṞ ʌțǸ ɾȡȓɅǍȺȺȡɅȓ 
ɐʬǸɶțǸǍǱ Ǎɾ ʭǸȺȺ Ǎɾ ʌțǸ ɅǸʌʭɐɶȶ ǱǸȺǍʳɾ ǪǍɅ ǩǸ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ɶǸǱʔǪǸǱṣ ÿțǸ ɳɶɐɳɐɾǸǱ ǱȡɾʌɶȡǩʔʌǸǱ 
ɾǪțǸɃǸ Ȓɐɶ èɐñ ɳɶǸǱȡǪʌȡɐɅṞ Figure 22Ṟ ɶǸǍȺȡʽǸɾ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ ¬ñÿ¶ẁǩǍɾǸǱ ǍɶǪțȡʌǸǪʌʔɶǸṞ ǪɐɅɾȡǱǸɶȡɅȓ 
ɾǸʬǸɶǍȺ ǱȡɾʌȡɅǪʌ ¸Mÿɾ ṵǸṣȓṣ ĆMṞ =ñṞ ¶M>Ṟ >ȺɐʔǱṶṞ ʭțǸɶǸ ǸǍǪț ʌʳɳǸ ɐȒ ¸Mÿ ȡɾ ɶǸɾɳɐɅɾȡǩȺǸ ɐȒ ǪɐȺȺǸǪʌȡɅȓ 
ǍɅǱ ɳɶɐǪǸɾɾȡɅȓ Ǎ ɾʔǩɾǸʌ ɐȒ ȒǸǍʌʔɶǸɾ ɶǸȺǍʌǸǱ ʭȡʌț ʌțǸ ɳɶǸǱȡǪʌȡɐɅ ʌǍɾȶṣ  

 
Figure 22 Distributed QoS prediction scheme  
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ÿțǸ ɐǩȲǸǪʌȡʬǸ ɐȒ ʌțǸ ɳɶɐɳɐɾǸǱ ɾǪțǸɃǸ ȡɾ ʌțǸ ɳɶǸǱȡǪʌȡɐɅ ɐȒ ʌțǸ èɐñ ʌțǍʌ Ǎ ¸Mÿ ǸʲɳǸɶȡǸɅǪǸɾ ɐʬǸɶ 
ɃʔȺʌȡɳȺǸ ʌȡɃǸ ɾʌǸɳɾṣ ÿɐ ǍǪțȡǸʬǸ ʌțȡɾṞ ǸǍǪț ¸Mÿ ɳɶɐǪǸɾɾǸɾ ȡʌɾ ɐʭɅ țȡɾʌɐɶȡǪǍȺ ɾǸɵʔǸɅǪǸ ɐȒ ǱǍʌǍ ʭȡʌț 
ȺǸɅȓʌț ǸɵʔǍȺ ʌɐ Ǎ ɳɶǸǱǸȒȡɅǸǱ ʌȡɃǸ ʭȡɅǱɐʭṣ ÿțȡɾ ȡɾ ǍǪțȡǸʬǸǱ ʭȡʌț ʌțǸ ʔɾǸ ɐȒ Ǎ =ȡǱȡɶǸǪʌȡɐɅǍȺ ¬ñÿ¶ 
ṵ=ȡ¬ñÿ¶Ṷ !ʔʌɐẁǸɅǪɐǱǸɶ ʌțǍʌ ǸɅǪɐǱǸɾ ʌțǸ țȡɾʌɐɶȡǪǍȺ ǱǍʌǍ ɾǸɵʔǸɅǪǸ ȡɅʌɐ Ǎ ȒȡʲǸǱ ȺǸɅȓʌț ʬǸǪʌɐɶṞ ȶɅɐʭɅ 
Ǎɾ ǪɐɅʌǸʲʌ ʬǸǪʌɐɶṞ ǍɳɳȺʳȡɅȓ ʌțǸ ɶǸǪʌȡȒȡǸǱ ȺȡɅǸǍɶ ǍǪʌȡʬǍʌȡɐɅ ȒʔɅǪʌȡɐɅ ṵéǸ¬ĆṶṣ uʌ ȡɾ ǍɾɾʔɃǸǱ ʌțǍʌ ʌțǸ ǱǍʌǍ 
ɳɶȡʬǍǪʳ ǪǍɅ ǩǸ ɳɶǸɾǸɶʬǸǱ ǩʳ ʔɾȡɅȓ ʌțǸ éǸ¬Ć ȒʔɅǪʌȡɐɅ ṳᶴᶰṴṣ ÃɅǸ ɐȒ ʌțǸ ǍʬǍȡȺǍǩȺǸ ¸Mÿɾ ȡɾ ɾǸȺǸǪʌǸǱ ʌɐ 
ǍȓȓɶǸȓǍʌǸ ʌțǸ ǪɐɅʌǸʲʌ ʬǸǪʌɐɶɾ ṵ!ȓȓɶǸȓǍʌɐɶ ¸MÿṶ ɐȒ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ =ȡ¬ñÿ¶ !ʔʌɐẁǸɅǪɐǱǸɶɾ ṵȺɐǪǍʌǸǱ 
Ǎʌ ʌțǸ ǱȡȒȒǸɶǸɅʌ ¸MÿɾṶṞ ʌɐ ɃǸɶȓǸ ʌțǸ ɶǸǪǸȡʬǸǱ ʬǸǪʌɐɶɾ ʭȡʌț ȡʌɾ ɐʭɅṞ ʌɐ ǸʲǸǪʔʌǸ ʌțǸ ɶǸɾʌ ɐȒ ʌțǸ ¸ǸʔɶǍȺ 
¸Ǹʌʭɐɶȶ ṵ¸¸Ṷ ǍɶǪțȡʌǸǪʌʔɶǸ ǍɅǱ ʌɐ ɳɶɐʬȡǱǸ ʌțǸ èɐñ ɳɶǸǱȡǪʌȡɐɅ ɾǸɵʔǸɅǪǸṣ ÿțǸ ɳɶɐɳɐɾǸǱ ǱȡɾʌɶȡǩʔʌǸǱ 
ǍɶǪțȡʌǸǪʌʔɶǸ ǸɅɾʔɶǸɾ ʌțǍʌ ʌțǸɶǸ ǍɶǸ Ʌɐ ɶǍʭ ǱǍʌǍ ǸʲǪțǍɅȓǸɾ ǩǸʌʭǸǸɅ ʌțǸ ȡɅʬɐȺʬǸǱ ɅǸʌʭɐɶȶ ǸɅʌȡʌȡǸɾṞ 
Ǎɾ ɐɅȺʳ ʌțǸ ǸɅǪɐǱǸǱ ʬǸǪʌɐɶɾ ǍɶǸ ʌɶǍɅɾɃȡʌʌǸǱṣ 

ÿțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ʌțǸ ɳɶɐɳɐɾǸǱ ǱȡɾʌɶȡǩʔʌǸǱ ɾǪțǸɃǸ ʭǍɾ ǸʬǍȺʔǍʌǸǱ ʔɾȡɅȓ Ǎ ɾȡɃʔȺǍʌǸǱ 
ǸɅʬȡɶɐɅɃǸɅʌ ǍɅǱ ɐʬǸɶ ǱȡȒȒǸɶǸɅʌ ʌǸɾʌ ǪǍɾǸ ɾǪǸɅǍɶȡɐɾṞ ǸʲɳȺɐȡʌȡɅȓ ʌțǸ ǱȡɾǪɶǸʌǸ ǸʬǸɅʌ ɾȡɃʔȺǍʌɐɶ ṵ¸ñᶱṶṣ 
ÿțǸ ǸʬǍȺʔǍʌȡɐɅ ɃǸʌțɐǱɐȺɐȓʳ ǪțɐɾǸɅ Ȓɐɶ ʌțȡɾ ɾʌʔǱʳ ȡɾ ǩǍɾǸǱ ɐɅ ʌțǸ ᶱgææẏɾ ȓʔȡǱǸȺȡɅǸɾṣ ÿǸɅ ǸʬǍȺʔǍʌȡɐɅ 
ɾǪǸɅǍɶȡɐɾṞ ǱȡȒȒǸɶȡɅȓ ɐɅ ǩǍǪȶȓɶɐʔɅǱ ʌɶǍȒȒȡǪ ȺɐǍǱ ǍɅǱ ʌțǸ ɃɐǩȡȺȡʌʳ ɳǍʌʌǸɶɅɾ ǍɶǸ ǸʲɳȺɐȡʌǸǱ Ȓɐɶ ʌțǸ 
ǸʬǍȺʔǍʌȡɐɅ ɶǸɾʔȺʌɾṣ ÿțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ ǍɶǪțȡʌǸǪʌʔɶǸ ʭǍɾ ǪɐɃɳǍɶǸǱ ʌɐ ǍɅ ¬ñÿ¶ẁǩǍɾǸǱ 
ǪǸɅʌɶǍȺȡʽǸǱ ǍɶǪțȡʌǸǪʌʔɶǸ ṳᶴᶱṴ ǍɅǱ ǍȓǍȡɅɾʌ ǍɅɐʌțǸɶ ʌʭɐ ʭǸȺȺẁȶɅɐʭɅ ǪǸɅʌɶǍȺȡʽǸǱ ɾʌǍʌǸẁɐȒẁʌțǸẁǍɶʌ 
ɾɐȺʔʌȡɐɅɾṣ  

ÿțǸ ɶǸɾʔȺʌɾ ɳɶɐʬǸ ʌțǸ ǸȒȒǸǪʌȡʬǸɅǸɾɾ ǍɅǱ ȒǸǍɾȡǩȡȺȡʌʳ ɐȒ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ èɐñ ɳɶǸǱȡǪʌȡɐɅ ɾǪțǸɃǸṞ ɳɶɐʬȡɅȓ 
Ǎ ɾʌǍʌȡɾʌȡǪǍȺȺʳ ɾȡɃȡȺǍɶ ɳǸɶȒɐɶɃǍɅǪǸ ʌɐ ʌțǸ ǪǸɅʌɶǍȺȡʽǸǱ ɾɐȺʔʌȡɐɅṞ ʭțȡȺǸ ǍȺɾɐ ɳɶǸɾǸɶʬȡɅȓ ǸɅǱ ʔɾǸɶẏɾ 
ɳɶȡʬǍǪʳṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ ȡʌ ɶǸɾʔȺʌɾ ȡɅ Ǎ ɾȡȓɅȡȒȡǪǍɅʌ ɶǸǱʔǪʌȡɐɅ ɐȒ ʌțǸ ɾȡȓɅǍȺȺȡɅȓ ɐʬǸɶțǸǍǱ ǪɐɃɳǍɶǸǱ ʌɐ ʌțǸ 
ǪǸɅʌɶǍȺȡʽǸǱ ɾɐȺʔʌȡɐɅṣ fȡɅǍȺȺʳṞ ǸʬǍȺʔǍʌȡɐɅ ɶǸɾʔȺʌɾ ɾțɐʭ ʌțǸ ɐʔʌɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ ɾǪțǸɃǸ 
ɐʬǸɶ ʌțǸ ʌʭɐ ǸʲȡɾʌȡɅȓ ɾʌǍʌǸẁɐȒẁʌțǸẁǍɶʌ ɾɐȺʔʌȡɐɅɾṣ ÿțǸ ȒʔʌʔɶǸ ʭɐɶȶ ȡɅǪȺʔǱǸɾ ǍɅ ȡɅʬǸɾʌȡȓǍʌȡɐɅ ʌɐʭǍɶǱɾ 
ɳǸɶȒɐɶɃȡɅȓ ǱȡɾʌɶȡǩʔʌǸǱ ʌɶǍȡɅȡɅȓṞ Ǎɾ ʭǸȺȺ Ǎɾ ǸɅțǍɅǪǸɃǸɅʌɾ ɐȒ ʌțǸ ɳɶɐɳɐɾǸǱ ɾǪțǸɃǸẏɾ ǍɶǪțȡʌǸǪʌʔɶǸṣ  

7.3.2 Decentralized offloading decisions  

ĞᶰĤ ǍɳɳȺȡǪǍʌȡɐɅɾ ǍɶǸ ǪɐɃɳʔʌǍʌȡɐɅ ȡɅʌǸɅɾȡʬǸ ṵǸṣȓṣ ȡɅȒǸɶɶȡɅȓ ɐɶ ʌɶǍȡɅȡɅȓ Ǎ ȺǍɶȓǸ ɅǸʔɶǍȺ ɅǸʌʭɐɶȶṶṞ 
ǪțǍɶǍǪʌǸɶȡʽǸǱ ǩʳ țʔȓǸ ɅʔɃǩǸɶ ɐȒ ʔɾǸɶɾṞ ǱʳɅǍɃȡǪ ɅǍʌʔɶǸṞ ǍɅǱ ǱȡʬǸɶɾǸ èɐñ ɶǸɵʔȡɶǸɃǸɅʌɾṣ ÿțǸɾǸ 
ǍɳɳȺȡǪǍʌȡɐɅɾ ǪʔɶɶǸɅʌȺʳ ɶǸɾȡǱǸ ȡɅ ʌțǸ ɐɅǩɐǍɶǱ ʔɅȡʌɾ ṵÃ=ĆṶ ɐȒ ʌțǸ ʬǸțȡǪȺǸɾṣ oɐʭǸʬǸɶṞ ʌțǸɾǸ ʔɅȡʌɾ ǍɶǸ 
ȺȡɃȡʌǸǱ ɐɅ ǪɐɃɳʔʌǍʌȡɐɅ ǪǍɳǍǩȡȺȡʌȡǸɾṣ =ǸɾȡǱǸɾṞ ɳɐɾʌẁɳɶɐǱʔǪʌȡɐɅ Ã=Ć ʔɳȓɶǍǱǸɾ Ȓɐɶ țȡȓțǸɶ ɐɅẁǩɐǍɶǱ 
ǪɐɃɳʔʌǍʌȡɐɅ ɳɐʭǸɶ ǍɶǸ ʌʳɳȡǪǍȺȺʳ Ʌɐʌ ǪɐɃɃǸɶǪȡǍȺȺʳ ʬȡǍǩȺǸṣ ÿțǸ ǍǩȡȺȡʌʳ ʌɐ ɐȒȒȺɐǍǱ ʌțǸ ĞᶰĤ ǍɳɳȺȡǪǍʌȡɐɅ 
ʌɐ ǸǱȓǸṩǪȺɐʔǱ ʬȡǍ ɃʔȺʌȡẁǍǪǪǸɾɾ ǸǱȓǸ ǪɐɃɳʔʌȡɅȓ ṵ¶M>Ṷ ǱǸʬȡǪǸɾ ȡɃɳɶɐʬǸɾ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸṞ 
ɳɶɐʌǸǪʌȡɅȓ ǍȺɾɐ ʬǸțȡǪȺǸɾ ǍȓǍȡɅɾʌ uÿ ɐǩɾɐȺǸɾǪǸɅǪǸṞ ǪɐɅɾȡǱǸɶǸǱ Ǎɾ Ǎ ȶǸʳ ʌǸǪțɅȡɵʔǸ Ȓɐɶ ȒʔʌʔɶǸ ĞᶰĤ 
ɾǪǸɅǍɶȡɐɾ ṳᶴᶲṴṣ 

 
Figure 23: System model; right: an example topology, left: message sequence.  

>ʔɶɶǸɅʌȺʳṞ ǪɐɃɳʔʌǍʌȡɐɅ ɐȒȒȺɐǍǱȡɅȓ ǱǸǪȡɾȡɐɅɾ ǍɶǸ ɃǍǱǸ ǪǸɅʌɶǍȺȺʳ Ǎʌ ʌțǸ ¶M>ṣ ÿțȡɾ țɐʭǸʬǸɶ ɶǸɵʔȡɶǸɾ 
ǪǸɅʌɶǍȺȡʽǸǱ ǱǍʌǍ Ǎǩɐʔʌ ʌțǸ ɾʌǍʌǸ ɐȒ ʌțǸ ɅǸʌʭɐɶȶ ǍɅǱ ʌțǸ ʌɶǍȒȒȡǪ ɶǸɵʔǸɾʌɾ ǍɅǱ ɳɶǸȒǸɶǸɅǪǸ ǍɅǱ 
ɶǸɵʔȡɶǸɃǸɅʌɾ ȡɃɳɐɾǸǱ ǩʳ ǸǍǪț ʬǸțȡǪȺǸṣ gǍʌțǸɶȡɅȓ ɾʔǪț ǱǍʌǍ ȡɃɳɐɾǸɾ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǍɅǱ ȺǍʌǸɅǪʳ 
ɐʬǸɶțǸǍɶṣ =ǸɾȡǱǸɾṞ >ǸɅʌɶǍȺȡʽǸǱ ɃɐǱǸȺȺȡɅȓ ȡɾ ʌɐɐ ǪɐɃɳȺǸʲṞ ǸṣȓṣṞ ȡɅ Ǎ ȒǍɾʌẁǪțǍɅȓȡɅȓ ǱʳɅǍɃȡǪ 
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ǸɅʬȡɶɐɅɃǸɅʌ ʭȡʌț ɃǍɅʳ ʬǸțȡǪȺǸɾ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ɐǩȲǸǪʌȡʬǸɾṣ ! ǪǸɅʌɶǍȺȡʽǸǱ ɾɐȺʔʌȡɐɅ ʭɐʔȺǱ ǩǸ ʌțǸɶǸȒɐɶǸ 
ǪɐɃɳʔʌǍʌȡɐɅǍȺȺʳ ɾȺɐʭṩǪɐɾʌȺʳṞ ȒǍȡȺȡɅȓ ǍȺɾɐ ʌɐ ǍǱǍɳʌ ʌɐ ʌțǸ ǪțǍɅȓǸɾ ȡɅ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ ȡɅ ʌțǸ ɶʔɅʌȡɃǸṣ 

uɅ Ǎ ɾǸɶȡǸɾ ɐȒ ʭɐɶȶṞ ɳʔǩȺȡɾțǸǱ ɶǸǪǸɅʌȺʳ ṳᶲᶯṴṞ ṳᶲᶰṴṞ ǍɅǱ ṳᶴᶳṴṞ ʭǸ ɾʌʔǱʳ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ɐȒ ǱǸǪǸɅʌɶǍȺȡʽǸǱ 
¶ʔȺʌȡẁ!ȓǸɅʌ éǸȡɅȒɐɶǪǸɃǸɅʌ ¬ǸǍɶɅȡɅȓ ṵ¶!é¬Ṷ ʌǸǪțɅȡɵʔǸɾ ʌɐ ʌțǸɾǸ ɳɶɐǩȺǸɃṣ ÿțǸ ɾʳɾʌǸɃ ǍǱɐɳʌɾ ʌțǸ 
ǪȺǍɾɾȡǪ ǸǱȓǸ ǪȺɐʔǱ ǪɐɃɳʔʌȡɅȓ ǍɶǪțȡʌǸǪʌʔɶǸṝ ʔɾǸɶẁɾȡǱǸ ʬǸțȡǪȺǸɾ ɶǸɵʔǸɾʌ ɾǸɶʬȡǪǸɾṨ ɐɳǸɶǍʌȡɅȓẁɾȡǱǸ 
ǍǱɃȡɾɾȡɐɅ ǪɐɅʌɶɐȺ ǍɅǱ ǍɾɾȡȓɅɃǸɅʌ ṵ!>!Ṷ ʔɅȡʌɾ ṵǸṣȓṣṞ ɶɐǍǱ ɾȡǱǸ ʔɅȡʌɾ ɐɶ ǩǍɾǸ ɾʌǍʌȡɐɅṶ ǪɐɅʌɶɐȺ 
ǍǱɃȡɾɾȡɐɅ ɐȒ ɾǸɶʬȡǪǸ ɶǸɵʔǸɾʌɾ ǍɅǱ ǍɾɾȡȓɅ ʌțǸɃ ʌɐ ǱȡȒȒǸɶǸɅʌ ǪɐɃɳʔʌȡɅȓ ɾȡʌǸɾṞ ʭțȡǪț ɐʭɅ ɶǸɾɐʔɶǪǸɾ 
ǍɅǱ ǸʲǸǪʔʌǸ ɾǸɶʬȡǪǸɾ ṵFigure 23Ṷṣ 

¶ʔȺʌȡẁǍȓǸɅʌ ɾʳɾʌǸɃɾ ʔɾǸ ǍȓǸɅʌɾ ʌɐ ɶǸɳɶǸɾǸɅʌ ȡɅǱȡʬȡǱʔǍȺ ȡɅʌǸɶǸɾʌɾ ǍɅǱ ɃɐǱǸȺ ǪɐɃɳȺǸʲ ȡɅʌǸɶǍǪʌȡɐɅ 
ǩǸʌʭǸǸɅ ɳȺǍʳǸɶɾṣ ğțǸɅ Ǎ ǪǸɅʌɶǍȺȡʽǸǱ ɃɐǱǸȺȺȡɅȓ ɳɶɐǩȺǸɃ ȡɾ ǩɶɐȶǸɅ ǱɐʭɅ ȡɅʌɐ ȺɐǪǍȺṞ ȡɅǱȡʬȡǱʔǍȺ 
ɃɐǱǸȺɾṞ ȡʌ ɶǸǱʔǪǸɾ ɃɐǱǸȺ ǪɐɃɳȺǸʲȡʌʳ ǍɅǱ ǱǍʌǍ ɶǸɵʔȡɶǸɃǸɅʌɾṣ uɅ Ǎ ¶!é¬ ɾʳɾʌǸɃṞ ǸǍǪț ǍȓǸɅʌ 
ȡɅʌǸɶǍǪʌɾ ʭȡʌț ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ ʌɐ ɐǩʌǍȡɅ ɶǸʭǍɶǱɾṞ ʭțȡǪț ǍȺȺɐʭɾ ʌțǸ ǍȓǸɅʌ ʌɐ ȺǸǍɶɅ țȡȓțȺʳẁɶǸʭǍɶǱǸǱ 
ǩǸțǍʬȡɐʔɶṣ !ʌ ǸǍǪț ɾʌǍʌǸṞ ǸǍǪț ǍȓǸɅʌ ʌǍȶǸɾ ǍɅ ǍǪʌȡɐɅṞ ǍɅǱ ʌțǸ ǍǪʌȡɐɅɾ ɐȒ ǍȺȺ ǍȓǸɅʌɾ ʌɐȓǸʌțǸɶ 
ǱǸʌǸɶɃȡɅǸ ʌțǸ ɅǸʲʌ ɾʌǍʌǸ ɐȒ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ ǍɅǱ ɶǸʭǍɶǱ ɐȒ ǍȓǸɅʌɾṣ ÿțǸɶǸȒɐɶǸṞ ɐɅǸ ɃǍȲɐɶ ǪțǍȺȺǸɅȓǸ 
ȡɾ țɐʭ ʌɐ ȺǸǍɶɅ ȡɅ Ǎ ɅɐɅẁɾʌǍʌȡɐɅǍɶʳ ǸɅʬȡɶɐɅɃǸɅʌ ʭțǸɅ ʌțǸ ɾʌǍʌȡǪ ɳɶɐɳǸɶʌȡǸɾ ɐȒ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌ ȡɾ 
ǪțǍɅȓȡɅȓ ɐʬǸɶ ʌȡɃǸṣ  

=ǸɾȡǱǸɾṞ ȡɅ ɾʔǪț ǱȡɾʌɶȡǩʔʌǸǱ ɾʳɾʌǸɃṞ ǸǍǪț ǍȓǸɅʌ ǪǍɅ ɐǩɾǸɶʬǸ ɳǍɶʌȡǍȺ ɾʌǍʌǸ ȡɅȒɐɶɃǍʌȡɐɅ ṵɳǍɶʌ ɐȒ ȒʔȺȺ 
ǸɅʬȡɶɐɅɃǸɅʌ ɾʌǍʌǸ ȡɅȒɐɶɃǍʌȡɐɅ ǍʬǍȡȺǍǩȺǸ ʌɐ ʌțǸ ǍȓǸɅʌṶ ǍɅǱ ȺɐǪǍȺ ɶǸʭǍɶǱ ȡɅȒɐɶɃǍʌȡɐɅ ṵǍɾ ȡʌ ǪǍɅɅɐʌ ɾǸǸ 
ʌțǸ ȡɃɳǍǪʌɾ ɐȒ ȡʌɾ ǍǪʌȡɐɅɾ ɐɅ ʌțǸ ɾʳɾʌǸɃ ȺǸʬǸȺṶ ɐɅȺʳṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ ɾǸǪɐɅǱ ǪțǍȺȺǸɅȓǸ ȡɾ ȒȡɅǱȡɅȓ ǍɅ 
ǍȺȓɐɶȡʌțɃ ʌțǍʌ ǸȒȒȡǪȡǸɅʌȺʳ ȺǸǍɶɅɾ ȒɶɐɃ ɳǍɶʌȡǍȺ ȡɅȒɐɶɃǍʌȡɐɅ ʭȡʌț Ȳʔɾʌ ǸɅɐʔȓț ȒǸǸǱǩǍǪȶ ɾȡȓɅǍȺɾṞ 
ȶǸǸɳȡɅȓ ȡɅȒɐɶɃǍʌȡɐɅẁɾțǍɶȡɅȓ Ǎʌ Ǎ ɃȡɅȡɃʔɃṣ ÿțǸ ʌțȡɶǱ ǪțǍȺȺǸɅȓǸ ȡɾ țɐʭ ʌɐ ȡɅǪǸɅʌȡʬȡʽǸ ʬǸțȡǪȺǸẏɾ 
ǩǸțǍʬȡɐʔɶ ɾʔǪț ʌțǍʌ ʌțǸʳ ʭȡȺȺȡɅȓȺʳ ǍȺȡȓɅ ʌțǸȡɶ ȡɅǱȡʬȡǱʔǍȺ ȓɐǍȺɾ ʌɐ ʌțǸ ɾʳɾʌǸɃṞ ȺɐɅȓẁʌǸɶɃṞ ȓɐǍȺɾṣ ÿțǸ 
ʬǸțȡǪȺǸɾ ǪǍɅ ȺǸǍɶɅ Ǎǩɐʔʌ ʌțǸɾǸ ɾʳɾʌǸɃ ȓɐǍȺɾ ʌțɶɐʔȓț ǱǸȺǍʳǸǱ ǍɅǱ ɾɳǍɶɾǸ ɶǸʭǍɶǱ ɾȡȓɅǍȺɾ ɶǸǪǸȡʬǸǱ 
ȒɶɐɃ ʌțǸ ɐɳǸɶǍʌɐɶɾṣ   

ğǸ ɳɶɐɳɐɾǸǱ Ǎ ¶!é¬ ǍȺȓɐɶȡʌțɃ ʭțȡǪț ǸɅǍǩȺǸɾ ǸǍǪț ʬǸțȡǪȺǸ ʌɐ ȺǸǍɶɅ ʌțǸ ǩǸɾʌ ɐȒȒȺɐǍǱȡɅȓ ɾʌɶǍʌǸȓʳṞ 
țǍʬȡɅȓ ǍǪǪǸɾɾ ʌɐ ʌțǸ ȺɐǪǍȺṞ ɳǍɶʌȡǍȺṞ ɾʌǍʌǸ ȡɅȒɐɶɃǍʌȡɐɅ ɐɅȺʳṣ ñɐṞ Ǎ ʬǸțȡǪȺǸ ǱɐǸɾ Ʌɐʌ ȶɅɐʭ Ǎǩɐʔʌ ʌțǸ ɾʌǍʌǸ 
ɐȒ ɐʌțǸɶ ʬǸțȡǪȺǸɾ ȡɅ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌṞ ɐɶ ʌțǸ ɅʔɃǩǸɶ ɐȒ ʬǸțȡǪȺǸɾ ȡɅ ȡʌɾ ʬȡǪȡɅȡʌʳṣ uʌ ȺǸǍɶɅɾ ȡʌɾ ɐȒȒȺɐǍǱȡɅȓ 
ɾʌɶǍʌǸȓʳ ǩǍɾǸǱ ɐɅ ʌțǸ ɶǸʭǍɶǱ ɾȡȓɅǍȺ ȡʌ ɶǸǪǸȡʬǸǱ ȒɶɐɃ ʌțǸ ¶M>Ṟ ʭțȡǪț ǱǸʌǸɶɃȡɅǸɾ ȡȒ ȡʌɾ ǩȡǱ Ȓɐɶ 
ɐȒȒȺɐǍǱȡɅȓ Ǎ ʌǍɾȶ ʭǍɾ ɾʔǪǪǸɾɾȒʔȺ ǍɅǱ ʌțǸ ɳɶȡǪǸ ʌɐ ɳǍʳ ṵ¶M> ǍɳɳȺȡǸɾ Ǎ ɾǸǪɐɅǱ ǍʔǪʌȡɐɅ ɃǸʌțɐǱ ʌɐ 
ǱǸʌǸɶɃȡɅǸ ʌțǸ ʭȡɅɅǸɶɾ ɐȒ Ǎ ǩȡǱǱȡɅȓ ɶɐʔɅǱṶṝ  

¶ is it better to bid for offloading a task and what is the price to bid for the service; or,  

¶ is it more beneficial to back off the request to future, with the hope that it can get a better 
and cheaper service price as the network might be less  loaded.  

=ǸɾȡǱǸ ʌțǸ ɐʔʌǪɐɃǸ ɐȒ Ǎ ǩȡǱȡɅȓṞ ʌțǸ ¶M> ǍȺɾɐ ȡɅȒɐɶɃɾ ʌțǸ ʬǸțȡǪȺǸɾ ʌȡɃǸɾ ǩʳ ʌȡɃǸɾ Ǎǩɐʔʌ ʌțǸ ǍʬǸɶǍȓǸ 
ʌɶǍȒȒȡǪ ȺɐǍǱ ȡɅ ȡʌɾ ǪɐɃɳʔʌȡɅȓ ɾȡʌǸɾ ǍɅǱ ǍȺɾɐ ɾɐɃǸ ɐʌțǸɶ ɾʳɾʌǸɃ ɃǸʌɶȡǪɾ ɾʔǪț Ǎɾ ȒǍȡɶɅǸɾɾṣ ĞǸțȡǪȺǸɾ 
ȡɅʌǸȓɶǍʌǸɾ ʌțȡɾ ǱǸȺǍʳǸǱ ɾɳǍɶɾǸ ɾȡȓɅǍȺ ɶǸʭǍɶǱ ȡɅȒɐɶɃǍʌȡɐɅ ȡɅʌɐ ʌțǸȡɶ ȺǸǍɶɅȡɅȓṞ ʌɐ ǸɅțǍɅǪǸǱ ʌțǸȡɶ 
ɳɶǸǱȡǪʌȡʬǸ ɳɐʭǸɶṞ Ǎɾ ʭǸȺȺ Ǎɾ ǩǸʌʌǸɶ ǍȺȡȓɅɃǸɅʌ ǩǸʌʭǸǸɅ ȡɅǱȡʬȡǱʔǍȺṞ ɾțɐɶʌẁʌǸɶɃṞ ǍɅǱ ɾʳɾʌǸɃṞ ȺɐɅȓẁ
ʌǸɶɃṞ ȓɐǍȺɾṣ  

MʬǍȺʔǍʌȡɐɅ ɶǸɾʔȺʌɾ ɾțɐʭ ʌțǍʌ ʌțǸ ɳɶɐɳɐɾǸǱ ɾɐȺʔʌȡɐɅ ǸɅǍǩȺǸ ʌțǸ ʬǸțȡǪȺǸɾ ʌɐ ǍȺȡȓɅ ɳɶȡʬǍʌǸ ǍɅǱ ɾʳɾʌǸɃ 
ȓɐǍȺɾ ʭȡʌțɐʔʌ ɾǍǪɶȡȒȡǪȡɅȓ ǸȡʌțǸɶ ʔɾǸɶ ǍʔʌɐɅɐɃʳ ɐɶ ɾʳɾʌǸɃẁʭȡǱǸ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳṞ ǱǸɾɳȡʌǸ ʌțǸ 
ǱȡɾʌɶȡǩʔʌǸǱ ǱǸɾȡȓɅ ʭȡʌț ȺȡɃȡʌǸǱ ȡɅȒɐɶɃǍʌȡɐɅẁɾțǍɶȡɅȓṣ ÿțǸ ɶǸɾʔȺʌɾ ǍȺɾɐ ȡɅǱȡǪǍʌǸ ɾȡȓɅȡȒȡǪǍɅʌ 
ɳǸɶȒɐɶɃǍɅǪǸ ǸɅțǍɅǪǸɃǸɅʌ ǍǪțȡǸʬǸǱ ʔɾȡɅȓ ʌțȡɾ ɾɐȺʔʌȡɐɅṞ ǪɐɃɳǍɶǸǱ ʭȡʌț ʌțǸ ɾʌǍʌǸ ɐȒ ʌțǸ Ǎɶʌṣ ¶ɐɶǸ 
ǱǸʌǍȡȺɾ ǪǍɅ ǩǸ ȒɐʔɅǱ ȡɅ ṳᶴᶳṴṣ 

ÿțǸ ɳɶɐɳɐɾǸǱ ɾɐȺʔʌȡɐɅ țɐʭǸʬǸɶ ǍɾɾʔɃǸɾ ʌțǍʌ ǍȺȺ ɳȺǍʳǸɶɾ țǍʬǸ Ǎ ɾȡɅȓȺǸ ɐǩȲǸǪʌȡʬǸṞ ǍȺʌțɐʔȓț ɃǍɅʳ ɶǸǍȺẁ
ʭɐɶȺǱ ɳɶɐǩȺǸɃɾ ǍɶǸ ɃʔȺʌȡɐǩȲǸǪʌȡʬǸ ȡɅ ɅǍʌʔɶǸṣ ÃɅǸ ɐɳǸɅ ɳɶɐǩȺǸɃ ʌțǸɅ ɾʌȡȺȺ ɶǸɃǍȡɅɾ ɐɅ țɐʭ ʌɐ ǍǱǍɳʌ 
ʌțǸ ɳɶɐɳɐɾǸǱ ȒɶǍɃǸʭɐɶȶ ʌɐ multi ẁɐǩȲǸǪʌȡʬǸ ɾǸʌʌȡɅȓɾṞ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ʬǸțȡǪȺǸɾ ǍȡɃȡɅȓ Ǎʌ ɐɳʌȡɃȡʽȡɅȓ 
ǱȡȒȒǸɶǸɅʌ ɐǩȲǸǪʌȡʬǸɾṣ 
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7.3.3 Autonomous Navigation   

ÿɶǍǱȡʌȡɐɅǍȺ ǍɳɳɶɐǍǪțǸɾ ʌɐ ɾɐȺʬȡɅȓ ǍʔʌɐɅɐɃɐʔɾ ɅǍʬȡȓǍʌȡɐɅ ɶǸɵʔȡɶǸ ʌțǸ ʔɾǸ ɐȒ țȡȓțẁʌǸǪț ɾǸɅɾɐɶɾ ȡɅ 
ɐɶǱǸɶ ʌɐ țǍʬǸ Ǎ țȡȓțẁɵʔǍȺȡʌʳ ɃǍɳ ǍɅǱ ǍǪǪʔɶǍʌǸ ȺɐǪǍȺȡʽǍʌȡɐɅ ʌɐ ǍȺȺɐʭ ʌțǸ ʬǸțȡǪȺǸ ʌɐ ǪțɐɐɾǸ ǍɅ ɐɳʌȡɃǍȺ 
ʌɶǍȲǸǪʌɐɶʳ ȒɶɐɃ ʌțǸ ɾʌǍɶʌȡɅȓ ɳɐȡɅʌ ʌɐ ʌțǸ ǱǸɾʌȡɅǍʌȡɐɅ ɳɐȡɅʌṣ ÿɐ ɶǸǱʔǪǸ ʌțǸ ȺǸʬǸȺ ɐȒ ʌǸǪțɅɐȺɐȓʳ 
ɶǸɵʔȡɶǸǱṞ ɃǍɅʳ ɶǸɾǸǍɶǪțǸɶɾ ȒɐǪʔɾ ɐɅ ʔɾȡɅȓ !u ʌǸǪțɅȡɵʔǸɾ ʌɐ ɳǸɶȒɐɶɃ ɳǍʌț ɳȺǍɅɅȡɅȓ ʭȡʌțɐʔʌ ʔɾȡɅȓ Ǎ 
ɃǍɳṣ fɐɶ ʌțȡɾ ɶǸǍɾɐɅṞ Ǎ ɅɐʬǸȺ ɃǸʌțɐǱ ʭǍɾ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶴᶴṴṞ ʭțǸɶǸ ʌțǸ Ǎʔʌțɐɶɾ ǪɐɃǩȡɅǸǱ ʌțǸ 
ǩǸɅǸȒȡʌɾ ɐȒ MʲɳǸɶȡǸɅǪǸ éǸɳǸʌȡʌȡɐɅṞ oǸʔɶȡɾʌȡǪ ©ɅɐʭȺǸǱȓǸṞ ǍɅǱ gǸɅǸʌȡǪ !ȺȓɐɶȡʌțɃɾ ʌɐ ɐǩʌǍȡɅ Ǎ 
ǩǸțǍʬȡɐʔɶǍȺ ɳɐȺȡǪʳ ǩǍɾǸǱ ɐɅ EɐʔǩȺǸ EǸǸɳ éǸȡɅȒɐɶǪǸɃǸɅʌ ¬ǸǍɶɅȡɅȓṣ ÿțǸ ɳɶɐɳɐɾǸǱ ǍȺȓɐɶȡʌțɃ 
ǱǸȒȡɅǸɾ ʌțǸ ɳɶɐǩǍǩȡȺȡʌʳ ɐȒ ǪțɐɐɾȡɅȓ ʌțǸ ǍǪʌȡɐɅ ʌɐ ǩǸ ǸʲǸǪʔʌǸǱ ʔɾȡɅȓ ǱȡɶǸǪʌǸǱṞ ǍʔʌɐɅɐɃɐʔɾ ɐɶ țʳǩɶȡǱ 
ȶɅɐʭȺǸǱȓǸṣ ÿțȡɾ ɃǸǍɅɾ ʌțǍʌ ʌțǸ ǍȓǸɅʌ ǪțɐɐɾǸɾ ʌțǸ ǍǪʌȡɐɅ ʔɾȡɅȓ Ǎ ɶɐʔʌȡɅȓ ǍɅǱ ǍʬɐȡǱǍɅǪǸ ǍȺȓɐɶȡʌțɃṞ 
ǩʳ ʌțǸ ɳɐȺȡǪʳ ʌɶǍȡɅǸǱṞ ɐɶ ǩʳ ʌțǸ ǪɐɃǩȡɅǍʌȡɐɅ ɐȒ ʌțǸ ɶɐʔʌȡɅȓ ǍȺȓɐɶȡʌțɃ ǍɅǱ ʌțǸ ɳɶɐǩǍǩȡȺȡʌʳ ɐȒ ǪțɐɐɾȡɅȓ 
ʌțǸ ɾǸǪɐɅǱẁǩǸɾʌ ǍǪʌȡɐɅ ǩǍɾǸǱ ɐɅ ʌțǸ èẁʬǍȺʔǸ ṵñǸǸ Figure 24Ṷṣ 

 

Figure 24: Description of the transition process  from exploration to exploitation through three types of 
knowledge  

uɅ ǍǱǱȡʌȡɐɅṞ ʌțɶǸǸ ɃǸɃɐɶȡǸɾ ǍɶǸ ǱǸȒȡɅǸǱ ʌɐ ɾʌɐɶǸ ʌțǸ ɾǍɃɳȺǸɾṣ ÿțǸ ɃǍȡɅ ɃǸɃɐɶʳ ɾʌɐɶǸǱ ǍȺȺ ʌțǸ 
ɾǍɃɳȺǸɾṣ ÿțǸ ɾǸǪɐɅǱ ɾʌɐɶǸɾ ʌțǸ ǩǸɾʌ ɾǸɵʔǸɅǪǸɾ ɐȒ ǍǪʌȡɐɅɾ ʌțǍʌ ɶǸǍǪț ʌțǸ țȡȓțǸɾʌ ɶǸʭǍɶǱṞ ʌțǸ ʌțȡɶǱ 
ɾʌɐɶǸɾ ʌǸɃɳɐɶǍɶȡȺʳ ʌțǸ ɾǍɃɳȺǸɾ ɐȒ ǸǍǪț ǸɳȡɾɐǱǸ ʌɐ ǪǍȺǪʔȺǍʌǸ ʌțǸ ǩǸɾʌ ɾǸɵʔǸɅǪǸ ʌɐ ǩǸ ɾʌɐɶǸǱ ȡɅ ʌțǸ 
ɾǸǪɐɅǱ ɃǸɃɐɶʳ ǍɅǱ Ǫɐɳʳ Ʌ ʌȡɃǸɾ ȡɅ ʌțǸ ɃǍȡɅ ɃǸɃɐɶʳ ȡɅ ɐɶǱǸɶ ʌɐ ȡɅǪɶǸǍɾǸ ʌțǸ ɳɶɐǩǍǩȡȺȡʌʳ ɐȒ 
ɾǍɃɳȺȡɅȓ ʌțǸɃ ǱʔɶȡɅȓ ʌɶǍȡɅȡɅȓ ɳțǍɾǸ ṵɾǸǸ Figure 25Ṷṣ uɅ ʌțȡɾ ɳțǍɾǸṞ ʌțǸ ǩǍʌǪț ʔɾǸǱ ʌɐ ȒǸǸǱ ʌțǸ 
ɅǸʔɶǍȺ ɅǸʌʭɐɶȶ ȡɾ ʌțǸ ɶǸɾʔȺʌ ɐȒ ʌțǸ ǪɐɃǩȡɅǍʌȡɐɅ ɐȒ ʌțǸ ǩǸɾʌ ɾǸɵʔǸɅǪǸɾ ɐȒ ǍǪʌȡɐɅɾ ṵɾǸǪɐɅǱ ɃǸɃɐɶʳṶ 
ǍɅǱ ɶǍɅǱɐɃ ɾǍɃɳȺǸɾ ȒɶɐɃ ʌțǸ ɃǍȡɅ ɃǸɃɐɶʳṣ As a result, the convergence of the network is faster 
compared to other approaches. Another important fact is since the training was performance using 
multi -target and multi -source points the generalization problem is approached. Summarizing, the 
algorith m shows high performance and robustness, as it needs less time to train a policy than other 
algorithms, even using only the CPU. This demonstrates that it does not require equipment with a 
high computational capacity. Moreover, its efficiency is demonstrat ed since it is able to optimize the 
path chosen by the agent both in terms of time and distance. Therefore, the paths traced are 
smooth and short.  
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Figure 25: Description of the process of storing data collected by the agent in three different memories 
depending on the trajectory performed by the agent  

!Ʌ ǍȺʌǸɶɅǍʌȡʬǸ Ȓɐɶ ʌɶǍȲǸǪʌɐɶʳ ɳȺǍɅɅȡɅȓ ɐȒ ɐɅǸ ǍȓǸɅʌ ȡɾ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶴᶵṴṞ ʭțǸɶǸ Ǎ ɃʔȺʌȡẁȺǍʳǸɶ èẁȺǸǍɶɅȡɅȓ 
ǍɳɳɶɐǍǪț ʔɾǸɾ ȓȺɐǩǍȺ ǍɅǱ ȺɐǪǍȺ ȡɅȒɐɶɃǍʌȡɐɅ ʌɐ ʌɶǍȡɅ Ǎ ȺɐʭǸɶ ǍɅǱ ǍɅ ʔɳɳǸɶ ȺǍʳǸɶ Ȓɐɶ ȺɐǪǍȺ ǍɅǱ ȓȺɐǩǍȺ 
ɳȺǍɅɅȡɅȓṞ ɶǸɾɳǸǪʌȡʬǸȺʳṣ uɅ ǪɐɅʌɶǍɾʌ ṳᶴᶶṴṞ ǪɐɃǩȡɅǸɾ Ǎ ǩȺǍǪȶ țɐȺǸ ȒȡǸȺǱ ɾʌɶǸɅȓʌț ʭȡʌț Ǎ ǱǸǸɳ èẁȺǸǍɶɅȡɅȓ 
ɅǸʌʭɐɶȶ ʌɐ ȺǸǍɶɅ ǍɅ ɐɳʌȡɃǍȺ ǩǸțǍʬȡɐʔɶǍȺ ɳɐȺȡǪʳṣ oɐʭǸʬǸɶṞ ʭțǸɅ ʌțǸɶǸ ȡɾ ɃɐɶǸ ʌțǍɅ ɐɅǸ ǍȓǸɅʌ ȡɅ ʌțǸ 
ǸɅʬȡɶɐɅɃǸɅʌṞ ʌțǸʳ ʭȡȺȺ țǍʬǸ ʌɐ ȡɅʌǸɶǍǪʌṞ ʭțȡǪț ȡɾ Ǎ ɃǍȲɐɶ ǪțǍȺȺǸɅȓǸṨ ʌțǸɶǸȒɐɶǸṞ ȡɅ ṳᶴᶷṴ ȡʌ ʭǍɾ ɳɶɐɳɐɾǸǱ 
ʌțǍʌ ʌțǸ ǍȓǸɅʌ ȺǸǍɶɅɾ Ǎ țȡȓțẁȺǸʬǸȺ ɳɐȺȡǪʳ ʌɐ ɾǸȺǸǪʌ ʌțǸ ʌǍɶȓǸʌ ʌɐ ɶǸǍǪț ǍɅǱ ʌțǸ ǍǪʌȡɐɅ ʌɐ ɳǸɶȒɐɶɃ ȡȒ 
ʌțǸɶǸ ȡɾ Ʌɐ ɐǩɾʌǍǪȺǸṣ uɅ ǪǍɾǸ ȡʌ ȒȡɅǱɾ ǍɅ ɐǩɾʌǍǪȺǸṞ ȡʌ ǸʲǸǪʔʌǸɾ Ǎ ȺɐʭẁȺǸʬǸȺ ɳɐȺȡǪʳ ʌțǍʌ ǱǸʌǸɶɃȡɅǸɾ ʌțǸ 
ʌʔɶɅȡɅȓ ǍɅȓȺǸ ʌɐ ǍʬɐȡǱ ǪɐȺȺȡɾȡɐɅɾṣ !ɅɐʌțǸɶ ȡɅʌǸɶǸɾʌȡɅȓ ǍɳɳɶɐǍǪț ȡɾ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶯᶵṴ ʭțǸɶǸ ʌțǸ ǍǪʌȡɐɅ 
ʌɐ ǩǸ ɳǸɶȒɐɶɃǸǱ ȡɾ ǪțɐɾǸɅ ǩʳ ʬȡɾʔǍȺ ɐǩɾǸɶʬǍʌȡɐɅṞ ʌțǸ ɃɐʬǸɃǸɅʌ ȡɅʌǸɅʌȡɐɅ ɐȒ ȺɐǪǍȺ ɅǸȡȓțǩɐʔɶɾṞ ǍɅǱ 
Ǎ ȺɐǪǍȺ ɳɐȺȡǪʳ ʌțǍʌ ȡɾ ʌțǸ ɶǸɾʔȺʌ ɐȒ ɾțǍɶǸǱ ȶɅɐʭȺǸǱȓǸ ǍɃɐɅȓ ǍȺȺ ǍȓǸɅʌɾṣ 

Once an agent has been provided with autonomy , the next step is to implement a multi -agent 
navigation system. This process presents numerous challenges, not only related to network 
requirements  but also in terms of fostering cooperation among agents. Many authors use  
Independent Learning (IL)  to teach agents in a multi -agent system . Where each agent assumes 
that the other agents are static elements of the environment  (see Figure 26). Consequently, each 
agent may require more time to determine its optimal policy, as it relies only  on its own experiences.  
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Figure 26: Description of  Independent Learning : each agent selects its action based on the assumption that 

the other agents represent a static part of its environment  

Conversely, Figure 27 illustrates how an agent learns by considering its actions and those performed 
by other agents, it is called Joint Action Learning (JAL).  This approach allows finding the optimal 
behavioural policy more quickly, however the computational cost increases as the number of 
agents in the system increases.  On the other hand, IL has the advantage of avoiding the 
computational complexities associated with JAL, i.e., it offers a scalable solution.  

 
Figure 27: Description of Joint Action Learning. Each agent learns by using its own actions as well as actions 

performed by other agents.  

Recognizing the trade -offs between IL and JAL, [101] proposed a novel approach that combines the 
benefits of both methods. They use the concept of JAL to search for the optimal behavioural policy, 
but instead of relying on the actions performed by other agents, these actions are provided by a 
self -advice mo dule. This innovation allows the benefits of IL, maintaining a constant system 
complexity even as the number of agents increases.  

This approach is based on a semi -decentralized architecture, where all the data collected by each 
agent is sent to a common memory located in the cloud. Therefore, all the data collected by each 
of the agents will be used for training the behavioural policy, b ut these data will be treated as if they 
came from a single agent. As a consequence, an optimal behavioural policy will be derived in a way 
that guarantees a simple learning model that does not increase the computational complexity with 
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the number of agents.  The author s simplify their algorithm  by limiting the number of actions to 
two: one chosen by the agent's current policy and the other suggested by a self -advice module. This 
keeps the system manageable and efficient.  

In addition, this approach reduces third -party data manipulation, as agents send sensor data to the 
cloud and the information is only accessible within the cloud, which enhances security and privacy.  
Regarding the self -advising module, it has two components: the first one is in charge of building a 
2D map in the cloud using data from all agents, and the second one involves a routing and obstacle 
avoidance algorithm, which suggests the optimal action to  help the agent avoid collisions. This 
innovative approa ch offers a promising solution to the challenges of multi -agent navigation and 
cooperation.  

A collision controller is also designed to evaluate whether the expected future distance between 
the agents will result in a collision. If a potential collision is detected, the controller determines which 
agent has the priority tag and applies the k -neare st neighbours (kNN) algorithm to select an action 
that moves the agent away from the collision points  (see Figure 28). 

 

 
Figure 28: Explanation of the process performed by the collision controller to minimize even more the 

number of collisions  

Within this module, each agent calculates its future position according to the action chosen by its 
behavioural policy. For this calculation, the authors considered that each action has both linear and 
angular velocities associated with it. Thus, future po sitions are calculated considering the current 
position, the expected action and the respective linear and angular velocities.  

Summarizing, the cooperative navigation algorithm proposed in  [101] has been shown to have high 
performance and low computational complexity. This algorithm generates a global policy based on 
data from all agents, where each agent is treated as an independent entity and only two actions are 
required for each agent, regard less of the number of agents in the system. The action chosen by 
the global policy and the action of the self -advising module.  Within this module, each agent 
calculates its future position according to the action chosen by its behavioural policy. For this 
calculation, the authors considered that each action has both linear and angular velocities 
associated with it. Thus, future po sitions are calculated considering the current position, the 
expected action and the respective linear and angular velocities.  

The above approach assumes uniformity among the agents, since they are all equipped with the 
same type of sensor. However, what happens when the agents have heterogeneous systems, i.e., 
each agent is equipped with a different sensor? To address this challe nge, [102] introduced a 
homogenization algorithm and a data estimation technique.  

The authors considered for the homogenization process that the neural network input requires a 
vector of 24 data. These data correspond to the distances detected by a laser with 360 -degree vision. 
Since the objective is to train a global  policy on a system of heterogeneous agents, the data 
obtained by each of the agents with cameras will be transformed from Point Cloud type data to 
Laser Scan type data. In simpler terms, the 3D points that are captured by the camera will be 
converted into  2D data as if they  had been captured by a Laser Scan.  
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It is also considered that when an agent is equipped with multiple sensors, a synchronization 
process will be executed to ensure that data are collected not only in the same format but also 
simultaneously.  Depending on the field of view of the sensor, the angle will be divided by 
considering a minimum an gle , a maximum angle and an angle of increment.  With this increment 
angle the number of individual scans and the position within the input data will be determined. To 
calculate the remaining data, an estimat ion process is employed using an arithmetic approach. Is 
important to note that t his process varies according to the last action performed by the agent. 
Finally, for those missing data that could not be estimated by geometry, a linear interpolation is 
used to estimate them  (see Figure 29). 

 

Figure 29: Process of data homogenization, synchronization and estimation proposed in [102] 

7.3.4  Enhanced Client  Discovery and Client Selection in Federated 
Learning  

ÿțǸ f¬ ɳǸɶȒɐɶɃǍɅǪǸ ȡɾ țȡȓțȺʳ ǱǸɳǸɅǱǸɅʌ ɐɅ ǸȒȒǸǪʌȡʬǸ ɾǸȺǸǪʌȡɐɅ ɐȒ ǪȺȡǸɅʌ ǱǸʬȡǪǸɾ ɳǍɶʌȡǪȡɳǍʌȡɅȓ ȡɅ 
ǱȡɾʌɶȡǩʔʌǸǱ ɃɐǱǸȺ ʌɶǍȡɅȡɅȓṣ ñɐɃǸ ɐȒ ʌțǸɃ ɃǍʳ țǍʬǸ Ⱥɐʭ ǪɐɃɳʔʌȡɅȓṩǩǍʌʌǸɶʳ ɶǸɾɐʔɶǪǸɾṞ ɃǍȶȡɅȓ ȡʌ 
ǱȡȒȒȡǪʔȺʌ ʌɐ ɳǸɶȒɐɶɃ țǸǍʬʳ ʌɶǍȡɅȡɅȓ ʌǍɾȶɾṨ ɐʌțǸɶɾ ɃǍʳ țǍʬǸ ɳɐɐɶ ǱǍʌǍɾǸʌɾ ʌțǍʌ ǪɐɃɳɶɐɃȡɾǸ ʌțǸ 
ǍǪǪʔɶǍǪʳ ɐȒ ʌțǸ ɃɐǱǸȺṣ 

! ȒʔɶʌțǸɶ ɳɶɐǩȺǸɃ ʌțǍʌ ǪǍɅ ǍȒȒǸǪʌ ʌțǸ f¬ ɳɶɐǪǸɾɾ ȡɾ ʌțǸ ɳɐɾɾȡǩȡȺȡʌʳ ʌțǍʌ ʌțǸ ɾǪǍɶǪȡʌʳ ɐȒ ɶǸɾɐʔɶǪǸɾ ȡɅ 
ʌțǸ ɅǸʌʭɐɶȶ ɾǸȓɃǸɅʌɾ ǪɶɐɾɾǸǱ ǩʳ ʌțǸ ǱǍʌǍ ɾʌɶǸǍɃɾ ǸʲǪțǍɅȓǸǱ ǩǸʌʭǸǸɅ ǪȺȡǸɅʌɾ ǍɅǱ ɾǸɶʬǸɶɾ 
ɅǸȓǍʌȡʬǸȺʳ ǍȒȒǸǪʌɾ ʌțǸ ɐʬǸɶǍȺȺ ɐǩʌǍȡɅǍǩȺǸ ɳǸɶȒɐɶɃǍɅǪǸ ȡɅ ʌǸɶɃɾ ɐȒ ǪɐɅʬǸɶȓǸɅǪǸ ɶǍʌǸṣ ÿțǸ ȺǍʌʌǸɶ ɐɅǸ 
ǱɐǸɾ Ʌɐʌ ɶǸɳɶǸɾǸɅʌ Ǎ ǩȡȓ ȡɾɾʔǸ Ȓɐɶ ǍɳɳȺȡǪǍʌȡɐɅɾ ʌțǍʌ ǸʲɳȺɐȡʌ f¬ Ȓɐɶ ǸʲǍɃɳȺǸ ʌɐ ɃǍȶǸ ȺɐɅȓẁʌǸɶɃ 
ɳɶǸǱȡǪʌȡɐɅɾ ṵȡɅ ʌțǸ ȒȡǸȺǱ ɐȒ ǸẁțǸǍȺʌțṞ ɐɶ ȡɅ ʌțǸ ǸɅʬȡɶɐɅɃǸɅʌǍȺ ȒȡǸȺǱṞ ǸʌǪṣṶ ǩʔʌ ȡʌ ȡɾ ȡɅ ɃɐɶǸ ǱʳɅǍɃȡǪ 
ǪɐɅʌǸʲʌɾ ȡɅ ʭțȡǪț ǍɳɳȺȡǪǍʌȡɐɅɾ ǪǍɅ ǩǸ ɾǸɅɾȡʌȡʬǸ ʌɐ ʌțǸ ǱǸȺǍʳ ȡɅ ʌțǸ ȺǸǍɶɅȡɅȓ ɳɶɐǪǸɾɾṣ 

uɅ ʌțǸ Ⱥȡȓțʌ ɐȒ ʌțǸ ǍǩɐʬǸṞ ȡʌ ǪǍɅ ǩǸ ɾʌǍʌǸǱ ʌțǍʌṞ ȡȒ ɶǍɅǱɐɃȺʳ ɾǸȺǸǪʌǸǱ ǩʳ ʌțǸ f¬ ɾǸɶʬǸɶṞ ɾɐɃǸ ǪȺȡǸɅʌɾ 
ǪǍɅ ǩɐʌț ǱǸȺǍʳ ʌțǸ ʌɶǍȡɅȡɅȓ ɳɶɐǪǸǱʔɶǸ ǍɅǱ ɅǸȓǍʌȡʬǸȺʳ ǍȒȒǸǪʌ ʌțǸ ǍǪǪʔɶǍǪʳ ɐȒ ʌțǸ ǍȓȓɶǸȓǍʌǸ ɃɐǱǸȺṣ 

ñʌǍɶʌȡɅȓ ȒɶɐɃ ʌțȡɾ ɳǸɶɾɳǸǪʌȡʬǸṞ ɶǸɾǸǍɶǪț ȡɾ ǩǸȡɅȓ ǪǍɶɶȡǸǱ ɐʔʌ ǍȡɃǸǱ Ǎʌ ǸɅțǍɅǪȡɅȓ ʌțǸ f¬ ǪȺȡǸɅʌ 
ɾǸȺǸǪʌȡɐɅ ɳɶɐǪǸɾɾ ʌɐ ɾʔɳɳɐɶʌ ɅǸʲʌẁȓǸɅǸɶǍʌȡɐɅ ȡɅʌǸȺȺȡȓǸɅʌ ǍɳɳȺȡǪǍʌȡɐɅɾ ǩʳ ǍǪʌȡɅȓ ɐɅ ǱȡȒȒǸɶǸɅʌ ȺǸʬǸȺɾṣ 

1. ÿțǸ Ȓȡɶɾʌ ɐɅǸ ȡɾ ʌɐ ȡɅʬǸɾʌȡȓǍʌǸ țɐʭ ǪȺȡǸɅʌɾ ṵǍɅǱ ʌțǸ ɶǸȺǸʬǍɅʌ ǪǍɳǍǩȡȺȡʌȡǸɾṶ ǪǍɅ ǩǸ ǱȡɾǪɐʬǸɶǸǱ ʌɐ 
ȡǱǸɅʌȡȒʳ ʌțǸ Ƀɐɾʌ ɾʔȡʌǸǱ ɐɅǸɾ Ȓɐɶ ʌțǸ ȺǸǍɶɅȡɅȓ ʌǍɾȶṞ ʭțȡǪț ɳɶɐʌɐǪɐȺ ʌɐ ʔɾǸ Ȓɐɶ ȡɅʌǸɶǍǪʌȡɐɅɾ 
ǩǸʌʭǸǸɅ ʌțǸ f¬ ɾǸɶʬǸɶ ǍɅǱ ɳɐʌǸɅʌȡǍȺ ṵțǸʌǸɶɐȓǸɅǸɐʔɾṶ ǪȺȡǸɅʌɾṞ ǍɅǱ ʭțǍʌ ȡɾ ʌțǸ ɅǸʌʭɐɶȶ ȺɐǍǱ 
ǪǍʔɾǸǱ ǩʳ ʌțǸ ǍȒɐɶǸɃǸɅʌȡɐɅǸǱ ɳɶɐǪǸǱʔɶǸɾṣ 

2. ÿțǸ ɾǸǪɐɅǱ ɐɅǸ ȡɾ ʌɐ ʔɅǱǸɶɾʌǍɅǱ ʌțǸ ɳɐʌǸɅʌȡǍȺ ɐȒ ǍɅ ǍɳɳɶɐǍǪț ʌțǍʌ ǸʲɳȺɐȡʌɾ ʌțǸ ñɐȒʌʭǍɶǸẁ
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EǸȒȡɅǸǱ ¸ǸʌʭɐɶȶȡɅȓ ṵñE¸Ṷ ɳǍɶǍǱȡȓɃ ʌɐ ɃǍȡɅʌǍȡɅ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ ȺǸǍɶɅȡɅȓ ɳɶɐǪǸɾɾ Ǎʌ țȡȓț 
ȺǸʬǸȺɾ ɐȒ ǸȒȒǸǪʌȡʬǸɅǸɾɾ ǍɅǱ ǸȒȒȡǪȡǸɅǪʳ ǸʬǸɅ ȡɅ ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ ǪȺȡǸɅʌɾṞ ʭțɐɾǸ ɃɐǱǸȺ ʔɳǱǍʌǸɾ 
ɃǍʳ ǸʲɳǸɶȡǸɅǪǸ ɳɐɐɶ ɅǸʌʭɐɶȶ ǪɐɅǱȡʌȡɐɅɾ ɐʬǸɶ ʌțǸ ɳǍʌț ʌɐʭǍɶǱɾ ʌțǸ ɾǸɶʬǸɶṣ 

3. ĆʌȡȺȡʽȡɅȓ ʌȡɃȡɅȓ ǍɅǱ ʬǍȺʔǸ ɐȒ ȡɅȒɐɶɃǍʌȡɐɅ ǍɾɳǸǪʌɾ ʭȡȺȺ ȺǸǍǱ ʌɐ ɃɐɶǸ ǸȒȒȡǪȡǸɅʌ ɾɳǸǪʌɶʔɃ 
ʔʌȡȺȡʽǍʌȡɐɅ Ȓɐɶ ǪȺȡǸɅʌ ɾǪțǸǱʔȺȡɅȓ ǩʳ ǪɐɅɾȡǱǸɶȡɅȓ ɐɅȺʳ ʌțǸ Ƀɐɾʌ ǪɶȡʌȡǪǍȺ ǪȺȡǸɅʌɾṞ ʌțʔɾṞ țǍʬȡɅȓ ȺɐʭǸɶ 
ɅǸʌʭɐɶȶ ǸɅǸɶȓʳ ǪɐɅɾʔɃɳʌȡɐɅ ǍɅǱ ȒǍɾʌǸɶ ǪɐɅʬǸɶȓǸɅǪǸ ɶǍʌǸɾṣ 

7.3.4.1 Studies on MQTT -based Client Discovery  

>ȺȡǸɅʌ ǱȡɾǪɐʬǸɶʳ ȡɾ Ǎ ǪɶʔǪȡǍȺ ʌɐɳȡǪ ȡɅ f¬ṣ oɐʭǸʬǸɶṞ ʌțǸ ɃǍȲɐɶȡʌʳ ɐȒ ȺȡʌǸɶǍʌʔɶǸ ɾɐȺʔʌȡɐɅɾ ȒɐǪʔɾ ɐɅ ʌțǸ 
ǱǸȒȡɅȡʌȡɐɅ ɐȒ ǪɶȡʌǸɶȡǍ ʌɐ ɾǸȺǸǪʌ ǪȺȡǸɅʌɾ ṳᶵᶰṴ ǍɅǱ Ʌɐʌ ɐɅ ʌțǸ ɳɶɐǪǸǱʔɶǸɾ ɅǸǸǱǸǱ ʌɐ ǸȒȒȡǪȡǸɅʌȺʳ ǸɅǍǩȺǸ Ǎ 
ȲʔǱȡǪȡɐʔɾ ǪȺȡǸɅʌ ǱȡɾǪɐʬǸɶʳṣ ÿɐ ȒȡȺȺ ʌțȡɾ ȓǍɳṞ Ǎ ɾʌʔǱʳ ʌțǍʌ ȡɾ ǩǸȡɅȓ ǪǍɶɶȡǸǱ ɐʔʌ ȡɅ ʌțǸ ǪɐɅʌǸʲʌ ɐȒ ʌțǸ ʌɐɳȡǪɾ 
ǱǸɾǪɶȡǩǸǱ ȡɅ ʌțǸ Ȓȡɶɾʌ ȡʌǸɃ ȡɾ ɶǸɳɐɶʌǸǱ ȡɅ ṳᶵᶱṴ ʭțȡǪț ǍȡɃɾ ʌɐ ǱǸȒȡɅǸṝ 

¶ An edge -based FL architecture aligned with the European Telecommunications Standards 
Institute (ETSI) Multi -Access Edge Computing (MEC) specifications to make the most of 
natively provided MEC services (see grey boxes in Figure 30) in retrieving information about 
clients. In particular, position and link quality information are retrieved by the FL server to 
make, with the support of other parameters, a more conscious client selection.  

¶ The use of the Message Queue Telemetry Transport (MQTT) publish/subscribe protocol, 
suitably configured to enable the FL Server to interact with potential clients to discover their 
capabilities, e.g., in terms of computing, battery, datasets. The MQTT brok er (in Figure 30) 
decouples the clients and the FL server to allow a greater scalability, because the FL server 
does not need to keep connections with all the clients.  

¶ The use of the Open Mobile Alliance (OMA) Lightweight Machine -to -Machine (LwM2M) 
semantics in the MQTT topics to pursue low communication overhead and interoperability 
in the presence of heterogeneous devices which describe their capabilities.  

=ʳ ǱǸɳǍɶʌȡɅȓ ȒɶɐɃ ǪɐɅʬǸɅʌȡɐɅǍȺ ɅǸʌʭɐɶȶȡɅȓ ǍɳɳɶɐǍǪțǸɾṞ ʌțǸ ɳɶɐɳɐɾǍȺ ȡɅ ṳᶵᶲṴ ȓɐǸɾ ʭǸȺȺ ǩǸʳɐɅǱ ʌțǸ 
ʔɾǍȓǸ ɐȒ ¶èÿÿ ǍɅǱ ȡɅʬǸɾʌȡȓǍʌǸɾ ʌțǸ ¸ǍɃǸǱ EǍʌǍ ¸ǸʌʭɐɶȶȡɅȓ ṵ¸E¸Ṷ ɳǍɶǍǱȡȓɃṞ ǍɅ u>¸ ȡɅɾʌǍɅʌȡǍʌȡɐɅ 
ǩʔȡȺǱȡɅȓ ʔɳɐɅ ȡɅẁɅǸʌʭɐɶȶ ǪǍǪțȡɅȓṞ ɅǍʌȡʬǸ ɃʔȺʌȡǪǍɾʌȡɅȓṞ ɅǍɃǸẁǩǍɾǸǱ ȺɐǪǍʌȡɐɅẁȡɅǱǸɳǸɅǱǸɅʌ ǱǍʌǍ 
ȒɐɶʭǍɶǱȡɅȓṞ Ǎɾ ǍɅ ǸɅǍǩȺǸɶ ɐȒ f¬ ǪȺȡǸɅʌ ǱȡɾǪɐʬǸɶʳṣ !Ⱥʌțɐʔȓț ɳɶɐɃȡɾȡɅȓ ȡɅ ʌǸɶɃɾ ɐȒ ǪɐɃɃʔɅȡǪǍʌȡɐɅ 
ȒɐɐʌɳɶȡɅʌṞ ʌțǸ ʬȡǍǩȡȺȡʌʳ ɐȒ ȡɃɳȺǸɃǸɅʌȡɅȓ ¸E¸ ǩǸɾȡǱǸɾ ȓɶǸǸɅẁȒȡǸȺǱɾ ǱǸɳȺɐʳɃǸɅʌɾ ȡɾ ɾʌȡȺȺ ʔɅǱǸɶ ǱǸǩǍʌǸ 
ǍɅǱ ǱǸɾǸɶʬǸ ȒʔɶʌțǸɶ ȡɅʬǸɾʌȡȓǍʌȡɐɅṣ 

 
Figure 30: Reference architecture for research on Edge -assisted MQTT -based Client Discovery [73]  
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7.3.4.2  Studies on SDN -assisted FL Client Selection  

ğȡʌț ɶǸȒǸɶǸɅǪǸ ʌɐ ʌțǸ ʌɐɳȡǪɾ ǱǸɾǪɶȡǩǸǱ ȡɅ ʌțǸ ɾǸǪɐɅǱ ȡʌǸɃṞ ʌțǸ ǍɳɳɶɐǍǪț ʌțǍʌ ȡɾ ǩǸȡɅȓ ȒɐȺȺɐʭǸǱ ɾʌǍɶʌɾ 
ȒɶɐɃ ʌțǸ ʬǸɶʳ ɶǸǪǸɅʌ ȺȡʌǸɶǍʌʔɶǸ ǱǸǍȺȡɅȓ ʭȡʌț ʌțǸ ʌɐɳȡǪ ɐȒ ʌțǸ Ẍ¸Ǹʌʭɐɶȶ Ȓɐɶ !uẍ ṵǍȺɶǸǍǱʳ ǱȡɾǪʔɾɾǸǱ ȡɅ 
ɳɶǸʬȡɐʔɾ ɾǸǪʌȡɐɅɾṶ ʌɐ ɳɶɐɳɐɾǸ ǍɅ ñE¸ẁǍɾɾȡɾʌǸǱ fǸǱǸɶǍʌǸǱ ¬ǸǍɶɅȡɅȓ ɃǸǪțǍɅȡɾɃṞ ȡɅ ʭțȡǪț ʌțǸ 
ɳɐɾɾȡǩȡȺȡʌȡǸɾ ɐȒȒǸɶǸǱ ǩʳ ʌțǸ ɶǸǪǸɅʌ ɅǸʌʭɐɶȶ ɾɐȒʌʭǍɶȡɾǍʌȡɐɅ ʌǸǪțɅȡɵʔǸɾ ǍɶǸ ɳʔʌ Ǎʌ ʌțǸ ɾǸɶʬȡǪǸ ɐȒ f¬ 
ɳɶɐǪǸɾɾǸɾṣ uɅ ǍɅ ȡɅȡʌȡǍȺ ɾʌʔǱʳ ṳᶵᶳṴ ȡʌ țǍɾ ǩǸǸɅ ǱǸɃɐɅɾʌɶǍʌǸǱ țɐʭ ʌțǸ ʔɾǸ ɐȒ ñE¸ ʌǸǪțɅȡɵʔǸɾ ǪǍɅ 
ɶǸǱʔǪǸ ʌɶǍȡɅȡɅȓ ʌȡɃǸɾ ʭțȡȺǸ ɃǍȡɅʌǍȡɅȡɅȓ ʌțǸ ɾǍɃǸ ǍǪǪʔɶǍǪʳ ɳǸɶȒɐɶɃǍɅǪǸṣ !Ʌ ɐɅȓɐȡɅȓ ɾʌʔǱʳ ȡɾ 
ȡɅɾʌǸǍǱ ȡɅʬǸɾʌȡȓǍʌȡɅȓ țɐʭ ʌɐ ȡɃɳȺǸɃǸɅʌ ǍɅ ñE¸ẁǍɾɾȡɾʌǸǱ f¬ ɾɐȺʔʌȡɐɅ ʌțǍʌ ȺǸʬǸɶǍȓǸɾ Ǎ ǪȺɐɾǸɶ 
ǪɐȺȺǍǩɐɶǍʌȡɐɅ ǩǸʌʭǸǸɅ ʌțǸ ¸Ǹʌʭɐɶȶ >ɐɅʌɶɐȺȺǸɶ ǍɅǱ ǍɅ f¬ ÃɶǪțǸɾʌɶǍʌɐɶ ǍɅǱ ʌțǸ f¬ ñǸɶʬǸɶ Ȓɐɶ Ǎ 
ǱʳɅǍɃȡǪ ɾǸȺǸǪʌȡɐɅ ɐȒ ǪȺȡǸɅʌɾ ǍɾɾȡɾʌǸǱ ǩʳ ʌțǸ ñE¸ ǪɐɅʌɶɐȺȺǸɶ ǱʔɶȡɅȓ ʌțǸ ʬǍɶȡɐʔɾ ɶɐʔɅǱɾ ɐȒ ʌțǸ ʌɶǍȡɅȡɅȓ 
ɳɶɐǪǸɾɾ ṵɾǸǸ Figure 31Ṷṣ 

 

 
Figure 31: Possible reference scheme for research on SDN -assisted FL Client Selection.  

7.3.5 Resource -aware Federated  Learning  

fǸǱǸɶǍʌǸǱ ȺǸǍɶɅȡɅȓ țǍɾ ɳɶɐʬǸɅ ǸȒȒǸǪʌȡʬǸ ȡɅ ȺǍɶȓǸẁɾǪǍȺǸ ɾʳɾʌǸɃɾṣ oɐʭǸʬǸɶṞ ʌɶǍȡɅȡɅȓ ɐȒ Ǎ ɃɐǱǸȺṞ 
ǸɾɳǸǪȡǍȺȺʳ Ǎ ǱǸǸɳ ¸¸Ṟ ȡɾ Ǎ ʬǸɶʳ ɶǸɾɐʔɶǪǸẁțʔɅȓɶʳ ṵȡɅ ʌǸɶɃ ɐȒ ǪɐɃɳʔʌǍʌȡɐɅṞ ǸɅǸɶȓʳṞ ʌȡɃǸṞ ǸʌǪṣṶ ɳɶɐǪǸɾɾṞ 
ǍɅǱ ʌțʔɾ ȡʌ ȡɾ ʔɅɶǸǍȺȡɾʌȡǪ ʌɐ ǍɾɾʔɃǸ ʌțǍʌ ǍȺȺ ʌțǸ ǱǸʬȡǪǸɾ ȡɅ ʌțǸ ɾʳɾʌǸɃ ǪǍɅ ɳǸɶȒɐɶɃ ǍȺȺ ʌʳɳǸɾ ɐȒ ʌɶǍȡɅȡɅȓ 
ǪɐɃɳʔʌǍʌȡɐɅɾ ǍȺȺ ʌțǸ ʌȡɃǸṣ EȡɾʌɶȡǩʔʌǸǱ ɾʳɾʌǸɃɾ ɐȒʌǸɅ ǪɐɅɾȡɾʌ ɐȒ Ǎ țǸʌǸɶɐȓǸɅǸɐʔɾ ɾǸʌ ɐȒ ǱǸʬȡǪǸɾ ʭȡʌț 
ǱȡȒȒǸɶȡɅȓ ǪɐɅɾʌɶǍȡɅʌɾ ȡɅ ʌǸɶɃɾ ɐȒ ǪɐɃɳʔʌǍʌȡɐɅǍȺ ǪǍɳǍǩȡȺȡʌʳ ṵǸṣȓṣṞ ʌțɶɐʔȓț ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ ǍɅ 
ǍǪǪǸȺǸɶǍʌɐɶṶṞ ǍʬǍȡȺǍǩȺǸ ɃǸɃɐɶʳṞ ɳɐʭǸɶ ṵǸṣȓṣṞ ǩǸǪǍʔɾǸ ɐȒ ʌțǸɶɃǍȺ ǪɐɅɾʌɶǍȡɅʌɾṶṞ ǸɅǸɶȓʳ ṵǸṣȓṣṞ Ȓɐɶ ǩǍʌʌǸɶʳẁ
ǱɶȡʬǸɅ ǱǸʬȡǪǸɾ ɐɶ ǱǸʬȡǪǸɾ ɶʔɅɅȡɅȓ ɐɅ ȓɶǸǸɅ ǸɅǸɶȓʳṶṞ ǍɅǱ ǸʌǪṣ ÿțȡɾ ȡɾ ɾɳǸǪȡȒȡǪǍȺȺʳ ʌțǸ ǪǍɾǸ ȡȒ ʌțǸ 
ȺǸǍɶɅȡɅȓ ȡɾ ǱȡɾʌɶȡǩʔʌǸǱ ɐʬǸɶ ǱǸǸɳ ǸǱȓǸ ǱǸʬȡǪǸɾ Ǎɾ ɾʔȓȓǸɾʌǸǱ ȡɅ ᶴg ɾʳɾʌǸɃɾṣ !ȺɾɐṞ ʌɐ ȓʔǍɶǍɅʌǸǸ ʌțǍʌ 
Ǎ ǱǸʬȡǪǸ ǪǍɅ ǱǸȺȡʬǸɶ ȡʌɾ ɃǍȡɅ ʌǍɾȶɾ ʭȡʌțɐʔʌ ǍɅʳ ȡɅʌǸɶɶʔɳʌȡɐɅṞ ɐɅȺʳ ȒɶǸǸ ɶǸɾɐʔɶǪǸɾ ǍʬǍȡȺǍǩȺǸ ɐɅ ʌțǸ 
ǱǸʬȡǪǸ ɾțɐʔȺǱ ǩǸ ǍȺȺɐǪǍʌǸǱ ʌɐ ʌțǸ ʌɶǍȡɅȡɅȓ ɳɶɐǪǸǱʔɶǸṣ =ǸɾȡǱǸɾṞ ɾɐɃǸ ǱǸʬȡǪǸɾ ɃǍʳ ʔɾǸ ȓɶǸǸɅ ǸɅǸɶȓʳ 
ɶǸɾɐʔɶǪǸɾṞ ɾʔǪț Ǎɾ ɾɐȺǍɶẁǪǸȺȺɾṞ ʭțȡǪț ǍɶǸ ǩʳ ɅǍʌʔɶǸ ʌȡɃǸ ʬǍɶȡǍɅʌ ǍɅǱ ʌțʔɾ ʔɅɶǸȺȡǍǩȺǸṣ oǸɅǪǸṞ 
țǸʌǸɶɐȓǸɅǸȡʌʳ ȡɾ Ʌɐʌ ɐɅȺʳ ǩǸʌʭǸǸɅ ʌțǸ ǱǸʬȡǪǸɾ ǩʔʌ ǍȺɾɐ ɐʬǸɶ ʌțǸ ʌȡɃǸṞ Ǎɾ ʌțǸ ǍɃɐʔɅʌ ɐȒ ɶǸɾɐʔɶǪǸɾ 
ǍʬǍȡȺǍǩȺǸ ɐɅ Ǎ ǱǸʬȡǪǸ Ȓɐɶ ʌɶǍȡɅȡɅȓ ɃǍʳ ʬǍɶʳ ɐʬǸɶ ʌțǸ ʌȡɃǸ ṵɾǸǸ Figure 32Ṷṣ 
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Figure 32: The availability of resources at devices can vary over devices and over time. These heterogeneities 
should be considered when applying FL.  

EuñÿéM!¬ 

! ǱȡɾʌɶȡǩʔʌǸǱ ɐɅẁǱǸʬȡǪǸ ȺǸǍɶɅȡɅȓ ɃǸǪțǍɅȡɾɃ ɾțɐʔȺǱ ʌǍȶǸ ǍȺȺ ʌțǸɾǸ ʌʳɳǸɾ ɐȒ țǸʌǸɶɐȓǸɅǸȡʌʳ ȡɅʌɐ 
ǍǪǪɐʔɅʌṣ ğțȡȺǸ ɾǸʬǸɶǍȺ ʭɐɶȶɾ ɾʌʔǱʳ ʌțǸ ɳɶɐǩȺǸɃ ɐȒ țǸʌǸɶɐȓǸɅǸȡʌʳ ǍǪɶɐɾɾ ǱǸʬȡǪǸɾ ṳᶲᶵṴṞ ʌȡɃǸẁʬǍɶʳȡɅȓ 
ɶǸɾɐʔɶǪǸ ǍʬǍȡȺǍǩȡȺȡʌʳ țǍɾ ɾɐ ȒǍɶ ǩǸǸɅ ɅǸȓȺǸǪʌǸǱṣ ÿɐ ǍǱǱɶǸɾɾ ʌțǸɾǸ ɾțɐɶʌǪɐɃȡɅȓɾṞ ṳᶵᶴṴ ɳɶɐɳɐɾǸɾ Ǎ 
ǱȡɾʌɶȡǩʔʌǸǱṞ ɶǸɾɐʔɶǪǸẁǍʭǍɶǸṞ ǍǱǍɳʌȡʬǸṞ ɐɅẁǱǸʬȡǪǸ ȺǸǍɶɅȡɅȓ ʌǸǪțɅȡɵʔǸṞ EuñÿéM!¬Ṟ ʭțȡǪț ǸɅǍǩȺǸɾ ʌțǸ 
ɾʳɾʌǸɃ ʌɐ ȒʔȺȺʳ ǸʲɳȺɐȡʌ ǍɅǱ ǸȒȒȡǪȡǸɅʌȺʳ ʔʌȡȺȡʽǸ ǍʬǍȡȺǍǩȺǸ ɶǸɾɐʔɶǪǸɾ ɐɅ ǱǸʬȡǪǸɾ Ȓɐɶ ʌțǸ ʌɶǍȡɅȡɅȓṞ ǱǸǍȺȡɅȓ 
ʭȡʌț ǍȺȺ ʌțǸɾǸ ʌʳɳǸɾ ɐȒ țǸʌǸɶɐȓǸɅǸȡʌʳṣ ÿțǸ ɐǩȲǸǪʌȡʬǸ ȡɾ ʌɐ ɃǍʲȡɃȡʽǸ ʌțǸ ǍǪǪʔɶǍǪʳ ʌțǍʌ ȡɾ ɶǸǍǪțǸǱ ǍȒʌǸɶ 
ȺȡɃȡʌǸǱ ʌɶǍȡɅȡɅȓ ʌȡɃǸ ɐɅ ǱǸʬȡǪǸɾṞ ȡṣǸṣṞ ǪɐɅʬǸɶȓǸɅǪǸ ɾɳǸǸǱṣ ÿɐ ȒʔȺȒȡȺ ʌțȡɾ ȓɐǍȺṞ ʭǸ ɾțɐʔȺǱ ɃǍȶǸ ɾʔɶǸ ʌțǍʌ 
>ᶯṶ ÿțǸ ǍʬǍȡȺǍǩȺǸ ɶǸɾɐʔɶǪǸɾ ɐɅ Ǎ ǱǸʬȡǪǸ ǍɶǸ ȒʔȺȺʳ ǸʲɳȺɐȡʌǸǱṣ ÿțȡɾ ɶǸɵʔȡɶǸɾ ȒȡɅǸẁȓɶǍȡɅǸǱ ǍǱȲʔɾʌǍǩȡȺȡʌʳ ɐȒ 
ʌțǸ ʌɶǍȡɅȡɅȓ ɃɐǱǸȺ ɐɅ Ǎ ǱǸʬȡǪǸṞ ǍɅǱ Ǎ ɃǸʌțɐǱ ʌɐ ȡɅɾʌǍɅʌȺʳ ɶǸǍǪʌ ʌɐ ǪțǍɅȓǸɾṨ ǍɅǱ >ᶰṶ ÿțǸ ǍʬǍȡȺǍǩȺǸṞ 
ȺȡɃȡʌǸǱṞ ɶǸɾɐʔɶǪǸɾ ɐɅ Ǎ ǱǸʬȡǪǸ ǍɶǸ ʔɾǸǱ ǸȒȒȡǪȡǸɅʌȺʳṞ ʌɐ ɃǍʲȡɃȡʽǸ ʌțǸ ǍǪǪʔɶǍǪʳ ȡɃɳɶɐʬǸɃǸɅʌ ǍɅǱ 
țǸɅǪǸ ʌțǸ ɐʬǸɶǍȺȺ ǪɐɅʬǸɶȓǸɅǪǸ ɾɳǸǸǱṣ 

! Ǳɶɐɳɐʔʌ ʌǸǪțɅȡɵʔǸ ȡɾ ɳɶɐɳɐɾǸǱ ȡɅ ṳᶵᶴṴ ʌɐ ǍǱȲʔɾʌ ʌțǸ ǪɐɃɳʔʌǍʌȡɐɅǍȺ ǪɐɃɳȺǸʲȡʌʳ ṵɶǸɾɐʔɶǪǸ 
ɶǸɵʔȡɶǸɃǸɅʌɾṶ ɐȒ ʌɶǍȡɅȡɅȓ ʌțǸ ɃɐǱǸȺ Ǎʌ ǍɅʳ ʌȡɃǸṣ ÿțǸɶǸǩʳṞ ǸǍǪț ǱǸʬȡǪǸ ȺɐǪǍȺȺʳ ǱǸǪȡǱǸɾ ʌțǸ Ǳɶɐɳɐʔʌ 
ɾǸʌʌȡɅȓ ʭțȡǪț Ȓȡʌɾ ȡʌɾ ǍʬǍȡȺǍǩȺǸ ɶǸɾɐʔɶǪǸɾṞ ʭȡʌțɐʔʌ ɶǸɵʔȡɶȡɅȓ ǍɅʳ ǍɾɾȡɾʌǍɅǪǸ ȒɶɐɃ ʌțǸ ɾǸɶʬǸɶṞ 
ǍǱǱɶǸɾɾȡɅȓ >ᶯṣ ÿțȡɾ ȡɾ ǱȡȒȒǸɶǸɅʌ ȒɶɐɃ ʌțǸ ɾʌǍʌǸẁɐȒẁʌțǸẁǍɶʌ ʌǸǪțɅȡɵʔǸɾṞ ɾʔǪț Ǎɾ ṳᶵᶵṴṳᶵᶶṴṳᶵᶷṴṞ ʭțǸɶǸ ʌțǸ 
ɾǸɶʬǸɶ ȡɾ ɶǸɾɳɐɅɾȡǩȺǸ Ȓɐɶ ɶǸȓʔȺǍʌȡɅȓ ɶǸɾɐʔɶǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ʌɶǍȡɅȡɅȓ Ȓɐɶ ǸǍǪț ǱǸʬȡǪǸ Ǎʌ ʌțǸ 
ǩǸȓȡɅɅȡɅȓ ɐȒ ǸǍǪț ʌɶǍȡɅȡɅȓ ɶɐʔɅǱṞ ʭțȡǪț ɃǍʳ ʌǍȶǸ ɾǸʬǸɶǍȺ ɃȡɅʔʌǸɾṣ EuñÿéM!¬ ȡɾ ʌțǸɶǸȒɐɶǸ ǍǩȺǸ ʌɐ 
ɶǸǍǪʌɾ ȡɅ Ǎ ɶʔɅʌȡɃǸ ɃǍɅɅǸɶ ʌɐ ʌțǸ ǪțǍɅȓǸɾ ȡɅ ʌțǸ ɶǸɾɐʔɶǪǸ ǍʬǍȡȺǍǩȡȺȡʌʳ Ǎʌ ʌțǸ ǱǸʬȡǪǸɾ ɳǍɶʌȡǪȡɳǍʌȡɅȓ 
ȡɅ ʌțǸ ʌɶǍȡɅȡɅȓ ɳɶɐǪǸɾɾṣ 
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Figure 33: Convergence with CIFAR -10 and CIFAR -100 on heterogeneous devices where resources availability 
changes randomly over the time with rate ʇ. DISTREAL achieves a higher convergence speed than HeteroFL 

[77]  and Fed. Dropout [78] , and the highest final accuracy.  

ÿțǸ ǸʬǍȺʔǍʌȡɐɅ ɶǸɾʔȺʌɾ ɾțɐʭ ʌțǍʌ ʔɾȡɅȓ ǱȡȒȒǸɶǸɅʌ ɳǸɶẁȺǍʳǸɶ Ǳɶɐɳɐʔʌ ɶǍʌǸɾ ǍǪțȡǸʬǸɾ Ǎ ɃʔǪț ǩǸʌʌǸɶ 
ʌɶǍǱǸẁɐȒȒ ǩǸʌʭǸǸɅ ʌțǸ ɶǸɾɐʔɶǪǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɅǱ ʌțǸ ǪɐɅʬǸɶȓǸɅǪǸ ɾɳǸǸǱṞ ǪɐɃɳǍɶǸǱ ʌɐ ʔɾȡɅȓ ʌțǸ 
ɾǍɃǸ ɶǍʌǸ Ǎʌ ǍȺȺ ȺǍʳǸɶɾ Ǎɾ ʌțǸ ɾʌǍʌǸ ɐȒ ʌțǸ ǍɶʌṞ ǍǱǱɶǸɾɾȡɅȓ >ᶰṣ ! EñM ʌǸǪțɅȡɵʔǸ ȡɾ ǍɳɳȺȡǸǱ ʌɐ 
ǍʔʌɐɃǍʌȡǪǍȺȺʳ ȒȡɅǱ ʌțǸ æǍɶǸʌɐẁɐɳʌȡɃǍȺ Ǳɶɐɳɐʔʌ ʬǸǪʌɐɶɾ Ǎʌ ǱǸɾȡȓɅ ʌȡɃǸṣ EuñÿéM!¬ ȡɾ ȡɃɳȺǸɃǸɅʌǸǱ 
ǍɅ f¬ ɾʳɾʌǸɃṞ ȡɅ ʭțȡǪț ʌțǸ ǍʬǍȡȺǍǩȡȺȡʌʳ ɐȒ ǪɐɃɳʔʌǍʌȡɐɅǍȺ ɶǸɾɐʔɶǪǸɾ ʬǍɶȡǸɾ ǩɐʌț ǩǸʌʭǸǸɅ ǱǸʬȡǪǸɾ ǍɅǱ 
ɐʬǸɶ ʌȡɃǸṣ uʌ ȡɾ ɾțɐʭɅ ʌțɶɐʔȓț ǸʲʌǸɅɾȡʬǸ ǸʬǍȺʔǍʌȡɐɅ ʌțǍʌ EuñÿéM!¬ ɾȡȓɅȡȒȡǪǍɅʌȺʳ ȡɅǪɶǸǍɾǸɾ ʌțǸ 
ǪɐɅʬǸɶȓǸɅǪǸ ɾɳǸǸǱ ɐʬǸɶ ʌțǸ ɾʌǍʌǸ ɐȒ ʌțǸ ǍɶʌṞ ǍɅǱ ȡɾ ɶɐǩʔɾʌ ʌɐ ʌțǸ ɶǍɳȡǱ ǪțǍɅȓǸɾ ȡɅ ɶǸɾɐʔɶǪǸ 
ǍʬǍȡȺǍǩȡȺȡʌʳ Ǎʌ ǱǸʬȡǪǸɾṞ ʭȡʌțɐʔʌ ǪɐɃɳɶɐɃȡɾȡɅȓ ɐɅ ʌțǸ ȒȡɅǍȺ ǍǪǪʔɶǍǪʳ ṵǸṣȓṣ ɾǸǸ Figure 33Ṷṣ ¸ɐʌǸ ʌțǍʌ 
EuñÿéM!¬ ȡɾ ɾǪǍȺǍǩȺǸṞ Ǎɾ ȡʌ ǱɐǸɾ Ʌɐʌ ɶǸɵʔȡɶǸ ǍɅʳ ǍɾɾȡɾʌǍɅǪǸ ǩʳ ʌțǸ ɾǸɶʬǸɶṣ 

>ɐ>ɐf¬ 

¸ɐʌǸ ʌțǍʌ EuñÿéM!¬ ȒɐǪʔɾǸɾ ɐɅȺʳ ɐɅ ǪɐɃɳʔʌǍʌȡɐɅ ǪɐɅɾʌɶǍȡɅʌɾ Ǎʌ ǱǸʬȡǪǸɾṣ oɐʭǸʬǸɶṞ ȡɅ Ǎ ʭȡɶǸȺǸɾɾ 
ɅǸʌʭɐɶȶṞ ʌțǸ ʌɶǍȡɅȡɅȓ ǱǸʬȡǪǸɾ ǍɶǸ Ǎʌ ǱǸǸɳ ǸǱȓǸṞ ǪɐɃɃʔɅȡǪǍʌȡɅȓ ʭȡʌț ʌțǸ f¬ ɾǸɶʬǸɶ ṵʭțȡǪț ɶǸɾȡǱǸɾ ȡɅ 
ǍɅ ǸǱȓǸ ǪɐɃɳʔʌǍʌȡɐɅ ǪǸɅʌɶǸ ǪȺɐɾǸ ʌɐ Ǹṣȓṣ Ǎ ǩǍɾǸ ɾʌǍʌȡɐɅṶ ʌțɶɐʔȓț ʭȡɶǸȺǸɾɾ ȺȡɅȶɾṣ ÿțǸɾǸ ȺȡɅȶɾ ǍɶǸ 
ȺȡɃȡʌǸǱ ȡɅ ʌǸɶɃɾ ɐȒ ʌțɶɐʔȓțɳʔʌ ǍɅǱ ʌțǸȡɶ ɵʔǍȺȡʌȡǸɾ ǍɶǸ ʬǍɶʳȡɅȓ ɐʬǸɶ ʌȡɃǸṣ ÿɐ ǸɅǍǩȺǸ ǍɅ ǸȒȒȡǪȡǸɅʌ 
ǱȡɾʌɶȡǩʔʌǸǱ ʌɶǍȡɅȡɅȓ ɐʬǸɶ ʌțǸɾǸ ǱǸʬȡǪǸɾṞ ʭǸ ɾțɐʔȺǱ ǍȺɾɐ ǪɐɅɾȡǱǸɶ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ǪɐɅɾʌɶǍȡɅʌɾ Ǎʌ 
ʌțǸɾǸ ǱǸǸɳ ǸǱȓǸ ǱǸʬȡǪǸɾṣ   

uɅ ṳᶷᶶṴṞ ʭe propose an adaptive mechanism to enable an efficient training of a deep Neural Network 
over such setting, tuning the computation , memory, and communication overheads of learning 
tasks to the capabilities of participating edge devices.  We propose a novel technique, 
Communication and Computation -Aware Federated Learning (CoCoFL), that allows all devices to 
calculate gradients based on the full model, irrespective of their capabilities, through partial 
freezing and quantization of the mod el at constrained devices. We show that quantizing frozen 
layers but keeping trained layers at full precision results in a large reduction in resource  
requirements, while still enabling efficient learning at devices. Figure 34 shows an overview of the 
proposed solution.  
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Figure 34: Overview of CoCoFL . At design time, different configurations of frozen/trained layers are profiled 
w.r.t. communication, computation, and memory in training. At run time, a heuristic selects a suitable  

ǪɐɅȒȡȓʔɶǍʌȡɐɅ ɐɅ ǸǍǪț ǱǸʬȡǪǸ ʭṾɶṾʌṾ ʌțǸ ǱǸʬȡǪǸậɾ ǪɐɅɾʌɶǍȡɅʌɾṾ 

Freezing layers reduces the required gradient computations, the storage of intermediate 
activations, and the size of the parameter update, while quantization further speeds up the 
computations of frozen layers. Partial freezing and quantization open up a l arge design space, 
where each layer can be frozen or trained on each participating device. The selection of trained 
layers has a significant impact on the required resources and on the accuracy. We introduce a 
heuristic that allows for server independent s election of layers with respect to the local resource 
availability at run time, based on design -time profiling of the performance of devices.  

We evaluate performance of CoCoFL in an FL system. We consider three types of devices, strong 
(with sufficient resource to train the full model and transmit the data to server in time), medium 
(with 2/3 of communication, computation and memory resource of strong devices), and weak 
devices (with 1/3 of resource of the strong devices). For each experiment, we distribute the data from 
the datasets CIFAR10/100, FEMNIST, CINIC10, XChest, IMDB, and Shakespeare over devices. We 
evaluate ResNet, DenseNet, MobileNet , and Transformer NN models.   

We study several data split scenarios:  

¶ An iid case, where data is randomly distributed to all devices, and hence, every device has 
about the same number of samples per class.  

¶ A non -iid case, where we vary the non -iid -ness with the value of ɻ of a Dirichlet distribution, 
similar to [99] . Hereby, the number of samples per class varies between devices.  

¶ A rc-non -iid  case, where data is resource correlated non -iid. This means that information 
about certain classes is only available on specific device groups, increasing the necessity to 
include them in the FL process .  

We compare CoCoFL to several baselines: state -of -the -art HeteroFL and FjORD  [100], which are the 
closest to our technique. Additionally, we compare to a theoretical bound and a straightforward 
baseline that drops all but the strong devices from FL training : 

¶ Centralized: All data is centralized (on one device), serves as a theoretical upper bound.  

¶ FedAvg (full resources): FL is applied, but all devices have full (homogeneous) resources. This 
baseline serves as a theoretical upper bound.  

¶ FedAvg: Devices that cannot train the NN (e.g., due to limited memory) are dropped from 
the training (therefore also their data). This serves as a naive baseline , used in production use 
cases. 
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Table 11: Accuracy (Top 1) in % for DenseNet, MobileNet, ResNet18, ResNet50, and Transformer. For XChest  the 
F1 macro score is given (unbalanced data).   

 
 

The results are presented in Table 11. We observe that CoCoFL reaches higher accuracies in almost 
all presented scenarios. Additionally, CoCoFL preserves fairness (accuracy parity) by enabling 
constrained devices to contribute to the global model. We attribute this large accuracy gap with 
respect to  the baselines to the fact that CoCoFL allows any device to calculate gradients based on 
the full NN, while still reducing required resources, as opposed to state -of -the -art techniques that 
calculate gradients on subsets of the filters of the NN.  

7.3.6 Need for understanding the potential  of distributed AI in various 
use cases for 6G  

EȡɾʌɶȡǩʔʌǸǱ ȡɅʌǸȺȺȡȓǸɅǪǸ ɾɐȺʔʌȡɐɅɾ țǍʬǸ ǩǸǸɅ ɳɶɐɳɐɾǸǱ ɳɶǸʬȡɐʔɾȺʳ Ȓɐɶ ɾɐȺʬȡɅȓ ᶴg ɅǸʌʭɐɶȶ 
ɃǍɅǍȓǸɃǸɅʌ ɳɶɐǩȺǸɃɾṞ Ǎɾ ǍɅ ǸȒȒǸǪʌȡʬǸ ǪɐɃɳǸʌȡɅȓ ǍȺʌǸɶɅǍʌȡʬǸ ʌɐ ǪǸɅʌɶǍȺȡʽǸǱ ɾɐȺʔʌȡɐɅɾṞ ǍɅǱ țǍɾ 
ǩǸǸɅ ȡɅʬǸɾʌȡȓǍʌǸǱ ǸʲʌǸɅɾȡʬǸȺʳ Ȓɐɶ ɾǸʬǸɶǍȺ ȶǸʳ ʔɾǸ ǪǍɾǸɾṣ ÃɅǸ ɐȒ ʌțǸɾǸ ɶǸȒǸɶǸɅǪǸ ʔɾǸ ǪǍɾǸɾ ȡɾ 
ǍʔʌɐɾǪǍȺȡɅȓ >æĆ ɶǸɾɐʔɶǪǸɾ ȡɅ Ǎ ɅǸʌʭɐɶȶ ɾȺȡǪǸṞ ɾțɐʭɅ ȡɅ Figure 35ṣ ÿțǸ ɅǸʌʭɐɶȶ ɾȺȡǪǸ ȡɾ ǪɐɃɳɐɾǸǱ ɐȒ 
ɾǸʬǸɶǍȺ ¸Ǹʌʭɐɶȶ fʔɅǪʌȡɐɅɾ ṵ¸fṶṞ ʭțǸɶǸ ǸǍǪț ¸f ȡɾ ǱǸɳȺɐʳǸǱ Ǎɾ ɾɐȒʌʭǍɶǸ ɐɅ ǍɅ ȡɅǱȡʬȡǱʔǍȺ ĞȡɶʌʔǍȺ 
¸Ǹʌʭɐɶȶ fʔɅǪʌȡɐɅ ṵĞ¸fṶṣ Ğ¸fɾ ɾțǍɶǸ Ǎ ɳɐɐȺ ɐȒ ʬȡɶʌʔǍȺȡʽǸǱ ǪɐɃɳʔʌȡɅȓ ṵ>æĆṶ ɶǸɾɐʔɶǪǸɾṣ ñȺȡǪǸ 
ǍǱɃȡɾɾȡɐɅ ǪɐɅʌɶɐȺ ǸɅɾʔɶǸɾ ʌțǍʌ ȡȒṞ ǍǱɃȡʌʌȡɅȓ Ǎ ʔɾǸɶ ʭɐʔȺǱ ȡɅǪɶǸǍɾǸ ʌțǸ >æĆ ʔʌȡȺȡʽǍʌȡɐɅ ɐȒ ǍɅʳ Ğ¸f 
ǩǸʳɐɅǱ ʌțǸ ǍǱɃȡɾɾȡɐɅ ʌțɶǸɾțɐȺǱṞ ʌțǸ ɾǸɶʬȡǪǸ ɶǸɵʔǸɾʌ ʌɐ ʌțǸ ʔɾǸɶ ʭɐʔȺǱ ǩǸ ǱǸɅȡǸǱṣ Ğ¸fɾ ǍɶǸ ǍǩȺǸ ʌɐ 
ɾǪǍȺǸ ʔɳ ṵǍǱǱ >æĆɾṶṞ ɾǪǍȺǸ ǱɐʭɅ ṵɶǸȺǸǍɾǸ >æĆɾṶ ɐɶ ʌǍȶǸ Ʌɐ ǍǪʌȡɐɅ ȡɅ ɐɶǱǸɶ ʌɐ ɶǸǍǪț Ǎ ɳɶǸẁǱǸȒȡɅǸǱ 
ʌǍɶȓǸʌ Ğ¸f >æĆ ʔʌȡȺȡʽǍʌȡɐɅ όṞ ǍǪǪɐɶǱȡɅȓ ʌɐ ʌțǸ ɶǸɾɐʔɶǪǸ ǸȒȒȡǪȡǸɅǪʳ ǪɐɅɾȡǱǸɶǍʌȡɐɅɾ ɾʌȡɳʔȺǍʌǸǱ ǩʳ ʌțǸ 
ȡɅȒɶǍɾʌɶʔǪʌʔɶǸ ɳɶɐɳɶȡǸʌɐɶṣ ¶ɐɶǸɐʬǸɶṞ Ǎ ǪɐɅȒȺȡǪʌ ɾȡʌʔǍʌȡɐɅ ɃǍʳ ɐǪǪʔɶ ʭțǸɅ ɃʔȺʌȡɳȺǸ Ğ¸fɾ ǍʌʌǸɃɳʌ ʌɐ 
ɾǪǍȺǸ ʔɳ Ǎʌ ʌțǸ ɾǍɃǸ ʌȡɃǸ ǍɅǱ ʌțǸ ǍʬǍȡȺǍǩȺǸ >æĆɾ ȡɅ ʌțǸ ɶǸɾɐʔɶǪǸ ɳɐɐȺ ȡɾ Ʌɐʌ ɾʔȒȒȡǪȡǸɅʌ ʌɐ ɾǍʌȡɾȒʳ ʌțǸ 
ǪɐɃǩȡɅǸǱ ǱǸɃǍɅǱṣ ÿțǸ ǪɐɅȒȺȡǪʌ ǪǍʔɾǸɾ ǱȡɾɳɶɐɳɐɶʌȡɐɅǍʌǸ ɶǸɾɐʔɶǪǸ ǍȺȺɐǪǍʌȡɐɅ ʌɐ ʌțǸ Ğ¸fɾṞ ʌțǸɶǸǩʳ 
ǱǸȓɶǍǱȡɅȓ ɾʳɾʌǸɃ ©Ǹʳ æǸɶȒɐɶɃǍɅǪǸ uɅǱȡǪǍʌɐɶɾ ɾʔǪț Ǎɾ ʌțǸ ɾǸɶʬǸǱ ȺɐǍǱ ɐȒ ʌțǸ ɾȺȡǪǸṣ ÿțǸɶǸȒɐɶǸṞ ʌțǸ 
ȓɐǍȺ ɐȒ ǍʔʌɐɾǪǍȺȡɅȓ ȡɾ ʌɐ ǸɅɾʔɶǸ ʌțǍʌ Ȓɐɶ Ǎ ȓȡʬǸɅ ȡɅǪɐɃȡɅȓ ɾȺȡǪǸ ȺɐǍǱ ɐȒ ʔɾǸɶɾṞ ʌțǸ ȺɐǍǱ ɾǸɶʬǸǱ ǩʳ ʌțǸ 
ɾȺȡǪǸ ȡɾ ɃǍʲȡɃȡʽǸǱṞ ʭțȡȺǸ ȶǸǸɳȡɅȓ ʌțǸ >æĆ ʔʌȡȺȡʽǍʌȡɐɅ ɐȒ Ğ¸fɾ ǪȺɐɾǸ ʌɐ όȢ  
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Figure 35: The Distributed Intelligence Framework for the Autoscaling System  

ÿɐ ǍǪțȡǸʬǸ ǸȒȒȡǪȡǸɅʌ ǍʔʌɐɾǪǍȺȡɅȓṞ ʭǸ ɳɶɐɳɐɾǸǱ Ǎ ǱȡɾʌɶȡǩʔʌǸǱ ȒɶǍɃǸʭɐɶȶ ǪɐɅɾȡɾʌȡɅȓ ɐȒ ɃʔȺʌȡɳȺǸ 
uɅʌǸȺȺȡȓǸɅʌ !ȓǸɅʌɾ ṵu!ɾṶ ṳᶶᶯṴṣ MǍǪț uɅʌǸȺȺȡȓǸɅʌ !ȓǸɅʌ ɃǍɅǍȓǸɾ ȡʌɾ ɐʭɅ ¸fẁĞ¸f ɳǍȡɶ Ṿ ɃɐɅȡʌɐɶȡɅȓ ȡʌɾ 
ȺɐǪǍȺ ʬǍɶȡǍǩȺǸɾ ṵɅɐṣ ɐȒ ʔɾǸɶɾ ȡɅ ʌțǸ ɾȺȡǪǸ ǍɅǱ ʌțǸ Ʌɐṣ ɐȒ >æĆɾ ǍȺȺɐǪǍʌǸǱ ʌɐ ȡʌɾ Ğ¸fṶṞ ɳǸɶȒɐɶɃȡɅȓ ǱǸǪȡɾȡɐɅẁ
ɃǍȶȡɅȓ ǩǍɾǸǱ ɐɅ ʌțǸ ɃɐɅȡʌɐɶǸǱ ʬǍɶȡǍǩȺǸɾ ǍɅǱ ʌǍȶȡɅȓ ǪɐɶɶǸɾɳɐɅǱȡɅȓ ǍʔʌɐɾǪǍȺȡɅȓ ǍǪʌȡɐɅɾṣ u!ɾ 
ɾțǍɶȡɅȓ Ǎ ɶǸɾɐʔɶǪǸ ɳɐɐȺ ǍɶǸ ǱǸȒȡɅǸǱ Ǎɾ ¸Ǹȡȓțǩɐʔɶ uɅʌǸȺȺȡȓǸɅʌ !ȓǸɅʌɾ ṵ¸u!ɾṶṣ ñȡɅǪǸ ǍǪʌȡɐɅɾ ʌǍȶǸɅ ǩʳ 
ǍɅ u! ǍɶǸ ǪǍɳǍǩȺǸ ɐȒ ȡɃɳǍǪʌȡɅȓ ʌțɐɾǸ ɐȒ ȡʌɾ ɅǸȡȓțǩɐʔɶɾ ǍɅǱ ʬȡǪǸ ʬǸɶɾǍṞ ʭǸ ǸɃɳɐʭǸɶ ǸǍǪț u! ʌɐ 
ɃɐɅȡʌɐɶ ǍǱǱȡʌȡɐɅǍȺȺʳ ʌțǸ >æĆ ʔʌȡȺȡʽǍʌȡɐɅ ɐȒ ȡʌɾ ɅǸȡȓțǩɐʔɶɾṞ Ǎɾ țȡȓțȺȡȓțʌǸǱ ǩʳ ʌțǸ ɶǸǱ Ǎɶɶɐʭɾ ȡɅ Figure 
35ṣ ¶ɐɅȡʌɐɶȡɅȓ ɅǸȡȓțǩɐʔɶ ȡɅȒɐɶɃǍʌȡɐɅ ɳɶɐʬȡǱǸɾ Ǎ ȓɶǸǍʌǸɶ ǱǸȓɶǸǸ ɐȒ ǍʭǍɶǸɅǸɾɾ ʌɐ ʌțǸ u! Ȓɐɶ ȡʌɾ ɐʭɅ 
ǍǪʌȡɐɅɾṞ țǸɅǪǸ ʔȺʌȡɃǍʌǸȺʳ ǸɅǪɐʔɶǍȓȡɅȓ ǪɐɐɳǸɶǍʌȡɐɅ ʭȡʌț ȡʌɾ ɅǸȡȓțǩɐʔɶɾṣ 

ÿɐ ǸʬǍȺʔǍʌǸ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ȡɅʌǸȺȺȡȓǸɅǪǸṞ ʭǸ ɳɶɐɳɐɾǸǱ u!ɾ ǩǍɾǸǱ ɐɅ éǸȡɅȒɐɶǪǸɃǸɅʌ 
¬ǸǍɶɅȡɅȓ Ṿ èẁ¬ǸǍɶɅȡɅȓ ṵè¬Ṷ ǍɅǱ EǸǸɳ èẁ̧ Ǹʌʭɐɶȶɾ ṵEè¸Ṷṣ ñȡɃʔȺǍʌȡɐɅ ɶǸɾʔȺʌɾ ɾțɐʭǸǱ ʌțǍʌ ʌțǸ 
ɳǸɶȒɐɶɃǍɅǪǸ ṵɾǸɶʬǸǱ ȺɐǍǱṶ ɐȒ ʌțǸɾǸ ǱȡɾʌɶȡǩʔʌǸǱ ȡɅʌǸȺȺȡȓǸɅǪǸ ǍȺȓɐɶȡʌțɃɾ Ȓɐɶ ʌțǸ ǍʔʌɐɾǪǍȺȡɅȓ ʔɾǸ ǪǍɾǸ 
ǱǸʬȡǍʌǸɾ Ǎʌ Ƀɐɾʌ ᶴụ ǍʭǍʳ ȒɶɐɃ Ǎ ǪǸɅʌɶǍȺȡʽǸǱ ɐɳʌȡɃʔɃ ǩǸɅǪțɃǍɶȶ ǩǍɾǸǱ ɐɅ Ǎ ¶ȡʲǸǱ uɅʌǸȓǸɶ 
ÃɳʌȡɃȡʽǍʌȡɐɅ ȒɐɶɃʔȺǍʌȡɐɅṞ Ȓɐɶ ǍɅʳ ɅʔɃǩǸɶ ɐȒ u!ɾṞ ǪɐɅȒȡɶɃȡɅȓ ʌțǸ ɳǸɶȒɐɶɃǍɅǪǸ ɾǪǍȺǍǩȡȺȡʌʳ ɐȒ 
ǱȡɾʌɶȡǩʔʌǸǱ é¬ ṳᶶᶰṴṣ æǍɶʌȡǪʔȺǍɶȺʳṞ ȡɅ ʌǸɶɃɾ ɐȒ ǍǪǪʔɶǍǪʳ ɐȒ ʌțǸ èẁʬǍȺʔǸɾṞ è¬ ȡɾ ɃɐɶǸ ǍǪǪʔɶǍʌǸ ʌțǍɅ Eè¸Ṟ 
Ǎɾ ʌțǸ ȒɐɶɃǸɶ ȡɾ Ǎ ʌǍǩʔȺǍɶ ǍɳɳɶɐǍǪțṞ ǪǍȺǪʔȺǍʌȡɅȓ ǍɅǱ ʔɳǱǍʌȡɅȓ ʌțǸ èẁʬǍȺʔǸɾ ȡʌǸɶǍʌȡʬǸȺʳṞ ʭțȡȺǸ Eè¸ 
ǍɳɳɶɐʲȡɃǍʌǸɾ Ǎ ȒʔɅǪʌȡɐɅ ʌțǍʌ ɶǸɳɶǸɾǸɅʌɾ ʌțǸ èẁʬǍȺʔǸɾṣ >ɐɅɾǸɵʔǸɅʌȺʳṞ ʭǸ ɐǩɾǸɶʬǸǱ ʌțǍʌ Eè¸ ȡɾ Ǎʌ 
ȺǸǍɾʌ ᶱᶵụ ȒǍɾʌǸɶ ȡɅ ǪɐɅʬǸɶȓȡɅȓ ʌɐ ɅǸǍɶẁɐɳʌȡɃʔɃ ʬǍȺʔǸɾṞ ǪɐɃɳǍɶǸǱ ʌɐ è¬Ṟ ʭțǸɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ u!ɾ ȡɅ 
ʌțǸ ȒɶǍɃǸʭɐɶȶ ȡɅǪɶǸǍɾǸɾ ṳᶶᶰṴṣ ğțȡȺǸ ʌțǸ ǪɐɃǩȡɅǸǱ ǪɐɅʬǸɶȓǸɅǪǸ ʌȡɃǸ ɐȒ u!ɾ ȡɅǪɶǸǍɾǸɾ ȺȡɅǸǍɶȺʳ ʭȡʌț 
ʌțǸ ɅʔɃǩǸɶ ɐȒ u!ɾ ȡɅ Eè¸Ṟ ȡʌ ȡɅǪɶǸǍɾǸɾ ǸʲɳɐɅǸɅʌȡǍȺȺʳ ȡɅ è¬Ṟ ɾǸʬǸɶǸȺʳ ȺȡɃȡʌȡɅȓ ʌțǸ ɾǪǍȺǍǩȡȺȡʌʳ ɐȒ è¬ ȡɅ 
ʌǸɶɃɾ ɐȒ ǪɐɅʬǸɶȓǸɅǪǸ ʌȡɃǸṣ oǸɅǪǸṞ ʌțǸɶǸ ȡɾ Ǎ ɳǸɶȒɐɶɃǍɅǪǸẁǪɐɅʬǸɶȓǸɅǪǸ ʌɶǍǱǸẁɐȒȒ ȡɅ ʌțǸ ʔɾǍȓǸ ɐȒ 
ʌțǸɾǸ ǍȺȓɐɶȡʌțɃɾṣ 

oɐʭǸʬǸɶṞ ʭǸ țȡȓțȺȡȓțʌǸǱ Ǎ ǪɶȡʌȡǪǍȺ ȡɾɾʔǸ ʭṣɶṣʌṣ ǍǱɐɳʌȡɅȓ Eè¸ Ȓɐɶ ǱȡɾʌɶȡǩʔʌȡɅȓ ȡɅʌǸȺȺȡȓǸɅǪǸ Ṿ ȡʌɾ ʌɶǍȡɅȡɅȓ 
ȡɅɾʌǍǩȡȺȡʌʳ ṳᶶᶰṴṣ ğǸ ɐǩɾǸɶʬǸǱ ʌțǍʌ ȡɅ ɾɐɃǸ ɾǪǸɅǍɶȡɐɾṞ ʭțǸɅ Eè¸ u!ɾ ʭǸɶǸ ǪɐɅʌȡɅʔǸǱ ʌɐ ʌɶǍȡɅ ǍȒʌǸɶ 
ʌțǸʳ ȺǸǍɶɅǸǱ ʌțǸ ɅǸǍɶẁɐɳʌȡɃǍȺ ɳǸɶȒɐɶɃǍɅǪǸṞ ʌțǸʳ ɃɐʬǸǱ ǍʭǍʳ ȒɶɐɃ ʌțǸ ǪɐɅʬǸɶȓǸɅǪǸ ɳɐȡɅʌ ɐɶ 
ǱȡʬǸɶȓǸǱṣ ÿțȡɾ ǩǸțǍʬȡɐʔɶ ɐȒ Eè¸ ȡɾ ǍʌʌɶȡǩʔʌǸǱ ʌɐ ʌțǸ ɐʬǸɶǸɾʌȡɃǍʌȡɐɅ ǩȡǍɾṞ ʌʳɳȡǪǍȺȺʳ ǸɅǪɐʔɅʌǸɶǸǱ ȡɅ 
Eè ẁ̧ǩǍɾǸǱ ɾɐȺʔʌȡɐɅɾṞ ȺǸǍǱȡɅȓ ʌɐ ǱȡʬǸɶȓǸɅǪǸ țǸɅǪǸ ɾʔǩẁɐɳʌȡɃǍȺ ɾʳɾʌǸɃ ɳǸɶȒɐɶɃǍɅǪǸṣ oǸɅǪǸṞ ʌțȡɾ 
ʔɅɾʌǍǩȺǸ ǩǸțǍʬȡɐʔɶ ǱǸɃɐɅɾʌɶǍʌǸǱ ǩʳ Eè¸ țȡɅǱǸɶɾ ǱȡɾʌɶȡǩʔʌǸǱ !u ɾǪǍȺǍǩȡȺȡʌʳṞ ǸɾɳǸǪȡǍȺȺʳ ʭțǸɅ ʌțǸ 
ɅʔɃǩǸɶ ɐȒ u!ɾ ȡɅ ʌțǸ ȒɶǍɃǸʭɐɶȶ ȡɅǪɶǸǍɾǸɾṣ 
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Figure 36: Three Identified Dimensions of Scalability Assessment of Distributed Intelligence  

ÿțǸɶǸȒɐɶǸṞ ʌɐʭǍɶǱɾ ǸɅɾʔɶȡɅȓ ʭȡǱǸɾɳɶǸǍǱ ǍǱɐɳʌȡɐɅ ɐȒ é¬ Ȓɐɶ ᶴg ɅǸʌʭɐɶȶ ɃǍɅǍȓǸɃǸɅʌṞ ʌțǸ ȒɐȺȺɐʭȡɅȓ 
ǱȡɃǸɅɾȡɐɅɾ ɶǸȺǍʌȡɅȓ ʌɐ ʌțǸ ɾǪǍȺǍǩȡȺȡʌʳ ɐȒ ʌțǸ ǱȡɾʌɶȡǩʔʌǸǱ ǍȺȓɐɶȡʌțɃɾ ṵʭțǸɅ ʌțǸ ɅʔɃǩǸɶ ɐȒ u!ɾ 
ȡɅǪɶǸǍɾǸɾṶ ɅǸǸǱ ʌɐ ǩǸ ǍǱǱɶǸɾɾǸǱ ȡɅ Ǎ țɐȺȡɾʌȡǪ ɃǍɅɅǸɶ ṵɾǸǸ Figure 36Ṷṝ ᶯṶ ɾʳɾʌǸɃ ɳǸɶȒɐɶɃǍɅǪǸṞ ʌțǍʌ 
ɅǸǸǱɾ ʌɐ ǩǸ ɅǸǍɶẁɐɳʌȡɃǍȺṞ ᶰṶ ǪɐɅʬǸɶȓǸɅǪǸ ʌȡɃǸṞ ʌțǍʌ ɅǸǸǱɾ ʌɐ ǩǸ ɾțɐɶʌṞ ǍɅǱ ᶱṶ ʌɶǍȡɅȡɅȓ ɾʌǍǩȡȺȡʌʳṞ ʌțǍʌ 
ǸɅɾʔɶǸɾ ʌțǍʌ ǱȡɾʌɶȡǩʔʌǸǱ !u ǱɐǸɾ Ʌɐʌ ǱǸɾʌǍǩȡȺȡʽǸ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌȡɐɅɾṣ ÿɐ ʌțȡɾ ǸɅǱṞ ʭǸ ǱǸɾȡȓɅǸǱ ǍɅ 
ǍȺȓɐɶȡʌțɃ ȡɃɳɶɐʬǸǱ EɐʔǩȺǸ EǸǸɳ èẁ̧ Ǹʌʭɐɶȶ ṵuEEè¸Ṷ ṳᶯᶮᶱṴṞ ʌțǍʌ ȡɾ ɾɳǸǪȡȒȡǪǍȺȺʳ ʌǍȡȺɐɶǸǱ ʌɐ ʌțǸ 
ɾǪǍȺǍǩȡȺȡʌʳ ɶǸɵʔȡɶǸɃǸɅʌɾ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ȡɅʌǸȺȺȡȓǸɅǪǸṣ uɅ uEEè¸Ṟ ʭǸ ǪɐɃǩȡɅǸǱ EɐʔǩȺǸ EǸǸɳ èẁ
¸Ǹʌʭɐɶȶ ṵEEè¸ṶṞ ʌțǍʌ ǍǱǱɶǸɾɾǸɾ ʌțǸ ɐʬǸɶǸɾʌȡɃǍʌȡɐɅ ǩȡǍɾ ɐȒ Eè¸Ṟ ǍɅǱ ɶǸʭǍɶǱ ɾǪǍȺȡɅȓṞ ʌțǍʌ ȒʔɶʌțǸɶ 
ɾʌǍǩȡȺȡʽǸɾ ʌțǸ ʌɶǍȡɅȡɅȓ ɳɶɐǪǸɾɾṣ ñȡɃʔȺǍʌȡɐɅ ɶǸɾʔȺʌɾ ɾțɐʭ ʌțǍʌ uEEè¸ ǸȺȡɃȡɅǍʌǸɾ ʌțǸ ȡɅɾʌǍǩȡȺȡʌʳ ȡɾɾʔǸ 
ǸɅǪɐʔɅʌǸɶǸǱ ȡɅ Eè¸ ǍɅǱ ȡɾ Ǎʌ ȺǸǍɾʌ ʌʭɐ ʌȡɃǸɾ ȒǍɾʌǸɶ ʌțǍɅ è¬Ṟ ʭțȡȺǸ ǱǸɃɐɅɾʌɶǍʌȡɅȓ ǪȺɐɾǸẁʌɐẁ
ɐɳʌȡɃʔɃ ɾʳɾʌǸɃ ɳǸɶȒɐɶɃǍɅǪǸṣ  

ÿțǸ ȡɅẁǱǸɳʌț ȡɅʬǸɾʌȡȓǍʌȡɐɅ ɐȒ è¬Ṟ Eè¸ ǍɅǱ uEEè¸ ȡɅ ṳᶯᶮᶱṴ ʔɅʬǸȡȺɾ Ǎ ɅʔɃǩǸɶ ɐȒ ȡɃɳɐɶʌǍɅʌ ȺǸɾɾɐɅɾ 
ȺǸǍɶɅǸǱ Ȓɐɶ ǱȡɾʌɶȡǩʔʌȡɅȓ ȡɅʌǸȺȺȡȓǸɅǪǸṣ oɐʭǸʬǸɶṞ Ǎ ɅǸʌʭɐɶȶ ɐɳǸɶǍʌɐɶ ʭȡȺȺ ǩǸ ɃɐɶǸ ȡɅǪȺȡɅǸǱ ʌɐ ǸɃǩɶǍǪǸ 
é¬ Ȓɐɶ ᶴg ɅǸʌʭɐɶȶ ɃǍɅǍȓǸɃǸɅʌṞ ȡȒ ʌțǸ ǩǸɅǸȒȡʌɾ ǍɅǱ ɳɐʌǸɅʌȡǍȺɾ ɐȒ é¬ ǍɶǸ ȓǸɅǸɶǍȺȡʽǍǩȺǸ ǍɅǱ ǪǍɅ ǩǸ 
ȲʔɾʌȡȒȡǸǱ ǍǪɶɐɾɾ Ǎ ɅʔɃǩǸɶ ɐȒ ǱȡȒȒǸɶǸɅʌ ʔɾǸ ǪǍɾǸɾ ɐɶ ɳɶɐǩȺǸɃ ɾǪǸɅǍɶȡɐɾṣ ÿɐ ʌțȡɾ ǸɅǱṞ ȡʌ ȡɾ ȡɃɳǸɶǍʌȡʬǸ ʌɐ 
ǸʲɳȺɐɶǸ ʌțǸ ǍɳɳȺȡǪǍǩȡȺȡʌʳ ɐȒ ʌțǸɾǸ ǱȡɾʌɶȡǩʔʌǸǱ ȡɅʌǸȺȺȡȓǸɅǪǸ ɾɐȺʔʌȡɐɅɾṞ ȡṣǸṣ uEEè¸Ṟ ɐɅ ɐʌțǸɶ ʔɾǸ ǪǍɾǸɾṣ 
æɶǸɾǸɅʌȺʳṞ ʭǸ ǍɶǸ ȡɅʬǸɾʌȡȓǍʌȡɅȓ ʌțǸ ǍɳɳȺȡǪǍʌȡɐɅ ɐȒ uEEè¸ ʌɐ ǍɅɐʌțǸɶ ʔɾǸ ǪǍɾǸ ɐȒ ȡɅʌǸɶǸɾʌṝ EʳɅǍɃȡǪ 
ÿǍɾȶ ¶ȡȓɶǍʌȡɐɅ ȡɅ ʌțǸ ᶴg ĆɾǸɶ æȺǍɅǸ ṳᶯᶮᶲṴṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ ʭǸ ǍɶǸ ǸʲɳȺɐɶȡɅȓ Ǎ Eé¬ ǍȺʌǸɶɅǍʌȡʬǸ ʌɐ uEEè¸Ṟ 
!ǱʬǍɅʌǍȓǸ !Ǫʌɐɶ >ɶȡʌȡǪ ṵ!ᶰ>ṶṞ ʌțǍʌ țǍɾ ǱǸɃɐɅɾʌɶǍʌǸǱ ȓɐɐǱ ɳǸɶȒɐɶɃǍɅǪǸ ǍɅǱ ǪɐɅʬǸɶȓǸɅǪǸ ȡɅ ʌțǸ 
ȺȡʌǸɶǍʌʔɶǸ ṳᶯᶮᶳṴṣ Ãʔɶ ǍȡɃ ȡɾ ʌɐ ʔɅǱǸɶɾʌǍɅǱ ȡȒ !ᶰ> ǩɶȡɅȓɾ ɳǸɶȒɐɶɃǍɅǪǸ ȓǍȡɅ ɐʬǸɶ uEEè¸Ṟ ɐɶ ȡȒ ǍǱǱȡʌȡɐɅǍȺ 
ȡɃɳȺȡǪǍʌȡɐɅɾ ǪɐʔȺǱ ǩǸ ǱǸɶȡʬǸǱ ȒɶɐɃ ǱȡɾʌɶȡǩʔʌȡɅȓ ȡɅʌǸȺȺȡȓǸɅǪǸ Ȓɐɶ ʌțȡɾ ʔɾǸ ǪǍɾǸṣ 

fȡɅǍȺȺʳṞ ȓȡʬǸɅ ʌțǸ ȺǸɾɾɐɅɾ ȺǸǍɶɅǸǱ ȒɶɐɃ ʌțǸ ɾǪǍȺǍǩȡȺȡʌʳ ǍɅǍȺʳɾȡɾ ɐȒ ǱȡɾʌɶȡǩʔʌǸǱ ȡɅʌǸȺȺȡȓǸɅǪǸṞ Ǎ ǪɐɅǪɶǸʌǸ 
ǍɅǍȺʳɾȡɾ ɐȒ ʌțǸ ɐʬǸɶǍȺȺ ǸȒȒɐɶʌ ɅǸǸǱǸǱ ʌɐ ȡɅʌǸȓɶǍʌǸ ʌțǸɾǸ ǍȺȓɐɶȡʌțɃɾ ȡɅ ᶴgṞ ȡɅ ʌǸɶɃɾ ɐȒ ʌțǸȡɶ ȡɃɳǍǪʌ ɐɅ 
ʌțǸ ᶴg ǍɶǪțȡʌǸǪʌʔɶǸ ǱǸɾȡȓɅṞ ȡɾ ɾʌȡȺȺ ɃȡɾɾȡɅȓ ȡɅ ȺȡʌǸɶǍʌʔɶǸṣ oǸɅǪǸṞ ǱǸǸɳǸɶ ȡɅʬǸɾʌȡȓǍʌȡɐɅ ȡɾ ɶǸɵʔȡɶǸǱ ȡɅ 
ʌțȡɾ ǱȡɶǸǪʌȡɐɅṞ ʌțǍʌ ʭɐʔȺǱ ʔȺʌȡɃǍʌǸȺʳ ɳɶɐʬȡǱǸ țȡɅʌɾ ʌɐʭǍɶǱɾ ʭțǸɅṞ ɐɶ ȡɅ ʭțȡǪț ʔɾǸ ǪǍɾǸɾṞ ǱȡɾʌɶȡǩʔʌȡɅȓ 
ȡɅʌǸȺȺȡȓǸɅǪǸ ȡɾ ʭɐɶʌț ʌțǸ ǸȒȒɐɶʌ ȡɅ ᶴgṞ ǍɅǱ ʭțȡǪț ɐʌțǸɶ !u ǍȺȓɐɶȡʌțɃɾ ǍɶǸ ǩǸʌʌǸɶ ǪǍɅǱȡǱǍʌǸɾṣ 
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8.  Intelligent User  Plane, In -Network 
Computing  

8.1 User Plane  enhancements for the next generation 
network  

¬ǸʬǸɶǍȓȡɅȓ ɐɅ >ɐɅʌɶɐȺ æȺǍɅǸṩĆɾǸɶ æȺǍɅǸ ɾǸɳǍɶǍʌȡɐɅ ǍɅǱ ʌțǸ ɳɐɾɾȡǩȡȺȡʌʳ ɐȒ ǪɐɅʌɶɐȺȺȡɅȓ ǱȡɾʌɶȡǩʔʌǸǱ 
ĆɾǸɶ æȺǍɅǸ ṵĆæṶ ȒʔɅǪʌȡɐɅɾ ǩʳ Ǎ ǪǸɅʌɶǍȺȡʽǸǱ ǪɐɅʌɶɐȺ ɳȺǍɅǸ ȒʔɅǪʌȡɐɅṞ ʌțǸ ᶳg ɾʳɾʌǸɃ ɳɶɐʬȡǱǸɾ 
ȒʔɅǱǍɃǸɅʌǍȺ ǸɅǍǩȺǸɶɾ ʌɐ ɾʔɳɳɐɶʌ ɾǸɶʬȡǪǸɾ ʌțǍʌ ɶǸɵʔȡɶǸ ǱȡɾʌɶȡǩʔʌǸǱ ǪɐɅɅǸǪʌȡʬȡʌʳṣ uɅ ʌțǸ ᶱgææ ᶳg 
ɾʳɾʌǸɃ éǸȺẁɳ ᶳ ṳᶯṴṞ Ǎ ʔɾǸɶ ǸɵʔȡɳɃǸɅʌ ǪǍɅ țǍʬǸṝ  

¶ Simultaneous UP sessions with a central UP anchoring point and local UP anchoring point 
dedicated to specific services.  

¶ A single UP session that allows offloading locally part of the UP traffic, e.g. the traffic related 
to application servers deployed in an edge hosting environment, while the rest of the traffic 
is forwarded to a central UP anchoring point.  

ᶱgææ ᶳg éǸȺẁɳ ᶵ ȒʔɶʌțǸɶ ǸɅțǍɅǪǸǱ ʌțǸ ɾʔɳɳɐɶʌ ɐȒ MǱȓǸ >ɐɃɳʔʌȡɅȓ ǱǸɳȺɐʳɃǸɅʌɾ ǩʳ ȡɅʌɶɐǱʔǪȡɅȓ E¸ñ 
ȒʔɅǪʌȡɐɅǍȺȡʌȡǸɾ Ǎɾ ʭǸȺȺ Ǎɾ ɾɳǸǪȡȒȡǪ ǸǱȓǸ ǪɐɃɳʔʌȡɅȓ ȒȡǸȺǱɾ ȡɅ ʌțǸ ʌɶǍȒȒȡǪ ȡɅȒȺʔǸɅǪǸ !æu ʌɐ ɾʔɳɳɐɶʌ ʌțǸ 
ɾǸȺǸǪʌȡɐɅ ɐȒ ʌțǸ ǍɳɳɶɐɳɶȡǍʌǸǱ ʌɶǍȒȒȡǪ ɐȒȒȺɐǍǱ ɳɐȡɅʌ ǩǍɾǸǱ ɐɅ ʌțǸ ȺɐǪǍʌȡɐɅ ɐȒ ʌțǸ ʔɾǸɶ ǸɵʔȡɳɃǸɅʌṣ 
¶ɐɶǸɐʬǸɶ éǸȺẁɳ ᶵ ȡɅʌɶɐǱʔǪǸɾ ᶳg ǪɐɶǸ ɅǸʌʭɐɶȶ ȒǸǍʌʔɶǸɾ ʌɐ ɾʔɳɳɐɶʌ ɾǸǍɃȺǸɾɾ MǱȓǸ !ɳɳȺȡǪǍʌȡɐɅ ñǸɶʬǸɶ 
ɶǸȺɐǪǍʌȡɐɅ ṳᶰṴṣ 

ÿțǸ ʌɶǸɅǱ ʌɐʭǍɶǱɾ ɾʔɳɳɐɶʌȡɅȓ ǱȡɾʌɶȡǩʔʌǸǱ ɅǸʌʭɐɶȶ ǪɐɅɅǸǪʌȡʬȡʌʳ ʭȡȺȺ ǩǸ ȒʔɶʌțǸɶ ǱǸʬǸȺɐɳǸǱ Ǎɾ ᶳg 
ǸʬɐȺʬǸɾ ǍɅǱṞ ʭȡʌț ɃɐɶǸ ɶǍǱȡǪǍȺ ǪțǍɅȓǸɾ ȡɅ ʌțǸ ĆɾǸɶ æȺǍɅǸṞ ȡɅ ʌțǸ ᶴg ɅǸʌʭɐɶȶṣ ÃɅǸᶴg ğu ᶰᶮᶵ ǍɅǍȺʳɾǸǱ 
ʌțǸ ʔɾǸ ǪǍɾǸɾ ȡɾɾʔǸǱ ǩʳ ʌțǸ ɾɐǪȡǍȺ ǱǸʬǸȺɐɳɃǸɅʌ ʌɐʭǍɶǱɾ ʌțǸ ᶰᶮᶱᶮɾ ʌɐ ȡǱǸɅʌȡȒʳ ʌțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ʌțǍʌ 
ɃǍʳ ǩǸ ǪɐɅɾȡǱǸɶǸǱ Ȓɐɶ ǱǸɾȡȓɅȡɅȓ ʌțǸ ɅǸʲʌ ȓǸɅǸɶǍʌȡɐɅ ĆɾǸɶ æȺǍɅǸ ǍɶǪțȡʌǸǪʌʔɶǸṣ 

8.2  Social development  towards the 2030s  
ÿțǸ ɐɅẁȓɐȡɅȓ ǱȡɾǪʔɾɾȡɐɅ ɐɅ ᶳg MʬɐȺʔʌȡɐɅ ǍɅǱ ᶴg ȡǱǸɅʌȡȒȡǸǱ ɾɐɃǸ ʌɶǸɅǱɾ ɐȒ ɾɐǪȡǍȺ ǱǸʬǸȺɐɳɃǸɅʌ 
ʌɐʭǍɶǱɾ ʌțǸ ᶰᶮᶱᶮɾṞ ʭțȡǪț ɃǍʳ ɶǸɾʔȺʌ ȡɅ ɅǸʭ ʔɾǸ ǪǍɾǸɾ Ȓɐɶ ʌțǸ ɃɐǩȡȺǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɅǸʌʭɐɶȶɾ ȡɅ 
ʌțǸ ᶴg ǸɶǍṣ gɶǸǍʌ ȡɃɳɐɶʌǍɅǪǸ ȡɾ ȓȡʬǸɅ ʌɐ ʌțǸ ǱǸʬǸȺɐɳɃǸɅʌ ɐȒ ẌțʔɃǍɅ ǍʔȓɃǸɅʌǍʌȡɐɅẍ ɾǸɶʬȡǪǸɾ ṳᶱṴṝ 
ʌțǸ ʌǸǪțɅɐȺɐȓʳ ǸʬɐȺʔʌȡɐɅ ɐȒ ʭǸǍɶǍǩȺǸ ǱǸʬȡǪǸɾ ṵȡɅǪȺʔǱȡɅȓ ɳǸɶɾɐɅǍȺ ɾǸɅɾɐɶɾ ǍɅǱ ǍǪʌʔǍʌɐɶɾṞ ʌǍǪʌȡȺǸ 
ǱǸʬȡǪǸɾṞ ǍʔǱȡɐṩʬȡǱǸɐ ǱǸʬȡǪǸɾṞ ǸʌǪṣṶ ȺǸǍǱɾ ʌɐ ǱǸʬǸȺɐɳȡɅȓ Ǎ ɅǸʭ ȓǸɅǸɶǍʌȡɐɅ ɐȒ ʭȡɶǸȺǸɾɾ ǪɐɅɅǸǪʌǸǱ 
ǱǸʬȡǪǸɾṞ ǸɅǍǩȺȡɅȓ ɾǸɶʬȡǪǸɾ ʌɐ ɾʔɳɳɐɶʌ ǍɅǱ ǸɅțǍɅǪǸ ʌțǸ țʔɃǍɅ ǍǩȡȺȡʌȡǸɾ ṵɳțʳɾȡǪǍȺ ɾʌɶǸɅȓʌțṞ 
ɳǸɶǪǸɳʌȡɐɅṞ ǪɐȓɅȡʌȡɐɅṞ ɳɶǸɾǸɅǪǸṶṣ ÿțǸ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɾɾɐǪȡǍʌǸǱ ʌɐ țʔɃǍɅ ǍʔȓɃǸɅʌǍʌȡɐɅ ɾǸɶʬȡǪǸɾ ǍɶǸ 
ǍɅǍȺʳɾǸǱ ȡɅ ñǸǪʌȡɐɅ ᶶṣṣɵ 

8.3  Reference use cases  
oʔɃǍɅ ǍʔȓɃǸɅʌǍʌȡɐɅ ɾǸɶʬȡǪǸɾ ǪǍɅ ǩǸ ʌʳɳȡǪǍȺȺʳ ǱǸɾǪɶȡǩǸǱ Ǎɾ ɶǸǍȺẁʌȡɃǸ ɾǸɅɾɐɶʳ ɾǸɶʬȡǪǸɾ ȡɅʬɐȺʬȡɅȓ 
ɃʔȺʌȡɾǸɅɾɐɶʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅ Ȓɐɶ ǸẁțǸǍȺʌțṞ ɾɳɐɶʌ ʌɶǍȡɅȡɅȓ ɐɶ ȓǸɅǸɶȡǪ ɳǸɶɾɐɅǍȺ ǍɾɾȡɾʌǍɅǪǸ Ȓɐɶ ẌʭǸȺȺẁ
ǩǸȡɅȓẍṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ ǍȺɾɐ ɾțǍɶǸǱ ʬȡɶʌʔǍȺ ǸʲɳǸɶȡǸɅǪǸɾṞ ɾʔǪț Ǎɾ ǸɅȓǍȓȡɅȓ ȡɅ ʬȡɶʌʔǍȺ ǪɐȺȺǍǩɐɶǍʌȡɐɅ ȡɅ ʌțǸ 
ǪʳǩǸɶɾɳǍǪǸṞ ɃǍʳ ǩǸ ɳǍɶʌ ɐȒ ʌțȡɾ ǪǍʌǸȓɐɶʳ ɐȒ ʔɾǸ ǪǍɾǸɾṣ 

ñǪǸɅǍɶȡɐɾ ɐȒ ɶǸǍȺẁʌȡɃǸ ɾǸɅɾɐɶ ɾǸɶʬȡǪǸɾ ǍɶǸ ǱǸɾǪɶȡǩǸǱ ǩʳ uMMM ᶯᶷᶯᶶṣᶯ ẌÿǍǪʌȡȺǸ uɅʌǸɶɅǸʌ ğgẍ ṳᶲṴ ṳᶳṴ ʭȡʌț 
ɶǸȒǸɶǸɅǪǸ ʌɐ ÿǸȺǸẁɐɳǸɶǍʌȡɐɅ ɾǸɶʬȡǪǸɾṞ uɃɃǸɶɾȡʬǸ ĞȡɶʌʔǍȺ éǸǍȺȡʌʳ ṵuĞéṶ ɾǸɶʬȡǪǸɾ ǍɅǱ oǍɳʌȡǪ 
uɅʌǸɶɳǸɶɾɐɅǍȺ >ɐɃɃʔɅȡǪǍʌȡɐɅ ṵou>Ṷṣ ¶ɐɶǸɐʬǸɶṞ ʌțǸ ɐɅȓɐȡɅȓ ᶱgææ ñ!ᶯ éǸȺẁɳ ᶶ ɾʌʔǱʳ ṳᶴṴ ɐɅ ʌǍǪʌȡȺǸ ǍɅǱ 
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ɃʔȺʌȡẁɃɐǱǍȺȡʌʳ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾǸɶʬȡǪǸɾ ṵÿé ᶰᶰṣᶶᶲᶵṶ ǱǸɾǪɶȡǩǸɾ ʔɾǸɾ ǪǍɾǸɾ Ȓɐɶ uɃɃǸɶɾȡʬǸ ¶ʔȺʌȡẁɃɐǱǍȺ 
ĞȡɶʌʔǍȺ éǸǍȺȡʌʳ ǍɅǱ uɃɃǸɶɾȡʬǸ Ğé ȓǍɃǸɾṣ 

ÿțǸ ɶǸɃǍȡɅǱǸɶ ɐȒ ʌțȡɾ ɾǸǪʌȡɐɅ ǱǸɾǪɶȡǩǸɾ ɾɐɃǸ ǸʲǸɃɳȺǍɶʳ ʔɾǸ ǪǍɾǸɾ ǍɅǱ ȡǱǸɅʌȡȒȡǸɾ ʌțǸ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸɵʔȡɶǸɃǸɅʌɾṣ 

8.3.1 Remote  haptic operation  

ÿțȡɾ ʔɾǸ ǪǍɾǸ ȡɾ ɶǸȺǍʌǸǱ ʌɐ țǍɳʌȡǪ ʌǸȺǸẁɐɳǸɶǍʌȡɐɅ ȡɅ Ǎ ǱʳɅǍɃȡǪ ǸɅʬȡɶɐɅɃǸɅʌṣ uɅ ṳᶳṴṞ ẌʌǸȺǸẁɐɳǸɶǍʌȡɐɅ 
ǍȺȺɐʭɾ țʔɃǍɅ ʔɾǸɶɾ ʌɐ ȡɃɃǸɶɾǸ ȡɅʌɐ Ǎ ǱȡɾʌǍɅʌ ɐɶ ȡɅǍǪǪǸɾɾȡǩȺǸ ǸɅʬȡɶɐɅɃǸɅʌ ʌɐ ɳǸɶȒɐɶɃ ǪɐɃɳȺǸʲ 
ʌǍɾȶɾẍṣ éǸȒǸɶǸɅǪǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ǪǍɅ ǩǸ ʌǸȺǸẁǸʲǍɃȡɅǍʌȡɐɅṞ ʌǸȺǸẁɶǸțǍǩȡȺȡʌǍʌȡɐɅṞ ǍɅǱ ɳɐɾɾȡǩȺʳ ʌǸȺǸẁɾʔɶȓǸɶʳṣ 

 
Figure 37: Remote haptic operation  

Figure 37 ȡȺȺʔɾʌɶǍʌǸɾ ʌțǸ ʔɾǸ ǪǍɾǸ ȒɶɐɃ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɐȡɅʌ ɐȒ ʬȡǸʭṣ ! țʔɃǍɅ ɐɳǸɶǍʌɐɶ 
ɳǸɶȒɐɶɃɾ țǍɳʌȡǪ ȡɅʌǸɶǍǪʌȡɐɅ ʭȡʌț Ǎ ɶǸɃɐʌǸ țʔɃǍɅ ɾʔǩȲǸǪʌ ǩʳ ǪɐɅʌɶɐȺȺȡɅȓ ɶǸɃɐʌǸ ʌǍǪʌȡȺǸ ǱǸʬȡǪǸɾṞ 
ɾǸɅɾɐɶɾ ǍɅǱ ǍǪʌʔǍʌɐɶɾṣ ÿțǸ ɐɳǸɶǍʌɐɶ ɶǸǪǸȡʬǸɾ ʌțǸ țǍɳʌȡǪ ȒǸǸǱǩǍǪȶɾ ȒɶɐɃ ʌțǸ ɾʔǩȲǸǪʌṞ Ǎɾ ʭǸȺȺ Ǎɾ 
ɾʳɅǪțɶɐɅȡʽǸǱ ǍʔǱȡɐṩʬȡǱǸɐ ɾʌɶǸǍɃɾṣ 

Table 12 ɶǸǪǍȺȺɾ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍǪǪɐɶǱȡɅȓ ʌɐ ṳᶳṴṣ ÿțǸʳ ǪǍɅ ǩǸ ɾʔɃɃǍɶȡʽǸǱ Ǎɾṝ 
ǱǸʬȡǪǸ ʌɐ ǱǸʬȡǪǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʭȡʌț ȺǍʌǸɅǪʳ ỔᶯᶮɃɾ ǍɅǱ ȒȡʬǸẁʊ  ɶǸȺȡǍǩȡȺȡʌʳṣ ñǪțǸǱʔȺǸǱ ṵɳǸɶȡɐǱȡǪṶ 
ǪɐɃɃʔɅȡǪǍʌȡɐɅ ȡɾ ɶǸɵʔȡɶǸǱṞ Ǎɾ ʭǸȺȺ Ǎɾ ɾʳɅǪțɶɐɅȡʽǍʌȡɐɅ ɐȒ ʌțǸ ǱȡȒȒǸɶǸɅʌ ʌɶǍȒȒȡǪ ʌʳɳǸɾ ȡɅ ɐɶǱǸɶ ʌɐ ǍʬɐȡǱ 
ɾȡɃʔȺǍʌɐɶ ɾȡǪȶɅǸɾɾ ǍɅǱ ɃɐʌȡɐɅ ʌɐ ɳțɐʌɐɅ ǱǸȺǍʳṣ 

Table 12 - Communication requirement s for remote haptic operation use case  

 
*DoF: Degree of Freedom (i.e., the number of joints in the human body .  ) (P): Periodic  
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8.3.2 Immersive Virtual Reality ( IVR) 

uĞé ɶǸȒǸɶɾ ʌɐ ẌʌțǸ ǪǍɾǸ ɐȒ Ǎ țʔɃǍɅ ȡɅʌǸɶǍǪʌȡɅȓ ʭȡʌț ʬȡɶʌʔǍȺ ǸɅʌȡʌȡǸɾ ȡɅ Ǎ ɶǸɃɐʌǸ ǸɅʬȡɶɐɅɃǸɅʌ ɾʔǪț 
ʌțǍʌ ʌțǸ ɳǸɶǪǸɳʌȡɐɅ ɐȒ ȡɅʌǸɶǍǪʌȡɐɅ ʭȡʌț Ǎ ɶǸǍȺ ɳțʳɾȡǪǍȺ ʭɐɶȺǱ ȡɾ ǍǪțȡǸʬǸǱẍ ṳᶴṴṣ éǸȒǸɶǸɅǪǸ ǍɳɳȺȡǪǍʌȡɐɅɾ 
ǪǍɅ ǩǸ ẌĞé ĞȡǱǸɐṞ Ğé gǍɃȡɅȓṞ ǸǱʔǪǍʌȡɐɅṞ țǸǍȺʌț ǪǍɶǸ ǍɅǱ ɾȶȡȺȺ ʌɶǍɅɾȒǸɶ ɾʔǪț Ǎɾ ʌɶǍȡɅȡɅȓ ǱɶȡʬǸɶɾṞ ɳȡȺɐʌ 
ǍɅǱ ɾʔɶȓǸɐɅẍ ṳᶳṴṣ 

Figure 38 ȡȺȺʔɾʌɶǍʌǸɾ ʌțǸ ʔɾǸ ǪǍɾǸ ȒɶɐɃ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɳɐȡɅʌ ɐȒ ʬȡǸʭṣ ! țʔɃǍɅ ɾʔǩȲǸǪʌ ȡɅʌǸɶǍǪʌɾ 
ʭȡʌț Ǎ ɶǸɃɐʌǸ uĞé ñʳɾʌǸɃ ǩʳ ʔɾȡɅȓ ʌǍǪʌȡȺǸ ǱǸʬȡǪǸɾṞ ɾǸɅɾɐɶɾṩǍǪʌʔǍʌɐɶɾ ǪɐɅʌɶɐȺȺǸǱ ǩʳ ʌțǸ uĞé ñʳɾʌǸɃ 
ǍɅǱ ǍʔǱȡɐṩʬȡǱǸɐ ǱǸʬȡǪǸɾ ʌțǍʌ ɶǸɳɶɐǱʔǪǸ ɾʳɅǪțɶɐɅȡʽǸǱ ǍʔǱȡɐṩʬȡǱǸɐ ɾʌɶǸǍɃɾ ʌɶǍɅɾɃȡʌʌǸǱ ǩʳ ʌțǸ uĞé 
ñʳɾʌǸɃṣ ÿțǸ uĞé ñʳɾʌǸɃ ɶǸǪǸȡʬǸɾ țǍɳʌȡǪ ȒǸǸǱǩǍǪȶɾ ȒɶɐɃ ʌțǸ ǱǸʬȡǪǸɾ ʔɾǸǱ ǩʳ ʌțǸ țʔɃǍɅ ɾʔǩȲǸǪʌṣ 

 
Figure 38: Immersive Virtual Reality (I VR) 

ÿțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍǪǪɐɶǱȡɅȓ ʌɐ ṳᶳṴ ǍɅǱ ṳᶴṴ ǍɶǸ ɶǸɳɐɶʌǸǱ ȡɅ Table 13 ǍɅǱ ʌțǸʳ ǪǍɅ ǩǸ 
ɾʔɃɃǍɶȡʽǸǱ Ǎɾṝ ǱǸʬȡǪǸ ʌɐ ɾǸɶʬǸɶ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʭȡʌț ȺǍʌǸɅǪʳ ỔᶳɃɾ ǍɅǱ ȒȡʬǸẁʊ  ɶǸȺȡǍǩȡȺȡʌʳṣ  

Table 13 - Communication requirement s for IVR 
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8.3.3 Haptic Interpersonal Communication  (HIC)  

ou> ẌǍȡɃɾ ʌɐ ȒǍǪȡȺȡʌǍʌǸ ɃǸǱȡǍʌǸǱ ʌɐʔǪț ṵȶȡɅǸɾʌțǸʌȡǪɾ ǍɅǱṩɐɶ ʌǍǪʌȡȺǸ ǪʔǸɾṶ ɐʬǸɶ Ǎ ǪɐɃɳʔʌǸɶ ɅǸʌʭɐɶȶ ʌɐ 
ȒǸǸȺ ʌțǸ ɳɶǸɾǸɅǪǸ ɐȒ Ǎ ɶǸɃɐʌǸ ʔɾǸɶ ǍɅǱ ʌɐ ɳǸɶȒɐɶɃ ɾɐǪȡǍȺ ȡɅʌǸɶǍǪʌȡɐɅɾẍ ṳᶳṴṣ éǸȒǸɶǸɅǪǸ ǍɳɳȺȡǪǍʌȡɐɅɾ ǪǍɅ 
ǩǸ ɾɐǪȡǍȺ ɅǸʌʭɐɶȶȡɅȓṞ ȓǍɃȡɅȓ ǍɅǱ ǸɅʌǸɶʌǍȡɅɃǸɅʌṞ ǸǱʔǪǍʌȡɐɅṞ ʌɶǍȡɅȡɅȓṞ țǸǍȺʌț ǪǍɶǸṣ ÿțǸ ȡɃɃǸɶɾȡʬǸ 
Ğf ȓǍɃǸ ȡɅ ṳᶴṴ ȡɾ ǍɅ ǸʲǍɃɳȺǸ ɐȒ ou> ǍɳɳȺȡǪǍʌȡɐɅɾṣ 

Figure 39 ṵʭțȡǪț ȡɾ ǍɅ ǸȺǍǩɐɶǍʌȡɐɅ ɐȒ fȡȓṣ ᶲ ȡɅ ṳᶳṴṶ ȡȺȺʔɾʌɶǍʌǸɾ ʌțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɾǪǸɅǍɶȡɐṣ ÿʭɐ ʔɾǸɶɾ 
! ǍɅǱ = ɳǸɶȒɐɶɃ țǍɳʌȡǪ ȡɅʌǸɶǍǪʌȡɐɅ ʭȡʌț Ǎ ɃɐǱǸȺ ɐȒ ʌțǸ ɐʌțǸɶ ʔɾǸɶṣ !ǱǱȡʌȡɐɅǍȺȺʳṞ ʌțǸ ɃɐǱǸȺɾ 
ɶǸɳɶɐǱʔǪǸ ǍʔǱȡɐṩʬȡǱǸɐ ɾʌɶǸǍɃɾ ɶǸǪǸȡʬǸǱ ȒɶɐɃ ʌțǸ ɶǸɾɳǸǪʌȡʬǸ ʔɾǸɶṣ ÿțǸ ẌɃɐǱǸȺɾ ǪǍɅ ǩǸ ǸȡʌțǸɶ Ǎ 
ɳțʳɾȡǪǍȺ ǸɅʌȡʌʳ ṵǸṣȓṣṞ ɾɐǪȡǍȺ ɶɐǩɐʌṶ ɐɶ Ǎ ʬȡɶʌʔǍȺ ɶǸɳɶǸɾǸɅʌǍʌȡɐɅ ṵǸṣȓṣṞ ʬȡɶʌʔǍȺ ɶǸǍȺȡʌʳ ǍʬǍʌǍɶṶẍ ṳᶳṴ ǍɅǱ ʌțǸʳ 
ɃǍʳ ǩǸ ɳțʳɾȡǪǍȺṩʬȡɶʌʔǍȺ ǸɃǩɐǱȡɃǸɅʌɾ ɐȒ ǱȡȓȡʌǍȺ ʌʭȡɅɾ ʔɳǱǍʌǸǱ ȡɅ ɶǸǍȺẁʌȡɃǸṣ  

 
Figure 39: Haptic Interpersonal Communication (HIC)  

 

ÿțǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ɶǸɵʔȡɶǸɃǸɅʌɾ ǍɶǸ ɶǸɳɐɶʌǸǱ ȡɅ Table 14 ǍɅǱ ǪǍɅ ǩǸ ɾʔɃɃǍɶȡʽǸǱ Ǎɾṝ ǱǸʬȡǪǸ ʌɐ 
ǱǸʬȡǪǸ ǪɐɃɃʔɅȡǪǍʌȡɐɅ ʭȡʌț ȺǍʌǸɅǪʳ Ổᶯᶮ Ƀɾ ǍɅǱ ȒȡʬǸẁʊ  ɶǸȺȡǍǩȡȺȡʌʳṣ 

 

Table 14 - Communication requirement s for HIC 

 

 






















































































































