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P❡rÐ❧❤②❤

❍ ♣❛r♦Ôs❛ ❞✐♣❧✇♠❛t✐❦➔ ❡r❣❛sÐ❛ ♣r❛❣♠❛t❡Ô❡t❛✐ ♠Ð❛ t❡q♥♦-♦✐❦♦♥♦♠✐❦➔ ❛♥❼❧✉s❤
t✇♥ Cognitive Radio Networks (CRN) s✉❣❦r✐t✐❦❼ ♠❡ t♦ Software Defined Net-
working (SDN), ❞Ô♦ t❡q♥♦❧♦❣✐➳♥ ♠❡ ✐❞✐❛Ðt❡r♦ ❡♥❞✐❛❢èr♦♥. ❆rq✐❦❼, ♣❛r♦✉s✐❼③❡✲
t❛✐ ❤ ❞♦♠➔ t❤❝ ❞✐♣❧✇♠❛t✐❦➔❝. ❊♣✐♣❧è♦♥, ❛♥❛❧Ô♦♥t❛✐ ♦✐ ❜❛s✐❦è❝ ❡r❣❛sÐ❡❝, ♠❡❧èt❡❝
❦❛✐ ❡♣✐st❤♠♦♥✐❦è❝ ♣r♦s❡❣❣Ðs❡✐❝, ♣♦✉ qr❤s✐♠♦♣♦✐➔❥❤❦❛♥ ❣✐❛ t❤♥ ❛♥❼♣t✉①❤ t✇♥
♠♦♥tè❧✇♥.

❊♥ s✉♥❡q❡Ð❛, ♣❛r♦✉s✐❼③♦♥t❛✐ t❛ s❤♠❛♥t✐❦ìt❡r❛ st♦✐q❡Ð❛ t✇♥ ❑✐♥❤t➳♥ ❉✐❦✲
tÔ✇♥. ❙✉❣❦❡❦r✐♠è♥❛ ❣Ð♥❡t❛✐ ❛♥❛❢♦r❼ st❤♥ ❜❛s✐❦➔ t♦✉ ❞♦♠➔ ❛❧❧❼ ❦❛✐ st❛
❡Ð❞❤ t✇♥ ❦✉②❡❧➳♥ ♣♦✉ s✉♥✉♣❼rq♦✉♥ s❡ è♥❛ s✉♥♦❧✐❦ì ❞Ð❦t✉♦. ■❞✐❛Ðt❡r❤ è♠✲
❢❛s❤ ❞ì❥❤❦❡ st❤ ❦✉②è❧❤ Femtocell ❦❛✐ st❤♥ ❛rq✐t❡❦t♦♥✐❦➔ t❤❝. ❊♣✐♣rìs❥❡t❛,
♠❡❧❡t➔❥❤❦❡ ❤ ♣è♠♣t❤ ❣❡♥✐❼ ❦✐♥❤t➳♥ ❞✐❦tÔ✇♥ (5G) ❦❛✐ ❞✐❼❢♦r❡❝ t❡q♥♦❧♦❣Ð❡❝ t❤❝
ì♣✇❝ t♦ Multiple-Input and Multiple-Output (MIMO), Network Function
Virtualization (NFV), SDN, Evolved Packet Core (EPC). ❍ ♠❡❧èt❤ ❡♣✐❦❡♥✲
tr➳❥❤❦❡ st❤♥ t❡q♥♦❧♦❣Ð❛ t♦✉ Cognitive Radio (CR) st✐❝ ❛rq✐t❡❦t♦♥✐❦è❝ ❦❛✐
t❛ ♣r✇tì❦♦❧❧❛ ♣♦✉ t❤♥ ❛♣❛rtÐ③♦✉♥.

❊♣✐♣❧è♦♥, ❞❤♠✐♦✉r❣➔❥❤❦❡ ❛rq✐t❡❦t♦♥✐❦ì ♠♦♥tè❧♦ ❞✐❦tÔ♦✉ ♠❡ t❤♥ qr➔s❤
t❤❝ t❡q♥♦❧♦❣Ð❛❝ CR ❦❛✐ Femtocell ❦✉②❡❧➳♥. ▼❡ ❜❼s❤ t♦ ♠♦♥tè❧♦ ❛✉tì
❦❛t❛s❦❡✉❼st❤❦❡ ♦✐❦♦♥♦♠✐❦ì ♠♦♥tè❧♦ ♠❡ t❤♥ qr➔s❤ t♦✉ str❛t❤❣✐❦♦Ô ”♣❛✐q♥✐✲
❞✐♦Ô” Stalckelberg Game. ❆❦ì♠❤ ♠❡❧❡t➔❥❤❦❡ ❤ ♦✐❦♦♥♦♠✐❦➔ ❛♥❼❧✉s❤ t♦✉ ♠♦♥✲
tè❧♦✉ SDN/NFV ❦❛✐ s✉❣❦❡❦r✐♠è♥❛ ♦✐ ❦❡❢❛❧❛✐❛❦è❝ ❞❛♣❼♥❡❝ (CAPEX), ♦✐
❧❡✐t♦✉r❣✐❦è❝ ❞❛♣❼♥❡❝ (OPEX) ❛❧❧❼ ❦❛✐ t♦ s✉♥♦❧✐❦ì ❦ìst♦❝ t❤❝ ✐❞✐♦❦t❤sÐ❛❝
(TCO).

▼❡ ❡❢❛r♠♦❣➔ t✇♥ ♠❛❥❤♠❛t✐❦➳♥ tÔ♣✇♥ ♣♦✉ ❞❤♠✐♦✉r❣➔❥❤❦❛♥ ❛❧❧❼ ❦❛✐ ♣♦✉
♣r♦è❦✉②❛♥ ♠❡t❼ ❛♣ì èr❡✉♥❛ s❡ ♣❛rì♠♦✐❡❝ ♠❡❧èt❡❝, ✉♣♦❧♦❣Ð③♦♥t❛✐ t❛ ❦èr❞❤
❦❛✐ t❛ ❦ìst❤ t✇♥ ♣❛r❛♣❼♥✇ ♠♦♥tè❧✇♥. ❖ ✉♣♦❧♦❣✐s♠ì❝ ❛✉tì❝ ❡❦t❡❧èst❤❦❡
♠❡ t❤♥ ❜♦➔❥❡✐❛ t♦✉ ❧♦❣✐s♠✐❦♦Ô Mathworks Matlab, ❞❤♠✐♦✉r❣➳♥t❛❝ ❦➳❞✐❦❛
✉♣♦❧♦❣✐s♠♦Ô t♦✉ ❦ìst♦✉❝.

❚è❧♦❝, ❡①❼❣♦♥t❛✐ s❤♠❛♥t✐❦❼ s✉♠♣❡r❼s♠❛t❛, ìs♦♥ ❛❢♦r❼ t✐❝ t❡q♥♦❧♦❣Ð❡❝
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♣♦✉ ♠❡❧❡t➔❥❤❦❛♥ ❛❧❧❼ ❦❛✐ t❤♥ s❤♠❛sÐ❛ t❤❝ s✉♥❡q♦Ô❝ ♠❡❧èt❤❝ ❦❛✐ èr❡✉♥❛❝ t✇♥
t❡q♥♦❧♦❣✐➳♥ ❛✉t➳♥ ❦❛✐ ìs✇♥ èq♦✉♥ ♥❛ ♣r♦s❢èr♦✉♥ st❤♥ ❡①è❧✐①❤ t✇♥ ❦✐♥❤t➳♥
❞✐❦tÔ✇♥ st♦ ❼♠❡s♦ ♠è❧❧♦♥.
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Executive Summary

This thesis refers to a techno-economic analysis of Cognitive Radio Networks
(CRN) compared to the technology of Software Defined Networking (SDN)
both of them presenting a technological interest. In the beginning, the struc-
ture of the thesis is being analysed. Furthermore, there are presented the
most important works, reports and papers that were used for the creation of
the thechno-economic models.

Moreover, the most fundamental characteristics of the Cellular Networks
are presented. In particular, their basic structure and the cell types that
can been set in a network are studied. Special attention was given to the
Femtocells and to their architecture. Another thing that has been studied
is the 5th generation of cellular networks and a number of the technologies
that are essential for it to be functional, like Multiple-Input and Multiple-
Output (MIMO), Network Function Virtualization (NFV), SDN, Evolved
Packet Core (EPC). The study focused on the technology of Cognitive Radio
(CR), its architectures and protocols.

Also, an architectural model of a network has been created with the
use of CR and Femtocells. Based on this model an economic model was
created using a stratigical game known as Stalckeberg’s Game. Moreover,
the techno-economic analysis of the SDN/NFV model was studied, particu-
larly the Capital Expenditures (CAPEX) and the Opertional Expenditures
(OPEX) as well as the Total Cost of Ownership (TCO). With the application
of mathematical formulas that have been created and have emerged from the
study of similar researches, the revenue and the cost of the models are cal-
culated. This calculation has been executed with the use of the Mathworks
Matlab software, by creating a cost calculating program.

Lastly, significant conclusions are drawn about the technologies that have
been studied and also about the significance of the constant research of these
technologies because of the plethora of advantages that can offer to the de-
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velopment of cellular networks in the near future.
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❑❊❋❆▲❆■❖ 1

❑✐♥❤t❼ ❉Ð❦t✉❛

1.1 ❊✐s❛❣✇❣➔ st❛ ❑✐♥❤t❼ ❉Ð❦t✉❛

✬❊♥❛ ❦✉②❡❧♦❡✐❞è❝ ➔ ❦✐♥❤tì ❞Ð❦t✉♦ ❡Ð♥❛✐ è♥❛ sÔst❤♠❛ ❡♣✐❦♦✐♥✇♥✐➳♥ t♦ ♦♣♦Ð♦
♣❛rèq❡✐ ❛sÔr♠❛t❤ ❡♣✐❦♦✐♥✇♥Ð❛ ❦❛✐ ❡Ð♥❛✐ ❤ ♣✐♦ ❞✐❛❞❡❞♦♠è♥❤ ❡❢❛r♠♦❣➔ ❛sÔr♠❛t✇♥
❞✐❦tÔ✇♥. ❚❛ ❦✉②❡❧✐❦❼ ❞Ð❦t✉❛ ❡Ð♥❛✐ ✐❦❛♥❼ ♥❛ ♣❛rèq♦✉♥ ✉♣❤r❡sÐ❡❝ ❢✇♥➔❝ ❛❧❧❼
❦❛✐ ❞❡❞♦♠è♥✇♥ st♦✉❝ qr➔st❡❝. ❖ q➳r♦❝ ♣♦✉ ❦❛❧Ô♣t❡✐ è♥❛ ❦✉②❡❧✐❦ì ❞Ð❦t✉♦
q✇rÐ③❡t❛✐ s❡ ❦✉②è❧❡❝ (cells) ♠❡ ❦❼❥❡ ❦✉②è❧❤ ♥❛ ❡①✉♣❤r❡t❡Ð t❤♥ ❦❡r❛Ð❛ ❛❧❧❼
❦❛✐ t♦♥ st❛❥♠ì ❜❼s❤❝ t❤❝.

❍ ♦r❣❼♥✇s❤ t✇♥ ❦✉②❡❧➳♥ ❡Ð♥❛✐ tèt♦✐❛ ➳st❡ ♦✐ st❛❥♠♦Ð ❜❼s❤❝ ♥❛ ❡Ð♥❛✐
✐s❛♣èq♦♥t❡❝ ❦❛✐ èts✐ t♦ sq➔♠❛ ♣♦✉ ♣r♦❦Ô♣t❡✐ ❡Ð♥❛✐ ❡①❛❣✇♥✐❦ì. ❙t❤♥ ❣❡♥✐❦➔
♣❡rÐ♣t✇s❤ ♣❼♥t✇❝ ❤ ❡✐❦ì♥❛ t✇♥ ❡①❛❣✇♥✐❦➳♥ ❦✉②❡❧➳♥ ❡Ð♥❛✐ è♥❛ ♠♦♥tè❧♦ ♣♦✉
❛♣❧♦ð❦❼ ❛♥❛♣❛r✐st❼ t♦♥ trì♣♦ ♦r❣❼♥✇s❤❝ t✇♥ ❦✉②❡❧✐❦➳♥ ❞✐❦tÔ✇♥, st❤♥ ♣r❛❣✲
♠❛t✐❦ìt❤t❛ ♦✐ ❦✉②è❧❡❝ ❞❡♥ ❡Ð♥❛✐ ❛♣❛r❛Ðt❤t❛ ❡①❛❣✇♥✐❦è❝. [14, 15]

Figure 1.1: ❑✉②❡❧o❡✐❞è❝ ❉Ð❦t✉♦ [40]

❙❡ ❦❼❥❡ st❛❥♠ì ❜❼s❤❝ ❣Ð♥❡t❛✐ ❡❦q➳r❤s❤ ❡♥ì❝ ♠èr♦✉❝ t✇♥ ❞✐❛❥ès✐♠✇♥
❦❛♥❛❧✐➳♥ ❡♣✐❦♦✐♥✇♥Ð❛❝ t♦✉ ❦✉②❡❧✐❦♦Ô s✉st➔♠❛t♦❝. ❉✐❛♠♦✐r❼③♦♥t❛❝ ❧♦✐♣ì♥ t❤♥
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❞✐❛❥ès✐♠❤ q✇r❤t✐❦ìt❤t❛ ❛❧❧❼ ❦❛✐ ♠❡ t❤♥ qr➔s❤ t❤❝ ♣♦❧✉♣❧❡①Ð❛❝ Time-division
Multiple Access (TDMA), Frequency-division Multiple Access (FDMA), Code-
division Multiple Access (CDMA) ❞❤♠✐♦✉r❣♦Ô♥t❛✐ t❛ ❦❛♥❼❧✐❛.

❑❼❥❡ s✉s❦❡✉➔ ❞✐❛❥èt❡✐ è♥❛ ♣♦♠♣ì q❛♠❤❧➔❝ ✐sqÔ♦❝ ♣♦✉ ❡Ð♥❛✐ ✐❦❛♥ì❝ ♥❛
❦❛❧Ô②❡✐ ♠✐❛ ♠✐❦r➔ ❣❡✇❣r❛❢✐❦➔ ♣❡r✐♦q➔. ❖ qr➔st❤❝ ♣♦✉ ❛♥➔❦❡✐ s❡ ♠✐❛ ❦✉②è❧❤
❡♣✐❦♦✐♥✇♥❡Ð ♠❡ t♦ ✉♣ì❧♦✐♣♦ ❞Ð❦t✉♦ ♠ès✇ t♦✉ st❛❥♠♦Ô ❜❼s❤❝ t❤❝ ❦✉②è❧❤❝,
❞❤❧❛❞➔ ♠ès✇ t♦✉ st❛❥♠♦Ô ❜❼s❤❝ ❛♣ì t♦♥ ♦♣♦Ð♦ èq❡✐ t❤♥ ❦❛❧Ôt❡r❤ ❧➔②❤ ➔
t♦ ❞✉♥❛tìt❡r♦ s➔♠❛. ❚❛ ♠❡❣è❥❤ t✇♥ ❦✉②❡❧➳♥ ❞✐❛❢èr♦✉♥ èq♦♥t❛❝ ♠❡❣❼❧♦
❡Ôr♦❝ ❞❤❧❛❞➔ ✉♣❼rq♦✉♥ ❦✉②è❧❡❝ ♠❡❣è❥♦✉❝ ♠❡r✐❦➳♥ q✐❧✐❼❞✇♥ ♠ètr✇♥ ❦❛✐ ❼❧❧❡❝
♠❡❣è❥♦✉❝ ❡❦❛t♦♥t❼❞✇♥ q✐❧✐♦♠ètr✇♥, ♦✐ ❦✉②è❧❡❝ ❛✉tè❝ ♦♥♦♠❼③♦♥t❛✐ overlay
cells ❦❛✐ ❛❢♦r♦Ô♥ ❦❛t❼ ❦Ôr✐♦ ❧ì❣♦ t❤♥ ❞♦r✉❢♦r✐❦➔ ❦✐♥❤t➔ t❤❧❡❢✇♥Ð❛.[14, 15]

1.2 ❇❛s✐❦➔ ❉♦♠➔

1.2.1 ❙t❛❥♠ì❝ ❇❼s❤❝

❇❛s✐❦ì ❦♦♠♠❼t✐ ❡♥ì❝ ❦✉②❡❧✐❦♦✉ ❞✐❦tÔ♦✉ ❡Ð♥❛✐ ♦✐ st❛❥♠♦Ð ❜❼s❤❝ ♦✐ ♦♣♦Ð♦✐ ❛♣♦t❡❧♦Ô♥✲
t❛✐ ❛♣ì ❞✐❼❢♦r❛ st♦✐q❡Ð❛. ❚♦ ♣r➳t♦ st♦✐q❡Ð♦ ❡Ð♥❛✐ t♦ ❤❧❡❦tr♦♥✐❦ì t♠➔♠❛ t♦
♦♣♦Ð♦ ❜rÐs❦❡t❛✐ st❤ ❜❼s❤ t♦✉ ♣Ôr❣♦✉ ❦❡r❛Ð❛❝. ❚♦ t♠➔♠❛ ❛✉tì ♣❡r✐❧❛♠❜❼♥❡✐ t❛
❤❧❡❦tr♦♥✐❦❼ ♣♦✉ ❡Ð♥❛✐ ❛♣❛r❛Ðt❤t❛ ❣✐❛ t❤♥ ❡♣✐❦♦✐♥✇♥Ð❛ ♠❡ t❛ ❦✐♥❤t❼ t❤❧è❢✇♥❛.
❊♣✐♣❧è♦♥ ♣❡r✐❧❛♠❜❼♥❡✐ ❡♥✐sq✉tè❝ r❛❞✐♦s✉q♥♦t➔t✇♥, r❛❞✐♦❢✇♥✐❦♦Ô❝ ♣♦♠♣♦❞è❦✲
t❡❝, s✉♥❞✉❛s♠♦Ô❝ r❛❞✐♦s✉q♥♦t➔t✇♥ ❦❛✐ tr♦❢♦❞♦t✐❦❼ ♠❡ ❛♥tÐ❣r❛❢❛ ❛s❢❛❧❡Ð❛❝.

❚♦ ❞❡Ôt❡r♦ ♠èr♦❝ t✇♥ st❛❥♠➳♥ ❜❼s❤❝ ❡Ð♥❛✐ ❤ ❦❡r❛Ð❛ ❦❛✐ ♦ tr♦❢♦❞ìt❤❝.
❆❦ì♠❤ ✉♣❼rq❡✐ ❤ ❞✐❡♣❛❢➔ ♠❡t❛①Ô t♦✉ st❛❥♠♦Ô ❜❼s❤❝ ❦❛✐ t♦✉ ❡❧❡❣❦t➔ ❤ ♦♣♦Ð❛
❛♣♦t❡❧❡Ðt❛✐ ❛♣ì t❤♥ ❧♦❣✐❦➔ ❡❧è❣q♦✉ ❦❛✐ t♦ ❧♦❣✐s♠✐❦ì ì♣✇❝ ❡♣Ðs❤❝ ❛♣ì t♦♥
❦❛❧✇❞✐❛❦ì sÔ♥❞❡s♠♦ st♦♥ ❡❧❡❣❦t➔.

❖✐ st❛❥♠♦Ð ❜❼s❤❝ ♠♣♦r♦Ô♥ ♥❛ t♦♣♦❥❡t❤❥♦Ô♥ s❡ ♣❧❤❥➳r❛ s❤♠❡Ð✇♥. ❙t✐❝
♣ì❧❡✐❝ ♦✐ ❦❡r❛Ð❡❝ ❡♠❢❛♥Ð③♦♥t❛✐ s✉q♥❼ st❤ ❦♦r✉❢➔ ❦t✐rÐ✇♥ ❡♥➳ st❤♥ ✉♣ì❧♦✐♣❤
q➳r❛ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ ①❡q✇r✐st♦Ð ✐st♦Ð. ■❞✐❛Ðt❡r❛ s❤♠❛♥t✐❦➔ ❡Ð♥❛✐ ❤ ❥ès❤, t♦
Ô②♦❝ ❦❛✐ ♦ ♣r♦s❛♥❛t♦❧✐s♠ì❝ ❡Ð♥❛✐ ì❧❛ s✇st❼ ❣✐❛ ♥❛ ❡①❛s❢❛❧✐st❡Ð ❡♣Ðt❡✉①❤ t❤❝
❛♣❛✐t♦Ô♠❡♥❤❝ ❦❼❧✉②❤❝. ❊❼♥ ❤ ❦❡r❛Ð❛ ❡Ð♥❛✐ ♣♦❧Ô q❛♠❤❧➔ ➔ s❡ ❦❛❦➔ t♦♣♦❥❡sÐ❛,
❞❡♥ ❥❛ ✉♣❼rq❡✐ ❡♣❛r❦➔❝ ❦❼❧✉②❤. ❆♥tÐ❥❡t❛, ❛♥ ❤ ❦❡r❛Ð❛ ❡Ð♥❛✐ ♣♦❧Ô ✉②❤❧➔ ❦❛✐
❦❛t❡✉❥✉♥❥❡Ð ❡s❢❛❧♠è♥❛, tìt❡ t♦ s➔♠❛ ❥❛ ❛❦♦✉st❡Ð ♣♦❧Ô ♣èr❛ ❛♣ì t❛ ìr✐❛ t❤❝
❦✉②è❧❤❝. ❆✉tì ♠♣♦r❡Ð ♥❛ èq❡✐ ✇❝ ❛♣♦tè❧❡s♠❛ ♣❛r❡♠❜♦❧è❝ s❡ ❼❧❧❤ ❦✉②è❧❤ ♣♦✉
qr❤s✐♠♦♣♦✐❡Ð t✐❝ Ð❞✐❡❝ s✉q♥ìt❤t❡❝.

❚❛ s✉st➔♠❛t❛ ❦❡r❛✐➳♥ ♣♦✉ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ ♠❡ st❛❥♠♦Ô❝ ❜❼s❤❝ s✉♥➔❥✇❝
❛♣♦t❡❧♦Ô♥t❛✐ ❛♣ì ❞Ô♦ s❡✐rè❝ ❦❡r❛✐➳♥ ❧➔②❤❝. ❆✉t❼ ♣❛rèq♦✉♥ ❛✉tì ♣♦✉ s✉q♥❼
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♦♥♦♠❼③❡t❛✐ ❧➔②❤ ♣♦❧✉♠♦r❢Ð❛❝, ❡♣✐trè♣♦♥t❛❝ t❤♥ ❡♣✐❧♦❣➔ t♦✉ ❦❛❧Ôt❡r♦✉ s➔✲
♠❛t♦❝ ❣✐❛ t❤♥ ❡❧❛q✐st♦♣♦Ð❤s❤ t✇♥ ❡♣✐♣t➳s❡✇♥ t❤❝ ♣♦❧❧❛♣❧➔❝ ❞✐❼❞♦s❤❝. ❖✐
❦❡r❛Ð❡❝ t♦✉ ❞è❦t❤ ❡Ð♥❛✐ s✉♥❞❡❞❡♠è♥❡❝ ♠❡ ❦❛❧➳❞✐♦ q❛♠❤❧➔❝ ❛♣➳❧❡✐❛❝ ♣♦✉ ❦❛t❡✉✲
❥Ô♥❡✐ t❛ s➔♠❛t❛ ♣r♦❝ t♦♥ st❛❥♠ì ❜❼s❤❝. ❙t♦ s❤♠❡Ð♦ ❛✉tì è♥❛❝ ♣♦❧✉♣✉❧➳♥❛❝
q✇rÐ③❡✐ t❛ s➔♠❛t❛ ❣✐❛ ♥❛ tr♦❢♦❞♦t➔s❡✐ t♦✉❝ ❞✐❼❢♦r♦✉❝ ❞è❦t❡❝ ♣♦✉ ❛♣❛✐t♦Ô♥✲
t❛✐ ❣✐❛ ì❧❛ t❛ ❦❛♥❼❧✐❛. ❖♠♦Ð✇❝, t♦ ♠❡t❛❞✐❞ì♠❡♥♦ s➔♠❛ ❛♣ì t♦♥ s✉♥❞✉❛st➔
❦❛t❡✉❥Ô♥❡t❛✐ ♣r♦❝ t❤♥ ❦❡r❛Ð❛ ♠❡t❼❞♦s❤❝ qr❤s✐♠♦♣♦✐➳♥t❛❝ ❦❛❧➳❞✐♦ q❛♠❤❧➔❝
❛♣➳❧❡✐❛❝ ❣✐❛ ♥❛ ❡①❛s❢❛❧Ðs❡✐ t♦ ❜è❧t✐st♦ ♠❡t❛❞✐❞ì♠❡♥♦ s➔♠❛. [41]

1.2.2 ❑è♥tr❛ ❦✐♥❤t➔❝ ♠❡t❛❣✇❣➔❝

❚♦ Mobile Switching Centre (MSC) ❡Ð♥❛✐ t♦ ❦è♥tr♦ ❡❧è❣q♦✉ ❣✐❛ t♦ ❦✉②❡❧♦❡✐✲
❞è❝ sÔst❤♠❛, s✉♥t♦♥Ð③♦♥t❛❝ t✐❝ ❡♥èr❣❡✐❡❝ t✇♥ Base Station (BS), ♣❛rèq♦♥t❛❝
s✉♥♦❧✐❦ì è❧❡❣q♦ ❦❛✐ ❡♥❡r❣➳♥t❛❝ ✇❝ ❞✐❛❦ì♣t❤❝ ❦❛✐ sÔ♥❞❡s❤ st♦ ❞❤♠ìs✐♦ t❤❧❡✲
❢✇♥✐❦ì ❞Ð❦t✉♦. ❚♦MSC s✉♥t♦♥Ð③❡✐ t✐❝ ❡♥èr❣❡✐❡❝ ❡♥ì❝ s✉♥ì❧♦✉ st❛❥♠➳♥ ❜❼s❤❝
(✐s♦❞Ô♥❛♠❛, ❡♥ì❝ s✉♥ì❧♦✉ ❦✉②❡❧➳♥), ❦❛✐ ❛sq♦❧❡Ðt❛✐ ♠❡ t❤♥ ❞✐❼❥❡s❤ t✇♥ ❦❛♥❛❧✲
✐➳♥ st✐❝ ❦✉②è❧❡❝, t❤♥ ❞r♦♠♦❧ì❣❤s❤ t✇♥ ❦❧➔s❡✇♥, t❤♥ ❞✐❛t➔r❤s❤ ❦❛✐ ❡♥❤♠èr✇s❤
t❤❝ ♣❧❤r♦❢♦rÐ❛❝ ❣✐❛ t❤♥ ❥ès❤ t✇♥ qr❤st➳♥, t❤♥ ❛s❢❼❧❡✐❛, t❤♥ qrè✇s❤, t❤♥
❞✐❛q❡Ðr✐s❤ t❤❝ ❛❧❧❛❣➔❝ ❦❛♥❛❧✐➳♥ (handoffs), ❦❛✐ ❼❧❧❛.

Figure 1.2: ❑è♥tr❛ ❦✐♥❤t➔❝ ♠❡t❛❣✇❣➔❝ [42]

❚♦ MSC qr❤s✐♠❡Ô❡✐ ❦❛✐ ✇❝ ❤ ♣Ô❧❤ ♣♦✉ s✉♥❞è❡✐ ♦❧ì❦❧❤r♦ t♦ ❦✉②❡❧✐❦ì ❞Ð❦✲
t✉♦ ♠❡ t♦ ❞❤♠ìs✐♦ ❞Ð❦t✉♦. ❲❝ ❡❦ t♦Ôt♦✉ èq❡✐ ♠✐❛ ♣♦✐❦✐❧Ð❛ ❛♣ì s✉♥❞ès❡✐❝ ❡♣✐❦♦✐♥✲
✇♥Ð❛❝ s❡ ❛✉tì ♣♦✉ ❥❛ ♣❡r✐❧❛♠❜❼♥❡✐ s✉♥❞ès❡✐❝ ♦♣t✐❦➳♥ ✐♥➳♥, ❦❛❥➳❝ ❦❛✐ ♠❡r✐❦è❝
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s✉♥❞ès❡✐❝ ♠✐❦r♦❦✉♠❼t✇♥ ❦❛✐ ♠❡r✐❦❼ ❦❛❧➳❞✐❛ sÔr♠❛ q❛❧❦♦Ô. ❆✉t❼ ❡♣✐trè♣♦✉♥
t❤♥ ❡♣✐❦♦✐♥✇♥Ð❛ ♠❡ (BS), t❤ ❞r♦♠♦❧ì❣❤s❤ ❦❧➔s❡✇♥ ♣r♦❝ ❛✉t❼ ❦❛✐ t♦♥ è❧❡❣q♦
t♦✉❝. P❡r✐èq❡✐ ❡♣Ðs❤❝ t✐❝ ❡❣❦❛t❛st❼s❡✐❝ t♦✉ ❑è♥tr♦✉ ❡❧è❣q♦✉ t❛✉tìt❤t❛❝,
❡♣✐trè♣♦♥t❛❝ t❤ qr➔s❤ ❦✐♥❤t➳♥ t❤❧❡❢➳♥✇♥ st♦ ❞Ð❦t✉♦. [15, 41]

1.3 ❊Ð❞❤ ❑✉②❡❧➳♥

❑❛❥➳❝ ♦ ❛r✐❥♠ì❝ t✇♥ qr❤st➳♥ t✇♥ ❦✐♥❤t➳♥ ❞✐❦tÔ✇♥ ❛✉①❼♥❡t❛✐ ❦❛❥❤♠❡r✐♥❼
tìs♦ ❛✉①❼♥♦♥t❛✐ ♦✐ ♣r♦s❞♦❦Ð❡❝ t✇♥ s✉♥❞r♦♠❤t➳♥, ❣✐❛ t♦♥ ❧ì❣♦ ❛✉tì ❤ qr➔s❤
t✇♥ small cells ❡Ð♥❛✐ è♥❛❝ ❛♣♦t❡❧❡s♠❛t✐❦ì❝ trì♣♦❝ ❦❼❧✉②❤❝ ❡s✇t❡r✐❦➳♥, ❡①✇✲
t❡r✐❦➳♥ ❦❛✐ ❞❤♠ìs✐✇♥ q➳r✇♥. ❊♣✐♣❧è♦♥, t❛ small cells ♣♦✉ t♦♣♦❥❡t♦Ô♥t❛✐ s❡
str❛t❤❣✐❦è❝ ♣❡r✐♦qè❝ ❡Ð♥❛✐ t❛ ✐❞❛♥✐❦❼ ♠ès❛ ❣✐❛ t❤♥ ❦❛✐♥♦t♦♠Ð❛ ❞✐❦tÔ✇♥, ì♣✇❝
❡❢❛r♠♦❣è❝ ♣r♦st✐❥è♠❡♥❤❝ ❛①Ð❛❝ ❦❛✐ ✉♣❤r❡sÐ❡❝ Internet of Things (IoT).

❯♣❼rq♦✉♥ ❧♦✐♣ì♥ ♣♦❧❧è❝ ♣✐❥❛♥è❝ ❧Ôs❡✐❝ ❣✐❛ ❡♣✐t❡✉q❥❡Ð ❤ s✉♥❞❡s✐♠ìt❤t❛
❛♥❼❧♦❣❛ ♣❼♥t❛ ♠❡ t♦ ❣❡✇❣r❛❢✐❦ì q➳r♦ ♣♦✉ ♠♣♦r♦Ô♥ ♥❛ ❦❛❧Ô②♦✉♥. ●✐❛ ❡①✇✲
t❡r✐❦♦Ô❝ q➳r♦✉❝ ❦❛t❼❧❧❤❧❤ ❡Ð♥❛✐ ❤ qr➔s❤ t✇♥ Macrocells ❡♥➳ s❡ ❞Ôs❜❛t❡❝
♣❡r✐♦qè❝, ❜♦✉♥❼, ❜r❛q➳❞❤ ❡❞❼❢❤, ❥❼❧❛ss❡❝, ✇❦❡❛♥♦Ô❝ ❤ ❦❼❧✉②❤ ❣Ð♥❡t❛✐ ❞♦r✉✲
❢♦r✐❦❼ ♠❡ ♦♣♦✐❛❞➔♣♦t❡ ♣r♦❜❧➔♠❛t❛ ♣r♦❦❛❧♦Ô♥ st❤ t❛qÔt❤t❛, t♦ ❦ìst♦❝ ❦❛✐
t❤♥ ♣♦✐ìt❤t❛ ♠♣♦r❡Ð ♥❛ ❡♠❢❛♥Ð③♦✉♥. ❖✐ Microcells ❛♣ì t❤♥ ❼❧❧❤ t♦♣♦❥❡t♦Ô♥✲
t❛✐ s❡ ❦è♥tr❛ ♣✉❦♥♦❦❛t♦✐❦❤♠è♥✇♥ ♣❡r✐♦q➳♥ ♠❡ s❦♦♣ì t❤♥ ❛♣♦s✉♠❢ìr❤s❤ t♦✉
❞✐❦tÔ♦✉ t✇♥ Macrocells. ❊♣✐♣rìs❥❡t❛ s❡ ❣➔♣❡❞❛, ♥♦s♦❦♦♠❡Ð❛, ❡♠♣♦r✐❦❼ ❦è♥✲
tr❛ ì♣♦✉ ♦ ❛r✐❥♠ì❝ t✇♥ ❛tì♠✇♥ ❡Ð♥❛✐ ❛r❦❡t❼ ♠❡❣❼❧♦❝ t♦♣♦❥❡t♦Ô♥t❛✐ Picocells.
❚è❧♦❝ s❡ ♠✐❦r♦Ô❝ ❡s✇t❡r✐❦♦Ô❝ q➳r♦✉❝ ♠❡ s❦♦♣ì t❤♥ s✉♥❡q➔ ❡①✉♣❤rèt❤s❤ t✇♥
❛♥❛❣❦➳♥ t✇♥ ♣❛r❡qì♠❡♥✇♥ ✉♣❤r❡s✐➳♥ t♦♣♦❥❡t♦Ô♥t❛✐ Femtocells. [16]

1.3.1 Macrocells

▼✐❛ Macrocell ❡Ð♥❛✐ ♠Ð❛ ❦✉②è❧❤ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ s❡ ❦✉②❡❧♦❡✐❞➔ ❞Ð❦t✉❛ ♠❡
s❦♦♣ì t❤♥ ❦❼❧✉②❤ ♣rìs❜❛s❤❝ ❦✐♥❤t♦Ô ❞✐❦tÔ♦✉ s❡ ♠✐❛ ♠❡❣❼❧❤ ♣❡r✐♦q➔. ▼✐❛
Macrocell ❦✉②è❧❤ ❞✐❛❢èr❡✐ ❛♣ì ♠Ð❛Microcell ♣r♦s❢èr♦♥t❛❝ ♠❡❣❛❧Ôt❡r❤ ❦❼❧✉②❤
❛❧❧❼ ❦❛✐ ✉②❤❧➔ ❛♣ì❞♦s❤.

H ❛♣ìst❛s❤ ❦❼❧✉②❤❝ ♠✐❛❝ Macrocell ♣♦✐❦Ð❧❧❡✐ ❛♥❼❧♦❣❛ ♠❡ t❤ s✉q♥ìt❤t❛
❦❛✐ t♦ ❡Ôr♦❝ ③➳♥❤❝ t✇♥ s❤♠❼t✇♥, ❦❛❥➳❝ ❦❛✐ t❛ ❢✉s✐❦❼ ❡♠♣ì❞✐❛ st❤♥ ♣❡r✐♦q➔.
❖✐ ❦❡r❛Ð❡❝ Macrocell, ❛♣ì t❤♥ ❼❧❧❤ ♣❧❡✉r❼, ♣rè♣❡✐ ♥❛ ❡Ð♥❛✐ ❦❛t❼❧❧❤❧❛ t♦♣♦✲
❥❡t❤♠è♥❡❝ s❡ ✐st♦Ô❝, stè❣❡❝ ➔ ❼❧❧❡❝ ✉♣❼rq♦✉s❡❝ ❦❛t❛s❦❡✉è❝ ❦❛✐ s❡ Ô②❤ ❣✐❛ ♠✐❛
❛♣rìs❦♦♣t❤ ❦❛✐ ❦❛❥❛r➔ ❥è❛ t♦✉ ♣❡r✐❜❼❧❧♦♥t♦❝ q➳r♦✉. ❍ ❛♣ì❞♦s➔ t♦✉ ♠♣♦r❡Ð
♥❛ ❛✉①❤❥❡Ð ♠❡ t❤♥ ❛Ô①❤s❤ t❤❝ ❛♣♦❞♦t✐❦ìt❤t❛❝ t♦✉ ♣♦♠♣♦❞è❦t❤. ❉❡❞♦♠è♥♦✉ ìt✐
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❛✉tì❝ ♦ tÔ♣♦❝ ❦✉②❡❧➳♥ ♣r♦s❢èr❡✐ t❤ ♠❡❣❛❧Ôt❡r❤ ♣❡r✐♦q➔ ❦❼❧✉②❤❝, t♦♣♦❥❡t❡Ð✲
t❛✐ s❡ st❛❥♠♦Ô❝ ❦❛t❼ ♠➔❦♦❝ t✇♥ ❡❥♥✐❦➳♥ ♦❞➳♥ ❦❛✐ t✇♥ ❛❣r♦t✐❦➳♥ ♣❡r✐♦q➳♥.
[43]

❑❛t❼ ♠ès♦ ìr♦ ❤ ✐sqÔ❝ ❣✐❛ ♠✐❛ Macrocell ❦✉②è❧❤ ❦✉♠❛Ð♥❡t❛✐ ❛♣ì 20-40
Watts ♣r❼❣♠❛ ♣♦✉ s❤♠❛Ð♥❡✐ ìt✐ ❛♣❛✐t♦Ô♥ sq❡t✐❦❼ q❛♠❤❧➔ ✐sqÔ ❦❛✐ ❼r❛ ❛♣♦t❡❧♦Ô♥
♠Ð❛ ♦✐❦♦❧♦❣✐❦➔ ❡♣✐❧♦❣➔. ❊♣✐♣rìs❥❡t❛, t♦ t✉♣✐❦ì Ô②♦❝ ♠Ð❛❝ tèt♦✐❛❝ ❦✉②è❧❤❝
❡Ð♥❛✐ 15-25 ♠ètr❛ ❦❛✐ èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ ❦❛❧Ô②❡✐ ❛♣ìst❛s❤ 25-40 q✐❧✲
✐♦♠ètr✇♥. ❆❦ì♠❤ è♥❛ q❛r❛❦t❤r✐st✐❦ì t✇♥ Macrocells ❡Ð♥❛✐ ìt✐ èq♦✉♥ t❤♥
❞✉♥❛tìt❤t❛ ❡①✉♣❤rèt❤s❤❝ ♣❡r✐ssìt❡r✇♥ ❛♣ì 200 qr❤st➳♥ per sector/per fre-
quency t❤♥ Ð❞✐❛ st✐❣♠➔.

❆♥tÐst♦✐q❤ ❦✉②è❧❤ ♠❡ t❤♥ Macrocell ❛♣♦t❡❧❡Ð ❦❛✐ ❤ Mini-macro èq♦♥t❛❝
♠❡t❛①Ô t♦✉❝ ❡❧❼q✐st❡❝ ❞✐❛❢♦rè❝. ▼Ð❛ ❛♣ì ❛✉tè❝ ❡Ð♥❛✐ ìt✐ ❧❡✐t♦✉r❣❡Ð s❡ ♠✐❛
♠ì♥♦ s✉q♥ìt❤t❛. ❊♣✐♣❧è♦♥, t♦ Ô②♦❝ t❤❝ ❦✉♠❛Ð♥❡t❛✐ st❛ 8-10 ♠ètr❛ ❦❛✐ èq❡✐
♠✐❦rìt❡r♦ ❡Ôr♦❝ ③➳♥❤❝ s❡ sÔ❣❦r✐s❤ ♠❡ t❤♥ Macrocell. [44]

1.3.2 Metrocells

❍ ❦Ð♥❤s❤ t✇♥ ❞❡❞♦♠è♥✇♥ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ❞✐♣❧❛s✐❼③❡t❛✐ ❡t❤sÐ✇❝. ❖✐ ♠❡❧✲
❧♦♥t✐❦è❝ ♣r♦❜❧è②❡✐❝ ❣✐❛ t❤ s✉♥♦❧✐❦➔ ③➔t❤s❤ q✇r❤t✐❦ìt❤t❛❝ ❞❡❞♦♠è♥✇♥ ❦✐♥✲
❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ✉♣♦st❤rÐ③♦✉♥ t❤♥ ❛Ô①❤s❤ ♠❡t❛①Ô 20 ❦❛✐ 50 ❢♦r➳♥ ♠ès❛ st❛
❡♣ì♠❡♥❛ 5 qrì♥✐❛. ❍ ♠❡❣❛❧Ôt❡r❤ ③➔t❤s❤ tìs♦ s➔♠❡r❛ ìs♦ ❦❛✐ st♦ ♠è❧❧♦♥
❡♣✐❦❡♥tr➳♥❡t❛✐ st✐❝ ♣✉❦♥è❝ ❛st✐❦è❝ ♣❡r✐♦qè❝.

❖✐ Metrocells ❛♣♦t❡❧♦Ô♥ ❜❼s❡✐❝ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ♣♦✉ ❜rÐs❦♦♥t❛✐ q✇rÐ❝
♣❡r✐♦r✐s♠♦Ô❝ s❡ ❛st✐❦è❝ ♣❡r✐♦qè❝. ▼♣♦r♦Ô♥ ♥❛ t♦♣♦❥❡t❤❥♦Ô♥ st✐❝ ♣❧❡✉rè❝ t✇♥
❦t✐rÐ✇♥, s❡ ❡s✇t❡r✐❦♦Ô❝ q➳r♦✉❝, s❡ ❣➔♣❡❞❛, st♦✉❝ ❦ì♠❜♦✉❝ ♠❡t❛❢♦r❼❝ ❦❛✐ s❡
❼❧❧♦✉❝ ❦♦✐♥ìqr❤st♦✉❝ q➳r♦✉❝. P❛rèq♦✉♥ ❡①❛✐r❡t✐❦➔ ✉♣❤r❡sÐ❛ ❦✐♥❤t➔❝ t❤❧❡✲
❢✇♥Ð❛❝, ♠❡ ♣♦❧Ô ✉②❤❧è❝ t❛qÔt❤t❡❝ ❦❛✐ q✇r❤t✐❦ìt❤t❛ ❞❡❞♦♠è♥✇♥, ❡♣✐❧Ô♦♥t❛❝
èts✐ t♦ ♣rì❜❧❤♠❛ t❤❝ ❛✉①❛♥ì♠❡♥❤❝ ③➔t❤s❤❝ ❣✐❛ ❛✉①❤♠è♥❤ ❦Ð♥❤s❤ ❞❡❞♦♠è♥✇♥.

❆✉tè❝ ❧♦✐♣ì♥ ♦✐ ❦✉②è❧❡❝ s✉♥➔❥✇❝ ❛♥➔❦♦✉♥ ❦❛✐ ❡❣❦❛❥Ðst❛♥t❛✐ ❛♣ì t♦♥
♣❼r♦q♦ t♦✉ ❞✐❦tÔ♦✉ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ❦❛✐ sq❡❞✐❼③♦♥t❛✐ s✉♥t❤r♦Ô♥t❛✐ ❦❛✐
❞✐❛q❡✐rÐ③♦♥t❛✐ ì♣✇❝ ♦✐ Macrocells. ❯♣❼rq♦✉♥ trÐ❛ s❤♠❛♥t✐❦❼ q❛r❛❦t❤r✐st✐❦❼
♣♦✉ ♦rÐ③♦✉♥ ♠Ð❛ Metrocell. ❆rq✐❦❼, ❧❡✐t♦✉r❣❡Ð s❡ ❛❞❡✐♦❞♦t❤♠è♥♦ ❢❼s♠❛. ❆✉tì
s❤♠❛Ð♥❡✐ ìt✐ s❡ ❛♥tÐ❥❡s❤ ♠❡ t♦ Wi-Fi, ì♣♦✉ ♦✐ s✉q♥ìt❤t❡❝ ♠♦✐r❼③♦♥t❛✐ ♠❡
ì♣♦✐♦♥ ❥è❧❡✐ ♥❛ t✐❝ qr❤s✐♠♦♣♦✐➔s❡✐, ♦ ❢♦rè❛❝ ❡❦♠❡t❼❧❧❡✉s❤❝ ❞✐❦tÔ♦✉ ♠♣♦r❡Ð
♥❛ sq❡❞✐❼s❡✐ ❦❛✐ ♥❛ ❞✐❛q❡✐r✐st❡Ð t❤♥ ❦❼❧✉②❤ ♣r❼❣♠❛ ♣♦✉ ♦❞❤❣❡Ð s❡ ❦❛❧Ôt❡r❛
❛♣♦t❡❧ès♠❛t❛ ❦❛✐ ❡Ð♥❛✐ ✐❞✐❛Ðt❡r❛ s❤♠❛♥t✐❦ì s❡ ♣❡r✐❜❼❧❧♦♥t❛ ♠❡❣❼❧❤❝ ❦✉❦❧♦✲
❢♦rÐ❛❝. ✬❊♥❛ ❛❦ì♠❤ q❛r❛❦t❤r✐st✐❦ì t♦✉❝ ❡Ð♥❛✐ ìt✐ ❡Ð♥❛✐ ❛r❦❡t❼ ♠✐❦rìt❡r❡❝ s❡
♠è❣❡❥♦❝ s❡ sqès❤ ♠❡ t✐❝ ▼acrocell ❦✉②è❧❡❝. ❚♦ ♠è❣❡❥ì❝ t♦✉❝ ❡Ð♥❛✐ ♣❛rì♠♦✐♦
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♠❡ è♥❛ ❢♦r❤tì ✉♣♦❧♦❣✐st➔ ➔ tablet, ❛♥tÐ ❡♥ì❝ ♠❡❣❼❧♦✉ ♣Ôr❣♦✉ ❦✉tt❼r✇♥ ➔
✐st♦Ô. ❍ ❛♣rìs❦♦♣t❤ ♠♦r❢➔ t♦✉❝ ❦❼♥❡✐ ♣♦❧Ô ♣✐♦ ❡Ô❦♦❧♦ ♥❛ ❜r❡❥♦Ô♥ ❦❛t❼❧❧❤✲
❧❡❝ t♦♣♦❥❡sÐ❡❝. ❚è❧♦❝, èq♦✉♥ q❛♠❤❧ìt❡r❤ ✐sqÔ ❦❛✐ q✇r❤t✐❦ìt❤t❛ RF ❛♣ì ♠✐❛
▼acrocell. ❖✐ Metrocells q❡✐rÐ③♦♥t❛✐ s✉♥➔❥✇❝ 16 ➔ 32 t❛✉tìqr♦♥❡❝ ❢✇♥❤t✐❦è❝
❦❧➔s❡✐❝ ❦❛✐ ♠♣♦r♦Ô♥ ♥❛ ♠❡t❛❢èr♦✉♥ ❞❡❞♦♠è♥❛ ♠❡ t✐❝ ✉②❤❧ìt❡r❡❝ t❛qÔt❤t❡❝,
ì♠✇❝ s❡ ♣♦❧Ô ♠✐❦rìt❡r❤ ❛❦tÐ♥❛ s❡ sÔ❣❦r✐s❤ ♠❡ t✐❝ Macrocell. [45, 46]

❖ sq❡❞✐❛s♠ì❝ ❦❛✐ ❤ ❛♥❼♣t✉①❤ t✇♥ Metrocells ❛♣♦t❡❧❡Ð ♠✐❛ ♣❡rÐ♣❧♦❦❤ ❞✐✲
❛❞✐❦❛sÐ❛ ❞✐❛❢♦r❡t✐❦➔ ❛♣ì ❛✉t➔ ❣✐❛ t✐❝ Macrocell, ❦❛t❼ t❤♥ ♦♣♦Ð❛ ♣rè♣❡✐ ♥❛ ❧❤✲
❢❥♦Ô♥ ✉♣ì②❤ ❞✐❼❢♦r♦✐ ♣❛r❼❣♦♥t❡❝ ì♣✇❝ ♦✐ ❞✐❼❢♦r❡❝ backhaul t❡q♥♦❧♦❣Ð❡❝ ♣♦✉
♣rè♣❡✐ ♥❛ qr❤s✐♠♦♣♦✐❤❥♦Ô♥ ❣✐❛ t❤ sÔ♥❞❡s❤ t✇♥ Metrocells, ❤ s✇st➔ ❦❛t❛♥♦♠➔
t✇♥ ♣ìr✇♥ ❦❛✐ ❼❧❧♦✐. [46]

Figure 1.3: Metrocell [47]
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1.3.3 Microcells

▼✐❛ Microcell ❦✉②è❧❤ s❡ è♥❛ ❦✐♥❤tì ❞Ð❦t✉♦ ❡Ð♥❛✐ ♠Ð❛ s✉s❦❡✉➔ ❤ ♦♣♦Ð❛ ❡Ð♥❛✐
s✉♥❞❡❞❡♠è♥❤ s❡ è♥❛ ♣Ôr❣♦ ❦❛✐ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t❤♥ ❡♥Ðsq✉s❤ ➔ t❤♥ ❡♣è❦t❛s❤
t❤❝ ✐sqÔ♦❝ t♦✉ s➔♠❛t♦❝ s❡ ♠✐❛ s✉❣❦❡❦r✐♠è♥❤ ♠✐❦r➔ ♣❡r✐♦q➔. ❆r❦❡t❼ sÔ♥❤❥❡❝
❡Ð♥❛✐ ♥❛ qr❤s✐♠♦♣♦✐❡Ðt❛✐ s❡ ❞❤♠ìs✐❡❝ ♣❡r✐♦qè❝. ❉✐❛❢♦r❡t✐❦♦Ð ❢♦r❡Ð❝ ❦✐♥❤t➳♥
❞✐❦tÔ✇♥ ❦❛tèq♦✉♥ ❞✐❛❢♦r❡t✐❦ì ❡Ôr♦❝ ❛♣ì Microcells.

❖✐ Microcells ❦✉②è❧❡❝ ❧♦✐♣ì♥ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ ❣✐❛ ♥❛ ♣❛rèq♦✉♥ ❦❼❧✉②❤
s❡ ♠✐❛ ♣❡r✐♦r✐s♠è♥❤ ♣❡r✐♦q➔ ❦❛✐ s✉♥➔❥✇❝ s❡ ❞❤♠ìs✐❡❝ ♣❡r✐♦qè❝ ì♣✇❝ t❛ ❛❡r♦✲
❞rì♠✐❛, t❛ ❡♠♣♦r✐❦❼ ❦è♥tr❛ ❛❧❧❼ ❦❛✐ ❼❧❧❛ ♠èr❤ st❛ ♦♣♦Ð❛ ✉♣❼rq❡✐ ♠❡❣❼❧♦❝ ❛r✐✲
❥♠ì❝ qr❤st➳♥ s❡ ♠Ð❛ ♠ì♥♦ ❦❡r❛Ð❛ ❦❛✐ ❤ ❡♥Ðsq✉s❤ t♦✉ s➔♠❛t♦❝ ❡Ð♥❛✐ ❛♣❛r❛Ðt❤t❤.
❙❡ ❛♥tÐ❥❡s❤ ♠❡ t❤♥ ▼acrocell, ❤ ▼icrocell ♣❛rèq❡✐ ❡♥✐sq✉♠è♥♦ s➔♠❛ s❡ ♠✐❦rè❝
♣❡r✐♦qè❝ ➳st❡ ♣❧❤❥➳r❛ qr❤st➳♥ ♥❛ ♠♣♦r❡Ð ♥❛ qr❤s✐♠♦♣♦✐❡Ð t♦ ❞Ð❦t✉♦. ✬❊ts✐,
❤ ♣❡r✐♦q➔ ❡Ð♥❛✐ ♠❡r✐❦è❝ ❡❦❛t♦♥t❼❞❡❝ ♠ètr❛ ❦❛✐ ❡❧è❣q❡t❛✐ ❛♣ì t♦♥ ♣Ôr❣♦ ❛❧❧❼✲
③♦♥t❛❝ t❤♥ t✐♠➔ t❼s❤❝. ❖✐ ♣❡r✐♦qè❝ ✉②❤❧➔❝ ♣✉❦♥ìt❤t❛❝ ❡①✉♣❤r❡t♦Ô♥t❛✐ ♠❡ t❤♥
t♦♣♦❥èt❤s❤ ♣❡r✐ssìt❡r✇♥ ❦✉②❡❧➳♥ st❤♥ ♣❡r✐♦q➔ ❣✐❛ t❤ ❜❡❧t✐st♦♣♦Ð❤s❤ t❤❝
q✇r❤t✐❦ìt❤t❛❝. [50]

Figure 1.4: Microcell [51]

1.3.4 Picocells

▼Ð❛ Picocell ❡Ð♥❛✐ è♥❛❝ ♠✐❦rì❝ ❦✉②❡❧✇tì❝ st❛❥♠ì❝ ❜❼s❤❝ ❦❛✐ ❛♣♦t❡❧❡Ð ♠Ð❛
❡♣✐❧♦❣➔ ❣✐❛ è♥❛ sÔst❤♠❛ ❦❛t❛♥❡♠❤♠è♥❤❝ ❦❡r❛Ð❛❝. ◗r❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t❤♥
❜❡❧tÐ✇s❤ t♦✉ s➔♠❛t♦❝ t♦✉ ❦✐♥❤t♦Ô ❞✐❦tÔ♦✉ ❦❛✐ ❣✐❛ t❤♥ ❡♣è❦t❛s❤ ❛sÔr♠❛t✇♥
✉♣❤r❡s✐➳♥ s❡ ❡s✇t❡r✐❦♦Ô❝ q➳r♦✉❝ ❦t✐rÐ✇♥ ➔ s❡ ❼❧❧❡❝ ♣❡r✐♦qè❝ ♣♦✉ ❞❡♥ ❡Ð✲
♥❛✐ ♣r♦s❜❼s✐♠❡❝ ❛♣ì ❞Ð❦t✉❛ ♣♦✉ ❡①✉♣❤r❡t♦Ô♥t❛✐ ❛♣ì ♠❡❣❛❧Ôt❡r♦✉❝ ♣Ôr❣♦✉❝
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❦✉②❡❧➳♥. ❊Ð♥❛✐ ✐❞✐❛Ðt❡r❛ qr➔s✐♠♦ ❣✐❛ ❢✇♥❤t✐❦➔ sÔ♥❞❡s❤ ❦❛✐ sÔ♥❞❡s❤ ❞❡✲
❞♦♠è♥✇♥ s❡ ❡s✇t❡r✐❦♦Ô❝ q➳r♦✉❝.

❉✐❼❢♦r♦✐ tÔ♣♦✐ t❤❧❡♣✐❦♦✐♥✇♥✐❛❦➳♥ ❞✐❦tÔ✇♥ qr❤s✐♠♦♣♦✐♦Ô♥ Picocell ❣✐❛ t❤♥
♣❛r♦q➔ ✉♣❤r❡s✐➳♥ s❡ ♣❡r✐ssìt❡r♦✉❝ qr➔st❡❝. ❑❛t❼ ❦❼♣♦✐♦ trì♣♦, ❛✉tè❝ ♦✐
r✉❥♠Ðs❡✐❝ ❡Ð♥❛✐ s❛♥ t❛ t♦♣✐❦❼ ❞Ð❦t✉❛ (Local Area Network LAN) ♣♦✉ ❡①✲
✉♣❤r❡t♦Ô♥t❛✐ ❛♣ì ♠❡♠♦♥✇♠è♥♦✉❝ ❛sÔr♠❛t♦✉❝ ❞r♦♠♦❧♦❣❤tè❝, ì♣♦✉ è♥❛❝ st❛✲
❥♠ì❝ Picocell ❧❛♠❜❼♥❡✐ è♥❛ s➔♠❛ ❛♣ì è♥❛ ♠❡❣❛❧Ôt❡r♦ ❞Ð❦t✉♦ ❦❛✐ t♦ ❞✐❛♥è♠❡✐ s❡
♣♦❧Ô t♦♣✐❦ì ❡Ôr♦❝. ❚è❧♦❝, ♦✐ Picocells ❞✐❛t❤r♦Ô♥t❛✐ ❦❛✐ ❧❡✐t♦✉r❣♦Ô♥ ❛♣ì è♥❛♥
♠❡❣❛❧Ôt❡r♦ ♣❼r♦q♦ ❞✐❦tÔ♦✉. [49]

Table 1.1: PÐ♥❛❦❛❝ ❑✉②❡❧➳♥ [48]

Cell type Typical cell size Data rate limitation

Macro 1-30km Propagation
Micro 200m-2km Capacity and propagation
Pico 4-200m Capacity and propagation
Femto 10m Broadband connection and handset

❆♥ ❦❛✐ ♦✐ Picocells ❦❛✐ ♦✐ Femtocells ♠♣♦r❡Ð ♥❛ ❢❛Ð♥♦♥t❛✐ ♣❛rì♠♦✐❡❝, ♠Ð❛
Pico s✉♥❞è❡t❛✐ ♠❡ è♥❛ ❡❧❡❣❦t➔ st❛❥♠♦Ô ❜❼s❤❝ ❣✐❛ ♥❛ ❡♣❡❦t❡Ð♥❡✐ t❤♥ ❦❼❧✉②❤
s❡ ♣❡r✐♦qè❝ ♣♦✉ ❞❡♥ ✉♣❼rq❡✐ ❦❼❧✉②❤. ❖✐ Femtocells ♠♣♦r❡Ð ♥❛ ♣❡r✐❧❛♠❜❼♥♦✉♥
❦❼♣♦✐❛ ♠♦r❢➔ ❡❧❡❣❦t➔ st❛❥♠♦Ô ❜❼s❤❝ ❦❛✐ ❡Ð♥❛✐ ♣✐♦ è①✉♣♥❡❝.

1.3.5 Femtocells

▼✐❛ Femtocell ❦✉②è❧❤ ❡Ð♥❛✐ è♥❛❝ ♠✐❦rì❝ ❦✉②❡❧♦❡✐❞➔❝ st❛❥♠ì❝ ❜❼s❤❝ sq❡✲
❞✐❛s♠è♥♦❝ ➳st❡ ♥❛ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❦✉rÐ✇❝ ❡♥tì❝ ♠Ð❛❝ ♦✐❦Ð❛❝ ➔ ♠Ð❛❝ ♠✐❦r➔❝
❡♣✐q❡✐r➔s❤❝. ❍ sÔ♥❞❡s❤ ♠❡t❛①Ô t❤❝ Femtocell ❦✉②è❧❤❝ ❦❛✐ t♦✉ ♣❛rìq♦✉ ❣Ð♥❡t❛✐
♠❡t❛①Ô ♠✐❛❝ ❡✉r✉③✇♥✐❦➔❝ sÔ♥❞❡s❤❝ ❦❛✐ èts✐ ♦ ♣❼r♦q♦❝ èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛
❡♣❡❦t❡Ð♥❡✐ t❤♥ ❦❼❧✉②❤ s❡ ❡s✇t❡r✐❦♦Ô❝ q➳r♦✉❝, ❡✐❞✐❦❼ ì♣♦✉ ❤ ♣rìs❜❛s❤ ❡Ð♥❛✐
♣❡r✐♦r✐s♠è♥❤ ➔ ❛♥Ô♣❛r❦t❤.

▼✐❛ Femtocell ♣❛r♦✉s✐❼③❡✐ ❜❡❧t✐➳s❡✐❝ st♦ ❞Ð❦t✉♦ ❛♣ì ❼♣♦②❤ ❦❛❧Ô②❡✇❝ ❦❛✐
q✇r❤t✐❦ìt❤t❛❝, ❦✉rÐ✇❝ ❣✐❛ ❡s✇t❡r✐❦♦Ô❝ q➳r♦✉❝ èq♦♥t❛❝ ♣❛r❼❧❧❤❧❛ ❥❡t✐❦è❝
❡♣✐♣t➳s❡✐❝ st✐❝ ❦❡❢❛❧❛✐♦✉q✐❦è❝ ❦❛✐ ❧❡✐t♦✉r❣✐❦è❝ ❞❛♣❼♥❡❝. ▼❡ t♦♥ trì♣♦ ❛✉tì
♦✐ qr➔st❡❝ èq♦✉♥ ❦❛❧Ôt❡r❤ ❦❼❧✉②❤ ❞✐❦tÔ♦✉, ♣♦✐ìt❤t❛ ❢✇♥➔❝ ❦❛✐ qrì♥♦ ③✇➔❝
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♠♣❛t❛rÐ❛❝. ✬❊ts✐ ❧♦✐♣ì♥, ❤ s✉s❦❡✉➔ ❡♣✐❦♦✐♥✇♥❡Ð ♠❡ t♦ ❦✐♥❤tì t❤❧è❢✇♥♦ ❦❛✐
♠❡t❛trè♣❡✐ t✐❝ ❢✇♥❤t✐❦è❝ ❦❧➔s❡✐❝ s❡ ♣❛❦èt❛ ❢✇♥➔❝ ♠ès✇ Internet Protocol (IP)
(Voice over Internet Protocol (VoIP)). ❚❛ ♣❛❦èt❛ ♠❡t❛❞Ð❞♦♥t❛✐ st❤ s✉♥èq❡✐❛
♠ès✇ ❡✉r✉③✇♥✐❦➔❝ sÔ♥❞❡s❤❝ st♦✉❝ ❞✐❛❦♦♠✐stè❝ t♦✉ ❢♦rè❛ ❡❦♠❡t❼❧❧❡✉s❤❝ ❦✐♥✲
❤t➔❝ t❤❧❡❢✇♥Ð❛❝. [17]

❖✐ Femtocells ❡Ð♥❛✐ s✉♠❜❛tè❝ ♠❡ s✉s❦❡✉è❝ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ì♣✇❝WiMax,
CDMA2000, Universal Mobile Telecommunications System (UMTS) ❦❛✐ qr❤s✐✲
♠♦♣♦✐♦Ô♥ t♦ ❞✐❦ì t♦✉❝ ❢❼s♠❛ ♣❛rìq✇♥ ❣✐❛ t❤♥ ❧❡✐t♦✉r❣Ð❛ t♦✉❝. ❖✐ Femtocells
♣♦✉ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ st✐❝ ❡♣✐q❡✐r➔s❡✐❝ ♠♣♦r♦Ô♥ ♥❛ èq♦✉♥ ♣❡r✐ssìt❡r♦✉❝ ❛♣ì
16 ❡♥❡r❣♦Ô❝ qr➔st❡❝ ❡♥➳ ❛✉tè❝ ♣♦✉ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ ❛♣ì t♦♥ ❦❛t❛♥❛❧✇t➔ t♦♥
Ð❞✐♦ èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ✉♣♦st➔r✐①❤❝ ♠èqr✐ 4 ❡♥❡r❣➳♥ qr❤st➳♥.

❑❛❥➳❝ ♦✐ ❡t❛✐r❡Ð❡❝ ♣❛r♦q➔❝ ❦✐♥❤t➳♥ ❞✐❦tÔ✇♥ èq♦✉♥ ✇❝ s❦♦♣ì t❤♥ s✉♥❡q➔
❛♥❼♣t✉①➔ t♦✉❝ tìs♦ ❛♥❛❣❦❛Ð❛ ❡Ð♥❛✐ ❤ ❜❡❧t✐st♦♣♦Ð❤s❤ t❤❝ ♣♦✐ìt❤t❛❝ ♣❛r♦q➔❝
✉♣❤r❡s✐➳♥ (Quality of Service (QoS) ). ✬❖♣✇❝ èq❡✐ ❛♥❛❢❡r❥❡Ð ❤ Femtocell ➔
♣r♦s✇♣✐❦ì❝ st❛❥♠ì❝ ❜❼s❤❝ ♣r❛❣♠❛t♦♣♦✐❡Ðt❛✐ ♠❡ t❤♥ t♦♣♦❥èt❤s❤ ❡♥ì❝ st❛❥✲
♠♦Ô ❜❼s❤❝ st♦♥ q➳r♦ ➳st❡ ♥❛ èq❡✐ ❦❛❧Ôt❡r❤ ❡♥❞♦♦✐❦✐❛❦➔ ❦❼❧✉②❤ t♦✉ qr➔st❤
❛♣ì t♦♥ ♣❼r♦q♦ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝. ✬❊ts✐ ❤ ❦✐♥❤t➔ s✉s❦❡✉➔ ❛♥❛❣♥✇rÐ③❡✐ t❤♥
Femtocell ❦❛✐ ♦✐ s✉♥❞ès❡✐❝ ❣Ð♥♦♥t❛✐ ♠ès✇ t♦✉ ♦✐❦✐❛❦♦Ô ❞✐❦tÔ♦✉ (Internet Ser-
vice Provider (ISP)) ❦❛✐ st❤♥ ♣❡rÐ♣t✇s❤ ❛✉t➔ t♦ ❦✐♥❤tì ❧❡✐t♦✉r❣❡Ð s❛♥ t✉♣✐❦ì
❛sÔr♠❛t♦ t❤❧è❢✇♥♦. ❖ qr➔st❤❝ ❧♦✐♣ì♥ ❡Ð♥❛✐ ❛❦ì♠❤ s✉♥❞❡❞❡♠è♥♦❝ ❛❧❧❼ èq❡✐
❡❧❡✉❥❡r➳s❡✐ t♦✉❝ ♣ìr♦✉❝ t❤❝ ❞❤♠ìs✐❛❝ Macrocell ❡♣✐trè♣♦♥t❛❝ èts✐ t❤♥ ❡①✲
✉♣❤rèt❤s❤ ♣❡r✐ssìt❡r✇♥ qr❤st➳♥ ♠ès✇ t✇♥ ♥è✇♥ ❞✐❛❥ès✐♠✇♥ ♣ìr✇♥.

Figure 1.5: Femtocell [52]
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❙t♦ s❤♠❡Ð♦ ❛✉tì ❛♥❛❣❦❛Ð♦❝ ❡Ð♥❛✐ ♦ ♦r✐s♠ì❝ t♦✉ backhaul network t♦ ♦♣♦Ð♦
s❡ è♥❛ ❞Ð❦t✉♦ t❤❧❡♣✐❦♦✐♥✇♥✐➳♥ ❛♣♦t❡❧❡Ð t♦ ❦♦♠♠❼t✐ ❛✉tì ♣♦✉ ♣❡r✐èq❡✐ ì❧♦✉❝
t♦✉❝ ❞✐❛❥ès✐♠♦✉❝ s✉♥❞ès♠♦✉❝ ♠❡t❛①Ô t♦✉ core network ➔ backbone ♠❡ t❛
✉♣♦❞Ð❦t✉❛. ❖✐ ❦✐♥❤tè❝ s✉s❦❡✉è❝ ♣❛r❛❞❡Ð❣♠❛t♦❝ q❼r❤ ❡♣✐❦♦✐♥✇♥♦Ô♥ ♠❡ è♥❛
❦✉②❡❧♦❡✐❞➔ ♣Ôr❣♦ ❦❛✐ ❛♣♦t❡❧♦Ô♥ è♥❛ t♦♣✐❦ì ✉♣♦❞Ð❦t✉♦, ❤ sÔ♥❞❡s❤ t♦✉ ♣Ôr✲
❣♦✉ ❛✉t♦Ô ♠❡ t♦ ✉♣ì❧♦✐♣♦ ❞Ð❦t✉♦ ❣Ð♥❡t❛✐ ♠❡ è♥❛ backhaul sÔ♥❞❡s♠♦ ♣r♦❝ t♦♥
♣✉r➔♥❛.

❖✐ ❦✐♥❤tè❝ ❧♦✐♣ì♥ s✉s❦❡✉è❝ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ s❡ s✉❣❦❡❦r✐♠è♥❡❝ ③➳♥❡❝
s✉q♥♦t➔t✇♥, ❣✐❛ t♦♥ ❧ì❣♦ ❛✉tì ❤ Femtocell ❞❡♥ èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛
♠❡t❛❞Ð❞❡✐ s❡ ♣❡r✐♦qè❝ ì♣♦✉ ♦ ♣❼r♦q♦❝ ❞❡♥ ❞✐❛❥èt❡✐ ✉♣❤r❡sÐ❡❝ ➔ ❞❡♥ èq❡✐ ❞✐❦❛Ð✇♠❛
qr➔s❤❝ t❤❝ s✉❣❦❡❦r✐♠è♥❤❝ ③➳♥❤❝ s✉q♥♦t➔t✇♥. ✬❊ts✐ ❤ ❣❡✇❣r❛❢✐❦➔ t♦♣♦✲
❥❡sÐ❛ t❤❝ Femtocell èq❡✐ ✐❞✐❛Ðt❡r❤ s❤♠❛sÐ❛. ❆✉tì❝ ❡Ð♥❛✐ ❦❛✐ è♥❛❝ ❛♣ì t♦✉❝
s❤♠❛♥t✐❦ìt❡r♦✉❝ ❧ì❣♦✉❝ ♣♦✉ ♦✐ Femtocells ❞✐❛❥èt♦✉♥ Global Positioning Sys-
tem (GPS) ➳st❡ ♦ ♣❼r♦q♦❝ ♥❛ ♠♣♦r❡Ð ♦♣♦✐❛❞➔♣♦t❡ st✐❣♠➔ ❛♥ ❣♥✇rÐ③❡✐ t❤♥
t♦♣♦❥❡sÐ❛ t♦✉ qr➔st❤ ❛❧❧❼ ❦❛✐ ❣✐❛ ✉♣❤r❡sÐ❡❝ ❡❦t❼❦t♦✉ ❛♥❼❣❦❤❝. ❆❦ì♠❤
è♥❛❝ trì♣♦❝ ♠❡ t♦♥ ♦♣♦Ð♦ ♠♣♦r❡Ð ♥❛ ❡♣✐t❡✉q❥❡Ð ❤ ❡①❛❦rÐ❜✇s❤ t❤❝ t♦♣♦❥❡sÐ❛❝
❛♣♦t❡❧❡Ð ❦❛✐ ❤ qr➔s❤ t✇♥ ❞✐❡✉❥Ô♥s❡✇♥ IP. [18]

1.3.6 P❧❡♦♥❡❦t➔♠❛t❛ Femtocells

❖✐ Femtocells ♣❛rèq♦♥t❛✐ ❛♣ì t✐❝ ❡t❛✐r❡Ð❡❝ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ❣✐❛ ❡♥❞♦♦✐❦✐❛❦➔
➔ ❡♥❞♦❡♣✐q❡✐r❤s✐❛❦➔ qr➔s❤ ❦❛t❛❧❛♠❜❼♥♦♥t❛❝ ❡❧❼q✐st♦ q➳r♦ ìs♦ ❞❤❧❛❞➔ è♥❛
♠ì♥t❡♠ ❦❛✐ s✉♥❞è❡t❛✐ ♠ès✇ ♠✐❛❝ ❡✉r✉③✇♥✐❦➔❝ sÔ♥❞❡s❤❝. ❍ Femtocell s✉♥❞è❡✲
t❛✐ st❤ ❣r❛♠♠➔ t♦✉ ♣❛rìq♦✉ ❦❛✐ ♣r♦s❢èr❡✐ ❡♥✐sq✉♠è♥❤ ❦❼❧✉②❤ s❡ 30-50 m.
❊♣✐♣❧è♦♥ ❤ t♦♣♦❥èt❤s❤ ♠Ð❛❝ Femtocell ❛♣♦t❡❧❡Ð ♠✐❛ ♣♦❧Ô ❛♣❧➔ ❞✐❛❞✐❦❛sÐ❛ ❦❛✲
❥➳❝ ❡Ð♥❛✐ plug and play ❞❤❧❛❞➔ ♠Ð❛ ❛♣❧➔ sÔ♥❞❡s❤ ♠❡ ♣❛r♦q➔ r❡Ô♠❛t♦❝, èts✐
❦❼❥❡ qr➔st❤❝ ♠♣♦r❡Ð ❡Ô❦♦❧❛ ♥❛ t❤♥ t♦♣♦❥❡t➔s❡✐. ❖ qr➔st❤❝ ❥❛ ♣rè♣❡✐ ❡❦ t✇♥
♣r♦tèr✇♥ ♥❛ èq❡✐ ♦rÐs❡✐ ♣♦✐♦✐ ❛r✐❥♠♦Ð ❥❛ èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ s✉♥❞❡❥♦Ô♥
st❤ ❦✉②è❧❤ t♦✉ ♠ès✇ ♠Ð❛❝ ❞✐❡♣❛❢➔❝ ♣♦✉ ❞✐❛❥èt❡✐ ♦ ♣❼r♦q♦❝. ✬❖t❛♥ ❧♦✐♣ì♥ ♦✐
❛r✐❥♠♦Ð ❛✉t♦Ð ❜rÐs❦♦♥t❛✐ st❤ ❛❦tÐ♥❛ t❤❝ ❦✉②è❧❤❝ ❛❧❧❼③♦✉♥ ❛✉t♦♠❼t✇❝ ❛♣♦ t❤♥
Microcell st❤♥ Femtocell. [18]

❊♣♦♠è♥✇❝ ❤ qr➔s❤ Femtocell ♣r♦s❢èr❡✐ ♣❧❤❥➳r❛ ♣❧❡♦♥❡❦t❤♠❼t✇♥ ❣✐❛ t♦♥
qr➔st❤. ❆rq✐❦❼ ❛✉①❼♥❡✐ t♦♥ r✉❥♠ì ♠❡t❼❞♦s❤❝ ❞❡❞♦♠è♥✇♥ ❣✐❛ t♦♥ qr➔st❤ ♣✐♦
s✉❣❦❡❦r✐♠è♥❛ ♠❡✐➳♥❡t❛✐ t♦ block error rate ❦❛❥➳❝ ♦ qr➔st❤❝ ❡Ð♥❛✐ ♣♦❧Ô ❦ì♥t❛
st❤♥ ❦✉②è❧❤. ❊♣✐♣❧è♦♥ ♣r♦s❢èr❡✐ ❦❛❧Ôt❡r❤ ❡♥❞♦♦✐❦✐❛❦➔ ❦❼❧✉②❤ ❦❛❥➳❝ ❤ t♦♣♦✲
❥èt❤s❤ t❤❝ ❦✉②è❧❤❝ ❛✉t➔❝ st♦ ❡s✇t❡r✐❦ì t❤❝ ♦✐❦Ð❛❝ ♠❡✐➳♥❡✐ t❤♥ ❛♣➳❧❡✐❛ st❤
sÔ♥❞❡s❤ ❦❛t❼ 10-15 db. ❊♣✐♣rìs❥❡t❛, ♠❡✐➳♥❡✐ t❤♥ ❦❛t❛♥❼❧✇s❤ ✐sqÔ♦❝ ❞✐ìt✐ ♦
qr➔st❤❝ ❞❡ qr❡✐❼③❡t❛✐ ♥❛ ♠❡t❛❞Ð❞❡✐ ❞❡❞♦♠è♥❛ ♠❡ ✉②❤❧➔ ✐sqÔ ❦❛❥➳❝ ❤ Femtocell
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❡Ð♥❛✐ s❡ ♠✐❦r➔ ❛♣ìst❛s❤ ❛♣ì t♦♥ qr➔st❤. ❆✉tì s❤♠❛Ð♥❡✐ q❛♠❤❧ìt❡r❤ ❦❛t❛♥❼❧✲
✇s❤ r❡Ô♠❛t♦❝ ❛♣ì t❤♥ ♠♣❛t❛rÐ❛ ❦❛✐ t❛✉tìqr♦♥❛ q❛♠❤❧ìt❡r❤ ❤❧❡❦tr♦♠❛❣♥❤t✐❦➔
❡♣✐❜❼r✉♥s❤ ❣✐❛ t♦♥ qr➔st❤. ❆❦ì♠❤ ❡♣✐❢èr❡✐ ❜❡❧t✐✇♠è♥❤ ♣♦✐ìt❤t❛ ❢✇♥➔❝ ❦❛✲
❥➳❝ ♦✐ ❦✇❞✐❦♦♣♦✐❤tè❝ ❢✇♥➔❝ ♠❡t❛❢èr♦✉♥ ❞❡❞♦♠è♥❛ ♠❡ ✉②❤❧ìt❡r❡❝ t❛qÔt❤t❡❝.
✬❊♥❛ ❛❦ì♠❤ ♣❧❡♦♥è❦t❤♠❛ t❤❝ qr➔s❤❝ Femtocell ❛♣♦t❡❧❡Ð ❤ s❤♠❛♥t✐❦➔ ❜❡❧tÐ✇s❤
t❤❝ ❛s❢❼❧❡✐❛❝ t♦✉ ❞✐❦tÔ♦✉. ❊♣❡✐❞➔ ❤ sÔ♥❞❡s❤ t❤❝ ❦✉②è❧❤❝ ❣Ð♥❡t❛✐ ♠ès✇ t♦✉
❞❤♠♦sÐ♦✉ ISP ❦❛✐ ❤ ♠❡t❛❢♦r❼ t✇♥ ❞❡❞♦♠è♥✇♥ ❞r♦♠♦❧♦❣❡Ðt❛✐ ♣r♦❝ t♦ ✐❞✐✇t✐❦ì
❦✐♥❤tì ❞Ð❦t✉♦ ❦❼❥❡ ♥è♦❝ qr➔st❤❝ ❥❛ ♣rè♣❡✐ ♥❛ èq❡✐ ♣✐st♦♣♦✐❤t✐❦ì ❛✉❥❡♥t✐❦ìt❤✲
t❛❝.

✬❊❦tì❝ ì♠✇❝ ❛♣ì t♦♥ qr➔st❤ ♣♦❧❧❼ ❡Ð♥❛✐ ❦❛✐ t❛ ♣❧❡♦♥❡❦t➔♠❛t❛ ❣✐❛ t♦✉❝
♣❛rìq♦✉❝ t♦✉ ❞✐❦tÔ♦✉. ❍ ❛Ô①❤s❤ t✇♥ ❡sì❞✇♥ t♦✉❝ ❡Ð♥❛✐ è♥❛ ❛♣ì ❛✉t❼ ❦❛❥➳❝
♠❡ t❤♥ qr➔s❤ t✇♥ Femtocells èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ❡①✉♣❤rèt❤s❤❝ ❡♣✐♣❧è♦♥
qr❤st➳♥. ❙✉❣❦❡❦r✐♠è♥❛ ♦✐ qr➔st❡❝ ♣♦✉ s✉♥❞è♦♥t❛✐ ♣r♦❝ t♦ ✐❞✐✇t✐❦ì Fem-
tocell ❞Ð❦t✉♦ ❛♣❡❧❡✉❥❡r➳♥♦✉♥ ♣ìr♦✉❝ ❦❛✐ ♠❡ t♦♥ trì♣♦ ❛✉tì ❼❧❧♦✐ qr➔st❡❝
♠♣♦r♦Ô♥ ♥❛ s✉♥❞è♦♥t❛✐ st✐❝ ❞❤♠ìs✐❡❝ Macrocells. ❊♣Ðs❤❝, ♣r♦s❢èr♦✉♥ ❜❡❧t✐✲
✇♠è♥❤ ❡s✇t❡r✐❦➔ ❦❼❧✉②❤ ❛❢♦Ô ❤ t♦♣♦❥èt❤s❤ t❤❝ Femtocell ❡♥tì❝ ❡♥ì❝ q➳r♦✉
❡♣❡❦t❡Ð♥❡✐ t❤♥ ♣❡r✐♦q➔ t❤♥ ♦♣♦Ð❛ ♦ ♣❼r♦q♦❝ ❦❛❧Ô♣t❡✐ ❦❛✐ t❛ ❡♣✐♣❧è♦♥ 10-15
dB ♣♦✉ ❛♣❛✐t♦Ô♥t❛✐ ❣✐❛ ♥❛ ❞✐❛♣❡r❛st♦Ô♥ ♦✐ t♦Ðq♦✐ t✇♥ ❦t✐rÐ✇♥ ❦❛✐ èts✐ t❛ dB
❛✉t❼ ♠♣♦r♦Ô♥ ♥❛ ❛❢✐❡r✇❥♦Ô♥ st❤♥ ❛Ô①❤s❤ t♦✉ r✉❥♠♦Ô ♠❡t❛❢♦r❼❝ ❞❡❞♦♠è♥✇♥.
❚è❧♦❝ èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ ♣r♦s❢èr♦✉♥ ❦❛❧Ôt❡r❡❝ ✉♣❤r❡sÐ❡❝ st♦ qr➔st❤
❧ì❣✇ t❤❝ ❜❡❧t✐✇♠è♥❤❝ ❡♥❞♦♦✐❦✐❛❦➔❝ ❦❼❧✉②❤❝ ❦❛✐ t✇♥ ✉②❤❧➳♥ r✉❥♠➳♥ ♠❡t❼✲
❞♦s❤❝ ❞❡❞♦♠è♥✇♥. [19, 20]

1.4 ❆rq✐t❡❦t♦♥✐❦➔ Femtocell

❙Ô♠❢✇♥❛ ♠❡ t✐❝ ♣✐♦ ❞❤♠♦❢✐❧❡Ð❝ t❡q♥♦❧♦❣Ð❡❝ Wideband Code-division Multiple
Access (WCDMA), CDMA2000, Long Term Evolution (LTE) ❦❛✐ WiMAX ❤
❛rq✐t❡❦t♦♥✐❦➔ t✇♥ Femtocells ❛♣♦t❡❧❡Ðt❛✐ ❛♣ì trÐ❛ ❜❛s✐❦❼ st♦✐q❡Ð❛. ❆rq✐❦❼,
✉♣❼rq❡✐ t❛ s❤♠❡Ð❛ ♣rìs❜❛s❤❝ t❤❝ Femtocell t❛ ♦♣♦Ð❛ ❞✐❛❥èt♦✉♥ ❧❡✐t♦✉r❣Ð❡❝
❡❧è❣q♦✉ t✇♥ ♣ìr✇♥ ❦❛✐ ❡♣✐trè♣♦✉♥ ❛✉tì♥♦♠❤ rÔ❥♠✐s❤ ❦❛✐ ❛✉t♦❜❡❧tÐ✇s❤. ❖✐
Femtocells qr❤s✐♠♦♣♦✐♦Ô♥ sÔ♥❞❡s❤ ❡✉r✉③✇♥✐❦➔❝ IP ì♣✇❝ ❦❛❧➳❞✐❛ ❦❛✐ ♠ì♥t❡♠.
❙t❤ s✉♥èq❡✐❛ ♣rè♣❡✐ ♥❛ ❛♥❛❢❡r❥❡Ð ❤ Femtocell gateway st❤♥ ♦♣♦Ð❛ s✉❣❦❡♥✲
tr➳♥❡t❛✐ è♥❛❝ ♠❡❣❼❧♦❝ ❛r✐❥♠ì❝ s✉♥❞ès❡✇♥ IP ❛♣ì è♥❛ ♠❡❣❼❧♦ ❛r✐❥♠ì ❛♣ì
Femtocells ❦❛✐ ❡❦❡Ð ♣✐st♦♣♦✐❡Ðt❛✐ ❤ ❛✉❥❡♥t✐❦ìt❤t❛ t♦✉❝ ❦❛✐ s✉♥❞è♦♥t❛✐ ♠❡ t❛
❦❡♥tr✐❦❼ s❤♠❡Ð❛ ❡❧è❣q♦✉ t♦✉ ❞✐❦tÔ♦✉ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝. ❚è❧♦❝ t♦ sÔst❤♠❛
❞✐❛q❡✐rÐs❡✇❝ ❦❛✐ ❧❡✐t♦✉r❣Ð❛❝ t♦ ♦♣♦Ð♦ ❡♣✐trè♣❡✐ ❛♥❛♥è✇s❤ t♦✉ ❧♦❣✐s♠✐❦♦Ô ❦❛✐
❞✐❛❣♥✇st✐❦♦Ô❝ ❡❧è❣q♦✉❝.
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❍ s❤♠❛♥t✐❦ìt❡r❤ ❞✐❡♣❛❢➔ st❤♥ ❛rq✐t❡❦t♦♥✐❦➔ ❡Ð♥❛✐ ❛✉t➔ ❛♥❼♠❡s❛ st♦ s❤♠❡Ð♦
♣rìs❜❛s❤❝ t❤❝ Femtocell ❦❛✐ t❤❝ Femtocell gateway. ●✐❛ t✐❝ Femtocells ♣♦✉
qr❤s✐♠♦♣♦✐♦Ô♥ t❡q♥♦❧♦❣Ð❛ WCDMA ❤ ❞✐❡♣❛❢➔ ❛✉t➔ ♦rÐ③❡t❛✐ ✇❝ ❞✐❡♣❛❢➔ luh.
❙t❤♥ ❛rq✐t❡❦t♦♥✐❦➔ ❛✉t➔ ❤ Femtocell gateway ❜rÐs❦❡t❛✐ ♠❡t❛①Ô t❤❝ Femtocell
❦❛✐ t♦✉ ♣✉r➔♥❛ t♦✉ ❞✐❦tÔ♦✉. ❑❼❥❡ Femtocell ❡♣✐❦♦✐♥✇♥❡Ð ♠❡ t❤♥ Femtocell
gateway ❦❛✐ ❛✉t➔ ♠❡ t❤♥ s❡✐r❼ t❤❝ ♠❡ t♦ MSC. ❚♦ ♣rìt✉♣♦ CDMA2000 ❞✐✲
❛❢♦r♦♣♦✐❡Ðt❛✐ ✉✐♦❥❡t➳♥t❛❝ t♦ ♣r✇tì❦♦❧❧♦ Session Initiation Protocol (SIP)
❣✐❛ t❤♥ sÔ♥❞❡s❤ t❤❝ Femtocell ♠❡ t♦ Femtocell Convergence Server (FCS).
❖✐ ❦❧➔s❡✐❝ ❧♦✐♣ì♥ ❞r♦♠♦❧♦❣♦Ô♥t❛✐ ♠ès✇ t♦✉ FCS ì♣♦✉ ❧❡✐t♦✉r❣❡Ð ❛♥tÐst♦✐q❛
♠❡ è♥❛ MSC.

Figure 1.6: ❆rq✐t❡❦t♦♥✐❦➔ Femtocell [18]

❙t❤♥ ♣Ô❧❤ ❧♦✐♣ì♥ ❛s❢❛❧❡Ð❛❝ ❣Ð♥❡t❛✐ ❦❛t❛q➳r❤s❤ t♦✉ HNB, t♦✉ UE ❦❛✐
è❧❡❣q♦❝ ❛✉❥❡♥t✐❦ìt❤t❛❝ t♦✉ HNB. ❙t♦ Home NodeB ✉♣❼rq❡✐ ❦❛t❛q➳r❤s❤
t♦✉ HNB ❦❛✐ t♦✉ UE, sÔ♥❞❡s❤ st♦ Radio Access Network (RAN), ❞✐❛q❡Ðr❤s❤
r❛❞✐♦♣ìr✇♥, è❧❡❣q♦ ❡✐sì❞♦✉, ❞✐❛q❡Ðr❤s❤ ❦✐♥❤t✐❦ìt❤t❛❝, ❦r✉♣t♦❣r❼❢❤s❤ ❦❛✐
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❛♣♦❦r✉♣t♦❣r❼❢❤s❤, è❧❡❣q♦ ❛❦❡r❛✐ìt❤t❛❝, qr♦♥♦❞r♦♠♦❧ì❣❤s❤ ❦❛✐ è❧❡❣q♦❝ ❢ìr✲
t♦✉. ❙t❤♥ ♣Ô❧❤ t♦ Home NodeB ❞✐❛❥èt❡✐ ❦❛❥♦r✐s♠ì ♣❛r❛♠ètr✇♥ ✐sqÔ♦❝,
è❧❡❣q♦ ❡✐❞ìs♦✉, è❧❡❣q♦ r❛❞✐♦♣ìr✇♥, s✉♥♦❧✐❦ì è❧❡❣q♦ ❢ìrt♦✉, ❦❛❥♦r✐s♠ì
t✇♥ s✉q♥♦t➔t✇♥ ❧❡✐t♦✉r❣Ð❛❝, è❧❡❣q♦ ♣❛r❼❞ìs❤❝(handover control), è❧❡❣q♦
♣♦✐ìt❤t❛❝ ♣❛r♦q➔❝ ✉♣❤r❡s✐➳♥ (QoS), ❡①✇t❡r✐❦ì è❧❡❣q♦ ❜rì❣q♦✉ ✐sqÔ♦❝. ❚è❧♦❝,
st♦♥ ♣✉r➔♥❛ t♦✉ ❞✐❦tÔ♦✉ ❣Ð♥❡t❛✐ ❞✐❛q❡Ðr❤s❤ ❦✐♥❤t✐❦ìt❤t❛❝, ❞✐❛q❡Ðr✐s❤ ❦❧❡✐❞✐➳♥
❦r✉♣t♦❣r❼❢❤s❤❝, ❛♣♦❦r✉♣t♦❣r❼❢❤s❤❝, ❞✐❛q❡Ðr❤s❤ ❦❧❡✐❞✐➳♥ ❛❦❡r❛✐ìt❤t❛❝.
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❑❊❋❆▲❆■❖ 2

5❤ ●❡♥✐❼ ❑✐♥❤t➳♥ ❉✐❦tÔ✇♥
(5G)

2.1 ❊✐s❛❣✇❣➔

❖✐ ❦✐♥❤tè❝ ❡♣✐❦♦✐♥✇♥Ð❡❝ ❡Ð♥❛✐ ♣❧è♦♥ ❼rr❤❦t❛ s✉♥❞❡❞❡♠è♥❡❝ ♠❡ t❤♥ ❦❛❥❤♠❡r✲
✐♥ìt❤t❛ t♦✉ ❛♥❥r➳♣♦✉ ❣✐❛ ❛✉tì ❦❛✐ ♦ r✉❥♠ì❝ ♠❡ t♦♥ ♦♣♦Ð♦ ❡①❡❧Ðss♦♥t❛✐ ❡Ð✲
♥❛✐ ❡♠❢❛♥➳❝ ♠❡❣❛❧Ôt❡r♦❝ s❡ sqès❤ ♠❡ ❡❦❡Ð♥♦♥ t♦✉ ♣❛r❡❧❥ì♥t♦❝. ❚❛ ♣r➳t❛
❦✉②❡❧✇t❼ ❞Ð❦t✉❛ ♣♦✉ ❞❤♠✐♦✉r❣➔❥❤❦❛♥ ❡Ð♥❛✐ t❛ ❦✉②❡❧✇t❼ ❞Ð❦t✉❛ ♣r➳t❤❝ ❣❡♥✐❼❝
(First Generation cellural technology (1G)) ❦❛✐ ❡♠❢❛♥Ðst❤❦❛♥ t♦ 1980. ❙tìq♦❝
t♦✉❝ ➔t❛♥ ♠ès✇ ❦❛♥❛❧✐➳♥ ❛♥❛❧♦❣✐❦➔❝ s❤♠❛t♦❞♦sÐ❛❝ ♥❛ ♣r♦s❢èr♦✉♥ ❞✉♥❛tìt❤t❡❝
❢✇♥❤t✐❦➔❝ s✉♥♦♠✐❧Ð❛❝ ❛♥❼♠❡s❛ st♦✉❝ qr➔st❡❝ t♦✉❝. ❍ ❛♥❼❣❦❤ ì♠✇❝ ❣✐❛ ♣❡r✐s✲
sìt❡r❛ ❦❛♥❼❧✐❛ ❦❛✐ ♥è❡❝ ✉♣❤r❡sÐ❡❝ s❡ s✉♥❞✉❛s♠ì ♠❡ t❤♥ ❛♥❼♣t✉①❤ t❤❝ ②❤❢✐✲
❛❦➔❝ t❡q♥♦❧♦❣Ð❛❝ ♠❛❝ ♦❞➔❣❤s❛♥ st❛ ❦✉②❡❧✇t❼ ❞Ð❦t✉❛ ❞❡Ôt❡r❤❝ ❣❡♥✐❼❝ (Sec-
ond Generation cellular technology (2G)). ❚❛ s✉st➔♠❛t❛ s❡ ❛✉t➔ t❤ ❣❡♥✐❼
qr❤s✐♠♦♣♦Ð❤s❛♥ ♠❡t❛❣✇❣➔ ♣❛❦èt♦✉ ❣✐❛ ♣rìs❜❛s❤ s❡ ❞❡❞♦♠è♥❛ ❦❛✐ èts✐ ♥è❡❝
✉♣❤r❡sÐ❡❝ ❡♠❢❛♥Ðst❤❦❛♥ ì♣✇❝ ❤ ❞✉♥❛tìt❤t❛ ❛♣♦st♦❧➔❝ ♠❤♥Ô♠❛t♦❝. ✬❖♠✇❝ ❤
❛♥❼♣t✉①❤ t❤❝ ❛♥❼❣❦❤❝ ❣✐❛ ♣rìs❜❛s❤ st♦ ❞✐❛❞Ð❦t✉♦ ❦❛tèst❤s❡ ❛♥❛❣❦❛Ð❛ t❤♥
❛♥❼♣t✉①❤ ♠Ð❛❝ ❦✐♥❤t➔❝ t❡q♥♦❧♦❣Ð❛❝ ♣♦✉ ♥❛ ❡♣✐trè♣❡✐ t❤♥ sÔ♥❞❡s❤ s❡ ❛✉tì.
❆✉tì ♦❞➔❣❤s❡ st❤ ❞❤♠✐♦✉r❣Ð❛ t✇♥ s✉st❤♠❼t✇♥ trÐt❤❝ ❣❡♥✐❼❝ (Third Genera-
tion cellular technology (3G)). ❙✉st➔♠❛t❛ t❛ ♦♣♦Ð❛ ❡♣✐trè♣♦✉♥ t❤♥ ❡✉③✇♥✐❦➔
❞✐❛q❡Ðr✐s❤ ❞❡❞♦♠è♥✇♥ ❞Ð♥♦♥t❛❝ ♠❡❣❛❧Ôt❡r❤ ❡✉❡❧✐①Ð❛ st✐❝ ❢✇♥❤t✐❦è❝ s✉♥❞✐❛❧è①✲
❡✐❝ ❦❛❥➳❝ ❦❛✐ ❦✐♥❤t➔ ♣rìs❜❛s❤ st♦ ❞✐❛❞Ð❦t✉♦.

❙➔♠❡r❛, ❦❛t❼ ❦Ôr✐♦ ❧ì❣♦ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ t❛ ❞Ð❦t✉❛ tèt❛rt❤❝ ❣❡♥✐❼❝ (Fourth
Generation cellular technology(4G)). ❍ ❡♠❢❼♥✐s❤ t✇♥ smart phones ❦❛✐ t✇♥
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tablets ❡♣è❢❡r❡ t❤♥ ❛♥❼❣❦❤ ❣✐❛ ❛♥❼♣t✉①❤ ❦❛✐ qr➔s❤ ♣♦❧✉♠❡s✐❦➳♥ ❡❢❛r♠♦❣➳♥
♣♦✉ ❞❡♥ ❣✐♥ìt❛♥ ♥❛ ✉♣♦st❤r✐qt♦Ô♥ ❡♣❛r❦➳❝ ❛♣ì t❛ ❞Ð❦t✉❛ trÐt❤❝ ❣❡♥✐❼❝. P❧è♦♥
♦✐ qr➔st❡❝ qr❤s✐♠♦♣♦✐♦Ô♥ ì❧♦ ❦❛✐ ♣✐♦ ❛♣❛✐t❤t✐❦è❝ ❡❢❛r♠♦❣è❝ ❣❡❣♦♥ì❝ ♣♦✉
♠❡t❛❢r❼③❡t❛✐ s❡ ❛♥❼❣❦❤ ❣✐❛ ❛♣♦st♦❧➔ ❞❡❞♦♠è♥✇♥ ♠❡ ♠❡❣❛❧Ôt❡r♦✉❝ r✉❥♠♦Ô❝
♠❡t❼❞♦s❤❝ s❡ ❡♣❛r❦è❝ qr♦♥✐❦ì ❞✐❼st❤♠❛. ●✐❛ t♦♥ ❧ì❣♦ ❛✉tì ❤ ♠❡t❼❜❛s❤
st❛ ❞Ð❦t✉❛ ♣è♠♣t❤❝ ❣❡♥✐❼❝ (Fifth Generation cellular technology (5G)) ❦❛✐
❡♣♦♠è♥✇❝ ❤ ✉♣♦st➔r✐①❤ ❛❦ì♠❛ ♣✐♦ ❛♣❛✐t❤t✐❦➳♥ ❡❢❛r♠♦❣➳♥, ❡Ð♥❛✐ ①❡❦❼❥❛r❤.
[21]

Figure 2.1: ❊①è❧✐①❤ ❑✐♥❤t➳♥ ❉✐❦tÔ✇♥ [53]
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2.2 4❤ ●❡♥✐❼ ❑✐♥❤t➳♥ ❉✐❦tÔ✇♥ (4G)

❚❛ ❞Ð❦t✉❛ trÐt❤❝ ❣❡♥✐❼❝ ❞❡♥ ♠♣♦r♦Ôs❛♥ ♥❛ ❦❛❧Ô②♦✉♥ ❡♣❛r❦➳❝ t✐❝ ❛♣❛✐t➔s❡✐❝
t✇♥ qr➔st✇♥ ❦❛✐ èts✐ ✉♣➔r①❡ ♠❡t❼❜❛s❤ st❛ ❞Ð❦t✉❛ tèt❛rt❤❝ ❣❡♥✐❼❝. ❚❛ 4G
sq❡❞✐❼st❤❦❛♥, ➳st❡ ♥❛ qr❤s✐♠♦♣♦✐♦Ô♥ IP s❡ ì❧❡❝ t♦✉❝ t✐❝ ✉♣❤r❡sÐ❡❝, s❡ s✉♥❞✉✲
❛s♠ì ♠❡ t❤ qr➔s❤ ❛♥❡♣t✉❣♠è♥✇♥ t❡q♥✐❦➳♥ ♣♦❧✉♣❧❡①Ð❛❝, ❦❛✐ s✉❣❦❡❦r✐♠è♥❛ Or-
thogonal Frequency-Division Multiplexing (OFDM) ì♣♦✉ ❡Ð♥❛✐ ♠✐❛ ♠è❥♦❞♦❝
❦✇❞✐❦♦♣♦Ð❤s❤❝ ②❤❢✐❛❦➳♥ ❞❡❞♦♠è♥✇♥ s❡ ♣♦❧❧❛♣❧è❝ s✉q♥ìt❤t❡❝ ❢♦rè✇♥ [23],
❛❧❧❼ ❦❛✐ ▼ultiple-■nput and▼ultiple-❖utput (MIMO) ì♣♦✉ ❡Ð♥❛✐ ♠✐❛ ♠è❥♦❞♦❝
❣✐❛ t♦♥ ♣♦❧❧❛♣❧❛s✐❛s♠ì t❤❝ q✇r❤t✐❦ìt❤t❛❝ ♠✐❛❝ r❛❞✐♦③❡Ô①❤❝ qr❤s✐♠♦♣♦✐➳♥✲
t❛❝ ♣♦❧❧❛♣❧è❝ ❦❡r❛Ð❡❝ ❡❦♣♦♠♣➔❝ ❦❛✐ ❧➔②❤❝ ❣✐❛ t❤♥ ❡❦♠❡t❼❧❧❡✉s❤ t❤❝ ♣♦❧✲
❧❛♣❧➔❝ ❞✐❼❞♦s❤❝ [22]. ❆♣♦tè❧❡s♠❛ ì❧✇♥ ❛✉t➳♥ ❡Ð♥❛✐ t❛ 4G ♥❛ ♣r♦s❢èr♦✉♥
r✉❥♠♦Ô❝ ♠❡t❼❞♦s❤❝ ♣♦✉ ①❡❦✐♥♦Ô♥ ❛♣ì 100Mb/s ❦❛✐ ❢t❼♥♦✉♥ ❦❛✐ t♦ 1Gb/s,
♠✐❦rìt❡r❤ ❦❛❥✉stèr❤s❤ st✐❝ ❞✐❛❞r❛st✐❦è❝ ❡❢❛r♠♦❣è❝, ♠❡❣❛❧Ôt❡r❤ ❢❛s♠❛t✐❦➔
❛♣♦❞♦t✐❦ìt❤t❛ ❦❛✐ ❡①✉♣❤rèt❤s❤ t✇♥ qr❤st➳♥ ❛♥❡①❛rt➔t✇❝ ➳r❛ ❛✐q♠➔❝ q✇rÐ❝
♥❛ ✉♣♦❜❛❥♠Ð③♦♥t❛✐ ♦✐ ✉♣❤r❡sÐ❡❝ ♣♦✉ ♣r♦s❢èr♦✉♥(QoS).

✬❊♥❛ ❛♣ì t❛ ❦✉r✐ìt❡r❛ q❛r❛❦t❤r✐st✐❦❼ t✇♥ 4G ❡Ð♥❛✐ ❤ ❛♥♦✐❦t➔ ❛rq✐t❡❦✲
t♦♥✐❦➔ t♦✉. ❙✉❣❦❡❦r✐♠è♥❛ è♥❛ t❡r♠❛t✐❦ì èq❡✐ t❤ ❞✉♥❛tìt❤t❛ ♥❛ s✉♥❞è❡t❛✐
❛♣rìs❦♦♣t❛ s❡ t♦♣✐❦❼ ✉②❤❧➔❝ t❛qÔt❤t❛❝ ❞Ð❦t✉❛ ìt❛♥ ❛✉t❼ ❡Ð♥❛✐ ❞✐❛❥ès✐♠❛ ❦❛✐
♦✐ s✉♥❥➔❦❡❝ ❡✉♥♦ð❦è❝. ✬❊♥❛ ❛❦ì♠❤ q❛r❛❦t❤r✐st✐❦ì ❡Ð♥❛✐ ❤ ♣r♦s❛r♠♦s♠è♥❤ ❞✐✲
❛♠ìr❢✇s❤ ❦❛✐ ❦✇❞✐❦♦♣♦Ð❤s❤, ✉♣❼rq❡✐ ❞❤❧❛❞➔ ❤ ❞✉♥❛tìt❤t❛ ❼♠❡s❤❝ ❛❧❧❛❣➔❝
❞✐❛♠ìr❢✇s❤❝ ❦❛✐ ❦✇❞✐❦♦♣♦Ð❤s❤❝ sÔ♠❢✇♥❛ ♠❡ t✐❝ ❛❧❧❛❣è❝ ♣♦✉ ♠♣♦r❡Ð ♥❛ ✉♣✲
❼r①♦✉♥ st✐❝ s✉♥❥➔❦❡❝ t♦✉ ❦❛♥❛❧✐♦Ô. ❊♣✐❧è❣❡t❛✐ ❤ ❜è❧t✐st❤ ❞✐❛♠ìr❢✇s❤ ❦❛✐
❦✇❞✐❦♦♣♦Ð❤s❤ ❦❼❥❡ ❢♦r❼. ❊♣✐♣❧è♦♥, ❤ ✉✐♦❥èt❤s❤ t✇♥ t❡q♥✐❦➳♥ ▼■▼❖ ❦❛✐
OFDM ì♣♦✉ s❡ s✉♥❡r❣❛sÐ❛ ❜❡❧t✐st♦♣♦✐♦Ô♥ t♦ ❦❛♥❼❧✐ ❦❛✐ ♣❛rèq♦✉♥ ❣r➔❣♦r❤
❦❛✐ ❛①✐ì♣✐st❤ sÔ♥❞❡s❤. ❊♣✐♣rìs❥❡t❛, t❛ 4G ✉✐♦❥èt❤s❛♥ ❛rq✐t❡❦t♦♥✐❦è❝ ❦❛✐
♣r✇tì❦♦❧❧❛ ❣✐❛ t❤♥ ✉♣♦st➔r✐①❤ t❤❝ ❡✉r✉③✇♥✐❦ìt❤t❛❝, ❞❤❧❛❞➔ ❤ ❞✐❦tÔ✇s❤ è❣✐♥❡
♣♦❧Ô ♣✐♦ ❛♥♦✐qt➔ ❦❛✐ ♣❧è♦♥ ì❧❡❝ ♦✐ ❛rq✐t❡❦t♦♥✐❦è❝ s✉♥❡r❣❼③♦♥t❛♥ s❡ è♥❛ ❡✉✲
rÔt❡r♦ ♣❧❛Ðs✐♦ ❞✐❦tÔ♦✉ ♠❡ s❦♦♣ì t❤♥ ❛♣rìs❦♦♣t❤ sÔ♥❞❡s❤ t✇♥ t❡r♠❛t✐❦➳♥ st♦
❞Ð❦t✉♦ ♠❡ ♣❛r❼❧❧❤❧❛ ✉♣❤r❡sÐ❡❝ ❡✉r✉③✇♥✐❦ìt❤t❛❝ ✉②❤❧♦Ô ❡♣✐♣è❞♦✉. ❚è❧♦❝, ✉♣✲
➔r①❡ ❛♥❛❜❼❥♠✐s❤ t❤❝ q✇r❤t✐❦ìt❤t❛❝ ❛♣ì ♣❧❡✉r❼❝ ❡①✉♣❤rèt❤s❤❝ s✉♥❞r♦♠❤t➳♥.
❍ ❜❡❧t✐st♦♣♦Ð❤s❤ t❤❝ qr➔s❤❝ t♦✉ ❦❛♥❛❧✐♦Ô ❦❛✐ ♦ ❞✐❛♠♦✐r❛s♠ì❝ t✇♥ ♣ìr✇♥ t♦✉
❞✐❦tÔ♦✉ ♠❡ ❞✉♥❛♠✐❦ì trì♣♦ ♦❞➔❣❤s❛♥ st❤ ❡①✉♣❤rèt❤s❤ ❛❦ì♠❛ ♠❡❣❛❧Ôt❡r♦✉
ì❣❦♦✉ s✉♥❞r♦♠❤t➳♥. [24]

P❛rì❧♦ ♣♦✉ t♦ s❤♠❡r✐♥ì ❞Ð❦t✉♦ 4G ❦❛❧Ô♣t❡✐ s❡ ♠❡❣❼❧♦ ♣♦s♦stì t✐❝ ❛♣❛✐t➔✲
s❡✐❝ t✇♥ qr❤st➳♥, ✉♣❼rq❡✐ ❡♠❢❛♥➔❝ t❼s❤ ❣✐❛ ♣✐♦ ❛♣❛✐t❤t✐❦è❝ ✉♣❤r❡sÐ❡❝ ♣♦✉
❞❡♥ ❣Ð♥❡t❛✐ ♥❛ ✉♣♦st❤r✐q❥♦Ô♥ ✐❦❛♥♦♣♦✐❤t✐❦❼ ❛♣ì t♦ ♣❛rì♥ ❞Ð❦t✉♦.
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2.2.1 3GPP Long Term Evolution LTE

❚♦ LTE ❡Ð♥❛✐ t♦ ì♥♦♠❛ ♣♦✉ ❞ì❥❤❦❡ st♦ ❡♣Ð♣❡❞♦ t❡q♥♦❧♦❣✐➳♥ ♣♦✉ ❛♥❛♣tÔq❥❤❦❡
❛♣ì t❤♥ 3GPP ❣✐❛ ♥❛ ❛♥t❡♣❡①è❧❥❡✐ st❤♥ s✉♥❡q➳❝ ❛✉①❛♥ì♠❡♥❤ ❛♣❛Ðt❤s❤ ❞✐è❧❡✉s❤❝
t❤❝ ❛❣♦r❼❝. ❚♦ LTE ❛♣♦tè❧❡s❡ t❤♥ ❡①è❧✐①❤ t✇♥ s✉st❤♠❼t✇♥ ❞❡Ôt❡r❤❝ ❦❛✐
trÐt❤❝ ❣❡♥✐❼❝, ❡♥➳ t❛✉tìqr♦♥❛ ✉♣➔r①❡ ❦❛✐ t♦ ❡♣ì♠❡♥♦ ❜➔♠❛ ❣✐❛ t❤♥ ❡♣Ðt❡✉①❤
❦❛✐ ♣❛r♦q➔ ❛sÔr♠❛t✇♥ r✉❥♠➳♥ ♠❡t❛❢♦r❼❝ ❞❡❞♦♠è♥✇♥. ❊Ðq❡ ❧♦✐♣ì♥ ✇❝ stìq♦
t❤♥ ✉♣♦st➔r✐①❤ ✉②❤❧➳♥ r✉❥♠➳♥ ♠❡t❼❞♦s❤❝, ♠❡ ♠è❣✐st❤ t✐♠➔ ❣✐❛ t♦ Down-
link 100Mbps ❦❛✐ ❣✐❛ t♦ Uplink 50Mbps. ❊♣✐♣❧è♦♥ ❡Ðq❛♥ t❤♥ ❞✉♥❛tìt❤t❛
❡①♦✐❦♦♥ì♠❤s❤❝ t♦✉ ❡Ôr♦✉❝ ③➳♥❤❝, ❣✐❛ t♦ ❧ì❣♦ ❛✉tì ♦✐ r✉❥♠♦Ð ❛✉t♦Ð ✉❧♦♣♦✐♦Ô♥✲
t❛♥ ♠ès❛ s❡ ❡Ôr♦❝ ③➳♥❤❝ 20▼Hz. ✬❊ts✐ ❧♦✐♣ì♥ ♣r♦sè❢❡r❛♥ ❡✉❡❧✐①Ð❛ ❢❼s♠❛✲
t♦❝ ♠❡ s✉♥Ô♣❛r①❤ t✇♥ ➔❞❤ ✉♣❛rq♦✉s➳♥ t❡q♥♦❧♦❣✐➳♥ ❛❧❧❼ ❦❛✐ ♠❡✐✇♠è♥❤ ♣♦❧✉✲
♣❧♦❦ìt❤t❛ ❦❛✐ ❦ìst♦❝. ●✐❛ ♥❛ ❡♣✐t❡✉q❥♦Ô♥ ♦✐ stìq♦✐ ❛✉t♦Ð ➔t❛♥ ❛♥❛❣❦❛Ð♦
♥❛ ❣Ð♥❡✐ è♥❛❝ s✉♥❞✉❛s♠ì❝ ♠✐❛❝ ♥è❛❝ ❛rq✐t❡❦t♦♥✐❦➔❝ s✉st➔♠❛t♦❝ ♠❛③Ð ♠❡ ♠✐❛
❡♥❞✉♥❛♠✇♠è♥❤ t❡q♥♦❧♦❣Ð❛ ❛sÔr♠❛t❤❝ ♣rìs❜❛s❤❝.

❯♣❼rq♦✉♥ ♣♦❧❧♦Ð ❞✐❛❢♦r❡t✐❦♦Ð tÔ♣♦✐ ❧❡✐t♦✉r❣✐➳♥ ♠ès❛ s❡ è♥❛ ❦✉②❡❧✇tì
sÔst❤♠❛. ❇❛s✐s♠è♥♦✐ s❡ ❛✉t♦Ô❝ ♠♣♦r❡Ð ♥❛ q✇r✐st❡Ð t♦ ❞Ð❦t✉♦ s❡ ❞Ô♦ ❜❛s✐❦❼
♠èr❤, t♦ t♠➔♠❛ ❛sÔr♠❛t❤❝ ♣rìs❜❛s❤❝ st♦ ❞Ð❦t✉♦ ❦❛✐ t♦ t♠➔♠❛ ♣✉r➔♥❛ t♦✉
❞✐❦tÔ♦✉. ❚♦ ❉Ð❦t✉♦ ❆sÔr♠❛t❤❝ Prìs❜❛s❤❝ ❣✐❛ t❛ LTE ♦♥♦♠❼③❡t❛✐ Evolved
UMTS Radio Access Network (E-UTRAN) ❦❛✐ ❜❡❧tÐ✇s❡ s❤♠❛♥t✐❦❼ t♦✉❝ r✉❥✲
♠♦Ô❝ ❞✐è❧❡✉s❤❝ t✇♥ t❡❧✐❦➳♥ qr❤st➳♥, t❤♥ q✇r❤t✐❦ìt❤t❛ t✇♥ t♦♠è✇♥ ❦✉②❡❧➳♥
❛❧❧❼ ❦❛✐ ♥❛ ♠❡✐➳s❤ t❤❝ ❦❛❥✉stèr❤s❤❝. ❆❦ì♠❤ ♦ ♣✉r➔♥❛❝ ❞✐❦tÔ♦✉ ❡Ð♥❛✐ ♣r❛❦✲
t✐❦❼ ❤ st❛❞✐❛❦➔ ❡①è❧✐①❤ t✇♥ ♣✉r➔♥✇♥ ♣♦✉ qr❤s✐♠♦♣♦✐➔❥❤❦❛♥ ❦❛✐ st❛ ❞Ð❦t✉❛
trÐt❤❝ ❣❡♥✐❼❝. ❙t❤♥ ♣r♦❦❡✐♠è♥❤ ♣❡rÐ♣t✇s❤ ❦❛❧Ô♣t❡✐ ♠ì♥♦ t♦ t♠➔♠❛ ♠❡t❛❣✇❣➔❝
♣❛❦èt✇♥ ❦❛✐ ♦♥♦♠❼③❡t❛✐ Evolved Packet Core (EPC). [67]

2.2.2 LTE Advanced

❆♥ ❦❛✐ t❛ ❞Ð❦t✉❛ LTE ❦❛t❼❢❡r❛♥ ♥❛ ❡♣✐tÔq♦✉♥ ✉②❤❧➔ ♣♦✐ìt❤t❛ ✉♣❤r❡s✐➳♥
♣❛rèq♦♥t❛❝ t❤♥ ❞✉♥❛tìt❤t❛ ❣✐❛ ❛♥❼♣t✉①❤ ✉②❤❧➳♥ r✉❥♠➳♥ ♠❡t❼❞♦s❤❝ ♣❧❤r♦✲
❢♦r✐➳♥ ❞❡♥ ❛♣♦tè❧❡s❛♥ ❞Ð❦t✉❛ tèt❛rt❤❝ ❣❡♥✐❼❝ ❦❛❥❛r❼. ●✐❛ t♦♥ ❧ì❣♦ ❛✉tì
❞❤♠✐♦✉r❣➔❥❤❦❡ ❤ ❡①è❧✐①❤ t✇♥ ❞✐❦tÔ✇♥ LTE ❤ ♦♣♦Ð❛ ❦❛✐ ♣➔r❡ t♦ ì♥♦♠❛ LTE
Advanced. ✬❖♣✇❝ ❣Ð♥❡t❛✐ ❛♥t✐❧❤♣tì t❛ ❞Ð❦t✉❛ LTE ❆dvanced qr❤s✐♠♦♣♦Ð❤✲
s❛♥ ❜❛s✐❦è❝ ❞♦♠è❝ ❦❛✐ t❡q♥♦❧♦❣Ð❡❝ t✇♥ ❞✐❦tÔ✇♥ LTE ❛❧❧❼ t❛✉tìqr♦♥❛ t✐❝
s✉♥❞Ô❛s❛♥ ♠❡ ❦❛✐♥♦tì♠❡❝ t❡q♥✐❦è❝ ❣✐❛ t❤♥ ❜❡❧tÐ✇s❤ t❤❝ ♣♦✐ìt❤t❛❝ ✉♣❤r❡sÐ❛❝.
❖ ♠è❣✐st♦❝ r✉❥♠ì❝ ♠❡t❼❞♦s❤❝ t♦✉❝ ❡Ð♥❛✐ ❣✐❛ t❤♥ ❦Ð♥❤s❤ downlink 1Gbps, ❦❛✐
❣✐❛ t❤♥ ❦Ð♥❤s❤ uplink 500Mbps. ❊♣✐♣❧è♦♥, t♦ ❡Ôr♦❝ ③➳♥❤❝ ♠❡t❼❞♦s❤❝ t♦✉❝
❡Ð♥❛✐ ♠❡❣❛❧Ôt❡r♦ ❛♣ì ♣❡rÐ♣♦✉ 70MHz st❤♥ ❦Ð♥❤s❤ downlink ❦❛✐ 40MHz st❤♥
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❦Ð♥❤s❤ uplink. ❊♣✐♣rìs❥❡t❛, ♦ r✉❥♠ì❝ ❞✐è❧❡✉s❤❝ ❛❦r❛Ð♦✉ qr➔st❤ ❡Ð♥❛✐ ❞Ô♦
❢♦rè❝ ♠❡❣❛❧Ôt❡r♦❝ ❛♣ì t♦♥ ❛♥tÐst♦✐q♦ st❛ LTE, ì♣✇❝ ❦❛✐ ♦ ♠ès♦❝ r✉❥♠ì❝
❞✐è❧❡✉s❤❝ qr➔st❤ ♦ ♦♣♦Ð♦❝ ❡Ð♥❛✐ sq❡❞ì♥ tr❡Ð❝ ❢♦rè❝ ♠❡❣❛❧Ôt❡r♦❝ ❛♣ì ❛✉tì♥
t✇♥ LTE ❞✐❦tÔ✇♥. ❚è❧♦❝ ❤ q✇r❤t✐❦ìt❤t❛ (❆♣ì❞♦s❤ ❋❼s♠❛t♦❝) ❡Ð♥❛✐ tr❡✐❝
❢♦rè❝ ♠❡❣❛❧Ôt❡r❤ ❛♣ì ❛✉t➔ t✇♥ LTE ❡♥➳ ❤ ❢♦r❤tìt❤t❛ ♣❛r❛♠è♥❡✐ st❛ Ð❞✐❛
❡♣Ð♣❡❞❛ ♠❡ t❛ LTE. [67]

P❛rì❧♦ ♣♦✉ t♦ s❤♠❡r✐♥ì ❞Ð❦t✉♦ 4G ❦❛❧Ô♣t❡✐ s❡ ♠❡❣❼❧♦ ♣♦s♦stì t✐❝ ❛♣❛✐t➔✲
s❡✐❝ t✇♥ qr❤st➳♥, ✉♣❼rq❡✐ ❡♠❢❛♥➔❝ t❼s❤ ❣✐❛ ♣✐♦ ❛♣❛✐t❤t✐❦è❝ ✉♣❤r❡sÐ❡❝ ♣♦✉
❞❡♥ ❣Ð♥❡t❛✐ ♥❛ ✉♣♦st❤r✐q❥♦Ô♥ ✐❦❛♥♦♣♦✐❤t✐❦❼ ❛♣ì t♦ ♣❛rì♥ ❞Ð❦t✉♦.

2.3 5❤ ●❡♥✐❼ ❑✐♥❤t➳♥ ❉✐❦tÔ✇♥ (5G)

▼❡t❼ ❛♣ì èr❡✉♥❡❝ ❦❛✐ ♠❡❧èt❡❝, ❛❦ì♠❛ ❦❛✐ ❞♦❦✐♠❛st✐❦è❝ t♦♣♦❥❡t➔s❡✐❝ ❦❡r❛✐➳♥
5G st♦ ❼♠❡s♦ ♠è❧❧♦♥ ♦✐ qr➔st❡❝ ❥❛ ❡①✉♣❤r❡t♦Ô♥t❛✐ ♣❧è♦♥ ❛♣ì t❤❧❡♣✐❦♦✐♥✇♥✐✲
❛❦❼ ❞Ð❦t✉❛ ♣è♠♣t❤❝ ❣❡♥✐❼❝. ❙tìq♦❝ ❛✉t➔❝ t❤❝ ❣❡♥✐❼❝ ❦✐♥❤t➳♥ ❞✐❦tÔ✇♥ ❡Ð♥❛✐
❤ ❡♣Ðt❡✉①❤ ♠❡❣❛❧Ôt❡r✇♥ r✉❥♠➳♥ ♠❡t❼❞♦s❤❝ ❛♣ì ❛✉t♦Ô❝ ♣♦✉ ❞Ð♥❡✐ t♦ ✉♣❼rq♦♥
❞Ð❦t✉♦. ❙✉❣❦❡❦r✐♠è♥❛ ❛Ô①❤s❤ t♦✉ s✉♥♦❧✐❦♦Ô ❛r✐❥♠♦Ô ❞❡❞♦♠è♥✇♥ ❛❧❧❼ ❦❛✐ t❤❝
♣♦sìt❤t❛❝ t✇♥ ❞❡❞♦♠è♥✇♥ ♣♦✉ ♠♣♦r❡Ð ♥❛ ❡①✉♣❤r❡t➔s❡✐ t♦ ❞Ð❦t✉♦, r✉❥♠♦Ô❝
♠❡t❼❞♦s❤❝ t♦✉❧❼q✐st♦♥ 100Mbps ❣✐❛ t♦ ♠❡❣❛❧Ôt❡r♦ ❛r✐❥♠ì t✇♥ qr❤st➳♥ ♣♦✉
qr❤s✐♠♦♣♦✐♦Ô♥ t♦ ❞Ð❦t✉♦ ❛❧❧❼ ❦❛✐ ♠è❣✐st♦ r✉❥♠ì ♠❡t❼❞♦s❤❝ (Peak rate) ♥❛
❛❣❣Ð③❡✐ t❛ ❞❡❦❼❞❡❝ Gbps.

✬❆❧❧❤ ♠Ð❛ ♣rì❦❧❤s❤ t✇♥ 5G ❡Ð♥❛✐ ♦ qrì♥♦❝ ❛♣ì❦r✐s❤❝ (Latency). ❙t❛ 4G
❞Ð❦t✉❛ ♦ qrì♥♦❝ ♣♦✉ ❦❛❥✉st❡r❡Ð è♥❛ ♣❧❛Ðs✐♦ ❣✐❛ ♥❛ ♣❼❡✐ ❛♣ì t❤♥ ♣❤❣➔ t♦ ❞è❦t❤
♠♣♦r❡Ð ♥❛ ❛❣❣Ð③❡✐ t❛ 15ms. ❊♥➳ t❛ ❞Ð❦t✉❛ t❤❝ ♥è❛❝ ❣❡♥✐❼❝ ♣r♦s❢èr♦✉♥ qrì♥♦
t♦✉ 1ms. [25]

Figure 2.2: 4G VS 5G [54]
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❊♣Ðs❤❝ ìs♦♥ ❛❢♦r❼ t♦ ❦♦♠♠❼t✐ t❤❝ ❡♥èr❣❡✐❛❝ t❛ 5G ♣r♦s❢èr♦✉♥ ♠❡Ð✇s❤
t❤❝ ❦❛t❛♥❛❧✐s❦ì♠❡♥❤❝ ❡♥èr❣❡✐❛❝, ❞❤❧❛❞➔ t✇♥ Joules ♣♦✉ qr❡✐❛③ì♠❛st❡ ❣✐❛ ♥❛
st❡Ð❧♦✉♠❡ è♥❛ bit ♣❧❤r♦❢♦rÐ❛❝, ♠èqr✐ ❦❛✐ 100 ❢♦rè❝. ❊♣✐♣❧è♦♥ ♦✐ ❦✉②è❧❡❝
èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ ❦❛❧Ô♣t♦✉♥ t✐❝ ❡♥❡r❣❡✐❛❦è❝ t♦✉❝ ❛♥❼❣❦❡❝ ♠ès❛ ❛♣ì
❛♥❛♥❡➳s✐♠❡❝ ♣❤❣è❝ ❡♥èr❣❡✐❛❝, ❛①✐♦♣♦✐➳♥t❛❝ ❣✐❛ ♣❛r❼❞❡✐❣♠❛ t❤♥ ❤❧✐❛❦➔ ❡♥èr❣❡✐❛,
♠❡✐➳♥♦♥t❛❝ èts✐ tìs♦ t♦ ❦ìst♦❝ ìs♦ ❦❛✐ t❤♥ ❡♣✐❜❼r✉♥s❤ t❤❝ ❛t♠ìs❢❛✐r❛❝ ♠❡
③❤♠✐♦❣ì♥♦✉❝ rÔ♣♦✉❝. ❆❦ì♠❤ s❤♠❛♥t✐❦➔ ❡Ð♥❛✐ ❦❛✐ ❤ ♠❡Ð✇s❤ t♦✉ ❦ìst♦✉❝ ❧❡✐✲
t♦✉r❣Ð❛❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡ t❤ qr➔s❤ ♥è✇♥ t❡q♥♦❧♦❣✐➳♥, ì♣✇❝ mmWave, ❦❛✲
❥✐st➳♥t❛❝ t✐❝ ♠✐❦rè❝ ❦✉②è❧❡❝ ♦✐❦♦♥♦♠✐❦❼ ❦❛✐ ❡♥❡r❣❡✐❛❦❼ ❛♣♦❞♦t✐❦ìt❡r❡❝ s❡
sqès❤ ♠❡ t✐❝ ♠❛❦r♦❦✉②è❧❡❝. ▼✐❦rè❝ ❦✉②è❧❡❝ s❤♠❛Ð♥❡✐ ❡♣Ðs❤❝ ❦❛✐ ♠✐❦rìt❡r♦✐
st❛❥♠♦Ð ❜❼s❤❝. ❉❡♥ ✉♣❼rq❡✐ ❧♦✐♣ì♥ ❧ì❣♦❝ è♥❛❝ st❛❥♠ì❝ ❜❼s❤❝ ♥❛ ❦♦stÐ③❡✐
♣❡r✐ssìt❡r♦ ❛♣ì ìt✐ ♠Ð❛ s✉s❦❡✉➔ t♦✉ qr➔st❤ ➔ è♥❛❝ ❦ì♠❜♦❝ ❣✐❛Wi-Fi. ▼❡Ð✇s❤
t♦✉ ❦ìst♦✉❝ ✉♣❼rq❡✐ ❦❛✐ s❡ ♣❡rÐ♣t✇s❤ ✉✐♦❥èt❤s❤❝ t♦✉ Cloud-RAN, ❡❢ìs♦♥ ❤
❦❡♥tr✐❦♦♣♦Ð❤s❤ t❤❝ ❜❛s✐❦➔❝ ③➳♥❤❝ ❡♣❡①❡r❣❛sÐ❛❝ s❤♠❛Ð♥❡✐ ❧✐❣ìt❡r❤ ❦❛t❛♥❛❧✐s❦ì✲
♠❡♥❤ ❡♥èr❣❡✐❛.

❆❦ì♠❤ è♥❛ ♣❧❡♦♥è❦t❤♠❛ t♦✉ 5G ❛♣♦t❡❧❡Ð ❤ ❡♣Ðt❡✉①❤ ❦❛❧Ôt❡r❤❝ ❢❛s♠❛t✐❦➔❝
❛♣♦❞♦t✐❦ìt❤t❛❝ (Spectral Efficiency) ♠❡ t❤ qr➔s❤ ♣✐♦ ❡♥❡r❣➳♥ ❦ì♠❜✇♥, ❛♥❼
s✉s❦❡✉➔, ♣❡r✐♦q➔ ❦❛✐ s✉q♥ìt❤t❛. ❚❛ 5G ❡♣✇❢❡❧♦Ô♥t❛✐ ❛♣ì t❤♥ t❡q♥♦❧♦❣Ð❛
MIMO s❡ s✉♥❞✉❛s♠ì ♠❡ t♦OFDM ❦❛✐ ♠❡ t♦ TDMA st❤♥ qr➔s❤ t✇♥ s✉q♥♦t➔t✇♥.
❚è❧♦❝, st❛ 5G ❞Ð❦t✉❛ ❡①❡t❼st❤❦❛♥ t❡q♥♦❧♦❣Ð❡❝ ♦✐ ♦♣♦Ð❡❝ qr❤s✐♠♦♣♦✐♦Ô♥t❛✐ ❦❛✐
❼❧❧❡❝ s✉q♥ìt❤t❡❝(mmWave) ♣èr❛ ❛♣ì t✐❝ ✉♣❼rq♦✉s❡❝ ❛✉①❼♥♦♥t❛❝ ♠❡ ❛✉tì♥
t♦♥ trì♣♦ t♦ ❢❼s♠❛ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❦❛✐ ❦❛t’ ❡♣è❦t❛s❤, t♦ ❡Ôr♦❝ ③➳♥❤❝
❦❛✐ t❤♥ ✐❦❛♥ìt❤t❛ t♦✉ ❞✐❦tÔ♦✉ ♥❛ ❡①✉♣❤r❡t➔s❡✐ ♣❡r✐ssìt❡r♦✉❝ qr➔st❡❝ ♠✐❛ ❞❡✲
❞♦♠è♥❤ qr♦♥✐❦➔ st✐❣♠➔. ❊♣✐♣❧è♦♥ st❛ 5G ♦✐ st❛❥♠♦Ð ❜❼s❤❝ ❛♣èq♦✉♥ ❧✐❣ìt❡r♦
❛♣ì 100m sq❤♠❛tÐ③♦♥t❛❝ Picocells ➔ ❜rÐs❦♦♥t❛✐ ❛❦ì♠❛ ♣✐♦ ❦♦♥t❼, s❡ ❛♣ìst❛s❤
tèt♦✐❛ ➳st❡ ♥❛ ♠♣♦r♦Ô♥ ♥❛ s✉♥❞❡❥♦Ô♥ qr❤s✐♠♦♣♦✐➳♥t❛❝ Wi-Fi, sq❤♠❛tÐ③♦♥t❛❝
Femtocells. ✬❊ts✐ ❛✉①❼♥❡t❛✐ ❦❛✐ ♦ ❛r✐❥♠ì❝ ♣♦✉ ♠♣♦r♦Ô♥ ♥❛ ❡①✉♣❤r❡t➔s♦✉♥ ♠✐❛
❞❡❞♦♠è♥❤ qr♦♥✐❦➔ st✐❣♠➔. [25]

2.4 ❚❡q♥♦❧♦❣Ð❡❝ 5G

2.4.1 ▼ultiple-■nput and ▼ultiple-❖utput MIMO

▼❡ s❦♦♣ì t❛ s✉st➔♠❛t❛ t❤❝ ♣è♠♣t❤❝ ❣❡♥✐❼❝ ❞✐❦tÔ✇♥ ♥❛ ❛♥t❛♣♦❦r✐❥♦Ô♥ st✐❝
❛♣❛✐t➔s❡✐❝ t✇♥ qr❤st➳♥ t♦✉❝, è♣r❡♣❡ ❤ MIMO t❡q♥♦❧♦❣Ð❛ ♥❛ ♣❼❡✐ è♥❛ ❜➔♠❛
♣❛r❛♣èr❛ ❦❛✐ èts✐ ❞✐❡r❡✉♥➔❥❤❦❡ ❤ ❡❦❞♦q➔ ♥❛ ❡①♦♣❧Ð③❡t❛✐ ❦❼❥❡ BSs ♠❡ ♠✐❛ s❡✐r❼
❛♣ì ❦❡r❛Ð❡❝, ♣♦❧Ô ♣❡r✐ssìt❡r❡❝ ❛♣ì t♦♥ ❛r✐❥♠ì❝ t✇♥ ❡♥❡r❣➳♥ qr❤st➳♥, t♦♣♦✲
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❥❡t➳♥t❛❝ t♦♥ ❛r✐❥♠ì t✇♥ ❦❡r❛✐➳♥ ❛♥❼ st❛❥♠ì ❜❼s❤❝ s❡ ❡❦❛t♦♥t❼❞❡❝. ✬❊ts✐ ❤
❦❛t❼❧❤①❤ t♦✉❝ ➔t❛♥ t❛ s✉st➔♠❛t❛ ❦❡r❛✐➳♥ ❡✉r❡Ð❛❝ ❦❧Ð♠❛❦❛❝ ♣✐♦ ❣♥✇st❼ ♣❧è♦♥
✇❝ massive MIMO. [26]

Figure 2.3: Massive MIMO Antenna [56]

2.4.2 P❧❡♦♥❡❦t➔♠❛t❛ MIMO

◗r❤s✐♠♦♣♦✐➳♥t❛❝ ❧♦✐♣ì♥ t❤♥ massive MIMO t❡q♥♦❧♦❣Ð❛ ♠♣♦r❡Ð ♥❛ ❡♣✐t❡✉q✲
❥❡Ð t❡r❼st✐❛ ❜❡❧tÐ✇s❤ st❤ ❢❛s♠❛t✐❦➔ ❦❛✐ ❡♥❡r❣❡✐❛❦➔ ❛♣ì❞♦s❤, q✇rÐ❝ ♥❛ ❡Ð♥❛✐
❛♥❛❣❦❛Ð❛ ❤ ❛✉①❤♠è♥❤ ♣Ô❦♥✇s❤ t✇♥ st❛❥♠➳♥ ❜❼s❤❝. ▼❡ t♦♥ trì♣♦ ❛✉tì ❞Ð♥❡✲
t❛✐ ♠❡❣❼❧❤ ❡✉❡❧✐①Ð❛ st❛ ❞Ð❦t✉❛ ♣è♠♣t❤❝ ❣❡♥✐❼❝ ✇❝ ♣r♦❝ t♦ ③➔t❤♠❛ t❤❝ ❢❛s✲
♠❛t✐❦➔❝ ❛♣♦❞♦t✐❦ìt❤t❛❝. P✐♦ s✉❣❦❡❦r✐♠è♥❛, ♠❡ t❤ qr➔s❤ t❤❝ massive MIMO
t❡q♥♦❧♦❣Ð❛❝ ♦✐ ❡♣✐♣t➳s❡✐❝ t♦✉ ❥♦rÔ❜♦✉ ❦❛✐ t❤❝ ❣r➔❣♦r❤❝ ❡①❛s❥è♥❤s❤❝ t♦✉
s➔♠❛t♦❝ ❡①❛❧❡Ð❢♦♥t❛✐. ❙❤♠❛♥t✐❦❼ ❡Ð♥❛✐ t❛ ♣❧❡♦♥❡❦t➔♠❛t❛ ♣♦✉ ❡♠❢❛♥Ð③♦♥t❛✐ ♠❡
t❤♥ qr➔s❤ t❤❝ t❡q♥♦❧♦❣Ð❛❝ MIMO ❦❛✐ st♦♥ t♦♠è❛ t❤❝ ❡♥èr❣❡✐❛❝ ❦❛❥➳❝ ♦✐ ❦❡r✲
❛Ð❡❝ ♠♣♦r♦Ô♥ ♥❛ qr❤s✐♠♦♣♦✐❤❥♦Ô♥ s❡ s✉♥❞✉❛s♠ì ❣✐❛ ♥❛ ❛✉①➔s♦✉♥ t♦ ❦èr❞♦❝
❛♣ì t❛ ♠❡t❛❞✐❞ì♠❡♥❛ s➔♠❛t❛. ❆✉tì s❤♠❛Ð♥❡✐ ìt✐ ❡❦♣è♠♣♦✉♥ ❧✐❣ìt❡r❤ ❡♥èr❣❡✐❛
❦❛t❼ t❤ ♠❡t❼❞♦s❤ ❞❡❞♦♠è♥✇♥, ❦❛❥✐st➳♥t❛❝ èts✐ è♥❛ ♣✐♦ ❡♥❡r❣❡✐❛❦❼ ❛♣♦❞♦t✐❦ì
sÔst❤♠❛. ❚è❧♦❝, t♦ Ð❞✐♦ ♣r❼❣♠❛ ♣♦✉ ♣r♦s❢èr❡✐ t❤♥ ❡♥❡r❣❡✐❛❦➔ ❛♣ì❞♦s❤ st❛
MIMO, ❡♣✐trè♣❡✐ t♦♥ ❛❦r✐❜➔ ❡♥t♦♣✐s♠ì ♠❡♠♦♥✇♠è♥✇♥ qr❤st➳♥. ❑❛❥➳❝ ♦✐
❞♦❦♦Ð t❤❝ ❦❡r❛Ð❛❝ ❡Ð♥❛✐ s✉❣❦❡♥tr✇♠è♥♦✐ ❣✐❛ ♥❛ ♣❛r❼❣♦✉♥ ✉②❤❧➔ ❛♣ì❞♦s❤, t❛
♣❧❼t❤ t❤❝ ❞ès♠❤❝ t♦✉❝ ♠❡✐➳♥♦♥t❛✐. ✬❊ts✐, ♦ ♣Ôr❣♦❝ ♣rè♣❡✐ ♥❛ ❡♥t♦♣Ð③❡✐ ❦❼❥❡
qr➔st❤ ♠❡ ♠Ð❛ ♣❡r✐♦r✐s♠è♥❤ ❞ès♠❤ s❤♠❼t✇♥. ❆✉tì❝ ♦ ❡♥t♦♣✐s♠ì❝ ♣r♦s❢èr❡✐
st♦✉❝ qr➔st❡❝ ♠✐❛ ❦❛❧Ôt❡r❤ ❦❛✐ ♣✐♦ ❛①✐ì♣✐st❤ sÔ♥❞❡s❤ ❛♣ì t❛ s➔♠❛t❛ ❡✉r❡Ð❛❝
♣❡r✐♦q➔❝ ♣♦✉ èq♦✉♥ qr❤s✐♠♦♣♦✐❤❥❡Ð ♠èqr✐ t➳r❛. [55]
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2.4.3 Network Function Virtualization NFV

❚♦ Network Function Virtualization (NFV) ❡Ð♥❛✐ ♠✐❛ t❡q♥♦❧♦❣Ð❛ t✇♥ 5G ❤
♦♣♦Ð❛ ✉❧♦♣♦✐❡Ð ❧❡✐t♦✉r❣Ð❡❝ t♦✉ ❞✐❦tÔ♦✉ ♠ès✇ t❡q♥✐❦➳♥ ❡✐❦♦♥✐❦♦♣♦Ð❤s❤❝ t♦✉
❧♦❣✐s♠✐❦♦Ô ❦❛✐ ♠❡ t❤♥ ❜♦➔❥❡✐❛ t♦✉ ✉❧✐❦♦Ô. ❆♣♦s✉♥❞è❡✐ ❧♦✐♣ì♥ t✐❝ ❧❡✐t♦✉r❣Ð❡❝
t♦✉ ❞✐❦tÔ♦✉ ❛♣ì t✐❝ s✉s❦❡✉è❝ t♦✉ ✉❧✐❦♦Ô ❦❛✐ t✐❝ ❛♥❛❥èt❡✐ s❡ ♠✐❛ ❡❢❛r♠♦❣➔ ❧♦✲
❣✐s♠✐❦♦Ô ♣♦✉ ❜❛sÐ③❡t❛✐ ❦❛✐ trèq❡✐ ✉♣♦❞♦♠➔ ♣❧❤r♦❢♦r✐❦➔❝, switches, s✉s❦❡✉➳♥
❛♣♦❥➔❦❡✉s❤❝ ❦❛✐ servers. ✬❊♥❛ ✐❞✐❛Ðt❡r❛ ❡♥❞✐❛❢èr♦♥ q❛r❛❦t❤r✐st✐❦ì t♦✉ NFV
❡Ð♥❛✐ ❤ ❞✐❛❥❡s✐♠ìt❤t❛ t♦✉ tìs♦ st❛ ❡♥sÔr♠❛t❛ ìs♦ ❦❛✐ st❛ ❛sÔr♠❛t✇♥ ❞Ð❦t✉❛
q✇rÐ❝ ♥❛ qr❡✐❼③❡t❛✐ ♥❛ ❧❼❜❡✐ q➳r❛ ❦❼♣♦✐❛ ❡❣❦❛t❼st❛s❤ ♥è♦✉ ❡①♦♣❧✐s♠♦Ô. [27]

To NFV ❞Ð♥❡✐ t❤♥ ❡✉❦❛✐rÐ❛ ❣✐❛ è♥❛ ♣✐♦ ❡✉è❧✐❦t♦ sq❡❞✐❛s♠ì t♦✉ ❞✐❦tÔ♦✉. ❆r✲
q✐❦❼ èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ ♣r♦s❢èr❡✐ ❞✐❛q✇r✐s♠ì t♦✉ ❧♦❣✐s♠✐❦♦Ô ❛♣ì t♦ ✉❧✐❦ì
♦ ♦♣♦Ð♦❝ ❡♣✐trè♣❡✐ st♦ ❧♦❣✐s♠✐❦ì ♥❛ ❡①❡❧Ðss❡t❛✐ ❛♥❡①❼rt❤t❛ ❛♣ì t♦ hardware,
❦❛✐ t♦ ❛♥tÐstr♦❢♦. ❆❦ì♠❤ ❡♣✐trè♣❡✐ ❡✉è❧✐❦t❤ ✉❧♦♣♦Ð❤s❤ t✇♥ ❧❡✐t♦✉r❣✐➳♥ t♦✉
❞✐❦tÔ♦✉ ❦❛❥➳❝ ♠♣♦r❡Ð ❛✉tì♠❛t❛ ♥❛ ✉❧♦♣♦✐➔s❡✐ ❧♦❣✐s♠✐❦ì ❧❡✐t♦✉r❣✐➳♥ ❞✐❦tÔ♦✉
èq♦♥t❛❝ è♥❛ sÔ♥♦❧♦ ❛♣ì ♣ìr♦✉❝ ✉❧✐❦♦Ô, ❤ ♦♣♦Ð❛ ♠♣♦r❡Ð ♥❛ trè①❡✐ ❞✐❛❢♦r❡t✐❦è❝
❧❡✐t♦✉r❣Ð❡❝ s❡ ❞✐❛❢♦r❡t✐❦è❝ qr♦♥✐❦è❝ st✐❣♠è❝. [27, 28]

2.4.4 ❆rq✐t❡❦t♦♥✐❦➔ NFV

❍ ❛rq✐t❡❦t♦♥✐❦➔ t❤❝ t❡q♥♦❧♦❣Ð❛❝ NFV ❛♣♦t❡❧❡Ðt❛✐ ❛♣ì tèss❡r❛ ❜❛s✐❦❼ ♣❧❛Ðs✐❛
t♦♥ orchestrator, t♦♥ NFV manager, t♦ virtualization layer ❦❛✐ t♦♥ virtual-
ized infrastructure manager. ❖ orchestrator ❡Ð♥❛✐ ✉♣❡Ô❥✉♥♦❝ ❣✐❛ t❤♥ ❞✐❛q❡Ðr✲
✐s❤ t✇♥ ♣ìr✇♥ ❧♦❣✐s♠✐❦♦Ô ❦❛✐ t❤♥ ♣r♦s❢♦r❼ ❞✐❦t✉❛❦➳♥ ✉♣❤r❡s✐➳♥ ❛♣ì t❤♥
❡✐❦♦♥✐❦♦♣♦✐❤♠è♥❤ ✉♣♦❞♦♠➔ t♦✉ hardware. ❖ NFV manager ❡Ð♥❛✐ ✉♣❡Ô❥✉♥♦❝ ❣✐❛
t❤♥ s✉❣❦❡❦r✐♠❡♥♦♣♦Ð❤s❤, t❤♥ ❦❧✐♠❼❦✇s❤, t♦♥ t❡r♠❛t✐s♠ì ❦❛✐ ❣✐❛ t✐❝ ❡♥❤♠❡r➳✲
s❡✐❝ ❦❛t❼ t❤ ❞✐❼r❦❡✐❛ t♦✉ ❦Ô❦❧♦✉ ③✇➔❝ ❡♥ì❝ NFV. T♦ virtualization layer
❛❢❛✐r❡Ð t♦✉❝ ❢✉s✐❦♦Ô❝ ♣ìr♦✉❝ ❦❛✐ t♦✉❝ t♦♣♦❥❡t❡Ð st✐❝ ❡✐❦♦♥✐❦♦♣♦✐❤♠è♥❡❝ ✉♣✲
♦❞♦♠è❝. ❚è❧♦❝ ♦ virtualized infrastructure manager qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t♦♥
è❧❡❣q♦ t❤❝ ❛❧❧❤❧❡♣Ð❞r❛s❤❝ ♠❡ t✐❝ s✉♥❛rt➔s❡✐❝, t❤♥ ❡✐❦♦♥✐❦♦♣♦Ð❤s❤ ❦❛✐ t❤ ❞✐✲
❛q❡Ðr✐s❤ t✇♥ ♣ìr✇♥ t♦✉ ❞✐❦tÔ♦✉. ❙✉❣❦❡❦r✐♠è♥❛ ♠♣♦r❡Ð ♥❛ ❞✐❛q❡✐rÐ③❡t❛✐ t❤♥
s✉♥❞❡s✐♠ìt❤t❛ t✇♥ Virtual Machines (VMs) st♦ ❞Ð❦t✉♦ ❦❛✐ ❛♥❛❧Ô❡✐ t❤♥ ❛✐tÐ❛
❞✐❛❢ìr✇♥ ③❤t❤♠❼t✇♥ ❛♣ì❞♦s❤❝. [28]
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Figure 2.4: ❆rq✐t❡❦t♦♥✐❦➔ NFV [57]

❙Ô♠❢✇♥❛ ❦❛✐ ♠❡ t♦ sq➔♠❛ 2.4 ❡Ð♥❛✐ ❦❛t❛♥♦❤tì ìt✐ ❛♣❛r❛Ðt❤t♦✐ ♣❛r❼❣♦♥t❡❝
❣✐❛ ✉❧♦♣♦Ð❤s❤ t♦✉ NFV ❡Ð♥❛✐ ♦✐ ❜✐♦♠❤q❛♥✐❦❼ t✉♣♦♣♦✐❤♠è♥♦✐ servers ❦❛✐ ♦✐
t❡q♥♦❧♦❣Ð❡❝ ♣♦✉ ❛♥❛♣tÔq❥❤❦❛♥ ❣✐❛ t♦ cloud computing. ◗r❤s✐♠♦♣♦✐➳♥t❛❝
❧♦✐♣ì♥ ❛✉t♦Ô❝ t♦✉❝ servers ❣❡♥✐❦➔❝ qr➔s❤❝ ♠♣♦r❡Ð ♥❛ ♠❡✐✇❥❡Ð ♦ ❛r✐❥♠ì❝ t✇♥
❞✐❛❢♦r❡t✐❦➳♥ ❛rq✐t❡❦t♦♥✐❦➳♥ ✉❧✐❦♦Ô st❛ ❞Ð❦t✉❛ t✇♥ ❞✐❛q❡✐r✐st➳♥, ❦❛✐ ♥❛ ❛✉①✲
❤❥❡Ð ❤ ❞✐❼r❦❡✐❛ ③✇➔❝ t♦✉ ✉❧✐❦♦Ô, ❡♥➳ ♦✐ t❡q♥♦❧♦❣Ð❡❝ ❡①❡❧Ðss♦♥t❛✐. [28, 27]

2.4.5 ❊✐❦♦♥✐❦♦♣♦Ð❤s❤ t♦✉ ♣✉r➔♥❛ t♦✉ ❦✐♥❤t♦Ô ❞✐❦✲

tÔ♦✉

❚❛ ❞Ð❦t✉❛ ♣✉r➔♥❛ ❦✐♥❤t➔❝ ❡♣✐❦♦✐♥✇♥Ð❛❝ èq♦✉♥ t❡r❼st✐❛ ♣♦✐❦✐❧Ð❛ ❛❦r✐❜♦Ô ❦❛✐
✐❞✐ì❦t❤t♦✉ ❡①♦♣❧✐s♠♦Ô, ❦❛❥➳❝ ❦❛✐ ❼❦❛♠♣t❛ ♣r✇tì❦♦❧❧❛ s❤♠❛t♦❞♦sÐ❛❝. ❚♦
Cloud (EPC) ♠♣♦r❡Ð ❞✉♥❤t✐❦❼ ♥❛ ❛♥t✐♠❡t✇♣Ðs❡✐ ❛✉t❼ t❛ ♣r♦❜❧➔♠❛t❛ ❡✐❦♦♥✐❦♦♣♦✐➳♥✲
t❛❝ t♦ ❞Ð❦t✉♦ ♣✉r➔♥❛ t❤❝ ❦✐♥❤t➔❝ ❡♣✐❦♦✐♥✇♥Ð❛❝, ➳st❡ ♥❛ ❛♥t❛♣♦❦rÐ♥❡t❛✐ st✐❝
♠❡t❛❜❛❧❧ì♠❡♥❡❝ ❛♣❛✐t➔s❡✐❝ t❤❝ ❛❣♦r❼❝. [28]

❚♦ EPC ♣❡r✐❧❛♠❜❼♥❡✐ t♦ Packet Data Network Gateway (P-GW) t♦ ♦♣♦Ð♦
♠♣♦r❡Ð ♥❛ ❞✐❛s✉♥❞è❡✐ t♦ UE ♠❡ t♦ ❡①✇t❡r✐❦ì packet data ❞Ð❦t✉♦ ❛❧❧❼ ❦❛✐ ❢✐❧✲
tr❼r❡✐ t❛ IP ♣❛❦èt❛ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ð ♦ qr➔st❤❝ st♦ downlink. ✬❊♥❛ ❛❦ì♠❤
st♦✐q❡Ð♦ t♦✉ EPC ❡Ð♥❛✐ t♦ Serving Gateway (S-GW) t♦ ♦♣♦Ð♦ ♠❡t❛❢èr❡✐ IP
♣❛❦èt❛ qr➔st❤ ❦❛✐ t❛✉tìqr♦♥❛ ❛♣♦t❡❧❡Ð ❦❛✐ mobility anchor ìt❛♥ t♦ UE
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♠❡t❛❦✐♥❡Ðt❛✐ ♠❡t❛①Ô ❞✐❛❢♦r❡t✐❦➳♥ eNodeBs. ❊♣✐♣❧è♦♥ ♣❡r✐❧❛♠❜❼♥❡✐ t♦ Mobil-
ity Management Entity (MME) t♦ ♦♣♦Ð♦ ♣r❛❣♠❛t♦♣♦✐❡Ð t❤♥ t❛✉t♦♣♦Ð❤s❤ t♦✉
qr➔st❤ ❛❧❧❤❧♦❡♣✐❞r➳♥t❛❝ ♠❡ t♦ Home Subscriber Service (HSS), q❡✐rÐ③❡t❛✐
t❤ ❞✐❛q❡Ðr✐s❤ ❢♦rè✇♥ ❡♥➳, ❡♣✐❧è❣❡✐ SGW ìt❛♥ ❛♣❛✐t❡Ðt❛✐ ❡♣❛♥❛♣r♦s❞✐♦r✐s♠ì❝
Core Network ( CN). ❚♦ HSS ♣❡r✐èq❡✐ ♣❧❤r♦❢♦rÐ❡❝ t✇♥ Packet Data Net-
works (PDNs) st❛ ♦♣♦Ð❛ è♥❛ UE ♠♣♦r❡Ð ♥❛ s✉♥❞❡❥❡Ð, ì♣✇❝ t♦ ì♥♦♠❛ t♦✉
s❤♠❡Ð♦✉ ♣rìs❜❛s❤❝ ❛❧❧❼ ❦❛✐ st♦✐q❡Ð❛ s✉♥❞r♦♠➔❝ t♦✉ qr➔st❤ ì♣✇❝ ❡♣Ðs❤❝ ❦❛✐
♣❧❤r♦❢♦rÐ❡❝ ❣✐❛ t♦ ▼▼❊ ♠❡ t♦ ♦♣♦Ð♦ ❛❧❧❤❧♦❡♣✐❞r❼ t♦ UE. [59]

2.4.6 Software-Defined Networking (SDN)

❚♦ Software-Defined Networking (SDN) ❡Ð♥❛✐ ♠Ð❛ è①✉♣♥❤ ❛rq✐t❡❦t♦♥✐❦➔ ♣♦✉
èq❡✐ stìq♦ t♦♥ ♣r♦❣r❛♠♠❛t✐s♠ì t♦✉ ❞✐❦tÔ♦✉. P✐♦ s✉❣❦❡❦r✐♠è♥❛ ❤ ❦Ôr✐❛ ✐❞è❛
♣Ðs✇ ❛♣ì t♦ SDN ❡Ð♥❛✐ ♥❛ ♠❡t❛❦✐♥❤❥❡Ð t♦ ❡♣Ð♣❡❞♦ ❡❧è❣q♦✉ è①✇ ❛♣ì t♦✉❝
switches ❦❛✐ ♥❛ ❣Ð♥❡t❛✐ ♦ è❧❡❣q♦❝ t✇♥ ❞❡❞♦♠è♥✇♥ ❡①✇t❡r✐❦❼, ♠ès✇ ♠✐❛❝ ❧♦❣✐❦➔❝
♦♥tìt❤t❛❝ ❧♦❣✐s♠✐❦♦Ô ♣♦✉ ♦♥♦♠❼③❡t❛✐ ❡❧❡❣❦t➔❝. ❖ ❡❧❡❣❦t➔❝ èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛
♥❛ ❡❦t❡❧ès❡✐ t✐❝ ❧❡✐t♦✉r❣Ð❡❝ ❞✐❛q❡Ðr✐s❤❝ t♦✉ ❞✐❦tÔ♦✉, ❡♥➳ t❛✉tìqr♦♥❛ ❡♣✐trè♣❡✐
t❤♥ ❡Ô❦♦❧❤ tr♦♣♦♣♦Ð❤s❤ t❤❝ s✉♠♣❡r✐❢♦r❼❝ t♦✉ ❞✐❦tÔ♦✉ ♠ès✇ t♦✉ ❦❡♥tr✐❦♦♣♦✐❤✲
♠è♥♦✉ ❡♣✐♣è❞♦✉ ❡❧è❣q♦✉. [29]

❍ ❛rq✐t❡❦t♦♥✐❦➔ t✇♥ ❞✐❦tÔ✇♥ SDN ♣❡r✐❣r❼❢❡t❛✐ ❛♣ì ♠Ð❛ ❞♦♠➔ tr✐➳♥ ❡♣✐♣è❞✇♥:
❡♣✐♣è❞♦✉ ✉♣♦❞♦♠➔❝, ❡♣✐♣è❞♦✉ ❡❧è❣q♦✉ ❦❛✐ ❡♣✐♣è❞♦✉ ❡❢❛r♠♦❣➳♥. ❚♦ ❡♣Ð♣❡❞♦
✉♣♦❞♦♠➔❝ ❡Ð♥❛✐ t♦ ❡♣Ð♣❡❞♦ ❛✉tì st♦ ♦♣♦Ð♦ ❜rÐs❦❡t❛✐ ì❧♦ t♦ ✉❧✐❦ì ❦❛✐ ✉❧♦♣♦✐❡Ð✲
t❛✐ ❤ ❢✉s✐❦➔ ❞✐❛sÔ♥❞❡s❤ t♦✉. ❙t✐❝ s✉s❦❡✉è❝ ✉❧✐❦♦Ô ❡❦t❡❧❡Ðt❛✐ t♦ ❧♦❣✐s♠✐❦ì
, t♦ ♦♣♦Ð♦ ♣❛rèq❡✐ ♠Ð❛ ❞✐❡♣❛❢➔ ❡❧è❣q♦✉ t♦✉ ❡♣✐♣è❞♦✉ ❞❡❞♦♠è♥✇♥. ❚♦ ❡♣Ð♣❡❞♦
❡❧è❣q♦✉ ❛♣♦t❡❧❡Ð t♦ ♣✐♦ s❤♠❛♥t✐❦ì ❡♣Ð♣❡❞♦ t❤❝ ❛rq✐t❡❦t♦♥✐❦➔❝ ❛✉t➔❝. ❙❡ ❛✉tì
t♦ ❡♣Ð♣❡❞♦ ✉♣❼rq❡✐ è♥❛❝ ❡❧❡❣❦t➔❝ ♦ ♦♣♦Ð♦❝ ❡♣✐❦♦✐♥✇♥❡Ð ♠❡ ì❧❡❝ t✐❝ s✉s❦❡✉è❝
❞✐❦tÔ✇s❤❝ t❤❝ ✉♣♦❞♦♠➔❝ ❦❛✐ ♣❛r❛❦♦❧♦✉❥❡Ð t❤♥ t♦♣♦❧♦❣Ð❛. ❚è❧♦❝, t♦ ❡♣Ð♣❡❞♦
❡❢❛r♠♦❣➳♥ ❡Ð♥❛✐ t♦ ❡♣Ð♣❡❞♦ st♦ ♦♣♦Ð♦ ♦rÐ③♦♥t❛✐ ì❧❛ t❛ q❛r❛❦t❤r✐st✐❦❼, ♦✐
✉♣❤r❡sÐ❡❝ ❦❛✐ ♦✐ ♣♦❧✐t✐❦è❝. ❖✐ ❡❢❛r♠♦❣è❝ ③❤t♦Ô♥ ♣❧❤r♦❢♦rÐ❡❝ sq❡t✐❦❼ ♠❡ t✐❝
s✉s❦❡✉è❝ ❞✐❦tÔ✇s❤❝ ❦❛✐ t❤♥ t♦♣♦❧♦❣Ð❛ t♦✉ ❞✐❦tÔ♦✉ ➳st❡ ♥❛ ❞r♦Ô♥ ❛♥❛❧ì❣✇❝.
❊♣✐♣❧è♦♥ ♠♣♦r♦Ô♥ ♥❛ ❡✐s❼❣♦✉♥ q❛r❛❦t❤r✐st✐❦❼ ❦❛✐ ♥❛ ♣❛Ðr♥♦✉♥ ❛♣♦❢❼s❡✐❝ ♠❡
❜❼s❤ t✐❝ ❛❧❧❛❣è❝ ♣♦✉ s✉♠❜❛Ð♥♦✉♥ st♦ ❞Ð❦t✉♦.

2.4.7 ❚rì♣♦❝ ▲❡✐t♦✉r❣Ð❛❝

▼ì❧✐❝ ♦ ♠❡t❛❣✇❣è❛❝ ❧❼❜❡✐ t♦ ♣r➳t♦ ♣❛❦èt♦ ♠Ð❛❝ r♦➔❝ ❡♥ì❝ ❛♣♦st♦❧è❛, ❡❧è❣q❡✐
st❤ ❦r✉❢➔ ♠♥➔♠❤ (cache) t♦✉ SDN ❣✐❛ ♥❛ ❜r❡✐ è♥❛♥ ❦❛♥ì♥❛ r♦➔❝ ❣✐❛ t♦ ♣❛❦èt♦.
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❆♥ ❜r❡❥❡Ð ❡❣❣r❛❢➔ ♣♦✉ ♥❛ ❛♥t✐st♦✐q❡Ð tìt❡ ❡❦t❡❧♦Ô♥t❛✐ ♦✐ ♦❞❤❣Ð❡❝ ♣♦✉ sq❡tÐ✲
③♦♥t❛✐ ♠❡ t❤♥ s✉❣❦❡❦r✐♠è♥❤ ❡❣❣r❛❢➔ r♦➔❝. ❙t❤ s✉♥èq❡✐❛, t❛ ♣❛❦èt❛ ♣r♦✇❥♦Ô♥✲
t❛✐ st♦♥ ♣❛r❛❧➔♣t❤. ❆♥ ❞❡ ❜r❡❥❡Ð st♦♥ ♣Ð♥❛❦❛ r♦➳♥ tìt❡ t♦ ♣❛❦èt♦ ♠♣♦r❡Ð ♥❛
♣r♦✇❥❤❥❡Ð st♦♥ ❡❧❡❣❦t➔ ♠ès✇ ❡♥ì❝ ❛s❢❛❧♦Ô❝ ❦❛♥❛❧✐♦Ô. ▼❡ t❤♥ qr➔s❤ ❡♥ì❝
Southbound API, ♦ ❡❧❡❣❦t➔❝ ❞Ô♥❛t❛✐ ♥❛ ♣r♦s❥ès❡✐, ♥❛ ❛♥❛♥❡➳s❡✐ ❦❛✐ ♥❛ ❞✐❛✲
❣r❼②❡✐ ❡❣❣r❛❢è❝ r♦➳♥, tìs♦ ❛♥t✐❞r❛st✐❦❼ ìs♦ ❦❛✐ ♣r♦❧❤♣t✐❦❼. ❖ ❡❧❡❣❦t➔❝ ❡❦✲
t❡❧❡Ð t♦♥ ❛❧❣ìr✐❥♠♦ ❞r♦♠♦❧ì❣❤s❤❝ ❦❛✐ ♣r♦s❥èt❡✐ ♠Ð❛ ♥è❛ ❡❣❣r❛❢➔ ♣r♦➳❥❤s❤❝
st♦♥ ♣Ð♥❛❦❛ r♦➳♥ t♦✉ ♠❡t❛❣✇❣è❛ ❦❛✐ ì❧✇♥ t✇♥ sq❡t✐❦➳♥ ♠❡t❛❣✇❣è✇♥, ♣♦✉
❛♥➔❦♦✉♥ st♦ ♠♦♥♦♣❼t✐ t❤❝ r♦➔❝. ✬❊♣❡✐t❛, ♦ ♠❡t❛❣✇❣è❛❝ ♣r♦✇❥❡Ð t♦ ♣❛❦èt♦
st❤ ❦❛t❼❧❧❤❧❤ ❥Ôr❛ ❣✐❛ ♥❛ ❛♣♦st❛❧❡Ð st♦♥ t❡❧✐❦ì ♣❛r❛❧➔♣t❤. [31]

2.4.8 ❚♦ ♣r✇tì❦♦❧❧♦ OpenFlow

❚♦ OpenFlow ❡Ð♥❛✐ t♦ ♣r✇tì❦♦❧❧♦ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t❤ ❞✐❛q❡Ðr✐s❤ t❤❝
Southbound ❞✐❡♣❛❢➔❝ t❤❝ ❣❡♥✐❦❡✉♠è♥❤❝ ❛rq✐t❡❦t♦♥✐❦➔❝ t♦✉ SDN. ❊Ð♥❛✐ ♠Ð❛
❞✐❡♣❛❢➔ ♣♦✉ ♦rÐ③❡t❛✐ ❣✐❛ t❤ ❞✐❡✉❦ì❧✉♥s❤ t❤❝ ❛❧❧❤❧❡♣Ð❞r❛s❤❝ ♠❡t❛①Ô t♦✉ ❡♣✐♣è✲
❞♦✉ ❡❧è❣q♦✉ ❦❛✐ ❡♣✐♣è❞♦✉ ❞❡❞♦♠è♥✇♥ t❤❝ ❛rq✐t❡❦t♦♥✐❦➔❝ SDN. ❚♦ OpenFlow
♣❛rèq❡✐ ♣rìs❜❛s❤ ♠ès✇ ❧♦❣✐s♠✐❦♦Ô st♦✉❝ ♣Ð♥❛❦❡❝ ♣r♦➳❥❤s❤❝ ♣♦✉ ❦❛❥♦❞❤❣♦Ô♥
t❛ switches ❦❛✐ routers t♦✉ ❞✐❦tÔ♦✉ ❣✐❛ t♦ ♣➳❝ ♥❛ ❦❛t❡✉❥Ô♥♦✉♥ t❤♥ ❦✉❦❧♦❢♦rÐ❛
t♦✉ ❞✐❦tÔ♦✉. ❊♣✐♣❧è♦♥ t♦ ♣r✇tì❦♦❧❧♦ OpenFlow ♣❛rèq❡✐ è♥❛ ❜❛s✐❦ì sÔ♥♦❧♦
❡r❣❛❧❡Ð✇♥ ❞✐❛q❡Ðr✐s❤❝, t♦ ♦♣♦Ð♦ ♠♣♦r❡Ð ♥❛ qr❤s✐♠♦♣♦✐❤❥❡Ð ❣✐❛ ❧❡✐t♦✉r❣Ð❡❝,
ì♣✇❝ t❤♥ ❛❧❧❛❣➔ t❤❝ qr❤s✐♠♦♣♦✐♦Ô♠❡♥❤❝ t♦♣♦❧♦❣Ð❛❝ ❦❛✐ t♦ ❢✐❧tr❼r✐s♠❛ t✇♥
♣❛❦èt✇♥. [32]

Figure 2.5: ❆rq✐t❡❦t♦♥✐❦➔ OpenFlow [58]
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●✐❛ ♥❛ ✉♣❼r①❡✐ ❤ ❞✉♥❛tìt❤t❛ ❡r❣❛sÐ❛❝ s❡ ♣❡r✐❜❼❧❧♦♥OpenFlow, ♦♣♦✐❛❞➔♣♦t❡
s✉s❦❡✉➔ ♣♦✉ ❡♣✐❥✉♠❡Ð ♥❛ ❡♣✐❦♦✐♥✇♥➔s❡✐ ♠❡ è♥❛♥ ❡❧❡❣❦t➔ SDN ♣rè♣❡✐ ♥❛ ✉♣✲
♦st❤rÐ③❡✐ t♦ ♣r✇tì❦♦❧❧♦ OpenFlow. ▼ès✇ ❛✉t➔❝ t❤❝ ❞✐❛sÔ♥❞❡s❤❝, ♦ ❡❧❡❣❦✲
t➔❝ SDN ✇❥❡Ð t✐❝ ❛❧❧❛❣è❝ st♦♥ ♣Ð♥❛❦❛ r♦➔❝ ❞✐❛❦ì♣t❤ / ❞r♦♠♦❧♦❣❤t➔, ❡♣✐trè♣♦♥✲
t❛❝ st♦✉❝ ❞✐❛q❡✐r✐stè❝ ❞✐❦tÔ♦✉ ♥❛ ❞✐❛q✇rÐ③♦✉♥ t❤♥ ❦✉❦❧♦❢♦rÐ❛, ♥❛ ❡❧è❣q♦✉♥
t✐❝ r♦è❝ ❣✐❛ ❜è❧t✐st❤ ❛♣ì❞♦s❤ ❦❛✐ ♥❛ ①❡❦✐♥♦Ô♥ ❞♦❦✐♠è❝ ♥è✇♥ ❞✐❛♠♦r❢➳s❡✇♥ ❦❛✐
❡❢❛r♠♦❣➳♥. [60]

2.5 ❙♣♦✉❞❛✐ìt❤t❛ t✇♥ 5G

P♦❧❧♦Ð ❡Ð♥❛✐ ❡❦❡Ð♥♦✐ ♦✐ ❼♥❥r✇♣♦✐ ♦✐ ♦♣♦Ð♦✐ ❛❣♥♦♦Ô♥ t❤♥ s❤♠❛sÐ❛ t✇♥ ❞✐❦tÔ✇♥
5G, t❛ ♦♣♦Ð❛ ❥❛ ♣r♦s❢èr♦✉♥ ♠❡❣❼❧❤ ❛Ô①❤s❤ t❤♥ t❛qÔt❤t❛❝ ❛❧❧❼ t❛✉tìqr♦♥❛
❦❛✐ s❤♠❛♥t✐❦➔ ♠❡Ð✇s❤ t❤❝ ❦❛❥✉stèr❤s❤❝. ❍ ♣r❛❣♠❛t✐❦➔ s❤♠❛sÐ❛ t♦✉ 5G ❞❡♥
è❣❦❡✐t❛✐ ♠ì♥♦ st♦ ❣❡❣♦♥ì❝ ìt✐ ❥❛ ❡♣✐trè②❡✐ st♦✉❝ qr➔st❡❝ ❜❡❧tÐ✇s❤ t❤❝
t❛qÔt❤t❛❝ ❦❛✐ t❤❝ ♣♦✐ìt❤t❛❝, ❛❧❧❼ st✐❝ ❡♥t❡❧➳❝ ♥è❡❝ ❦❛t❤❣♦rÐ❡❝ ♣r♦ðì♥t✇♥
♣♦✉ ❤ ❡♣ì♠❡♥❤ t❡q♥♦❧♦❣✐❦➔ ❡♣❛♥❼st❛s❤ ❥❛ ❢èr❡✐.

Smart cities, ❛✐s❥❤t➔r❡❝ s✉♥❞❡❞❡♠è♥♦✐ ♠ès✇ t♦✉ ❞✐❛❞✐❦tÔ♦✉ ✐❦❛♥♦Ð ♥❛ s✉❧✲
❧è❣♦✉♥ ♠❡❣❼❧❡❝ ♣♦sìt❤t❡❝ ❞❡❞♦♠è♥✇♥ s❡ ❼sq❤♠❡❝ ❦❛✐r✐❦è❝ s✉♥❥➔❦❡❝ ❣✐❛ ♠✐❛
❞❡❦❛❡tÐ❛ ♠❡ ♠ì♥♦ ♣❧➔r❤ ❢ìrt✐s❤ ❦❛✐ ❼❧❧❡❝ IoT ❡❢❛r♠♦❣è❝, ❡Ð♥❛✐ ♠❡r✐❦è❝ ♠ì♥♦
❛♣ì t✐❝ ♣r♦♦♣t✐❦è❝ ♣♦✉ ❛♥♦Ð❣♦♥t❛✐. ❍ ✐❞è❛ t❤❝ ❛♥❼♣t✉①❤❝ t♦✉ 5G ❞❡♥ ❜❛sÐ③❡t❛✐
♠ì♥♦ st❤♥ ✐❞è❛ t✇♥ ❦❛❧Ôt❡r✇♥ ❡♣✐❞ìs❡✇♥ t♦✉ ❞✐❦tÔ♦✉, ❛❧❧❼ st♦ ♥❛ ❡♣✐trè②❡✐
♥è❛ ♣r♦ðì♥t❛ ❦❛✐ ✉♣❤r❡sÐ❡❝ ♠ès✇ ❜❡❧t✐✇♠è♥❤❝ s✉♥❞❡s✐♠ìt❤t❛❝, ìq✐ ♠ì♥♦ ✇❝
♣r♦❝ t❤♥ t❛qÔt❤t❛ ❛❧❧❼ ❦❛✐ ✇❝ ♣r♦❝ t❤♥ ♠✐❦rìt❡r❤ ❦❛t❛♥❼❧✇s❤ ❡♥èr❣❡✐❛❝.
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❑❊❋❆▲❆■❖ 3

Cognitive Radio

3.1 ❊✐s❛❣✇❣➔

❚❛ t❡❧❡✉t❛Ð❛ qrì♥✐❛, ❞✐❼❢♦r♦✐ ❡r❡✉♥❤t✐❦♦Ð ♦r❣❛♥✐s♠♦Ð ♣r❛❣♠❛t♦♣♦✐♦Ô♥ èr❡✉♥❡❝
♠❡ stìq♦ ♥❛ ❛✉①➔s♦✉♥ t❤♥ ❡✉❡❧✐①Ð❛ t✇♥ ❛sÔr♠❛t✇♥ ❡♣✐❦♦✐♥✇♥✐➳♥. ❍ ❛♥❼♣✲
t✉①❤ t❤❝ t❡q♥♦❧♦❣Ð❛❝ t♦✉ Cognitive Radio (CR) ❛♣♦t❡❧❡Ð è♥❛ ❜➔♠❛ ♣r♦❝ t❤♥
❦❛t❡Ô❥✉♥s❤ ❛✉t➔. ❚♦ CR ❡Ð♥❛✐ ♠✐❛ t❡q♥♦❧♦❣Ð❛ ❤ ♦♣♦Ð❛ ❡♣✐trè♣❡✐ st❛ ❛sÔr✲
♠❛t❛ t❡r♠❛t✐❦❼ ♥❛ ❞✐❛❥èt♦✉♥ ♥♦❤♠♦sÔ♥❤ ❦❛✐ ♥❛ ♣r♦s❛r♠ì③♦✉♥ ❦❛t❼❧❧❤❧❛ t✐❝
♣❛r❛♠ètr♦✉❝ ❧❡✐t♦✉r❣Ð❛❝ t♦✉❝ ❛♣♦❜❧è♣♦♥t❛❝ st❤ ❜❡❧tÐ✇s❤ t❤❝ ❡♣✐❦♦✐♥✇♥Ð❛❝.
❑Ôr✐♦ q❛r❛❦t❤r✐st✐❦ì t♦✉ CR, ❛♣♦t❡❧❡Ð ❤ ❞✉♥❛tìt❤t❼ t♦✉ ♥❛ ❧❡✐t♦✉r❣❡Ð s❡ ♠❤
❛❞❡✐♦❞♦t❤♠è♥♦ ❢❼s♠❛ ❦❛✐ ♥❛ t♦ qr❤s✐♠♦♣♦✐❡Ð ìs♦ ❛✉tì ♣❛r❛♠è♥❡✐ ❛❞r❛♥è❝.

✬❊ts✐ ❧♦✐♣ì♥, ♠❤ ❛❞❡✐♦❞♦t❤♠è♥♦✐ qr➔st❡❝ èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ ❞r♦✉♥
♠ès❛ st❛ Ð❞✐❛ ❣❡✇❣r❛❢✐❦❼ ìr✐❛ ♠❡ t♦✉❝ ❛❞❡✐♦❞♦t❤♠è♥♦✉❝ qr➔st❡❝, ♠♣♦r♦Ô♥
❞❤❧❛❞➔ ♥❛ ❛♣♦❦t➔s♦✉♥ ♣rìs❜❛s❤ ♠ès❛ s❡ è♥❛ ❢❛s♠❛t✐❦ì ❦❡♥ì ♣♦✉ ✉❢Ðst❛t❛✐
❣✐❛ è♥❛ ♦r✐s♠è♥♦ qr♦♥✐❦ì ❞✐❼st❤♠❛. [61]

3.2 ◗❛r❛❦t❤r✐st✐❦❼

✬❊♥❛ ❞Ð❦t✉♦ CR ❞✐❛❥èt❡✐ trÐ❛ s❤♠❛♥t✐❦❼ q❛r❛❦t❤r✐st✐❦❼.❆rq✐❦❼ ❞✐❛❥èt❡✐ s✉♥❡Ð❞❤s❤,
❣✐❛ ♥❛ ♠♣♦rès♦✉♥ t❛ ❞Ð❦t✉❛ CR ♥❛ s✉❧❧è①♦✉♥ ♣❧❤r♦❢♦rÐ❡❝ sq❡t✐❦❼ ♠❡ t♦
♣❡r✐❜❼❧❧♦♥ st♦ ♦♣♦Ð♦ ❜rÐs❦♦♥t❛✐ ❦❛✐ ♥❛ ❧❡✐t♦✉r❣♦Ô♥ ♠❡ t❤♥ qr➔s❤ ❛✐s❥❤t➔r✇♥.
✬❊ts✐ t❛ CR ❧❛♠❜❼♥♦✉♥ t✐❝ ♣❧❤r♦❢♦rÐ❡❝ t✐❝ ♦♣♦Ð❡❝ s✉❧❧è❣♦✉♥ ❛♣ì t♦✉❝ ❛✐s❥❤t➔r❡❝
➳st❡ ♥❛ ♠♣♦rès♦✉♥ ♥❛ ❦❛❧Ô②♦✉♥ t♦♥ ❡❦❼st♦t❡ qr➔st❤.

✬❊♥❛ ❛❦ì♠❤ q❛r❛❦t❤r✐st✐❦ì t♦✉❝ ❛♣♦t❡❧❡Ð ❤ ♣r♦s❛r♠♦st✐❦ìt❤t❛. ✬❊♥❛
sÔst❤♠❛ t❤❧❡♣✐❦♦✐♥✇♥✐➳♥ ♠♣♦r❡Ð ♥❛ ♣❡r✐èq❡✐ ♣♦❧❧è❝ ♣t✉qè❝ t❤❝ ❧❡✐t♦✉r❣Ð❛❝ t♦✉
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♦✐ ♦♣♦Ð❡❝ ❡Ð♥❛✐ ♣r♦s❛r♠♦st✐❦è❝ ì♣✇❝ ❤ s✉q♥ìt❤t❛ ❢♦rè❛, ❤ ✐sqÔ❝ ♠❡t❼❞♦s❤❝,
♦ ❦➳❞✐❦❛❝ ❞✐ìr❥✇s❤❝ s❢❛❧♠❼t✇♥, ♦ r✉❥♠ì❝ ❞❡❞♦♠è♥✇♥, t♦ sq➔♠❛ ❞✐❛♠ìr❢✇✲
s❤❝ ❦❛✐ t♦ ❡Ôr♦❝ ③➳♥❤❝. ❊♣♦♠è♥✇❝ è♥❛ sÔst❤♠❛ CR ♠♣♦r❡Ð ♥❛ ♣r♦s❛r♠ì③❡t❛✐
❦❛t❼❧❧❤❧❛ st✐❝ ❡❦❼st♦t❡ ❞✐❛❢♦r❡t✐❦è❝ s✉♥❥➔❦❡❝ ❧❡✐t♦✉r❣Ð❛❝ t♦✉ q✇rÐ❝ ♥❛ èq❡✐
♣r♦❣r❛♠♠❛t✐st❡Ð ❡❦ t✇♥ ♣r♦tèr✇♥ ❣✐❛ t✐❝ s✉❣❦❡❦r✐♠è♥❡❝ ❧❡✐t♦✉r❣Ð❡❝.

❊♣Ðs❤❝, è♥❛ ❞Ð❦t✉♦ CR èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛ t❤❝ ♠❼❥❤s❤❝. ✬❊q♦♥t❛❝ ❧♦✐♣ì♥
s✉❧❧è①❡✐ ♣❧❤r♦❢♦rÐ❡❝ ♠❡ t❤♥ qr➔s❤ t✇♥ ❛✐s❥❤t➔r✇♥ ♣♦✉ ❞✐❛❥èt❡✐, ♠ès✇ t❤❝
♠❼❥❤s❤❝ ❛♥❛❧Ô❡✐ t❛ ❞❡❞♦♠è♥❛ ❦❛✐ ♠ès✇ t✇♥ s✉♠♣❡r❛s♠❼t✇♥ ♣r♦s❛r♠ì③❡✐ t❤
s✉♠♣❡r✐❢♦r❼ t♦✉. [33]

3.2.1 ●♥✇s✐❛❦ì❝ ❑Ô❦❧♦❝

●♥✇s✐❛❦ì❝ ❦Ô❦❧♦❝ ➔ Cognitive Circle (CC) ♦♥♦♠❼③❡t❛✐ ❤ ❞✐❛❣r❛♠♠❛t✐❦➔ ❛♣❡✐❦ì♥✐s❤
t✇♥ st❛❞Ð✇♥ ❧❡✐t♦✉r❣Ð❛❝ t❤❝ ❣♥✇s✐❛❦➔❝ ❞✐❛❞✐❦❛sÐ❛❝ (Cognitive Process (CP)).
❖ ìr♦❝ ❛✉tì❝ ❡✐s➔q❥❤❦❡ ❛♣ì t♦♥ J.Mitola ❦❛✐ è❦t♦t❡ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❡✉rè✇❝
st❛ ❛sÔr♠❛t❛ ❞Ð❦t✉❛. ❖ CC ❛♣♦t❡❧❡Ðt❛✐ ❛♣ì è①✐ ❜❛s✐❦❼ st❼❞✐❛.

❚♦ ♣r➳t♦ ❧♦✐♣ì♥ st❼❞✐♦ ❡Ð♥❛✐ ❤ ♣❛r❛t➔r❤s❤. ❚♦ CR ❞Ð❦t✉♦ ❞èq❡t❛✐ ♠ès✇
t✇♥ ❛✐s❥❤t➔r✇♥ ❞✐❼❢♦r❡❝ ♣❧❤r♦❢♦rÐ❡❝ sq❡t✐❦❼ ♠❡ t♦ ♣❡r✐❜❼❧❧♦♥ st♦ ♦♣♦Ð♦
❜rÐs❦❡t❛✐ ❦❛✐ t✐❝ s✉❣❦rÐ♥❡✐ ♠❡ ♣❛r❡❧❥♦♥t✐❦è❝ ❡♠♣❡✐rÐ❡❝ èts✐ ➳st❡ ♥❛ ❛♣♦❦t➔s❡✐
qr➔s✐♠❛ s✉♠♣❡r❼s♠❛t❛. ❚♦ ❞❡Ôt❡r♦ ❜➔♠❛ ❡Ð♥❛✐ ♦ ♣r♦s❛♥❛t♦❧✐s♠ì❝, s❡ ❛✉t➔ t❤
❢❼s❤ s✉♥❞è♦♥t❛✐ ❤ ♣❛r❛t➔r❤s❤ ♠❡ t❛ ❡r❡❥Ðs♠❛t❛. ✬❖t❛♥ ✉♣❼rq❡✐ t♦ ❛♣ì❧✉t♦
t❛Ðr✐❛s♠❛ t❤❝ trèq♦✉s❛❝ ♣❛r❛t➔r❤s❤❝ ♠❡ ♣❛r❡❧❥♦♥t✐❦è❝ ❡♠♣❡✐rÐ❡❝ tìt❡ ❛♥❛❣♥✲
✇rÐ③❡t❛✐ t♦ ❡rè❥✐s♠❛. ❙t❤ ❢❼s❤ ❧♦✐♣ì♥ t♦✉ ♣r♦s❛♥❛t♦❧✐s♠♦Ô ♣r♦❦❛❧❡Ðt❛✐ ♠✐❛
❼♠❡s❤ ❡❦❦Ð♥❤s❤ ❡♥èr❣❡✐❛❝ ✇❝ ♠Ð❛ ❛♥t❛♥❛❦❧❛st✐❦➔ s✉♠♣❡r✐❢♦r❼. ❚♦ trÐt♦ ❜➔♠❛
❛♣♦t❡❧❡Ð ♦ sq❡❞✐❛s♠ì❝ ❦❛t❼ t♦♥ ♦♣♦Ð♦ ♠❡ t❤♥ qr➔s❤ ❞✐❼❢♦r✇♥ sq❡❞✐❛st✐❦➳♥
❡r❣❛❧❡Ð✇♥ ❞❤♠✐♦✉r❣❡Ðt❛✐ sÔ♥❞❡s❤ ♠❡t❛①Ô t✇♥ s✉♠♣❡r✐❢♦r➳♥ t♦✉ ❢❼s♠❛t♦❝, t✇♥
♣❧❤r♦❢♦r✐➳♥ sÔ♠❢✇♥❛ ♠❡ t❤♥ ❛♥tÐ❧❤②❤ t♦✉ ♣❡r✐❜❼❧❧♦♥t♦❝, t✐❝ ♣r♦t✐♠➔s❡✐❝ t♦✉
❡❦❼st♦t❡ qr➔st❤ ❦❛✐ t♦✉❝ ❦❛♥ì♥❡❝. ❚♦ tèt❛rt♦ st❼❞✐♦ ❛♣♦t❡❧❡Ð ❤ ❛♣ì❢❛s❤,
st♦ st❼❞✐♦ ❧♦✐♣ì♥ ❛✉tì ❣Ð♥❡t❛✐ ❤ ❡♣✐❧♦❣➔ ♠❡t❛①Ô t✇♥ ✉♣♦②➔❢✐✇♥ sq❡❞Ð✇♥ t❛
♦♣♦Ð❛ ❡Ð♥❛✐ ❞✐❛❥ès✐♠❛. ❍ ❡♣✐❧♦❣➔ t❤❝ trèq♦✉s❛❝ ❛♣ì❢❛s❤❝ ❣Ð♥❡t❛✐ èq♦♥t❛❝
✇❝ ❜❼s❤ t♦ Quality of Information (QoI). ❙t❤ s✉♥èq❡✐❛ s✉♠❜❛Ð♥❡✐ ❤ ❞r❼s❤.
❙❡ ❛✉t➔ t❤ ❢❼s❤ ❛rq✐❦❼ ✉♣❼rq♦✉♥ ❦❼♣♦✐❡❝ ❡♣✐❧❡❣♠è♥❡❝ ❞✐❛❞✐❦❛sÐ❡❝ ♦✐ ♦♣♦Ð❡❝
qr❤s✐♠♦♣♦✐♦Ô♥ ❡♥❡r❣♦♣♦✐❤tè❝ èts✐ ➳st❡ ♥❛ ♠♣♦rès♦✉♥ ♥❛ ❡✐sq✇r➔s♦✉♥ st♦
❡①✇t❡r✐❦ì ♣❡r✐❜❼❧❧♦♥ ➔ st♦ ❡s✇t❡r✐❦ì t✇♥ CR ❞✐❦tÔ✇♥. ❚è❧♦❝, ❤ ❢❼s❤ t❤❝
♠❼❥❤s❤❝ st❤♥ ♦♣♦Ð❛ s✉♠♣❡r✐❧❛♠❜❼♥❡t❛✐ ❤ ❢❼s❤ t❤❝ ♣❛r❛t➔r❤s❤❝ ì♣♦✉ s✉❧❧è✲
❣♦♥t❛✐ ♦✐ ❞✐❛❥ès✐♠❡❝ ♣❧❤r♦❢♦rÐ❡❝ ♠ès✇ t✇♥ ❛✐s❥❤t➔r✇♥ ❦❛❥➳❝ ❦❛✐ ♣❛r❡❧❥♦♥✲
t✐❦è❝ ❡♠♣❡✐rÐ❡❝.

❖ CC ❛♣♦t❡❧❡Ðt❛✐ ❛♣ì trÐ❛ st❼❞✐❛ ❞✐❛❞✐❦❛sÐ❛❝ t❛ ♦♣♦Ð❛ ❡Ð♥❛✐ ❤ ♣❛r❛❦♦❧♦Ô❥❤s❤
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t♦✉ ❢❼s♠❛t♦❝, ♦ ♠❡r✐s♠ì❝ t♦✉ ❢❼s♠❛t♦❝ ❦❛✐ ❤ ❦✐♥❤t✐❦ìt❤t❛ t♦✉ ❢❼s♠❛t♦❝ t❛
♦♣♦Ð❛ ♣❛rèq♦✉♥ st♦✐q❡Ð❛ ♣♦✉ ❛♥❛❢èr♦♥t❛✐ st✐❝ ♠❡t❛❜♦❧è❝ ♣♦✉ ♣❛r♦✉s✐❼③❡✐ ❤
❞✐❛❥❡s✐♠ìt❤t❛ t♦✉ r❛❞✐♦-❢❼s♠❛t♦❝ ❦❛❥➳❝ ❦✐ ❼❧❧✇♥ st♦✐q❡Ð✇♥ t❛ ♦♣♦Ð❛ ❡♣❤r❡❼✲
③♦✉♥ t❤♥ ♣r♦s❛r♠♦st✐❦ìt❤t❛ t✇♥ ❡❦❼st♦t❡ s✉s❦❡✉➳♥ ♣♦✉ ❡♣✐❥✉♠♦Ô♥ ♥❛ ❡✐sq✇r➔✲
s♦✉♥ s❡ ❛✉tì. [33]

Figure 3.1: Cognitive Circle [62]

3.3 ❆rq✐t❡❦t♦♥✐❦è❝ Cognitive Radio

●✐❛ t❤♥ ❜è❧t✐st❤ ❛①✐♦♣♦Ð❤s❤ t♦✉ ❢❼s♠❛t♦❝ ♠✐❛ s✉s❦❡✉➔ t❡q♥♦❧♦❣Ð❛❝ CR ♣♦✉
❧❡✐t♦✉r❣❡Ð s❡ è♥❛ Cognitive Radio Network (CRN) ❥❛ ♣rè♣❡✐ ♥❛ ❡Ð♥❛✐ s❡ ❥ès❤
♥❛ ❛♥✐q♥❡Ô❡✐ t❤♥ ❞✐❛❥❡s✐♠ìt❤t❛ t♦✉ ❢❼s♠❛t♦❝ ❦❛❥➳❝ ❦❛✐ ❛r✐❥♠ì t✇♥ s✉st❤✲
♠❼t✇♥ ♣♦✉ ❡♣✐❥✉♠♦Ô♥ ❡Ðs♦❞♦ s❡ ❛✉tì. ❚❛ CRNs ♠♣♦r♦Ô♥ ♥❛ ❛♥❛♣tÔss♦♥t❛✐ ♠❡
network-centric, ad-hoc ❦❛✐ mesh ❛rq✐t❡❦t♦♥✐❦è❝ ➳st❡ ♥❛ ❡①✉♣❤r❡t♦Ô♥ t♦✉❝
♣r✇t❡Ô♦♥t❡❝ ❛❧❧❼ ❦❛✐ t♦✉❝ ❞❡✉t❡r❡Ô♦♥t❡❝ qr➔st❡❝. ●✐❛ t❤♥ ❞❤♠✐♦✉r❣Ð❛ ❛r✲
q✐t❡❦t♦♥✐❦➳♥ t✇♥ CRN ❛♣❛r❛Ðt❤t❛ s✉st❛t✐❦❼ ❡Ð♥❛✐ t❛ Mobile Stations (MS),
Base Station/Access Point (BS AP) ❛❧❧❼ ❦❛✐ t❛ backbone/core networks.
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▼❡ t♦♥ s✉♥❞✉❛s♠ì t✇♥ ♣❛r❛♣❼♥✇ s✉st❛t✐❦➳♥ ♣r♦❦Ô♣t♦✉♥ ♦✐ ❛rq✐t❡❦t♦♥✐❦è❝
t✇♥ CRN.

3.3.1 Infrastructure Architecture

❙❡ ❛✉t➔ t❤♥ ❛rq✐t❡❦t♦♥✐❦➔ è♥❛ MS èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛ ♣rìs❜❛s❤❝ ♠ì♥♦ s❡
è♥❛ BS/AP. ❖✐MSs, st♦✉❝ ♦♣♦Ð♦✉❝ ❤ ❡♠❜è❧❡✐❼ t♦✉❝ ✉♣♦st❤rÐ③❡t❛✐ ❛♣ì t❤♥ Ð❞✐❛
BS/AP, ♠♣♦r♦Ô♥ ♥❛ ❡♣✐❦♦✐♥✇♥♦Ô♥ ♠❡t❛①Ô t♦✉❝ ♠ès✇ ❛✉t➔❝. ●✐❛ t❤♥ ❡♣✐❦♦✐♥✇♥Ð❛
❛♥❼♠❡s❛ s❡ ❞✐❛❢♦r❡t✐❦è❝ ♣❡r✐♦qè❝ ♠❡t❼❞♦s❤❝ qr❤s✐♠♦♣♦✐❡Ðt❛✐ è♥❛ ❞Ð❦t✉♦ back-
bone/core. ❖✐ st❛❥♠♦Ð ♠❡t❼❞♦s❤❝ BS/AP ❡Ð♥❛✐ s❡ ❥ès❤ ♥❛ ❡❢❛r♠ì③♦✉♥ ❞✐❼✲
❢♦r❛ ♣r✇tì❦♦❧❧❛/♣rìt✉♣❛ ❡♣✐❦♦✐♥✇♥Ð❛❝, ➳st❡ ♥❛ ✐❦❛♥♦♣♦✐➔s♦✉♥ t✐❝ ❞✐❛❢♦r❡✲
t✐❦è❝ ❛♣❛✐t➔s❡✐❝ t✇♥ s✉st❤♠❼t✇♥ MS. [34]

Figure 3.2: Infrastructure Arctitecture [63]

3.3.2 Ad-hoc Architecture

❙❡ ❛✉t➔ t❤♥ ❛rq✐t❡❦t♦♥✐❦➔ ❡❼♥ è♥❛ MS ❛♥✐q♥❡Ôs❡✐ ìt✐ ✉♣❼rq♦✉♥ ❼❧❧❛ MS st❤♥
Ð❞✐❛ ❡♠❜è❧❡✐❛ ♠❡ ❛✉tì ❦❛✐ ✉♣❼rq❡✐ ❤ ❞✉♥❛tìt❤t❛ sÔ♥❞❡s❤❝ ♠ès✇ ♦r✐s♠è♥✇♥
♣r♦tÔ♣✇♥/♣r✇t♦❦ì❧❧✇♥ ❡♣✐❦♦✐♥✇♥Ð❛❝, tìt❡ ❞❤♠✐♦✉r❣❡Ðt❛✐ è♥❛ Ad-hoc ❞Ð❦t✉♦.
❊♣✐♣❧è♦♥ ❤ ❛rq✐t❡❦t♦♥✐❦➔ ❛✉t➔ ♠♣♦r❡Ð ♥❛ ❞❤♠✐♦✉r❣❤❥❡Ð ❦❛✐ ♠ès✇ ❞✐❦tÔ✇♥ ❞✐✲
❛❢♦r❡t✐❦➔❝ t❡q♥♦❧♦❣Ð❛❝. ❉Ô♦ t❡r♠❛t✐❦❼ CR ♠♣♦r♦Ô♥ ♥❛ ❡♣✐❦♦✐♥✇♥♦Ô♥ ♠❡t❛①Ô
t♦✉❝ qr❤s✐♠♦♣♦✐➳♥t❛❝ ✉♣❼rq♦♥t❛ ♣r✇tì❦♦❧❧❛ ❡♣✐❦♦✐♥✇♥Ð❛❝ (♣.q.Wi-Fi, Blue-
tooth) ➔ qr❤s✐♠♦♣♦✐➳♥t❛❝ ❞✉♥❛♠✐❦❼ ❢❛s♠❛t✐❦❼ ❦❡♥❼. [34]
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Figure 3.3: Ad-hoc Arctitecture [64]

3.3.3 Mesh Architecture

❆✉t➔ ❤ ❛rq✐t❡❦t♦♥✐❦➔ ❡Ð♥❛✐ è♥❛❝ s✉♥❞✉❛s♠ì❝ t❤❝ Infrastructure ❦❛✐ Ad-hoc Ar-
chitecture ❦✐ ❡♣✐trè♣❡✐ t✐❝ ❛sÔr♠❛t❡❝ s✉♥❞ès❡✐❝ ♠❡t❛①Ô BSs/APs. ❚❛ BSs/APs
❧❡✐t♦✉r❣♦Ô♥ ✇❝ ❛sÔr♠❛t♦✐ ❞r♦♠♦❧♦❣❤tè❝ ❦❛✐ èq♦✉♥ t❤♥ ♠♦r❢➔ t✇♥ ❛sÔr♠❛t✇♥
backbones. ❚❛ MS ♠♣♦r♦Ô♥ ❡Ðt❡ ♥❛ ♠❡t❛❜♦Ô♥ ❼♠❡s❛ s❡ BSs/APs, ❡Ðt❡ ♥❛
qr❤s✐♠♦♣♦✐♦Ô♥ ❼❧❧❛MS ✇❝ ❦ì♠❜♦✉❝ ❛♥❛♠❡t❼❞♦s❤❝. ❑❼♣♦✐❛ BSs/APs ♠♣♦r♦Ô♥
♥❛ s✉♥❞❡❥♦Ô♥ ♠❡ t❛ ❡♥sÔr♠❛t❛ backbone/core ❞✐❦tÔ✇♥ ❦❛✐ ♥❛ ❧❡✐t♦✉r❣♦Ô♥ ✇❝
♣Ô❧❡❝. ❚è❧♦❝ èq♦✉♥ t✐❝ ❞✉♥❛tìt❤t❡❝ t✇♥ Cognitive Radio ❦❛✐ ♠♣♦r♦Ô♥ ♥❛
qr❤s✐♠♦♣♦✐♦Ô♥ t❛ ❢❛s♠❛t✐❦❼ ❦❡♥❼ ❣✐❛ ♥❛ ❡♣✐❦♦✐♥✇♥➔s♦✉♥ ♠❡t❛①Ô t♦✉❝. [34]

Figure 3.4: Mesh Arctitecture [65]
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3.3.4 Cognitive Radio ❦❛✐ ■❡r❛rqÐ❛ Pr✇t♦❦ì❧✇♥

▼❡❣❼❧♦ ❡♥❞✐❛❢èr♦♥ s❡ è♥❛ Cognitive Radio s✉❣❦❡♥tr➳♥♦✉♥ t❛ ❞Ô♦ ❦❛t➳t❡r❛
str➳♠❛t❛ t❤❝ st♦Ð❜❛❝ ♣r✇t♦❦ì❧❧✇♥, t♦ ❢✉s✐❦ì str➳♠❛ (physical layer) ❛❧❧❼
❦❛✐ t♦ str➳♠❛ ③❡Ô①❤❝ ❞❡❞♦♠è♥✇♥ (data link layer).

Figure 3.5: Physical and DLL Layers [66]

❙t♦ physical layer ❡♣✐t❡❧♦Ô♥t❛✐ ❞✐❼❢♦r❡❝ ❧❡✐t♦✉r❣Ð❡❝. ❆rq✐❦❼ ❤ ❛♥Ðq♥❡✉s❤
t♦✉ ❢❼s♠❛t♦❝ ❤ ♦♣♦Ð❛ ❛♣♦t❡❧❡Ð t❤♥ ♣❧è♦♥ ❜❛s✐❦➔ ❧❡✐t♦✉r❣Ð❛ t♦✉ ❢✉s✐❦♦Ô
str➳♠❛t♦❝ ❡♥ì❝ CR. ▼❡❣❼❧♦ ❡Ôr♦❝ s✉q♥♦t➔t✇♥ s❛r➳♥❡t❛✐ ❦❛✐ ❛♥❛❧Ô❡t❛✐ ♠❡
t❛ ❛♣♦t❡❧ès♠❛t❛ ♥❛ ❛♥t❛❧❧❼ss♦♥t❛✐ ♠❡t❛①Ô t✇♥ st❛❥♠➳♥ ❡♥ì❝ CRN. ❆❦ì♠❤
♠Ð❛ ❧❡✐t♦✉r❣Ð❛ t♦✉ ❡♣✐♣è❞♦✉ ❛✉t♦Ô ❡Ð♥❛✐ ❤ ♠ètr❤s❤ t♦✉ ❦❛♥❛❧✐♦Ô ì♣♦✉ ♣❛r❛❣✲
♠❛t♦♣♦✐♦Ô♥t❛✐ ♠❡tr➔s❡✐❝ ♠❡ stìq♦ ♥❛ ❦❛❥♦r✐st❡Ð ❤ ♣♦✐ìt❤t❛ t✇♥ ❞✐❛Ô❧✇♥. ▼❡
❜❼s❤ t✐❝ ♠❡tr➔s❡✐❝ ❛✉tè❝ r✉❥♠Ð③♦♥t❛✐ ♦✐ ❞✐❼❢♦r♦✐ ♣❛r❼♠❡tr♦✐ t♦✉ CR s✉st➔✲
♠❛t♦❝. ❚è❧♦❝ ❛❦ì♠❤ ♠Ð❛ ❧❡✐t♦✉r❣Ð❛ ❛♣♦t❡❧❡Ð ❤ ♠❡t❼❞♦s❤ t✇♥ ❞❡❞♦♠è♥✇♥. ❙t❛
♣❧❛Ðs✐❛ t❤❝ ♠❡t❼❞♦s❤❝ ❡♣✐t❡❧♦Ô♥t❛✐ ❧❡✐t♦✉r❣Ð❡❝ ì♣✇❝ ❤ ❡♣✐❧♦❣➔ t♦✉ r✉❥♠♦Ô
♠❡t❼❞♦s❤❝, t❤❝ t❡q♥✐❦➔❝ ❞✐❛♠ìr❢✇s❤❝, t❤❝ t✐♠➔❝ t❤❝ ✐sqÔ♦❝ ❡❦♣♦♠♣➔❝ ❛❧❧❼
❦❛✐ t❤❝ t❡q♥✐❦➔❝ ❦✇❞✐❦♦♣♦Ð❤s❤❝ ♣♦✉ ❥❛ qr❤s✐♠♦♣♦✐❤❥❡Ð.▼♣♦r❡Ð ❡♣Ðs❤❝ ♥❛ ❣Ð♥❡✐
qr➔s❤ t❤❝ OFDM t❡q♥✐❦➔❝ ❛❧❧❼ ❦❛✐ ♠❤q❛♥✐s♠➳♥ MIMO.

❙t♦ data link layer ♣❡r✐❧❛♠❜❼♥♦♥t❛✐ ❡♣Ðs❤❝ s❤♠❛♥t✐❦❼ ♣r✇tì❦♦❧❧❛ t♦✉
s✉st➔♠❛t♦❝. ❙✉❣❦❡❦r✐♠è♥❛, t❛ ♣r✇tì❦♦❧❧❛ ❞✐❛q❡Ðr✐s❤❝ ♦♠❼❞✇♥ ì♣♦✉ ❦❼❥❡
qr➔st❤❝ ❛♥➔❦❡✐ s❡ ♠Ð❛ ♦♠❼❞❛ qr❤st➳♥ ♣♦✉ sq❤♠❛tÐ③❡✐ è♥❛ ❞❡✉t❡r❡Ô♦♥ ❞Ð❦✲
t✉♦ ❦❛✐ ❦✉rÐ✇❝ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t♦♥ s✉♥t♦♥✐s♠ì t✇♥ qr❤st➳♥ ♣♦✉ ❛♥➔❦✲
♦✉♥ st❤♥ Ð❞✐❛ ♦♠❼❞❛. ❊♣✐♣❧è♦♥ t❛ ♣r✇tì❦♦❧❧❛ ❞✐❛q❡Ðr✐s❤❝ ③❡Ô①❤❝ ì♣♦✉ ❡Ð✲
♥❛✐ ✉♣❡Ô❥✉♥❛ ❣✐❛ t❤♥ ❡❣❦❛t❼st❛s❤ ❦❛✐ t❤♥ s✉♥t➔r❤s❤ t❤❝ ③❡Ô①❤❝ ♠❡t❛①Ô CR
qr❤st➳♥. ❆❦ì♠❤, t❛ ♣r✇tì❦♦❧❧❛ ❡❧è❣q♦✉ ♣rìs❜❛s❤❝ st♦ ♠ès♦ ♣♦✉ ❡❧è❣q♦✉♥
t❤♥ ♣rìs❜❛s❤ t✇♥ qr❤st➳♥ st♦ ❢✉s✐❦ì ♠ès♦. ❚è❧♦❝, t♦ ✉♣ìstr✇♠❛ sÔ❣❦✲
❧✐s❤❝ ì♣♦✉ ❞Ð♥❡✐ t❤ ❞✉♥❛tìt❤t❛ st♦ CR ♥❛ ❧❡✐t♦✉r❣❡Ð s❡ ❡♥t❡❧➳❝ ❞✐❛❢♦r❡t✐❦❼
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❛sÔr♠❛t❛ ♣❡r✐❜❼❧❧♦♥t❛ ì♣✇❝ ❣✐❛ ♣❛r❼❞❡✐❣♠❛ s❡ ❛sÔr♠❛t❛ t♦♣✐❦❼ ❞Ð❦t✉❛, ❛sÔr✲
♠❛t❛ ♣r♦s✇♣✐❦❼ ❞Ð❦t✉❛ ❛❧❧❼ ❦❛✐ s❡ ❛sÔr♠❛t❛ ❞Ð❦t✉❛ ❡✉r❡Ð❛❝ ♣❡r✐♦q➔❝.

3.4 P❧❡♦♥❡❦t➔♠❛t❛ CR

❍ ❞✉♥❛♠✐❦➔ ❢Ôs❤ t✇♥ CRN ❛❧❧❼ ❦❛✐ ❤ ♥♦❤♠♦sÔ♥❤ ♠❡ t❤♥ ♦♣♦Ð❛ ❡Ð♥❛✐ ❡❢♦❞✐✲
❛s♠è♥❛ t❛ ❦❛❥✐st❼ ❦❛t❼❧❧❤❧❛ ❣✐❛ ♣❧➔❥✇❝ ❡❢❛r♠♦❣➳♥. ❆♣ì t❤♥ qr➔s❤ t♦✉❝
♣r♦❦Ô♣t♦✉♥ ❦❛✐♥♦tì♠❡❝ ❡❢❛r♠♦❣è❝ ❛❧❧❼ ❦❛✐ ♦✐ ➔❞❤ ✉♣❼rq♦✉s❡❝ ❜❡❧t✐➳♥♦♥t❛✐
❦❛✐ ❡❦s✉❣qr♦♥Ð③♦♥t❛✐. ❆rq✐❦❼ t❛ ❞Ð❦t✉❛ ❦✐♥❤t➔❝ t❤❧❡❢✇♥Ð❛❝ ❦❛✐ s✉❣❦❡❦r✐♠è♥❛
t❛ 5G ♠❡ t❤♥ qr➔s❤ t❤❝ t❡q♥♦❧♦❣Ð❛❝ t♦✉ CR ♣r♦s❢èr♦✉♥ ❜è❧t✐st❤ ♣r♦s❛r♠♦❣➔
t✇♥ ♣❛r❛♠ètr✇♥ ❧❡✐t♦✉r❣Ð❛❝ st✐❝ s✉♥❥➔❦❡❝ ♣❡r✐❜❼❧❧♦♥t♦❝ ❛❧❧❼ ❦❛✐ ❞✉♥❛♠✐❦➔
❞✐❛q❡Ðr✐s❤ t♦✉ ❢❼s♠❛t♦❝. ❍ t❡q♥♦❧♦❣Ð❛ ❧♦✐♣ì♥ ❛✉t➔ ♠♣♦r❡Ð ♥❛ ♣r♦s❢èr❡✐
❛♣♦❞♦t✐❦➔ ❛①✐♦♣♦Ð❤s❤ t♦✉ ❢❼s♠❛t♦❝ ❦❛✐ ♠❡ t♦♥ trì♣♦ ❛✉tì ❥❛ ♠♣♦r❡Ð ♥❛
❦❛❧✉❢❥❡Ð ❤ ♣❛r♦♥t✐❦➔ ❦❛✐ ♠❡❧❧♦♥t✐❦➔ ③➔t❤s❤ ❢❼s♠❛t♦❝.

✬❊♥❛ ❛❦ì♠❤ ✐❞✐❛Ðt❡r❛ s❤♠❛♥t✐❦ì ♣❧❡♦♥è❦t❤♠❛ t♦✉ CR ❡Ð♥❛✐ ❤ ❜❡❧tÐ✇s❤ t♦✉
QoS ❦❛❥➳❝ ❛♣ì t❤♥ ♣❧❡✉r❼ t♦✉ qr➔st❤, ❥❛ ❜❡❧t✐✇❥❡Ð ❤ ❦❛t❛❧❧❤❧ìt❤t❛, ❤ ❞✐❛✲
❥❡s✐♠ìt❤t❛ ❦❛✐ ❤ ❛①✐♦♣✐stÐ❛ t✇♥ ❛sÔr♠❛t✇♥ ✉♣❤r❡s✐➳♥. ❆❦ì♠❤ t♦ CR ♣r♦✇❥❡Ð
t❤♥ ❛♣❡❧❡✉❥èr✇s❤ t♦✉ ❢❼s♠❛t♦❝, ❞❤❧❛❞➔ ❦❛❥✐st❼ ♣✐♦ ❡Ô❦♦❧❤ t❤♥ ❛❣♦r❛♣✲
✇❧❤sÐ❛ t♦✉ ❢❼s♠❛t♦❝ ♠❡t❛①Ô t✇♥ qr❤st➳♥. ❙❤♠❛♥t✐❦➔ ❡Ð♥❛✐ ❦❛✐ ❤ ❜❡❧tÐ✇s❤
♣♦✉ ♠♣♦r❡Ð ♥❛ ♣r♦s❢èr❡✐ st❤♥ ❡✉❡❧✐①Ð❛ t❤❝ s✉s❦❡✉➔❝. ✬❊♥❛ CR ❡Ð♥❛✐ s❡ ❥ès❤
♥❛ ❛❧❧❼③❡✐ ✉♣❤r❡sÐ❡❝, ♣r✇tì❦♦❧❧❛, ❞✐❛♠ìr❢✇s❤, ❢❼s♠❛, ❦❧♣, q✇rÐ❝ ♥❛ èq❡✐
t❤♥ ❛♥❼❣❦❤ è♥❛❝ qr➔st❤❝ ➔ ❦❛t❛s❦❡✉❛st➔❝, ♥❛ ❦❼♥❡✐ ❛♥❛❜❼❥♠✐s❤ s❡ ♠Ð❛ ♥è❛
s✉s❦❡✉➔. ❚è❧♦❝ ♣r♦s❢èr♦✉♥ ♣❧❤❥➳r❛ ♦❢❡❧➳♥ st♦✉❝ ❦❛t❛s❦❡✉❛stè❝, ❞✐ìt✐
♣❧è♦♥ ❞❡♥ ❥❛ qr❡✐❼③❡t❛✐ ♥❛ ❦❛t❛s❦❡✉❼③♦♥t❛✐ ♣♦❧❧è❝ ♣❛r❛❧❧❛❣è❝ ✉❧✐❦♦Ô, ❛❧❧❼
❥❛ qr❤s✐♠♦♣♦✐♦Ô♥ ♠✐❛ ❡♥✐❛Ð❛ ❦♦✐♥➔ ♣❧❛t❢ìr♠❛ ❣✐❛ ♥❛ trèq♦✉♥ ♠Ð❛ ♣❧❤❥➳r❛ ❛♣ì
❧♦❣✐s♠✐❦❼.
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❑❊❋❆▲❆■❖ 4

❖✐❦♦♥♦♠✐❦➔ ❆♥❼❧✉s❤

4.1 ❊✐s❛❣✇❣➔

❍ ❛♥❼❧✉s❤ ❦ìst♦✉❝-♦❢è❧♦✉❝ ❡Ð♥❛✐ è♥❛ ❡r❣❛❧❡Ð♦ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t❤
sÔ❣❦r✐s❤ t✇♥ ❛♥❛♠❡♥ì♠❡♥✇♥ ♦❢❡❧➳♥, ♠❡ t❛ sq❡t✐❦❼ ♠❡❣è❥❤ ❦ìst♦✉❝, ➳st❡
♥❛ ❜♦❤❥♦Ô♥t❛✐ ♦✐ qr➔st❡❝ st♦♥ ♣r♦s❞✐♦r✐s♠ì t❤❝ ❡♥❛❧❧❛❦t✐❦➔❝ ❧Ôs❤❝ ♠❡ t♦
♠è❣✐st♦ ❦❛❥❛rì ì❢❡❧♦❝ (♦❢è❧❤ ♠❡Ð♦♥ ❦ìst♦❝). ✬❖s♦ ♣❡r✐ssìt❡r♦ t❛ ♦❢è❧❤ ✉♣✲
❡r❜❛Ð♥♦✉♥ t♦ ❦ìst♦❝, tìs♦ ♣❡r✐ssìt❡r♦ ❥❛ ✇❢❡❧❤❥♦Ô♥ ♦✐ t❡❧✐❦♦Ð qr➔st❡❝ ❛♣ì
t❤ ❞r❛st❤r✐ìt❤t❛ t♦✉ èr❣♦✉. ❍ ♣❛r♦✉sÐ❛s❤ t♦✉ ❦ìst♦✉❝ ❡Ð♥❛✐ ♦ ❦❛❥♦r✐st✐❦ì❝
♣❛r❼❣♦♥t❛❝ ➳st❡ ♥❛ ❛♣♦❢❛s✐st❡Ð ❛♥ ❤ ❡❦❼st♦t❡ t❡q♥♦❧♦❣Ð❛ ♠♣♦r❡Ð ♥❛ ❡♣✐❢èr❡✐
t❛ ♠è❣✐st❛ st♦♥ ❡♣❡♥❞✉t➔. [35]

❚♦ ❦ìst♦❝ ❧♦✐♣ì♥ ❦❛t❛♥è♠❡t❛✐ s❡ ❞Ô♦ ❜❛s✐❦♦Ô❝ ❼①♦♥❡❝, ❤ ❦❡❢❛❧❛✐❛❦➔
❞❛♣❼♥❤ ♣♦✉ ♦♥♦♠❼③❡t❛✐ Capital Expenditures (CAPEX) ❦❛✐ ❤ ❧❡✐t♦✉r❣✐❦➔
❞❛♣❼♥❤ ♣♦✉ ♦♥♦♠❼③❡t❛✐ Operational Expenditures (OPEX). ❖✐ ❦❡❢❛❧❛✐❛❦è❝
❞❛♣❼♥❡❝ ❡Ð♥❛✐ t❛ ❦❡❢❼❧❛✐❛ t❛ ♦♣♦Ð❛ ♦✐ ❡♣✐q❡✐r➔s❡✐❝ qr❤s✐♠♦♣♦✐♦Ô♥ ❣✐❛ ♥❛ ❛❣♦r❼✲
s♦✉♥ t❛ ❦Ôr✐❛ ❢✉s✐❦❼ ❛❣❛❥❼ ❛❧❧❼ ❦❛✐ t✐❝ ✉♣❤r❡sÐ❡❝ ♠❡ s❦♦♣ì ♥❛ ❡♣❡❦t❡Ð♥♦✉♥ t✐❝
❞✉♥❛tìt❤t❡❝ ❦❛✐ ♥❛ ♣❛r❼❣♦✉♥ ❦èr❞♦❝. ❚♦ CAPEX ♣❡r✐❧❛♠❜❼♥❡✐ t♦♥ ♣r♦ô♣♦❧✲
♦❣✐s♠ì ❡♥ì❝ ❛sÔr♠❛t♦✉ t❤❧❡♣✐❦♦✐♥✇♥✐❛❦♦Ô ❞✐❦tÔ♦✉ ♠❡ s❦♦♣ì ♥❛ ✉❧♦♣♦✐❤❥❡Ð
♥è♦❝ ❡①♦♣❧✐s♠ì❝. ❍ ❡❦tÐ♠❤s❤ t♦✉ CAPEX ♣r❛❣♠❛t♦♣♦✐❡Ðt❛✐ s❡ ❡t➔s✐❛ ❜❼s❤.
❚♦ OPEX ❦❼❥❡ t❡q♥♦❧♦❣Ð❛❝ ♣❡r✐❧❛♠❜❼♥❡✐ t♦ ❡♣❛♥❛❧❛♠❜❛♥ì♠❡♥♦ ❦ìst♦❝ ❧❡✐✲
t♦✉r❣Ð❛❝ ♣♦✉ ❡Ð♥❛✐ s✉♥❞❡❞❡♠è♥♦ ♠❡ t✐❝ ❞r❛st❤r✐ìt❤t❡❝ ❧❡✐t♦✉r❣Ð❛❝ ì♣✇❝ ❤
❦❛t❛♥❼❧✇s❤ r❡Ô♠❛t♦❝, t❛ ❦ìst❤ s✉♥t➔r❤s❤❝, ❦❧♣. [36]

❚è❧♦❝ ❤ s✉♥♦❧✐❦➔ ❞❛♣❼♥❤ ♣♦✉ ❦❛❧❡Ðt❛✐ ❦❛♥❡Ð❝ ♥❛ ❡❦♣❧❤r➳s❡✐ ➳st❡ ♥❛
♠♣♦r❡Ð ♥❛ ❡❣❦❛❥✐st❼, ♥❛ ❡♣❡♥❞Ô❡✐, ♥❛ s✉♥t❤r❡Ð ❦❛✐ ♥❛ qr❤s✐♠♦♣♦✐❡Ð t♦ sÔst❤♠❛
♦♥♦♠❼③❡t❛✐ Total Cost of Ownership (TCO). ❚♦ TCO ❡❦t✐♠➳♥t❛❝ t❤ s✉♥♦✲
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❧✐❦➔ ❞❛♣❼♥❤ ❜♦❤❥❼ t♦✉❝ ❛❣♦r❛stè❝ ❦❛✐ t♦✉❝ ✐❞✐♦❦t➔t❡❝ ♥❛ ❦❛❥♦rÐs♦✉♥ t♦ ♦❧✐❦ì
❦ìst♦❝, è♠♠❡s♦ ❦❛✐ ❼♠❡s♦ t✇♥ ♣r♦ðì♥t✇♥ ➔ t✇♥ s✉st❤♠❼t✇♥. ◗r❤s✐♠♦♣♦✐❡Ð✲
t❛✐ ❛r❦❡t❼ s✉q♥❼ ❣✐❛ t❤♥ ❛♥❼❧✉s❤ ♣r♦ðì♥t✇♥ ♣❧❤r♦❢♦r✐❦➔❝ ♠❡ s❦♦♣ì ♥❛ ❛①✐✲
♦❧♦❣➔s❡✐ t♦ ♦✐❦♦♥♦♠✐❦ì ❛♥tÐ❦t✉♣♦ t❤❝ ❞❤♠✐♦✉r❣Ð❛❝ t♦✉❝ ❦❛t❼ t❤♥ ❞✐❼r❦❡✐❛ t♦✉
❦Ô❦❧♦✉ t♦✉❝. [37]

4.2 Pr♦t❡✐♥ì♠❡♥♦ ❆rq✐t❡❦t♦♥✐❦ì ▼♦♥tè❧♦

❚♦ ♣r♦t❡✐♥ì♠❡♥♦ ♠♦♥tè❧♦ ♣❡r✐❧❛♠❜❼♥❡✐ è♥❛ t❤❧❡♣✐❦♦✐♥✇♥✐❛❦ì sÔst❤♠❛ t♦ ♦♣♦Ð♦
❛♣♦t❡❧❡Ðt❛✐ ❛♣ì è♥❛ ❞Ð❦t✉♦ Cognitive Radio ❜❛s✐s♠è♥♦ s❡ Fetmtocells. ❙✉♥✲
❞✉❼③♦♥t❛❝ t♦ Cognitive Radio ♠❡ Femtocells ❡♣✐❢èr♦✉♠❡ ❜❡❧tÐ✇s❤ st❤♥ ❡♣Ð✲
❞♦s❤ t♦✉ s✉st➔♠❛t♦❝. T♦ ❞Ð❦t✉♦ t♦✉ Cognitive Radio ❛♣♦t❡❧❡Ðt❛✐ ❛♣ì ♣♦❧✲
❧❛♣❧♦Ô❝ ❞❡✉t❡r❡Ô♦♥t❡❝ qr➔st❡❝ (Multiple Secondary Users - MSUs), t❤♥ BS,
♣♦❧❧❛♣❧❼ Femtocells ❦❛✐ ♣♦❧❧❛♣❧♦Ô❝ ❞❡✉t❡r❡Ô♦♥t❡❝ Femtocell qr➔st❡❝ (Fem-
tocell Secondary Users (FSUs)). H Cognitive BS ❦❛✐ t❛ Femtocells ❣♥✇rÐ③♦✉♥
t❤♥ ❦❛t❼st❛s❤ t♦✉ ❦❛♥❛❧✐♦Ô [3]. ❙t❤ s✉♥èq❡✐❛ ❤ Cognitive BS ❞✐❛♠♦✐r❼③❡✐ t♦
❢❼s♠❛ ❛♣ì t❛ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛ st❛ Femtocell ➔ ❛♣❡✉❥❡Ð❛❝ st♦✉❝ MSUs.
❙❡ ❦❼❥❡ Femtocell ✉♣❼rq❡✐ ♠✐❛ Femtocell st❛❥♠ì❝ ❜❼s❤❝ ❤ ♦♣♦Ð❛ ♣❛rèq❡✐
✉♣❤r❡sÐ❡❝ st♦✉❝ FSUs. ❯♣♦❥èt♦✉♠❡ ❧♦✐♣ì♥ ìt✐ ✉♣❼rq♦✉♥ L ♣r✇t❡Ô♦♥t❛ ❞Ð❦✲
t✉❛ ♣♦✉ ❦❼❥❡ è♥❛ ❛♣ì ❛✉t❼ ♣r♦s❢èr❡✐ ♠✐❛ t✐♠➔ cl ❣✐❛ ♠èr♦❝ wl t♦✉ s✉♥♦❧✐❦♦Ô
t♦✉ ❢❼s♠❛t♦❝. ❍ Cognitive BS ❛❣♦r❼③❡✐ t♦ ❢❼s♠❛ wl ❛♣ì t♦ ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦
l ❦❛✐ t♦ ❞✐❛♠♦✐r❼③❡✐. [1]

Figure 4.1: ▼♦♥tè❧♦ ❙✉st➔♠❛t♦❝ Cognitive Radio ❜❛s✐③ì♠❡♥♦ s❡ Femtocell
[1]
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4.3 ❖✐❦♦♥♦♠✐❦♦ ▼♦♥tè❧♦ Cognitive Radio

4.3.1 Stackelberg Game

❚♦ ♠♦♥tè❧♦ t♦✉ Stackelberg ❡Ð♥❛✐ è♥❛ str❛t❤❣✐❦ì “♣❛✐q♥Ð❞✐” ♣♦✉ qr❤s✐♠♦♣♦✐❡Ð✲
t❛✐ st♦♥ ❦❧❼❞♦ t❤❝ ♦✐❦♦♥♦♠Ð❛❝ ❦❛✐ ❛♥❛❢èr❡✐ ìt✐ ❤ ❡t❛✐r❡Ð❛ ❛rq❤❣ì❝ ❦❼♥❡✐ t❤♥
♣r➳t❤ ❦Ð♥❤s❤ ❦❛✐ ♦✐ ❛❦ì❧♦✉❥♦✐ t❤❝ ❦✐♥♦Ô♥t❛✐ ❞✐❛❞♦q✐❦❼. ❙Ô♠❢✇♥❛ ♠❡ t♦✉❝
ìr♦✉❝ t❤❝ ❥❡✇rÐ❛❝ ♣❛✐❣♥Ð✇♥ ♦✐ s✉♠♠❡tèq♦♥t❡❝ st♦ “♣❛✐q♥Ð❞✐” ❛✉tì ♦♥♦♠❼③♦♥t❛✐
leader, follower ❦❛✐ ❛♥t❛❣✇♥Ð③♦♥t❛✐ ♠❡ s❦♦♣ì t♦ ❜è❧t✐st♦ ❦èr❞♦❝ s❡ ♣♦sìt❤t❛.

❊♣✐♣❧è♦♥ ✉♣❼rq♦✉♥ ♠❡r✐❦♦Ð ♣❡r❛✐tèr✇ ♣❡r✐♦r✐s♠♦Ð ➳st❡ ♥❛ ❞✐❛t❤r❤❥❡Ð ❤
✐s♦rr♦♣Ð❛ t♦✉ Stackelberg. ❖ ❤❣èt❤❝ ♣rè♣❡✐ ♥❛ ❣♥✇rÐ③❡✐ ❡❦ t✇♥ ♣r♦tèr✇♥ ìt✐
♦ ❛❦ì❧♦✉❥♦❝ ♣❛r❛❦♦❧♦✉❥❡Ð t❤ ❞r❼s❤ t♦✉. ❖ ❛❦ì❧♦✉❥♦❝ ❞❡♥ ♣rè♣❡✐ ♥❛ èq❡✐
❦❛♥è♥❛ ♠ès♦ ❞ès♠❡✉s❤❝ s❡ ♠✐❛ ♠❡❧❧♦♥t✐❦➔ ♠❤ Stackelberg ❞r❼s❤ ❦❛✐ ♦ ❤❣èt❤❝
♣rè♣❡✐ ♥❛ t♦ ❣♥✇rÐ③❡✐ ❛✉tì.

❚♦ ♣❛✐q♥Ð❞✐ Stackelberg ❡Ð♥❛✐ t♦ ♣✐♦ s✉q♥❼ ❛♥❛❣♥✇r✐s♠è♥♦ ♠♦♥tè❧♦ ♣❛✐q♥✐✲
❞✐➳♥ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t❤ ❞✐❡r❡Ô♥❤s❤ t✇♥ ♣❛✐q♥✐❞✐➳♥ ❛❧✉sÐ❞❛❝ ❡❢♦✲
❞✐❛s♠♦Ô ❧ì❣✇ t❤❝ è♥t♦♥❤❝ ♦♠♦✐ìt❤t❛❝ ♠❡ t❛ s❡♥❼r✐❛ ♣r❛❣♠❛t✐❦♦Ô ❦ìs♠♦✉.
❚♦ ”♣❛✐q♥Ð❞✐” Stackelberg ❛♥❛♣tÔq❥❤❦❡ ❣✐❛ ♣r➳t❤ ❢♦r❼ ❛♣ì t♦♥ ●❡r♠❛♥ì
♦✐❦♦♥♦♠♦❧ì❣♦ Heinrich Freiherr von Stackelberg t♦ 1934, st♦ ❜✐❜❧Ð♦ t♦✉
Marktform und Gleichgewicht, st♦ ♦♣♦Ð♦ ❡♣✐❦❡♥tr➳❥❤❦❡ st♦♥ ❛♥t❛❣✇♥✐s♠ì
♠❡t❛①Ô ❞Ô♦ ❡t❛✐r❡✐➳♥ ♣♦✉ ♣✇❧♦Ôs❛♥ è♥❛ ♦♠♦✐♦❣❡♥è❝ ❛❣❛❥ì ✇❝ Stackelberg
♣❛✐q♥Ð❞✐ [9]. ❖✐ ♣❛Ð❦t❡❝ ❛❦♦❧♦✉❥♦Ô♥ ♠✐❛ sqès❤ ❤❣èt❤-❛❦ì❧♦✉❥♦✉ st❛ ♣❛✐q♥Ð❞✐❛
t♦✉ Stackelberg ì♣♦✉ ♦ ❤❣èt❤❝ ❦❼♥❡✐ t✐❝ ❛♣♦❢❼s❡✐❝ t♦✉ ♣r➳t❛, ❦❛✐ st❤ s✉♥èq❡✐❛
♦ ❛❦ì❧♦✉❥♦❝ ♣❛Ðr♥❡✐ t✐❝ ❛♣♦❢❼s❡✐❝ t♦✉ ❛♣❛♥t➳♥t❛❝ st❤♥ ❛♣ì❢❛s❤ t♦✉ ❤❣èt❤,
❛✉tì s✉♠❜❛Ð♥❡✐ st♦ ♣❛✐q♥Ð❞✐ ♠❡ ❞✐❛❞♦q✐❦ì trì♣♦, s❡ ❛♥tÐ❥❡s❤ ♠❡ t❛ t❛✉tìqr♦♥❛
♣❛✐q♥Ð❞✐❛ ì♣✇❝ t❛ ♣❛✐q♥Ð❞✐❛ Nash ❦❛✐ Cournot. ❍ ✐❞è❛ t❤❝ ❛♥tÐstr♦❢❤❝ ❡♣❛❣✲
✇❣➔❝ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❦❛t❼ t♦ ♣❛✐q♥Ð❞✐ Stackelberg, ❞❤❧❛❞➔ ♦✐ ❛♣♦❢❼s❡✐❝ t♦✉
❛❦ì❧♦✉❥♦✉ ❧❛♠❜❼♥♦♥t❛✐ ✉♣ì②❤ ♣r➳t❛ ❦❛t❛❧➔❣♦♥t❛❝ èts✐ s❡ ❛✉t➔ t♦✉ ❤❣èt❤
[10]. O ❤❣èt❤❝ ❞❡♥ ♠♣♦r❡Ð ♥❛ ❛♥❛✐rès❡✐ t❤♥ ❦Ð♥❤s➔ t♦✉ ✇stìs♦, èq❡✐ t♦ ❧❡❣ì✲
♠❡♥♦ ♣❧❡♦♥è❦t❤♠❛ t❤❝ ♣r➳t❤❝ ❦Ð♥❤s❤❝ ♣♦✉ t♦✉ ❡♣✐trè♣❡✐ ♥❛ ❦❡r❞Ð③❡✐ ♣❡r✐s✲
sìt❡r❛ ❦èr❞❤. ✬❊ts✐, ❣✐❛ ♥❛ ❡Ð♥❛✐ ❞Ð❦❛✐♦ ❣✐❛ t♦♥ ❛❦ì❧♦✉❥♦, ♦ ❤❣èt❤❝ s✉♥➔❥✇❝
❡❣❣✉❼t❛✐ ♦r✐s♠è♥❛ ❦Ð♥❤tr❛ st♦♥ ❛❦ì❧♦✉❥♦ t♦ ♦♣♦Ð♦ ❡♣✐trè♣❡✐ st♦♥ ❤❣èt❤ ♥❛
❞✐❛t❤r➔s❡✐ t♦♥ ❛❦ì❧♦✉❥♦ t♦✉ st♦ ♣❛✐q♥Ð❞✐ t❤❝ ❛❧✉sÐ❞❛❝ ❡❢♦❞✐❛s♠♦Ô [11].

●✐❛ t❤♥ ❧Ôs❤ t♦✉ ♠♦♥tè❧♦✉ ❛✉t♦Ô qr❤s✐♠♦♣♦✐❡Ðt❛✐ t♦ Subgame Perfect
Equilibrium (SPE) ❛❧❧❼ ❦❛✐ t♦ ❥❡➳r❤♠❛ ✐s♦rr♦♣Ð❛❝ t♦✉Nash t♦ ♦♣♦Ð♦ ❛♥❛❢èr❡✐
ìt✐ ❦❼❥❡ ♣❛Ðqt❤❝ ♣rè♣❡✐ ♥❛ ❡♣✐❧è❣❡✐ t❤♥ str❛t❤❣✐❦➔ ♣♦✉ t♦♥ ❡①✉♣❤r❡t❡Ð ❦❛❧Ôt❡r❛
❧❛♠❜❼♥♦♥t❛❝ ì♠✇❝ ✉♣ì②❤ t✐❝ str❛t❤❣✐❦è❝ ❦❼❥❡ ❼❧❧♦✉ ♣❛Ð❦t❤. [9]

●✐❛ t❤♥ ❞❤♠✐♦✉r❣Ð❛ t♦✉ ♦✐❦♦♥♦♠✐❦♦Ô ♠♦♥tè❧♦✉ ❥❛ qr❤s✐♠♦♣♦✐❤❥❡Ð t♦ Stack-
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elberg Game. ❏❡✇r♦Ô♠❡ ❧♦✐♣ì♥ è♥❛ ”♣❛✐q♥Ð❞✐” ❛♥❼♠❡s❛ st♦♥ q❡✐r✐st➔ ❦❛✐
t♦✉❝ qr➔st❡❝. ❙t♦ ♣r➳t♦ st❼❞✐♦ ♦ q❡✐r✐st➔❝, ♦ ♦♣♦Ð♦❝ èq❡✐ t♦♥ rì❧♦ t♦✉
Stackerberg leader, ❦❛❥♦rÐ③❡✐ t♦ ❦ìst♦❝ t♦✉ ❞✐❦tÔ♦✉. ❙t♦ ❞❡Ôt❡r♦ st❼❞✐♦
❛♣♦❢❛sÐ③❡✐ t❤♥ ③➔t❤s❤ t♦✉ ❢❼s♠❛t♦❝ ❣✐❛ t♦♥ Cognitive st❛❥♠ì ❜❼s❤❝. ❚è❧♦❝
st♦ trÐt♦ st❼❞✐♦ ❞♦❥❡Ðs❤❝ t❤❝ str❛t❤❣✐❦➔❝ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❣✐❛ t♦♥ ❞✐✲
❛♠♦✐r❛s♠ì ✐sqÔ♦❝ ❜❡❧t✐st♦♣♦✐❡Ð t❤♥ ❛♣ì❞♦s❤ t❤❝ Femtocell ❜❼s❤❝ st❛❥♠♦Ô.
[1, 2]

4.3.2 ❆♥❼st♦r❢♦ Stackelberg Game

❚♦ Stackerberg game ❛♥➔❦❡✐ st❤♥ ❦❧❼s❤ t✇♥ ❞✉♥❛♠✐❦➳♥ ”♣❛✐q♥✐❞✐➳♥”. ▼✐❛
❦♦✐♥➔ ❧Ôs❤ st♦ ♣❛r❛♣❼♥✇ ♣rì❜❧❤♠❛ ❡Ð♥❛✐ ♥❛ qr❤s✐♠♦♣♦✐❤❥❡Ð t♦ SPE. ✬❊♥❛❝
trì♣♦❝ ♦r✐s♠♦Ô t♦✉ SPE ❡Ð♥❛✐ ❤ ❛♥❼str♦❢❤ ❡♣❛❣✇❣➔ [2]. ❳❡❦✐♥➳♥t❛❝ ❞❤❧❛❞➔
❛♣ì t♦ st❼❞✐♦ III ♠❡ s❦♦♣ì t♦♥ ♣♦✐♦t✐❦ìt❡r♦ ❞✐❛♠♦✐r❛s♠ì ✐sqÔ♦❝. ❙t❤ s✉♥èq❡✐❛
st♦ st❼❞✐♦ II ❛♣♦❢❛sÐ③❡t❛✐ t♦ ♠è❣❡❥♦❝ t♦✉ ❢❼s♠❛t♦❝. ❚è❧♦❝ st♦ st❼❞✐♦ I ♦
❞✐❛q❡✐r✐st➔❝ ❦❛t❛❧➔❣❡✐ st❤♥ ❜è❧t✐st❤ ❛♣ì❢❛s❤ sq❡t✐❦❼ ♠❡ t❤♥ t✐♠➔. [1]

Figure 4.2: Stackelberg Game [1]
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❙t❼❞✐♦ III , ❉✐❛♠♦✐r❛s♠ì❝ ■sqÔ♦❝

✬❖t❛♥ ❧♦✐♣ì♥ t♦ ❢❼s♠❛ wl ❞✐❛♠♦✐r❼③❡t❛✐ st❤♥ Femtocell Base Station (FBS)
k ❛✉t➔ èq❡✐ ✇❝ s❦♦♣ì ♥❛ ♣❡tÔq❡✐ t♦♥ ❜è❧t✐st♦ ❡♥❡r❣❡✐❛❦❼ ❞✐❛♠♦✐r❛s♠ì ✐sqÔ❝.
❙Ô♠❢✇♥❛ ♠❡ [1]

∂πk(pk)

∂pk
=

R′
k(pk)(pa + pk)−Rk(pk)

(pa + pk)2
=

ϕ(pk)

(pa + pk)2
(4.1)

ì♣♦✉ pk s✉♠❜♦❧Ð③❡t❛✐ ♦ ❞✐❛♠♦✐r❛s♠ì❝ t❤❝ ✐sqÔ♦❝ ,t♦ ♣ ❛♣♦t❡❧❡Ð t❤♥ s✉♥❼rt❤s❤

t♦✉ ❦ìst♦✉❝ ❦❛✐ Rk(pk) ✐s♦Ôt❛✐ ♠❡
∑L

l=1
((ςκ − cb)xlkwllog2(1 +

h2

lk
pk

σ2 )) ì♣♦✉
t♦ ςk ❡Ð♥❛✐ t❛ ès♦❞❛ t♦✉ FBS cb t♦ ❦ìst♦❝ ❞✐❛♠♦✐r❛s♠♦Ô ❢❼s♠❛t♦❝ ❛♣♦ t❤♥
Cognitive BS , xlk ♦ ❞❡Ð❦t❤❝ ❞✐❛♠♦✐r❛s♠♦Ô ❢❼s♠❛t♦❝ , wl to ❢❼s♠❛, hlk ❤
❡♥❡r❣❡✐❛❦❼ ❛♣♦❞♦t✐❦➔ ❡❦♣♦♠♣➔ ❦❛✐ tè❧♦❝ σ2 ♦ ❧❡✉❦ì❝ ❥ìr✉❜♦❝.

❙t❼❞✐♦ II , ❆♣❛Ðt❤s❤ ❋❼s♠❛t♦❝ t♦✉ ❙t❛❥♠♦Ô ❇❼s❤❝
t♦✉ Cognitive Radio

▼❡t❼ t❤♥ ♦❧♦❦❧➔r✇s❤ t♦✉ ❙t❛❞Ð♦✉ II ♦ Cognitive BS èq❡✐ t❤♥ ❞✉♥❛tìt❤t❛
♥❛ ❛♣♦❢❛sÐs❡✐ t♦ ♠è❣❡❥♦❝ t♦✉ ❢❼s♠❛t♦❝ ♣♦✉ ❥❛ ♣rè♣❡✐ ♥❛ ❛❣♦r❛st❡Ð ❛♣♦ t❛
❞✐❼❢♦r❛ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛. ❙Ô♠❢✇♥❛ ♠❡ t♦ [1] ❤ s✉♥❼rt❤s❤ ❣✐❛ t♦ Cognitive
BS ♦rÐ③❡t❛✐ ✇❝

∂πb(w)

∂wl

= (
K∑

k=1

cbxlkηlk +
I∑

i=1

ξixliηli)− wl − θ
∑

q 6=l

wq − cl = 0 (4.2)

▲Ô♥♦♥t❛❝ t❤♥ ♣❛r❛♣❼♥✇ ❡①Ðs✇s❤ s✉♠♣❡r❛Ð♥❡t❛✐ ìt✐ ❤ ♣♦sìt❤t❛ t♦✉ ❢❼s✲
♠❛t♦❝ ♣♦✉ ❥❛ ❛❣♦r❛st❡Ð ❛♣♦ t❛ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛ ❡Ð♥❛✐ :

w∗
l =

(
∑K

k=1
cbxlkηlk − ci)(θ(L− 2) + 1)

(1− θ)(θ(L− 1) + 1)
−
θ
∑

q 6=l(
∑K

k=1
cbxqkηli +

∑I

i=1
ξixqiηqi − cq)

(1− θ)(θ(L− 1) + 1)
(4.3)

ì♣♦✉ ❥ ❤ ❞✉♥❛tìt❤t❛ ❛♣♦❦❛t❼st❛s❤❝ ❢❼s♠❛t♦❝, L ♦ ❛r✐❥♠ì❝ t✇♥ ♣r✇t❡✉ì♥✲
t✇♥ ❞✐❦tÔ✇♥, ■ ♦ ❛r✐❥♠ì❝ t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr❤st➳♥ ❦❛✐ ❑ ♦ ❛r✐❥♠ì❝ t✇♥
Femtocells.
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❙t❼❞✐♦ I , ❑❛❥♦r✐s♠ì❝ t✐♠➔❝ ❉✐❦tÔ✇♥

▼❡t❼ t❤♥ ♦❧♦❦❧➔r✇s❤ t♦✉ st❛❞Ð♦✉ II ❣Ð♥❡t❛✐ ❛♥t✐❧❤♣tì ìt✐ t♦ ❦ìst♦❝ ❣✐❛
❦❼❥❡ ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦ ❡①❛rt❼t❛✐ ❛♣ì t❤♥ ❞✐❦➔ t♦✉ t✐♠➔ cl ❛❧❧❼ ❦❛✐ ❛♣ì t✐❝
t✐♠è❝ c−l ❼❧❧✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥. ●✐❛ t♦♥ ❧ì❣♦ ❛✉tì ♦ ❦❛❥ìr✐s♠ì❝ t❤❝
t✐♠➔❝ ❛♥❼♠❡s❛ st❛ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛ ❡Ð♥❛✐ è♥❛ ”♣❛✐q♥Ð❞✐” G = Ncl, πl(·) ì♣♦✉
N = 1, 2, ...L ❡Ð♥❛✐ ♦ ❛r✐❥♠ì❝ t✇♥ ”♣❛✐qt➳♥” ♣♦✉ s✉♠♠❡tèq♦✉♥ st♦ ”♣❛✐q♥Ð❞✐”
❦❛✐ πl(·) ❡Ð♥❛✐ ❤ s✉♥❼rt❤s❤ ❦ìst♦✉❝ ❣✐❛ ❦❼❥❡ è♥❛ ❛♣♦ t❛ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛ l.
❙t❤♥ ♣❛r❛♣❼♥✇ ♣❡rÐ♣t✇s❤ ✉♣❼rq❡✐ ❤ ❞✉♥❛tìt❤t❛ ❡❢❛r♠♦❣➔❝ t♦✉ ❥❡✇r➔♠❛t♦❝
t❤❝ ✐s♦rr♦♣Ð❛❝ t♦✉ Nash ❦❛✐ sÔ♠❢✇♥❛ ♠❡ t♦ [1] ♣r♦❦Ô♣t❡✐ ❤ ♣❛r❛❣♦♥t♦♣♦✐❤✲
♠è♥❤ ❣✐❛ q❼r❤ t✇♥ ♠❛❥❤♠❛t✐❦➳♥ s✉♥❼rt❤s❤ ❦ìst♦✉❝.

∂πl(c)

∂cl
= a1kl

(θ(L− 2) + 1)

(1− θ)(θ(L− 1) + 1)
−

cl(θ(L− 2) + 1)

(1− θ)(θ(L− 1) + 1)
+

(
∑K

k=1
cbxlkηlk +

∑I

i=1
ξixliηli − cl)(θ(L− 2) + 1)

(1− θ)(θ(L− 1) + 1)
−

θ
∑

q 6=l(
∑K

k=1
cbxqkηqk +

∑I

i=1
ξixqiηqi − cq)

(1− θ)(θ(L− 1) + 1)
(4.4)

❙t♦♥ ♣❛r❛❦❼t✇ ♣Ð♥❛❦❛ ❛♥❛❧Ô♦♥t❛✐ ♦✐ ♣❛r❼♠❡tr♦✐ ♣♦✉ qr❤s✐♠♦♣♦✐➔❥❤❦❛♥
st♦ Stackelberg Game
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Table 4.1: PÐ♥❛❦❛❝ P❛r❛♠ètr✇♥

P❛r❼♠❡tr♦❝ ❊♣❡①➔❣❤s❤

l ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦
k Femtocell
L ❛r✐❥♠ì❝ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥
pk ❞✐❛♠♦✐r❛s♠ì❝ ✐sqÔ♦❝
π s✉♥❼rt❤s❤ ❦ìst♦✉❝
a sq❡❞✐❛st✐❦➔ ♣❛r❼♠❡tr♦❝

Rk(pk)
∑L

l=1
((ςκ − cb)xlkwllog2(1 +

h2

lk
pk

σ2 ))
ςκ ès♦❞❛ t♦✉ FBS t♦✉ k
cb ❦ìst♦❝ ❞✐❛♠♦✐r❛s♠♦Ô ❢❼s♠❛t♦❝ ❛♣♦ t❤♥ Cognitive BS
σ2 ❧❡✉❦ì❝ ❥ìr✉❜♦❝
pa ❡♣✐♣rìs❥❡t❤ ❦❛t❛♥❼❧✇s❤ ✐sqÔ♦❝

ϕ(pk) R′
k(pk)(pa + pk)−R(pk)

wl ❢❼s♠❛
cl t✐♠➔
xlk ❞❡Ð❦t❤❝ ❞✐❛♠♦✐r❛s♠♦Ô ❢❼s♠❛t♦❝
ηlk ❡♥❡r❣❡✐❛❦❼ ❛♣♦❞♦t✐❦➔ ❡❦♣♦♠♣➔
ξi ❦ìst♦❝ ♣♦✉ ❡❦♣❧❤r➳♥❡t❛✐ ❛♣♦ t♦✉❝ MSUs st❤♥ Cognitive BS
θ ❞✉♥❛tìt❤t❛ ✉♣♦❦❛t❼st❛s❤❝ ❢❼s♠❛t♦❝

4.4 ❖✐❦♦♥♦♠✐❦➔ ❆♥❼❧✉s❤ SDN/NFV

4.4.1 ❊✐s❛❣✇❣➔

❚♦ SDN ❡Ð♥❛✐ ♠✐❛ ♥è❛ ♣r♦sè❣❣✐s❤ ❣✐❛ t♦ cloud computing ❤ ♦♣♦Ð❛ ❞✐❡✉❦♦❧Ô♥❡✐
t❤ ❞✐❛q❡Ðr✐s❤ t♦✉ ❞✐❦tÔ♦✉ ❦❛✐ ❡♣✐trè♣❡✐ t❤♥ ❛♣♦❞♦t✐❦➔ ❞✐❛♠ìr❢✇s❤ t♦✉ ♣r♦❦❡✐♠è✲
♥♦✉ ♥❛ ❜❡❧t✐✇❥❡Ð ❤ ❛♣ì❞♦s❤ ❦❛✐ ❤ ♣❛r❛❦♦❧♦Ô❥❤s❤ t♦✉ [7]. ❚♦ SDN èq❡✐ ✇❝
s❦♦♣ì ♥❛ ❛♣♦❞❡Ð①❡✐ ìt✐ ❤ ❛rq✐t❡❦t♦♥✐❦➔ t✇♥ ♣❛r❛❞♦s✐❛❦➳♥ ❞✐❦tÔ✇♥ ❡Ð♥❛✐ ❛r❦❡t❼
sÔ♥❥❡t❤ ❡♥➳ t❛ trèq♦♥t❛ ❞Ð❦t✉❛ ❛♣❛✐t♦Ô♥ ♠❡❣❛❧Ôt❡r❤ ❡✉❡❧✐①Ð❛ ❦❛✐ ❡✉❦♦❧ìt❡r❤
❛♥t✐♠❡t➳♣✐s❤ ♣r♦❜❧❤♠❼t✇♥ [8].

❆❦ì♠❤ è♥❛❝ ♣❛r❼❣♦♥t❛❝ t♦✉ ♠♦♥tè❧♦✉ ❛✉t♦Ô ❡Ð♥❛✐ t♦ RAN t♦ ♦♣♦Ð♦ ❡Ð♥❛✐
♠✐❛ ♣r♦t❡✐♥ì♠❡♥❤ ❛rq✐t❡❦t♦♥✐❦➔ ❣✐❛ t❛ ♠❡❧❧♦♥t✐❦❼ ❦✉②❡❧♦❡✐❞➔ ❦✐♥❤t❼ ❞Ð❦t✉❛.
❊✐❞✐❦ìt❡r❛ t♦ RAN (C-RAN , Centralized-RAN) ❡Ð♥❛✐ ♠✐❛ ❛rq✐t❡❦t♦♥✐❦➔ ❞✐❦✲
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tÔ✇♥ ❛sÔr♠❛t❤❝ ♣rìs❜❛s❤❝ ❜❛s✐③ì♠❡♥❤ st❤♥ ✐❞è❛ t♦✉ cloud computing ♣♦✉
✉♣♦st❤rÐ③❡✐ 2G, 3G, 4G ❦❛✐ ♠❡❧❧♦♥t✐❦❼ ♣rìt✉♣❛ ❛sÔr♠❛t❤❝ ❡♣✐❦♦✐♥✇♥Ð❛❝ [12].

❚❛ ♣❛r❛❞♦s✐❛❦❼ ❦✉②❡❧♦❡✐❞➔ ❞Ð❦t✉❛ ➔ t❛ ❞Ð❦t✉❛ ♣rìs❜❛s❤❝ r❛❞✐♦s✉q♥♦t➔t✇♥,
❛♣♦t❡❧♦Ô♥t❛✐ ❛♣ì ♣♦❧❧♦Ô❝ ❛♥❡①❼rt❤t♦✉❝ st❛❥♠♦Ô❝ ❜❼s❤❝. ❑❼❥❡ BS ❦❛❧Ô♣t❡✐
♠✐❛ ♠✐❦r➔ ♣❡r✐♦q➔, ❡♥➳ ♠✐❛ ♦♠❼❞❛ BS ♣❛rèq❡✐ ❦❼❧✉②❤ s❡ ♠✐❛ s✉♥❡q➔ ♣❡r✐♦q➔.
❑❼❥❡ BS ❡♣❡①❡r❣❼③❡t❛✐ ❦❛✐ ♠❡t❛❞Ð❞❡✐ t♦ ❞✐❦ì t♦✉ s➔♠❛ ♣r♦❝ ❦❛✐ ❛♣ì t♦ ❦✐♥❤tì
t❡r♠❛t✐❦ì ❦❛✐ ♣r♦✇❥❡Ð t♦ ✇❢è❧✐♠♦ ❢♦rtÐ♦ ❞❡❞♦♠è♥✇♥ ♣r♦❝ ❦❛✐ ❛♣ì t♦ ❦✐♥❤tì
t❡r♠❛t✐❦ì ❦❛✐ ❦❛t❡✉❥Ô♥❡t❛✐ ♣r♦❝ t♦ ❦❡♥tr✐❦ì ❞Ð❦t✉♦ ♠ès✇ t♦✉ backhaul.

❯♣❼rq♦✉♥ ❛r❦❡t♦Ð ♣❡r✐♦r✐s♠♦Ð st❤♥ ♣❛r❛❞♦s✐❛❦➔ ❛rq✐t❡❦t♦♥✐❦➔. Pr➳t♦♥,
❦❼❥❡ BS ❡Ð♥❛✐ ❞❛♣❛♥❤rì ❣✐❛ t❤♥ ❦❛t❛s❦❡✉➔ ❦❛✐ t❤ ❧❡✐t♦✉r❣Ð❛ t♦✉. ❉❡Ôt❡r♦♥,
ìt❛♥ ♣r♦st❡❥♦Ô♥ ♣❡r✐ssìt❡r❛ s✉st➔♠❛t❛ s❡ è♥❛ sÔst❤♠❛ ❣✐❛ t❤ ❜❡❧tÐ✇s❤ t❤❝
q✇r❤t✐❦ìt❤t❼❝ t♦✉, ♦✐ ♣❛r❡♠❜♦❧è❝ ♠❡t❛①Ô t✇♥ BS ❡Ð♥❛✐ ♣✐♦ s❤♠❛♥t✐❦è❝ ❦❛❥➳❝
t❛ BS ❡Ð♥❛✐ ♣❧❤s✐èst❡r❛ ♠❡t❛①Ô t♦✉❝ ❦❛✐ ♣❡r✐ssìt❡r❛ ❛♣ì ❛✉t❼ qr❤s✐♠♦♣♦✐♦Ô♥
t❤♥ Ð❞✐❛ s✉q♥ìt❤t❛.

❚♦ RAN ♠♣♦r❡Ð ♥❛ ❥❡✇r❤❥❡Ð ❛rq✐t❡❦t♦♥✐❦➔ ❡①è❧✐①❤ t♦✉ ♣❛r❛♣❼♥✇ ❦❛t❛♥❡♠❤✲
♠è♥♦✉ s✉st➔♠❛t♦❝ st❛❥♠➳♥ ❜❼s❤❝. ❊♣✇❢❡❧❡Ðt❛✐ ❛♣ì ♣♦❧❧è❝ t❡q♥♦❧♦❣✐❦è❝ ❡①✲
❡❧Ð①❡✐❝ s❡ ❛sÔr♠❛t❛, ♦♣t✐❦❼ ❦❛✐ ♣❧❤r♦❢♦r✐❛❦❼ s✉st➔♠❛t❛ ♣❧❤r♦❢♦r✐❦➔❝. ❊❢❛r✲
♠ì③❡✐ t❤♥ ♣rìs❢❛t❤ t❡q♥♦❧♦❣Ð❛ Data Center Network ♠❡ s❦♦♣ì ♥❛ ❞❤♠✐♦✉r❣➔✲
s❡✐ è♥❛ ❞Ð❦t✉♦ ❞✐❛sÔ♥❞❡s❤❝ q❛♠❤❧♦Ô ❦ìst♦✉❝, ✉②❤❧➔❝ ❛①✐♦♣✐stÐ❛❝, q❛♠❤❧➔❝ ❦❛✲
❥✉stèr❤s❤❝ ❦❛✐ ✉②❤❧♦Ô ❡Ôr♦✉❝ ③➳♥❤❝. ◗r❤s✐♠♦♣♦✐❡Ð ❛♥♦✐qtè❝ ♣❧❛t❢ìr♠❡❝ ❦❛✐
t❡q♥♦❧♦❣Ð❛ ❡✐❦♦♥✐❦♦♣♦Ð❤s❤❝ s❡ ♣r❛❣♠❛t✐❦ì qrì♥♦ ❣✐❛ t❤♥ ❡♣Ðt❡✉①❤ ❞✉♥❛♠✐❦➔❝
❦❛t❛♥♦♠➔❝ ❦♦✐♥➳♥ ♣ìr✇♥ ❦❛✐ ✉♣♦st➔r✐①❤❝ ♣♦❧✉-t❡q♥♦❧♦❣✐❦➳♥ ♣❡r✐❜❛❧❧ì♥t✇♥[13].

✬❊♥❛ ❛❦ì♠❛ st♦✐q❡Ð♦ ♣♦✉ ❡Ð♥❛✐ ❛♥❛❣❦❛Ð♦ ♥❛ ❛♥❛❢❡r❥❡Ð ❡Ð♥❛✐ t♦ NFV t♦
♦♣♦Ð♦ ❡Ð♥❛✐ ♠✐❛ ♣r♦sè❣❣✐s❤ ❣✐❛ t❤♥ ❞✐❦tÔ✇s❤ t✇♥ t❤❧❡♣✐❦♦✐♥✇♥✐➳♥, ì♣♦✉ ♦✐ ♦♥✲
tìt❤t❡❝ ❞✐❦tÔ♦✉ ♣♦✉ ♣❛r❛❞♦s✐❛❦❼ qr❤s✐♠♦♣♦✐♦Ôs❛♥ ❡✐❞✐❦❼ ❛♥t✐❦❡Ð♠❡♥❛ ✉❧✐❦♦Ô
❛♥t✐❦❛❥Ðst❛♥t❛✐ t➳r❛ ♠❡ ✉♣♦❧♦❣✐stè❝ st♦✉❝ ♦♣♦Ð♦✉❝ trèq❡✐ ❧♦❣✐s♠✐❦ì ❣✐❛ t❤♥
♣❛r♦q➔ t❤❝ Ð❞✐❛❝ ❧❡✐t♦✉r❣✐❦ìt❤t❛❝. ❊❦t❡❧➳♥t❛❝ è♥❛ ❞Ð❦t✉♦ ♣♦✉ ❜❛sÐ③❡t❛✐ s❡
t❡q♥✐❦è❝ NFV, ❡Ð♥❛✐ ❡✉❦♦❧ìt❡r♦ ♥❛ ❡♣❡❦t❛❥❡Ð, ♥❛ tr♦♣♦♣♦✐❤❥❡Ð ❦❛✐ ❡Ð♥❛✐ s❡
❥ès❤ ♥❛ ♣r♦s❢èr❡✐ s❤♠❛♥t✐❦❼ ♠❡❣❛❧Ôt❡r❤ ❡✉❡❧✐①Ð❛ ❦❛❥➳❝ ❦❛✐ ♥❛ t✉♣♦♣♦✐➔s❡✐
t♦ ♠❡❣❛❧Ôt❡r♦ ♠èr♦❝ t♦✉ ✉❧✐❦♦Ô. ▼❡ t♦♥ trì♣♦ ❛✉tì ♠♣♦r❡Ð ♥❛ ♠❡✐✇❥❡Ð s❤♠❛♥✲
t✐❦❼ t♦ ❦ìst♦❝ [38].

❚è❧♦❝, t♦ EPC ❡Ð♥❛✐ è♥❛ ♣❧❛Ðs✐♦ ❣✐❛ t❤♥ ♣❛r♦q➔ sÔ❣❦❧✐s❤❝ ❢✇♥➔❝ ❦❛✐
❞❡❞♦♠è♥✇♥ s❡ è♥❛ ❞Ð❦t✉♦ 5G. ❊♣✐♣❧è♦♥ ❡♥♦♣♦✐❡Ð t❤ ❢✇♥➔ ❦❛✐ t❛ ❞❡❞♦♠è♥❛ s❡
♠✐❛ ❛rq✐t❡❦t♦♥✐❦➔ ✉♣❤r❡sÐ❛❝ ♣r✇t♦❦ì❧❧♦✉ Internet ❦❛✐ ❤ ❢✇♥➔ ❛♥t✐♠❡t✇♣Ð③❡t❛✐
✇❝ ♠✐❛ ❼❧❧❤ ❡❢❛r♠♦❣➔ IP. ❆✉tì ❡♣✐trè♣❡✐ st♦✉❝ ❢♦r❡Ð❝ ❡❦♠❡t❼❧❧❡✉s❤❝ ♥❛
❛♥❛♣tÔs♦✉♥ ❦❛✐ ♥❛ ❧❡✐t♦✉r❣♦Ô♥ è♥❛ ❞Ð❦t✉♦ ♣❛❦èt✇♥.
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4.4.2 ▼♦♥tè❧♦ ❙✉st➔♠❛t♦❝

❍ t❡q♥♦-♦✐❦♦♥♦♠✐❦➔ ❛♥❼❧✉s❤ ❛♣♦❞❡✐❦♥Ô❡✐ ìt✐ t♦ SDN ❦❛✐ ❤ ❧❡✐t♦✉r❣Ð❛ ❛♥❛✲
♣❛r❼st❛s❤❝ t♦✉ ❡①♦♣❧✐s♠♦Ô t♦✉ ❞✐❦tÔ♦✉ ♦❞❤❣❡Ð s❡ s❤♠❛♥t✐❦➔ ♠❡Ð✇s❤ t♦✉
CAPEX ❣✐❛ t♦✉❝ ❞✐❛q❡✐r✐stè❝ t♦✉ [4]. ❚♦ NFV ✉❧♦♣♦✐❡Ð ❧❡✐t♦✉r❣Ð❡❝ ❞✐❦tÔ♦✉
♠ès✇ ❧♦❣✐s♠✐❦♦Ô t♦ ♦♣♦Ð♦ ❧❡✐t♦✉r❣❡Ð s❡ ❞✐❛❦♦♠✐stè❝ ❜❛s✐❦➳♥ ♣r♦ðì♥t✇♥, s❡
❛♥tÐ❥❡s❤ ♠❡ t❛ s✉♠❜❛t✐❦❼ ❞Ð❦t✉❛ t❛ ♦♣♦Ð❛ ✉❧♦♣♦✐♦Ô♥ ❛✉tè❝ t✐❝ ❧❡✐t♦✉r❣Ð❡❝ ♠❡
qr➔s❤ ❡✐❞✐❦♦Ô ✉❧✐❦♦Ô. ✬❖s♦♥ ❛❢♦r❼ t♦ SDN, ❞✐❛q✇rÐ③♦♥t❛❝ t♦ ❡♣Ð♣❡❞♦ ❡❧è❣q♦✉
❦❛✐ ❞❡❞♦♠è♥✇♥ ❡Ð♥❛✐ ❞✉♥❛tì♥ ❣✐❛ t♦♥ q❡✐r✐st➔ ♥❛ ❛✉①➔s❡✐ t❤♥ t❛qÔt❤t❛ ❡✐s❛❣✲
✇❣➔❝ ♥è✇♥ ❧❡✐t♦✉r❣✐➳♥ ❦❛✐ ♥❛ ❡♣✐❢èr❡✐ ♠❡Ð✇s❤ t♦✉ TCO. ❊♣✐♣❧è♦♥ t♦ Open-
Flow, t♦ ♦♣♦Ð♦ ❡Ð♥❛✐ ❡♥❼ t✉♣✐❦ì ♣r✇tì❦♦❧❧♦ ❡♣✐❦♦✐♥✇♥Ð❛❝ ❡♣✐trè♣❡✐ ❼♠❡s❤ ♣rìs✲
❜❛s❤ ❦❛✐ è❧❡❣q♦ t♦✉ ❡♣✐♣è❞♦✉ ♣r♦➳❥❤s❤❝ t✇♥ s✉s❦❡✉➳♥ t♦✉ ❞✐❦tÔ♦✉ [4] ❦❛✐
❛♣♦t❡❧❡Ð t♦♥ s❤♠❛♥t✐❦ìt❡r♦ ♣❛r❼❣♦♥t❛ t❤❝ ♠❡Ð✇s❤❝ t♦✉ CAPEX ❣✐❛ t♦ SDN
[5].

❊♣✐♣rìs❥❡t❛, ❤ ❦♦✐♥➔ qr➔s❤ ❡①♦♣❧✐s♠♦Ô ♠❡t❛①Ô ❞✐❛q❡✐r✐st➳♥ ❦✐♥❤t➳♥ ❞✐❦✲
tÔ✇♥ ❡♣✐trè♣❡✐ t❤♥ ❛♣♦❞♦t✐❦➔ qr➔s❤ t✇♥ ➔❞❤ ✉♣❛rqì♥t✇♥ ♣ìr✇♥ t✇♥ ❞✐❦tÔ✇♥.
❍ ❧❡✐t♦✉r❣Ð❛ ❛♥❛♣❛r❼st❛s❤❝ t♦✉ ❞✐❦tÔ♦✉ (Network virtualization) ❡Ð♥❛✐ ♠✐❛
♠è❥♦❞♦❝ ❦❛t❛ t❤♥ ♦♣♦Ð❛ ♦✐ ❢✉s✐❦♦Ð ♣ìr♦✐ t♦✉ ❞✐❦tÔ♦✉ ❞✐❛s♣➳♥t❛✐ s❡ ❞✐❼✲
❢♦r❛ ❦♦♠♠❼t✐❛ ❦❼❥❡ è♥❛ ❛♣♦ t❛ ♦♣♦Ð❛ ❡Ð♥❛✐ ❛♣♦♠♦♥✇♠è♥♦ ❛♣♦ t❛ ✉♣ì❧♦✐♣❛
❦❛✐ ❡♥s✇♠❛t➳♥❡t❛✐ ❞✉♥❛♠✐❦❼ s❡ ♠✐❛ s✉s❦❡✉➔ t♦✉ ❡❦❼st♦t❡ ❞♦❥è♥t♦❝ ❞✐❦tÔ♦✉.

▼❡ t❤♥ t❡q♥♦❧♦❣Ð❛ RAN ❤ ❡♣❡①❡r❣❛sÐ❛ ♣r❛❣♠❛t♦♣♦✐❡Ðt❛✐ s❡ è♥❛ ❦è♥tr♦ ❞❡✲
❞♦♠è♥✇♥ ♠❡✐➳♥♦♥t❛❝ èts✐ t♦ ❛♣❛r❛Ðt❤t♦ ❦ìst♦❝ ❣✐❛ t♦ ❞Ð❦t✉♦. ❊♣✐♣r♦s❥èt✇❝
t♦ RAN ♣r♦s❢èr❡✐ ❡✉❦♦❧ìt❡r❤ ❛♥❼♣t✉①❤ ♥è✇♥ t❡q♥♦❧♦❣✐➳♥ ❦❛✐ ❜❡❧t✐➳♥❡✐
s❤♠❛♥t✐❦❼ t❤ s✉♥♦❧✐❦➔ ❧❡✐t♦✉r❣Ð❛ t♦✉ ❞✐❦tÔ♦✉ ♠❡ t♦ ♥❛ ❡♥❤♠❡r➳♥❡✐ t♦ s➔♠❛ ♠❡
t❤♥ qr➔s❤ t♦✉ EPC [4]. ❍ ❡✐❦♦♥✐❦♦♣♦✐❤♠è♥❤ ❞✐❡♣❛❢➔ ♣❛rèq❡✐ ♣rìs❜❛s❤ st♦
EPC ♠❡s✇ ♠✐❛❝ ❡✐❦ì♥❛❝ t✇♥ ❢✉s✐❦➳♥ ♣ìr✇♥ ♣♦✉ sq❡tÐ③♦♥t❛✐ ♠❡ t♦ ❞❡❞♦♠è♥♦
RAN BS. [6]

❍ ❛♣♦♠ì♥✇s❤ t♦✉ EPC ❛♣ì t♦ RAN ❡♣✐trè♣❡✐ t❤♥ ❜❡❧♣t✐st♦♣♦Ð❤s❤ t✇♥
❞Ô♦ ♣❡r✐♦q➳♥ q✇rÐ❝ ♥❛ ❡♣❤r❡❼s❡✐ ❛r♥❤t✐❦❼ t❤♥ ♠❡t❛①Ô t♦✉❝ ❡♣✐❦♦✐♥✇♥Ð❛ ❦❛✐ ❞❡♥
❛♣❛✐t❡Ðt❛✐ s✉♥❡q➔❝ s❤♠❛t♦❞ìt❤s❤ ❣✐❛ t❤♥ ❧➔②❤ ♣❧❤r♦❢♦r✐➳♥ ❛♣♦ t♦ ❞Ð❦t✉♦ [4].
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Figure 4.3: ▼♦♥tè❧♦ ❙✉st➔♠❛t♦❝ SDN/NFV [4]

4.4.3 ❑❡❢❛❧❛✐❛❦è❝ ❉❛♣❼♥❡❝ - CAPEX

❆rq✐t❡❦t♦♥✐❦➔ RAN

❖✐ ♣❛r❼♠❡tr♦✐ t❤❝ ❛rq✐t❡❦t♦♥✐❦➔❝ t♦✉ RAN sÔ♠❢✇♥❛ ♠❡ t♦ [4] ♣❛r♦✉s✐❼③♦♥t❛✐
st♦ ♣❛r❛❦❼t✇ ♣Ð♥❛❦❛.

Table 4.2: P❛r❛♠ètr♦✐ CAPEX RAN

P❛r❼♠❡tr♦❝ ❊♣❡①➔❣❤s❤

nus ❆r✐❥♠ì❝ virtual BS ❛♥❛ Super Base Station (SBS)
lSBS P✉❦♥ìt❤t❛ qr❤st➳♥ ❛♥❛ ♣❡r✐♦q➔
NSBS ❆r✐❥♠ì❝ SuperBS ❛♥❛ ♣❡r✐♦q➔
Rmax ▼è❣✐st❤ ❦❼❧✉②❤ t❤❝ BS
Ccs−sbs ❑ìst♦❝ ❛♥❛ cell site t❤❝ SBS
CSBS ❑ìst♦❝ ♠✐❛❝ SBS ♠♦♥❼❞❛❝

❖ ❛r✐❥♠ì❝ t✇♥ qr❤st➳♥ s❡ ♠✐❛ ♣❡r✐♦q➔ ❆ ❡Ð♥❛✐ :

NUE = lSBS ∗ A = nus ∗ l ∗ pi ∗R
2

max ∗NSBS (4.5)
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❚♦ s✉♥♦❧✐❦ì ❦ìst♦❝ ❣✐❛ t❤♥ ❦❛t❛s❦❡✉➔ ❡♥ì❝ cell cite ❣✐❛ è♥❛ SBS ❞Ð❦t✉♦
❡Ð♥❛✐:

Csite = Ccs−sbs ∗NSBS (4.6)

❚♦ s✉♥♦❧✐❦ì ❦ìst♦❝ ❣✐❛ t♦ SBS t♦✉ ❞✐❦tÔ♦✉ ❡Ð♥❛✐ :

Nsbso = CSBS ∗NSBS (4.7)

❊♣♦♠è♥✇❝ ♦✐ s✉♥♦❧✐❦è❝ ❦❡❢❛❧❛✐❛❦è❝ ❞❛♣❼♥❡❝ ❣✐❛ t❤♥ ❛rq✐t❡❦t♦♥✐❦➔ t♦✉
RAN ❡Ð♥❛✐ :

CAPEXRAN = Csite + Csbso =

NUE

nus ∗ l ∗ pi ∗R2
max

∗ (Ccs−sbs + CSBS) (4.8)

❆rq✐t❡❦t♦♥✐❦➔ EPC

❖✐ ♣❛r❼♠❡tr♦✐ t❤❝ ❛rq✐t❡❦t♦♥✐❦➔❝ t♦✉ EPC sÔ♠❢✇♥❛ ♠❡ t♦ [4] ♣❛r♦✉s✐❼③♦♥t❛✐
st♦ ♣❛r❛❦❼t✇ ♣Ð♥❛❦❛.

Table 4.3: P❛r❛♠ètr♦✐ CAPEX EPC

P❛r❼♠❡tr♦❝ ❊♣❡①➔❣❤s❤

Cplace ❑ìst♦❝ ❣✐❛ t♦ st➔s✐♠♦ ➔ t❤♥ ❡♥♦✐❦Ð❛s❤ t♦✉ ❦è♥tr♦✉ ❞❡❞♦♠è♥✇♥
Cservers ❙✉♥♦❧✐❦ì ❦ìst♦❝ ❣✐❛ t♦♥ ❡①♦♣❧✐s♠ì t✇♥ servers
Clicense ❙✉♥♦❧✐❦ì ❦ìst♦❝ ❼❞❡✐✇♥ ❣✐❛ t❤♥ ❛♣ì❦t❤s❤ t♦✉ ❧♦❣✐s♠✐❦♦Ô

❊♣♦♠è♥✇❝ t♦ s✉♥♦❧✐❦ì ❦ìst♦❝ ❣✐❛ t❤♥ ❛♣ì❦t❤s❤ t♦✉ ❛♣❛✐t♦Ô♠❡♥♦✉ ❛r✐❥♠♦Ô
servers ❡Ð♥❛✐:
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Cservers = nservers∗CperServer
(4.9)

ì♣♦✉ nservers ❡Ð♥❛✐ ♦ s✉♥♦❧✐❦ì❝ ❛r✐❥♠ì❝ t✇♥ servers ♣♦✉ ❛♣❛✐t❡Ðt❛✐ ❛♣♦ t♦
❞Ð❦t✉♦ , CperServer ❡Ð♥❛✐ t♦ ❦ìst♦❝ ♣♦✉ qr❡✐❼③❡t❛✐ ❦❼❥❡ ♠♦♥❼❞❛ .

Clicense = CHSS + CMME + CS−GW

+CP −GW + CoV S + COFcontroller
(4.10)

ì♣♦✉ CHSS t♦ ❦ìst♦❝ ✉♣❤r❡sÐ❛❝ s✉♥❞r♦♠❤t➳♥ , CMME t♦ ❦ìst♦❝ ❣✐❛ t❤♥
♦♥tìt❤t❛ ❞✐❛q❡Ðr✐s❤❝ ❦✐♥❤t✐❦ìt❤t❛❝ ,CS−GW t♦ ❦ìst♦❝ ❣✐❛ t❤♥ ❡①✉♣❤rèt❤s❤
♣Ô❧❤❝ , CP−GW t♦ ❦ìst♦❝ ❣✐❛ t❤♥ ♣Ô❧❤ ❞✐❦tÔ♦✉ ♣❛❦èt✇♥ ❞❡❞♦♠è♥✇♥ , CoV S

t♦ ❦ìst♦❝ ❣✐❛ t♦ Open vSwitch ❦❛✐ COFcontroller t♦ ❦ìst♦❝ ❣✐❛ t♦♥ r✉❥♠✐st➔
r♦➔❝.

❚è❧♦❝ t♦ s✉♥♦❧✐❦ì CAPEX ❡Ð♥❛✐:

CAPEXυEPC = Cservers + Clicense + Cplace (4.11)

4.4.4 ▲❡✐t♦✉r❣✐❦è❝ ❉❛♣❼♥❡❝ - OPEX

❆rq✐t❡❦t♦♥✐❦➔ RAN

❖✐ ♣❛r❼♠❡tr♦✐ ❣✐❛ t❤♥ ❛♥❼❧✉s❤ t♦✉ OPEX ❣✐❛ t❤♥ ❛rq✐t❡❦t♦♥✐❦➔ RAN sÔ♠✲
❢✇♥❛ ♠❡ t♦ [4] ❡Ð♥❛✐:
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Table 4.4: P❛r❛♠ètr♦✐ OPEX RAN

P❛r❼♠❡tr♦❝ ❊♣❡①➔❣❤s❤

Ptrans ■sqÔ❝ ♣♦♠♣♦❞è❦t❤
Prect ❆♥♦r❥✇t✐❦➔ ✐sqÔ❝
PDSP ■sqÔ❝ t♦✉ ②❤❢✐❛❦♦Ô ❡♣❡①❡r❣❛st➔ s➔♠❛t♦❝
PPA ■sqÔ❝ ❡♥✐sq✉t➔ ✐sqÔ♦❝
Pmw ■sqÔ❝ ❡❦♣♦♠♣➔❝ MiroWave MW
Pair IsqÔ❝ ②Ô①❤❝

❯♣♦❥èt♦♥t❛❝ ìt✐ ♦ ❛r✐❥♠ì❝ t✇♥ SBSs s❡ ♠✐❛ ♣❡r✐♦q➔ A ❡Ð♥❛✐ NSBS ❦❛✐ ♦
❛r✐❥♠ì❝ ❦❼❥❡ ♠èr♦✉❝ s❡ ❦❼❥❡ SBS ❡Ð♥❛✐ nus ❡Ð♥❛✐ ❢❛♥❡rì ìt✐ è♥❛ SBS ❥❛ ❛♣❛✐t❡Ð
♠❡❣❛❧Ôt❡r❤ ✐sqÔ ❣✐❛ t♦ sÔst❤♠❛ ②Ô①❤❝ t♦✉ ❛❧❧❼ ❦❛✐ ❣✐❛ t♦ MW link [4] ❦❛✐
❼r❛ ❤ sqès❤ ♣♦✉ t♦ ❡❦❢r❼③❡✐ ❡Ð♥❛✐ :

PairSBS = Pair ∗ [1 + 0.2 ∗ (nus − 1)] (4.12)

❦❛✐

PmwSBS = Pmw ∗ [1 + 0.2 ∗ (nus − 1)] (4.13)

●✐❛ è♥❛ SBS ❤ ❦❛t❛♥❛❧➳♠❡♥❤ RF ✐sqÔ❝ ❡Ð♥❛✐:

PrfSBS = (Ptrans+Prect+PPA)∗ [1+0.2∗(nus−1)] (4.14)

✬❊ts✐ ❤ ❦❛t❛♥❼❧✇s❤ ✐sqÔ♦❝ ❣✐❛ ❡♥❛ SBS ❡Ð♥❛✐:

PSBS = na∗PrfSBS+nus∗PDSP+PairSBS+PmwSBS (4.15)

✬❆r❛ t♦ s✉♥♦❧✐❦ì OPEX ❣✐❛ t❤♥ ❛rq✐t❡❦t♦♥✐❦❤ RAN ❡Ð♥❛✐:
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OPEXRAN = PSBS ∗NSBS ∗ CKWH (4.16)

❆rq✐t❡❦t♦♥✐❦➔ EPC

❚♦ ❧♦❣✐s♠✐❦ì ♣♦✉ qr❤s✐♠♦♣♦✐❡✐t❛✐ ❣✐❛ t♦ EPC ❞Ð❦t✉♦ ❧❡✐t♦✉r❣❡Ð ♠ès✇ VM ❦❛✐
❼r❛ t♦ OPEX ❣✐❛ t♦ EPC ❦❛❥♦rÐ③❡t❛✐ ❛♣♦ t❤♥ ❦❛t❛♥❼❧✇s❤ ✐sqÔ♦❝ t✇♥ servers
st♦✉❝ ♦♣♦Ð♦✉❝ ❜rÐs❦♦♥t❛✐ t❛ VMs. ❊♣♦♠è♥✇❝ t♦ s✉♥♦❧✐❦ì OPEX sÔ♠❢✇♥❛
♠❡ t♦ [4] ❡Ð♥❛✐ :

OPEXuEPC = nservers ∗ Pperserver ∗ CKWH (4.17)

4.4.5 ❙✉♥♦❧✐❦ì ❑ìst♦❝ ■❞✐♦❦t❤sÐ❛❝ - TCO

❙Ô♠❢✇♥❛ ❧♦✐♣ì♥ ♠❡ t❤♥ ♣❛r❛♣❼♥✇ t❡q♥♦-♦✐❦♦♥♦♠✐❦➔ ❛♥❼❧✉s❤ t♦ TCO t❤❝
♣❛r❛♣❼♥✇ ❛rq✐t❡❦t♦♥✐❦➔❝ ❡❦❢r❼③❡t❛✐

TCO = CostuEPC + CostRAN

= CAPEXRAN +OPEXRAN + CAPEXuEPC +OPEXuEPC

=
NUE

nus ∗ l ∗ pi ∗R2
man

∗ (Ccs−sbs + CSBS) + PSBS ∗NSBS ∗ CKWH

+ nservers ∗ Pperserver ∗ CKWH + (Cservers + Clicense + Cplace) (4.18)
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❑❊❋❆▲❆■❖ 5

P❡✐r❛♠❛t✐❦➔ ❆♥❼❧✉s❤

5.1 ❊✐s❛❣✇❣➔

❙t♦ ❦❡❢❼❧❛✐♦ ❛✉tì ❞✐❡①❼❣♦♥t❛✐ ♣❡✐r❼♠❛t❛ sq❡t✐❦❼ ♠❡ t♦ ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ❦❛✐
èq♦✉♥ ✇❝ ❜❼s❤ t♦✉❝ ♠❛❥❤♠❛t✐❦♦Ô❝ tÔ♣♦✉❝ ♣♦✉ ❛♥❛❧Ô❥❤❦❛♥ st♦ ♣r♦❤❣♦Ô♠❡♥♦
❦❡❢❼❧❛✐♦. ❚❛ ♣❡✐r❼♠❛t❛ ❛✉t❼ èq♦✉♥ ✐❞✐❛Ðt❡r❤ s❤♠❛sÐ❛ ❣✐❛ ❦❼♣♦✐♦♥, ♣♦✉ ❥è❧❡✐
♥❛ ❡✐s❼❣❡✐ t❤♥ t❡q♥♦❧♦❣Ð❛ st♦ sÔst❤♠❼ t♦✉.

●✐❛ ♥❛ ❡Ð♥❛✐ ❞✉♥❛t➔ ❤ ❞✐❡①❛❣✇❣➔ t✇♥ ♣❡✐r❛♠❼t✇♥ ❛✉t➳♥ èq♦✉♥ t❡❥❡Ð s✉❣✲
❦❡❦r✐♠è♥❡❝ t✐♠è❝ s❡ ♠❡t❛❜❧❤tè❝ t♦✉ ♣r♦t❡✐♥ì♠❡♥♦✉ ♠♦♥tè❧♦✉. ❆rq✐❦❼ ❥❡✇✲
r➔❥❤❦❛♥ ♦✐ t✐♠è❝ ❣✐❛ t♦ Cognitive Radio ♠♦♥tè❧♦, ❣✐❛ t❤♥ ♣❼♥t♦t❡ ❥❡t✐❦➔
sq❡❞✐❛st✐❦➔ ♣❛r❼♠❡tr♦ a1 = 1, ❤ ❛♣ì❞♦s❤ ❡❦♣♦♠♣➔❝ r❛❞✐♦s✉q♥♦t➔t✇♥ kl = 2.
❊♣✐♣❧è♦♥ ❤ ♣❛r❼♠❡tr♦❝ ✉♣♦❦❛t❼st❛s❤❝ ❢❼s♠❛t♦❝ θ ❤ ♦♣♦Ð❛ ♠♣♦r❡Ð ♥❛ ♣❼r❡✐
t✐♠è❝ st♦ ❞✐❼st❤♠❛ [−1, 1] ♠❡ t♦ θ = 1 s❤♠❛Ð♥❡✐ ìt✐ ♦✐ ♠♦♥❼❞❡❝ FBS ➔ MSUs
♠♣♦r♦Ô♥ ♥❛ ❛❧❧❼①♦✉♥ ♠❡t❛①Ô t♦✉ ❢❼s♠❛t♦❝, ♠❡ θ = 0 s❤♠❛Ð♥❡✐ ìt✐ ♦✐ ♠♦♥❼❞❡❝
FBS ➔ MSUs ❞❡♥ ♠♣♦r♦Ô♥ ♥❛ ❛❧❧❼①♦✉♥ ♠❡t❛①Ô t♦✉ ❢❼s♠❛t♦❝ ❦❛✐ tè❧♦❝ θ < 0
s❤♠❛Ð♥❡✐ ❢❼s♠❛ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐ ❛♣ì FBS ➔ MSUs ❡Ð♥❛✐ s✉♠♣❧❤r✇♠❛t✐❦ì.
❆❦ì♠❤, ❤ ♣❛r❼♠❡tr♦❝ cl ♣♦✉ s✉♠❜♦❧Ð③❡✐ t❤♥ t✐♠➔ t♦✉ ❡❦❼st♦t❡ ♣r✇t❡✉ì♥t♦❝
❞✐❦tÔ♦✉ ❡①❡t❼③❡t❛✐ ❣✐❛ ❞✐❼❢♦r❡❝ ♣✐❥❛♥è❝ t✐♠è❝ t❤❝ ì♣✇❝ ❦❛✐ ❤ cq ♣♦✉ s✉♠❜♦❧Ð③❡✐
t❤♥ t✐♠➔ ❼❧❧♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉, ❣✐❛ t❤♥ ♠❡t❛❜❧❤t➔ t♦✉ ❦ìst♦✉❝ t♦✉ ❞✐✲
❛♠♦✐r❛s♠♦Ô t♦✉ ❢❼s♠❛t♦❝ ❥❡✇r➔❥❤❦❡ cb = 1. ❊♣✐♣rìs❥❡t❛ ♦✐ t✐♠è❝ ❣✐❛ t❤♥
❡♥❡r❣❡✐❛❦❼ ❛♣♦❞♦t✐❦➔ ❡❦♣♦♠♣➔ ❛♣ì t♦ ❡①❡t❛③ì♠❡♥♦ ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦ st♦✉❝
❞❡✉t❡r❡Ô♦♥t❡❝ qr➔st❡❝ ❦❛✐ st✐❝ Femtocells ❡Ð♥❛✐ hli = hlk = 200, ❡♥➳ ❣✐❛ t❤♥
❡♥❡r❣❡✐❛❦❼ ❛♣♦❞♦t✐❦➔ ❡❦♣♦♠♣➔ ❛♣ì ❼❧❧♦ ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦ st♦✉❝ ❞❡✉t❡r❡Ô♦♥✲
t❡❝ qr➔st❡❝ ❦❛✐ st✐❝ Femtocells ❡Ð♥❛✐ hqi = hqk = 50. ❚è❧♦❝ t♦ ❦ìst♦❝ ♣♦✉ ♦✐
MSUs ♣rè♣❡✐ ♥❛ ♣❧❤r➳s♦✉♥ st❤♥ Cognitive BS tè❥❤❦❡ ♠❡ t❤♥ t✐♠➔ ji = 1.
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❙t❤ s✉♥èq❡✐❛ ❥❡✇r➔❥❤❦❛♥ ♦✐ t✐♠è❝ ❣✐❛ t♦ SDN ♠♦♥tè❧♦, ♦ ❛r✐❥♠ì❝ t✇♥
virtual BS ❛♥❼ SuperBS nus = 6. ❊♣✐♣❧è♦♥, st❤♥ ♣✉❦♥ìt❤t❛ t✇♥ qr❤st➳♥
❛♥❼ ♣❡r✐♦q➔ ❞ì❥❤❦❡ ❤ t✐♠➔ lsbs = 500 ❦❛✐ ❤ ♠è❣✐st❤ ❦❼❧✉②❤ t❤❝ BS ♣➔r❡
t❤♥ t✐♠➔ Rmax = 200. ●✐❛ t♦ ❦ìst♦❝ ❛♥❼ cell site t❤❝ SBS (Ccsscb), t♦
❦ìst♦❝ ♠✐❛ SBS ♠♦♥❼❞❛❝ (CSBS) ❦❛✐ t♦♥ s✉♥♦❧✐❦ì ❛r✐❥♠ì qr❤st➳♥ (Nue)
❡♣✐❧èqt❤❦❛♥ ♠❡t❛❜❛❧❧ì♠❡♥❡❝ t✐♠è❝ ❦❛t❼ t❛ ♣❡✐r❼♠❛t❛. ❆❦ì♠❤ st❤♥ ✐sqÔ❝ t♦✉
♣♦♠♣♦❞è❦t❤ tè❥❤❦❡ ❤ t✐♠➔ Ptrans = 100, st❤♥ ❛♥♦r❥✇t✐❦➔ ✐sqÔ❝ Prect = 100
❦❛✐ st❤♥ ✐sqÔ ❡♥✐sq✉t➔ ✐sqÔ♦❝ PPA = 10.4. ❊♣Ðs❤❝, ❤ ✐sqÔ❝ t♦✉ ②❤❢✐❛❦♦Ô
❡♣❡①❡r❣❛st➔ s➔♠❛t♦❝ ♣➔r❡ t❤♥ t✐♠➔ PDSP = 100, ❤ ✐sqÔ❝ ②Ô①❤❝ Pair = 225
❦❛✐ ❤ ✐sqÔ❝ ❡❦♣♦♠♣➔❝ MW Pmw = 80. ❚è❧♦❝, t♦ s✉♥♦❧✐❦ì ❦ìst♦❝ ❛❞❡✐➳♥
❣✐❛ t❤♥ ❛♣ì❦t❤s❤ t♦✉ ❧♦❣✐s♠✐❦♦Ô ❡Ð♥❛✐ Clicense = 17, t♦ s✉♥♦❧✐❦ì ❦ìst♦❝ ❣✐❛
t♦♥ ❡①♦♣❧✐s♠ì t✇♥ servers Cservers = 72 ❦❛✐ t♦ ❦ìst♦❝ ❣✐❛ t♦ st➔s✐♠♦ ➔ t❤♥
❡♥♦✐❦Ð❛s❤ t♦✉ ❦è♥tr♦✉ ❞❡❞♦♠è♥✇♥ Cplace = 21.

5.2 P❡✐r❼♠❛t❛

CR ❑❆■ SDN

❙t❛ ♣❛r❛❦❼t✇ ♣❡✐r❼♠❛t❛ ♣♦✉ ♣r❛❣♠❛t♦♣♦✐➔❥❤❦❛♥ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ CR t♦
θ ❞❤❧❛❞➔ ❤ ♣❛r❛♠ètr♦❝ ✉♣♦❦❛t❼st❛s❤❝ ❢❼s♠❛t♦❝ ♣➔r❡ t❤♥ t✐♠➔ θ = −1. ❚✐♠➔
♠✐❦rìt❡r❤ t♦✉ ♠❤❞❡♥ì❝ θ < 0 ♣♦✉ s❤♠❛Ð♥❡✐ ìt✐ t♦ ❢❼s♠❛ ♣♦✉ qr❤s✐♠♦♣♦✐❡Ðt❛✐
❛♣ì FBS ➔ MSUs ❡Ð♥❛✐ s✉♠♣❧❤r✇♠❛t✐❦ì.

❙t♦ ♣r➳t♦ ♣❡Ðr❛♠❛ ♣♦✉ ♣r❛❣♠❛t♦♣♦✐❤❥❤❦❡ ❣✐❛ t♦ Cognitive Radio ♠♦♥tè❧♦
❡①❡t❼③❡t❛✐ t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉ ❣✐❛ t✐❝ ❞✐❼❢♦r❡❝ t✐♠è❝
t♦✉ cl, ♠❡ t♦♥ ❛r✐❥♠ì t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ L = 10 ❦❛✐ t✇♥ ❛r✐❥♠ì t✇♥
❞❡✉t❡r❡✉ì♥t✇♥ qr➔st✇♥ ❦❛✐ t✇♥ Femtocells ♥❛ ❡Ð♥❛✐ I = K = 5. ❊♣✐♣❧è♦♥ ❤
t✐♠➔ t✇♥ ❧♦✐♣➳♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ èq❡✐ t❡❥❡Ð cq = 2.

❊♥➳ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ SDN ❦❛t❼ t♦ ♣❡Ðr❛♠❛ ♣♦✉ ♣r❛❣♠❛t♦♣♦✐➔❥❤❦❡ t♦
❦ìst♦❝ ❛♥❼ ♠♦♥❼❞❛ SBS ♣❛rè♠❡✐♥❡ st❛❥❡rì ♠❡ CSBS = 2 ❡♥➳ t♦ ❦ìst♦❝
❛♥❛ ❦✉②è❧❤ ♠❡t❛❜❼❧❧♦♥t❛♥ ♣❛Ðr♥♦♥t❛❝ t✐❝ t✐♠è❝ Ccsscb = [0, 2, 4, 6, 8, 10, 12].
❚è❧♦❝ ♦ ❛r✐❥♠ì❝ t✇♥ qr❤st➳♥ tè❥❤❦❡ Nue = 5.
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(a) ❑❡r❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝
t✐♠è❝ cl

(b) ❙✉♥♦❧✐❦ì ❑ìst♦❝ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝
t✐♠è❝ Ccsscb

Figure 5.1: CR vs SDN

P❛r❛t❤r❡Ðt❛✐ ❧♦✐♣ì♥ ❛♣ì t♦ ♣❛r❛♣❼♥✇ ❣r❼❢❤♠❛ 5.1.a ìt✐ ìs♦ ❛✉①❼♥❡t❛✐ ❤
t✐♠➔ cl tìs♦ ♠❡✐➳♥❡t❛✐ t♦ ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉. ❚♦ ❢❛✐♥ì♠❡♥♦ ❛✉tì s✉♠❜❛Ð♥❡✐
❞✐ìt✐ t♦ ❦èr❞♦❝ ♣♦✉ ❡♣✐❢èr❡✐ st♦ ❞Ð❦t✉♦ ❤ ♣➳❧❤s❤ ❢❼s♠❛t♦❝ st♦✉❝ ❞❡✉t❡r❡Ô♦♥✲
t❡❝ qr➔st❡❝ ❛❧❧❼ ❦❛✐ st✐❝ Femtocell ❞❡♥ ❡Ð♥❛✐ ✐❦❛♥ì ♥❛ ❦❛❧Ô②❡✐ t❛ è①♦❞❛ t❤❝
s✉♥❡q➳❝ ❛✉①❛♥ì♠❡♥❤❝ t✐♠➔❝ t♦✉. P❛r❼❧❧❤❧❛ ❛♣ì t♦ ❣r❼❢❤♠❛ 5.1.b ♣❛r❛t❤r❡Ð✲
t❛✐ ìt✐ ìs♦ ❛✉①❼♥❡t❛✐ ❤ t✐♠➔ t❤❝ ❦✉②è❧❤❝ tìs♦ ❛✉①❼♥❡t❛✐ ❦❛✐ t♦ s✉♥♦❧✐❦ì ❦ìs✲
t♦❝ ✐❞✐♦❦t❤sÐ❛❝ ❦❛✐ ❼r❛ ❦❛✐ t♦ ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡✐➳♥❡t❛✐. ✬❊ts✐ ♣❛r❛t❤r❡Ð✲
t❛✐ ìt✐ ❣✐❛ t✐❝ ♣❛r❛♣❼♥✇ ♣❡r✐♣t➳s❡✐❝ ❦❛✐ st❛ ❞Ô♦ ♠♦♥tè❧❛ ✉♣❼rq❡✐ ♠❡Ð✇s❤ t♦✉
s✉♥♦❧✐❦♦Ô ❦èr❞♦✉❝ t♦✉ ❞✐❦tÔ♦✉.

❙t♦ ❞❡Ôt❡r♦ ♣❡Ðr❛♠❛ ♣♦✉ ♣r❛❣♠❛t♦♣♦✐❤❥❤❦❡ ❣✐❛ t♦ Cognitive Radio ♠♦♥✲
tè❧♦ ❡①❡t❼③❡t❛✐ t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉ ❣✐❛ t✐❝ ❞✐❼❢♦r❡❝
t✐♠è❝ t✇♥ ❼❧❧✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ cq, ♠❡ t♦♥ ❛r✐❥♠ì t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦✲
tÔ✇♥ L = 10 ❦❛✐ t✇♥ ❛r✐❥♠ì t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr➔st✇♥ ❦❛✐ t✇♥ Femtocells
♥❛ ❡Ð♥❛✐ L = K = 5. ❊♣✐♣❧è♦♥ ❤ t✐♠➔ t♦✉ ❡①❡t❛③ì♠❡♥♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉
èq❡✐ t❡❥❡Ð cl = 2.

❊♥➳ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ SDN ❦❛t❼ t♦ ♣❡Ðr❛♠❛ t♦ ❦ìst♦❝ ❛♥❼ ❦✉②è❧❤
♣❛rè♠❡✐♥❡ st❛❥❡rì ♠❡ Ccsscb = 2 ❡♥➳ t♦ ❦ìst♦❝ ❛♥❼ ♠♦♥❼❞❛ SBS ♠❡t❛❜❼❧✲
❧♦♥t❛♥ ♣❛Ðr♥♦♥t❛❝ t✐❝ t✐♠è❝ CSBS = [0, 2, 4, 6, 8, 10, 12]. ❚è❧♦❝ ♦ ❛r✐❥♠ì❝
t✇♥ qr❤st➳♥ tè❥❤❦❡ Nue = 5.
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(a) ❑❡r❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝
t✐♠è❝ cq

(b) ❙✉♥♦❧✐❦ì ❑ìst♦❝ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝
t✐♠è❝ CSBS

Figure 5.2: CR vs SDN

❆♣ì t♦ ♣❛r❛♣❼♥✇ ❣r❼❢❤♠❛ 5.2.a ♣❛r❛t❤r❡Ðt❛✐ ìt✐ ❛rq✐❦❼ t♦ ❦èr❞♦❝ èq❡✐ ♠✐❛
♠✐❦r➔ ♠❡Ð✇s❤ ❛❧❧❼ st❤ s✉♥èq❡✐❛ ❦❛❥➳❝ ❤ t✐♠➔ t✇♥ ❼❧❧✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥
❛✉①❼♥❡t❛✐ t♦ Ð❞✐♦ s✉♠❜❛Ð♥❡✐ ❦❛✐ st♦ ❦èr❞♦❝ ❞✐ìt✐ ❤ Cognitive BS ❥❛ ❛❣♦r❼s❡✐
♣❡r✐ssìt❡r♦ ❢❼s♠❛ ❛♣ì t♦ ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦ ìt❛♥ t❛ ❼❧❧❛ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛
èq♦✉♥ ✉②❤❧ìt❡r❡❝ t✐♠è❝. ❆♣ì t♦ ♣❛r❛♣❼♥✇ ❣r❼❢❤♠❛ 5.2.b ♣❛r❛t❤r❡Ðt❛✐ ìt✐
❦❛❥➳❝ t♦ ❦ìst♦❝ ❛♥❼ ♠♦♥❼❞❛ SBS ❛✉①❼♥❡t❛✐ ❦❛✐ t♦ s✉♥♦❧✐❦ì ❦ìst♦❝ ✐❞✐♦❦t❤✲
sÐ❛❝ ❦❛✐ ❼r❛ ❦❛✐ t♦ ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡✐➳♥❡t❛✐. ❙t❤ ♣r♦❦❡✐♠è♥❤ ♣❡rÐ♣t✇s❤
st♦ ♠♦♥tè❧♦ t♦✉ CR ♣❛r❛t❤r❡Ðt❛✐ ❛rq✐❦❼ ♠❡Ð✇s❤ ❡♥➳ st❤ s✉♥èq❡✐❛ ❛Ô①❤s❤ t♦✉
s✉♥♦❧✐❦♦Ô ❦èr❞♦✉❝ ❡♥➳ st♦ SDN ♣❛r❛t❤r❡Ðt❛✐ s✉♥❡q➔❝ ♠❡Ð✇s❤.

❙t❤♥ s✉♥èq❡✐❛ ❡①❡t❼③❡t❛✐ ❤ ♣❡rÐ♣t✇s❤ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ Cognitive Ra-
dio ❦❛t❼ t❤♥ ♦♣♦Ð❛ ♦✐ t✐♠è❝ t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ♣❛r❛♠è♥♦✉♥ st❛❥❡rè❝
♠❡ cl = cq = 2 ❛❧❧❼ ♦ ❛r✐❥♠ì❝ t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ♠❡t❛❜❼❧❡t❛✐ ì♣✇❝
❦❛✐ ♦ ❛r✐❥♠ì❝ t✇♥ Femtocells ❦❛✐ t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr❤st➳♥. ❑❛t❛ t❤♥
❞❤♠✐♦✉r❣Ð❛ t♦✉ ♠♦vtè❧♦✉ ❥❡✇r➔❥❤❦❡ ♦t✐ t♦ ❼❥r♦✐s♠❛ t♦✉ ❛r✐❥♠♦Ô t✇♥ Fem-
tocells ♠❡ t♦♥ ❛r✐❥♠ì t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr❤st➳♥ ✐s♦Ôt❛✐ ♠❡ t♦♥ s✉♥♦❧✐❦ì
❛r✐❥♠ì ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥.

❊♥➳ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ SDN ❦❛t❼ t♦ ♣❡Ðr❛♠❛ ♣❛rè♠❡✐♥❛♥ st❛❥❡rè❝ ♦✐ t✐♠è❝
t♦✉ ❦ìst♦✉❝ ❛♥❼ ❦✉②è❧❤ ❛❧❧❼ ❦❛✐ t♦✉ ❦ìst♦✉❝ ❛♥❼ ♠♦♥❼❞❛ SBS Ccsscb =
CSBS = 2 ❦❛✐ ♠❡t❛❜❼❧❧❡t❛✐ ♦ ❛r✐❥♠ì❝ t✇♥ qr❤st➳♥ ♣❛Ðr♥♦♥t❛❝ t✐❝ t✐♠è❝
Nue = [3, 4, 5, 6, 7, 8, 9].
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(a) ❑❡r❞♦❝ ♠❡ ❜❼s❤ t✇♥ ❛r✐❥♠ì ♣r✇✲
t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥

(b) ❙✉♥♦❧✐❦ì ❑ìst♦❝ ♠❡ ❜❼s❤ t♦♥ ❛r✐❥♠ì
t✇♥ qr❤st➳♥

Figure 5.3: CR vs SDN

❆♣ì t♦ sq➔♠❛ 5.3.a, ❡Ð♥❛✐ ❦❛t❛♥♦❤tì ìt✐ t♦ ❦èr❞♦❝ ❛✉①❼♥❡t❛✐ ìt❛♥ ♦ ❛r✲
✐❥♠ì❝ t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ❛✉①❼♥❡t❛✐. ❆✉tì s✉♠❜❛Ð♥❡✐ ❞✐ìt✐ ìt❛♥ ✉♣✲
❼rq♦✉♥ ♣❡r✐ssìt❡r❡❝ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛, t♦ Cognitive BS ♠♣♦r❡Ð ♥❛ ❛❣♦r❼s❡✐
♣❡r✐ssìt❡r♦ ❢❼s♠❛ ❛♣ì t❛ ❞Ð❦t✉❛ ♠❡ q❛♠❤❧ìt❡r❤ t✐♠➔. ❊ts✐, t❛ ès♦❞❛ t❤❝
Cognitive BS ❛✉①❼♥♦♥t❛✐, ❦❛✐ ✉♣❼rq❡✐ ♣❡r✐ssìt❡r❤ ③➔t❤s❤ ❢❼s♠❛t♦❝. ❆♣ì
t♦ sq➔♠❛ 5.3.b ❡Ð♥❛✐ ❢❛♥❡rì ìt✐ ♠❡ t❤♥ ❛Ô①❤s❤ t♦✉ ❛r✐❥♠♦Ô t✇♥ qr❤st➳♥
❛✉①❼♥❡t❛✐ ❦❛✐ s✉♥♦❧✐❦ì ❦ìst♦❝ ✐❞✐♦❦t❤sÐ❛❝ ❼r❛ ❦❛✐ ❦❛t❼ s✉♥è♣❡✐❛ ♠❡✐➳♥❡t❛✐ t♦
s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉. ●Ð♥❡t❛✐ ❦❛t❛♥♦❤tì ❧♦✐♣ì♥ ìt✐ t♦ ♠♦♥tè❧♦ t♦✉
CR ❡♠❢❛♥Ð③❡✐ s✉♥❡q➔ ❛Ô①❤s❤ t♦✉ s✉♥♦❧✐❦♦Ô ❦èr❞♦✉❝ s❡ ❛♥tÐ❥❡s❤ ♠❡ t♦ SDN
♠♦♥tè❧♦ ♣♦✉ ❡♠❢❛♥Ð③❡✐ s✉♥❡q➔ ♠❡Ð✇s❤.

❚è❧♦❝ ❡①❡t❼③❡t❛✐ ❤ ♣❡rÐ♣t✇s❤ ❣✐❛ t♦ Cognitive Radio ♠♦♥tè❧♦ ❦❛t❛ t❤♥
♦♣♦Ð❛ ♠❡t❛❜❼❧❡t❛✐ ♦ ❛r✐❥♠ì❝ t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ❛❧❧❼ ❦❛✐ ❤ t✐♠➔ cq ♠❡
t❤♥ t✐♠➔ t♦✉ ❡①❡t❛③ì♠❡♥♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉ ♥❛ ♣❛r❛♠è♥❡✐ st❛❥❡r➔.
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Figure 5.4: ❑❡r❞♦❝ ♠❡ ❜❼s❤ t✇♥ ❛r✐❥♠ì ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ❦❛✐ t✇♥ t✐♠➳♥
cq

✬❖♣✇❝ ❦❛✐ st♦ ♣r♦❤❣♦Ô♠❡♥♦ ❣r❼❢❤♠❛ èts✐ ❦❛✐ s❡ ❛✉tì ♣❛r❛t❤r❡Ðt❛✐ ❛Ô①❤s❤
t♦✉ ❦èr❞♦✉❝ ❦❛t❼ t❤♥ ❛Ô①❤s❤ t♦✉ ❛r✐❥♠♦Ô t✇♥ qr❤st➳♥ ❞✐ìt✐ ❤ Cognitive
BS ❥❛ ❛❣♦r❼s❡✐ ♣❡r✐ssìt❡r♦ ❢❼s♠❛ ❛♣ì t♦ ♣r✇t❡Ô♦♥ ❞Ð❦t✉♦ ìt❛♥ t❛ ❼❧❧❛
♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛ èq♦✉♥ ✉②❤❧ìt❡r❡❝ t✐♠è❝ ❛❧❧❼ ❦❛✐ ♠♣♦r❡Ð ♥❛ ❛❣♦r❼s❡✐ ♣❡r✐s✲
sìt❡r♦ ❢❼s♠❛ ❛♣ì t❛ ❞Ð❦t✉❛ ♠❡ q❛♠❤❧ìt❡r❤ t✐♠➔. ✬❊ts✐,t❛ ès♦❞❛ t❤❝ Cognitive
BS ❛✉①❼♥♦♥t❛✐, ❦❛✐ ✉♣❼rq❡✐ ♣❡r✐ssìt❡r❤ ③➔t❤s❤ ❢❼s♠❛t♦❝.

P❛r❼♠❡tr♦❝ ✉♣♦❦❛t❼st❛s❤❝ ❢❼s♠❛t♦❝ θ = 0

❙t❛ ♣❡✐r❼♠❛t❛ ♣♦✉ ♣r❛❣♠❛t♦♣♦✐➔❥❤❦❛♥ ♣❛r❛❦❼t✇ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ CR t♦
θ ❞❤❧❛❞➔ ❤ ♣❛r❛♠ètr♦❝ ✉♣♦❦❛t❼st❛s❤❝ ❢❼s♠❛t♦❝ ♣➔r❡ t❤♥ t✐♠➔ θ = 0. ❚♦
♦♣♦Ð♦ s❤♠❛Ð♥❡✐ ìt✐ ♦✐ ♠♦♥❼❞❡❝ FBS ➔ MSUs ❞❡♥ ♠♣♦r♦Ô♥ ♥❛ ❛❧❧❼①♦✉♥ ♠❡t❛①Ô
t♦✉ ❢❼s♠❛t♦❝.

❊①❡t❼③❡t❛✐ ❧♦✐♣ì♥ ❦❛✐ ♣❼❧✐ ❤ ♣❡rÐ♣t✇s❤ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ CR ❦❛t❼ t❤♥
♦♣♦Ð❛ Cognitive Radio t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉ ❣✐❛ t✐❝
❞✐❼❢♦r❡❝ t✐♠è❝ t♦✉ cl, ♠❡ t♦♥ ❛r✐❥♠ì t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ L = 10 ❦❛✐ t✇♥
❛r✐❥♠ì t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr➔st✇♥ ❦❛✐ t✇♥ Femtocells ♥❛ ❡Ð♥❛✐ L = K = 5.
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(a) ❑❡r❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝
t✐♠è❝ cl, θ = 0

(b) ❙✉♥♦❧✐❦ì ❑ìst♦❝ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝
t✐♠è❝ cl, θ = −1

Figure 5.5: ❥=0 vs ❥=-1

❆♣ì t♦ ♣❛r❛♣❼♥✇ ❣r❼❢❤♠❛ ❡Ð♥❛✐ ❦❛t❛♥♦❤tì ìt✐ ❦❛✐ st✐❝ ❞Ô♦ ♣❡r✐♣t➳s❡✐❝
❦❛❥➳❝ ❛✉①❼♥❡t❛✐ ❤ t✐♠➔ tìs♦ ♠❡✐➳♥❡t❛✐ t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ì♣✇❝
èq❡✐ ❡①❤❣❤❥❡Ð ♣❛r❛♣❼♥✇. P❛r❼❧❧❤❧❛ ì♠✇❝ ♣❛r❛t❤r❡Ðt❛✐ ìt✐ st❤♥ ♣❡rÐ♣t✇s❤
ì♣♦✉ t♦ θ = 0 ❦❛✐ ♦✐ ♠♦♥❼❞❡❝ FBS ➔ MSUs ❞❡♥ ♠♣♦r♦Ô♥ ♥❛ ❛❧❧❼①♦✉♥ ♠❡t❛①Ô
t♦✉ ❢❼s♠❛t♦❝ t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ❡Ð♥❛✐ ♠❡❣❛❧Ôt❡r♦ s❡ sÔ❣❦r✐s❤
♠❡ ❛✉tì st❤♥ ♣❡rÐ♣t✇s❤ ì♣♦✉ t♦ θ = −1. ❚♦ ❢❛✐♥ì♠❡♥♦ ❛✉tì s✉♠❜❛Ð♥❡✐ ❞✐ìt✐
t♦ ❢❼s♠❛ ❞❡♥ ❞✐❛♠♦✐r❼③❡t❛✐ ❦❛✐ ♠❡ t♦♥ trì♣♦ ❛✉tì ♠♣♦r❡Ð ♥❛ ♣r♦s❢❡r❥❡Ð ♣❡r✐s✲
sìt❡r♦ ♣r♦❝ ♣➳❧❤s❤.

❙t♦ ❡♣ì♠❡♥♦ ♣❡Ðr❛♠❛ ♣♦✉ ♣r❛❣♠❛t♦♣♦✐❤❥❤❦❡ ❣✐❛ t♦ Cognitive Radio ♠♦♥✲
tè❧♦ ❡①❡t❼③❡t❛✐ t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉ ❣✐❛ t✐❝ ❞✐❼❢♦r❡❝
t✐♠è❝ t✇♥ ❼❧❧✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ cq.
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Figure 5.6: ❑❡r❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡ ❜❼s❤ ❞✐❼❢♦r❡❝ t✐♠è❝ cq

❆♣ì t♦ ❣r❼❢❤♠❛ ♣❛r❛t❤r❡Ðt❛✐ ❧♦✐♣ì♥ ìt✐ t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉
♣❛r❛♠è♥❡✐ st❛❥❡rì ❣✐❛ ♦♣♦✐❛❞➔♣♦t❡ ❛❧❧❛❣➔ t❤❝ t✐♠➔❝ t✇♥ ❧♦✐♣➳♥ ♣r✇t❡✉ì♥t✇♥
❞✐❦tÔ✇♥. ❚♦ ❢❛✐♥ì♠❡♥♦ ❛✉tì s✉♠❜❛Ð♥❡✐ ❞✐ìt✐ t♦ ❢❼s♠❛ ❞❡♥ ❞✐❛♠♦✐r❼③❡t❛✐ st❛
❧♦✐♣❼ ♣r✇t❡Ô♦♥t❛ ❞Ð❦t✉❛ ❦❛✐ ❡♣♦♠è♥✇❝ ❤ t✐♠➔ t♦✉❝ ❞❡♥ ❡♣❤r❡❼③❡✐ t♦ s✉♥♦❧✐❦ì
❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉.

❚è❧♦❝, ❡①❡t❼③❡t❛✐ ❤ ♣❡rÐ♣t✇s❤ ❣✐❛ t♦ ♠♦♥tè❧♦ t♦✉ Cognitive Radio ❦❛t❼
t❤♥ ♦♣♦Ð❛ ♦✐ t✐♠è❝ t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ♣❛r❛♠è♥♦✉♥ st❛❥❡rè❝ ♠❡ cl = cq =
2 ❛❧❧❼ ♦ ❛r✐❥♠ì❝ t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ♠❡t❛❜❼❧❡t❛✐ ì♣✇❝ ❦❛✐ ♦ ❛r✐❥♠ì❝
t✇♥ Femtocells ❦❛✐ t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr❤st➳♥. ❑❛t❛ t❤♥ ❞❤♠✐♦✉r❣Ð❛ t♦✉
♠♦vtè❧♦✉ ❥❡✇r➔❥❤❦❡ ♦t✐ t♦ ❼❥r♦✐s♠❛ t♦✉ ❛r✐❥♠♦Ô t✇♥ Femtocells ♠❡ t♦♥ ❛r✐✲
❥♠ì t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr❤st➳♥ ✐s♦Ôt❛✐ ♠❡ t♦♥ s✉♥♦❧✐❦ì ❛r✐❥♠ì ♣r✇t❡✉ì♥t✇♥
❞✐❦tÔ✇♥.
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Figure 5.7: ❑❡r❞♦❝ ♠❡ ❜❼s❤ t✇♥ ❛r✐❥♠ì ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥

❆♣ì t♦ ♣❛r❛♣❼♥✇ ❣r❼❢❤♠❛ ♣❛r❛t❤r❡Ðt❛✐ ♠✐❦r➔ ♠❡Ð✇s❤ st♦ s✉♥♦❧✐❦ì ❦èr❞♦❝
t♦✉ ❞✐❦tÔ♦✉ ❦❛t❼ t❤♥ ❛Ô①❤s❤ t♦✉ ❛r✐❥♠♦Ô t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ❼r❛ ❦❛✐
t✇♥ Femtocells ❦❛✐ t✇♥ ❞❡✉t❡r❡✉ì♥t✇♥ qr❤st➳♥.
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❑❊❋❆▲❆■❖ 6

❆♣♦t❡❧ès♠❛t❛

❙❡ ❦❼❥❡ ♠❡❧èt❤ ❦❛✐ ❛♥❼❧✉s❤ ❡Ð♥❛✐ ✉②Ðst❤❝ s❤♠❛sÐ❛❝ ♥❛ ♣❛r♦✉s✐❛st♦Ô♥ t❛
❜❛s✐❦❼ s✉♠♣❡r❼s♠❛t❛, t❛ ♦♣♦Ð❛ èq♦✉♥ ❡①❛q❥❡Ð ❛♣ì t❤♥ ❡r❡✉♥❤t✐❦➔ ❦❛✐ ♣❡✐r❛✲
♠❛t✐❦➔ ❞✐❛❞✐❦❛sÐ❛, ➳st❡ ♥❛ ❡♣✐❜❡❜❛✐➳s❡✐ ❦❛♥❡Ð❝ ❛♥ ❦❛✐ ❦❛t❼ ♣ìs♦ ❛✉tì t♦ ♦♣♦Ð♦
❣♥➳r✐③❡ ❥❡✇r❤t✐❦❼ s✉♠♣❧❤r➳♥❡t❛✐ ❦❛✐ ❡♥✐sqÔ❡t❛✐ ♠ès❛ ❛♣ì t❤♥ èr❡✉♥❛, ♣♦✉
❞✐❡①❼❣❡t❛✐ ➔ ❦❛t❛rrÐ♣t❡t❛✐ ❤ ❥❡✇r❤t✐❦➔ ♣r♦sè❣❣✐s❤, ❤ ♦♣♦Ð❛ ❡Ðq❡ ❛♥❛♣t✉q❥❡Ð
❦❛✐ sq❡t✐③ìt❛♥ ❼♠❡s❛ ♠❡ t♦ s✉❣❦❡❦r✐♠è♥♦ t❡q♥♦❧♦❣✐❦ì t♦♠è❛.

To Cognitive Radio ❧♦✐♣ì♥ ❡Ð♥❛✐ ♠Ð❛ ♠♦r❢➔ ❛sÔr♠❛t❤❝ ❡♣✐❦♦✐♥✇♥Ð❛❝ ♣♦✉
♠♣♦r❡Ð ♥❛ ❛♥✐q♥❡Ôs❡✐ è①✉♣♥❛ ♣♦✐❛ ❦❛♥❼❧✐❛ ❡♣✐❦♦✐♥✇♥Ð❛❝ ❡Ð♥❛✐ s❡ qr➔s❤ ❦❛✐ t❛
♣♦✐❛ ❞❡♥ ❡Ð♥❛✐ ❦❛✐ ❛♠ès✇❝ ♠❡t❛❦✐♥♦Ô♥t❛✐ s❡ ❦❡♥❼ ❦❛♥❼❧✐❛, ❛♣♦❢❡Ô❣♦♥t❛❝ t❛
❦❛t❡✐❧❤♠♠è♥❛. ✬❊ts✐ ❜❡❧t✐st♦♣♦✐❡Ð t❤ qr➔s❤ t♦✉ ❞✐❛❥ès✐♠♦✉ ❢❼s♠❛t♦❝ r❛❞✐♦✲
s✉q♥♦t➔t✇♥ ❡♥➳ ❡❧❛q✐st♦♣♦✐❡Ð t❤♥ ♣❛r❡♠❜♦❧➔ s❡ ❼❧❧♦✉❝ qr➔st❡❝.

❍ s♣♦✉❞❛✐ìt❤t❛ t♦✉ Cognitive Radio ❡♥❛♣ì❦❡✐t❛✐ ❦✉rÐ✇❝ st❤ ❞✉♥❛tìt❤t❛
t♦✉ ❣✐❛ ❞❤♠✐♦✉r❣Ð❛ ❡✉è❧✐❦t✇♥ ♣r♦❣r❛♠♠❛t✐st✐❦➳♥ ❞✐❦tÔ✇♥.❍ ♣r♦❣r❛♠♠❛t✐s✲
t✐❦ìt❤t❛ ✉♣♦❜♦❤❥❼ st♦ q❡✐r✐s♠ì ♦❧ì❦❧❤r♦✉ t♦✉ ❞✐❦tÔ♦✉. ❖✐ ❞✐❛❞✐❦❛sÐ❡❝ t♦✉
❡❧è❣q♦✉ ❦❛✐ t❤❝ ❞✐❛q❡Ðr✐s❤❝ t✇♥ ❞❡❞♦♠è♥✇♥ ❞✐❡✉❦♦❧Ô♥♦♥t❛✐ ❡♥➳ ✉♣❼rq❡✐ ❛✐s❥❤t➔
❞✐❛❢♦r❼ st❤♥ ❦❛❥✉stèr❤s❤ ❛❧❧❼ ❦❛✐ st✐❝ t❛qÔt❤t❡❝ ❡①✉♣❤rèt❤s❤❝ t✇♥ qr❤st➳♥.

❚❛ ❞Ð❦t✉❛ Cognitive Radio èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ♥❛ ❛♣♦❢❡Ô❣♦✉♥ s❡♥❼r✐❛
♣❛r❡♠❜♦❧➔❝ r❛❞✐♦s✉q♥♦t➔t✇♥. ▼❡ t❤♥ ❛♥Ðq♥❡✉s❤ t❤❝ ❞✐❛❥❡s✐♠ìt❤t❛❝ t♦✉ ❦❛♥❛❧✐♦Ô
♠♣♦r♦Ô♥ ♥❛ ❛♣♦❢Ô❣♦✉♥ t♦ ♠♣❧♦❦❼r✐s♠❛ ♠❡ ❞✉♥❛♠✐❦➔ ❦❛✐ ♣r♦❧❤♣t✐❦➔ ♠❡t❼❜❛s❤
s❡ ❦❛♥❼❧✐❛ ✉②❤❧ìt❡r❤❝ ♣♦✐ìt❤t❛❝, ✐❞✐ìt❤t❛ ❤ ♦♣♦Ð❛ ♦❞❤❣❡Ð st❤ ❦❛❧Ôt❡r❤ ❡①✲
✉♣❤rèt❤s❤ ❛❧❧❼ ❦❛✐ ❜❡❧tÐ✇s❤ t♦✉ Quality of Service. ❊♣✐♣❧è♦♥ ❤ t❡q♥♦❧♦❣Ð❛
t♦✉ Cognitive Radio ♠♣♦r❡Ð ♥❛ ♣r♦s❢èr❡✐ st❛ ❞Ð❦t✉❛ 5G ❡✉❢✉ò❛, ❛♣♦❞♦t✐❦ìt❤t❛,
♣r♦s❛r♠♦st✐❦ìt❤t❛ ❦❛❥➳❝ ❦❛✐ s✉♥❡Ð❞❤s❤.

❙✉♥❡♣➳❝, ❡Ð♥❛✐ ✐❞✐❛Ðt❡r❛ s❤♠❛♥t✐❦ì ♥❛ ♦❧♦❦❧❤r✇❥❡Ð ♠Ð❛ ♦✐❦♦♥♦♠✐❦➔ ❛♥❼❧✉s❤
❣✐❛ t♦ s✉❣❦❡❦r✐♠è♥♦ ❡Ð❞♦❝ ❞✐❦tÔ✇♥ ♠❡ t❤♥ qr➔s❤ t♦✉ ❦❛t❼❧❧❤❧♦✉ ❡r❣❛❧❡Ð♦✉.
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❙t❤♥ ♣❛r♦Ôs❛ ❞✐♣❧✇♠❛t✐❦➔ ❡r❣❛sÐ❛ t♦ ❡r❣❛❧❡Ð♦ ❛✉tì ❛♣♦tè❧❡s❡ t♦ Stackelberg
Game s❡ s✉♥❞✉❛s♠ì ♠❡ t♦ Subgame Perfect Equiliblium ❛❧❧❼ ❦❛✐ t♦ Nash
Equilibrium. To Stalckelberg Game t♦ ♦♣♦Ð♦ ❡Ð♥❛✐ è♥❛ str❛t❤❣✐❦ì ”♣❛✐q♥Ð❞✐”
❦❛t❼ t♦ ♦♣♦Ð♦ ♦✐ ❦✐♥➔s❡✐❝ t✇♥ ❛❦♦❧♦Ô❥✇♥ ❡①❛rt➳♥t❛✐ ❛♣ì ❛✉t➔ t♦✉ ❛rq❤❣♦Ô.

▼❡ t❤♥ ❡❢❛r♠♦❣➔ ❧♦✐♣ì♥ t✇♥ ❡r❣❛❧❡Ð✇♥ ❛✉t➳♥ ♣❛r❛t❤r➔❥❤❦❛♥ s❤♠❛♥t✐❦❼
q❛r❛❦t❤r✐st✐❦❼ t♦✉ ♣r♦t❡✐♥ì♠❡♥♦✉ ♠♦♥tè❧♦✉. ●✐❛ t❤♥ ♣❡rÐ♣t✇s❤ ì♣♦✉ t♦ θ =
−1 ❦❛t❼ t❤♥ ♦♣♦Ð❛ t♦ ❢❼s♠❛ ♠❡t❛①Ô t✇♥ FBS ❦❛✐ t✇♥ MSUs ❡Ð♥❛✐ s✉♠♣❧❤r✇✲
♠❛t✐❦ì ♣❛r❛t❤r❡Ðt❛✐ ❛Ô①❤s❤ t♦✉ ❦èr❞♦✉❝ t♦✉ ❞✐❦tÔ♦✉ st❤♥ ♣❡rÐ♣t✇s❤ ❛Ô①❤s❤❝
t❤❝ t✐♠➔❝ t✇♥ ❼❧❧✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥ ❛❧❧❼ ❦❛✐ ❦❛t❼ t❤♥ ♣❡rÐ♣t✇s❤
❛Ô①❤s❤❝ t♦✉ ❛r✐❥♠♦Ô t✇♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥. ❊♥➳ ♠❡Ð✇s❤ t♦✉ s✉♥♦✉❧✐❦♦Ô
❦èr❞♦✉❝ t♦✉ ❞✐❦tÔ♦✉ ♣❛r❛t❤r❡Ðt❛✐ st❤♥ ♣❡rÐ♣t✇s❤ ❛Ô①❤s❤❝ t❤♥ t✐♠➔❝ cl t♦✉
♣r✇t❡Ô♦♥t♦❝ ❞✐❦tÔ♦✉.

❙t❤ s✉♥èq❡✐❛ ❛♥❛❧Ô❥❤❦❡ ❤ ♣❡rÐ♣t✇s❤ ❦❛t❼ t❤♥ ♦♣♦Ð❛ t♦ θ = 0 st❤♥ ♦♣♦Ð❛
♦✐ ♠♦♥❼❞❡❝ FBS, MSUs ❞❡♥ èq♦✉♥ t❤♥ ❞✉♥❛tìt❤t❛ ❛❧❧❛❣➔❝ ♠❡t❛①Ô t♦✉ ❢❼s✲
♠❛t♦❝. ❙✉❣❦r✐t✐❦❼ ❧♦✐♣ì♥ ♠❡ t❤♥ ♣❡rÐ♣t✇s❤ ì♣♦✉ θ = −1 ❦❛✐ ❦❛t❼ t❤♥ ♠❡❧èt❤
t♦✉ s✉♥♦❧✐❦♦Ô ❦èr❞♦✉❝ ìt❛♥ ❤ t✐♠➔ cl ❛✉①❼♥❡t❛✐ ❦❛✐ st✐❝ ❞Ô♦ ♣❡r✐♣t➳s❡✐❝ t♦
s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♠❡✐➳♥❡t❛✐ ❛❧❧❼ ♣❛r❼❧❧❤❧❛ ♣❛r❛t❤r❡Ðt❛✐ ìt✐ ìt❛♥
t♦ θ = 0 t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ ♣❛Ðr♥❡✐ ♠❡❣❛❧Ôt❡r❡❝ t✐♠è❝. ❊♣✐♣❧è♦♥ ì♣✇❝ ❡Ð♥❛✐
❧♦❣✐❦ì t♦ s✉♥♦❧✐❦ì ❦èr❞♦❝ t♦✉ ❞✐❦tÔ♦✉ ♣❛r❛♠è♥❡✐ st❛❥❡rì ❦❛t❼ t❤♥ ♠❡t❛❜♦❧➔
t✇♥ t✐♠➳♥ t✇♥ ❧♦✐♣➳♥ ♣r✇t❡✉ì♥t✇♥ ❞✐❦tÔ✇♥.
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❑❊❋❆▲❆■❖ 7

▼❡❧❧♦♥t✐❦➔ èr❡✉♥❛

❖ t♦♠è❛❝ t✇♥ ❞✐❦tÔ✇♥ t❤♥ ♣è♠♣t❤❝ ❣❡♥✐❼❝ ❦❛✐ ❤ t❡q♥♦❧♦❣Ð❛ t♦✉ Cognitive
Radio ♣❛r♦✉s✐❼③♦✉♥ ♠❡❣❼❧♦ ❡♥❞✐❛❢èr♦♥ ❦❛❥➳❝ èq♦✉♥ ♣♦❧❧❼ ♥❛ ♣r♦s❢èr♦✉♥
st❤♥ t❡q♥♦❧♦❣Ð❛ t✇♥ ❦✐♥❤t➳♥ ❞✐❦tÔ✇♥ ❛❧❧❼ ❦❛✐ st❤♥ ❜❡❧tÐ✇s❤ t♦✉ Quality
of Service. ❑❛t❼ s✉♥è♣❡✐❛ ♠♣♦r♦Ô♥ ♥❛ ♣r♦s❢èr♦✉♥ t♦✉❝ qr➔st❡❝ ❦❛✐ st❤♥
❜❡❧tÐ✇s❤ t❤❝ ❦❛❥❤♠❡r✐♥ìt❤t❛❝ ❦❛✐ t❤❝ ♣♦✐ìt❤t❛❝ ③✇➔❝.

❚❛ ❞Ð❦t✉❛ ❛✉t❼ qr❡✐❼③♦♥t❛✐ ♣❡r❛✐tèr✇ ♠❡❧èt❤ ❦❛✐ èr❡✉♥❛ ❦❛❥➳❝ s✉♥❡q➳❝
❜❣❛Ð♥♦✉♥ ❦❛✐♥♦Ôr✐❡❝ ❧Ôs❡✐❝. ❊♣♦♠è♥✇❝ ❛♥❛❣❦❛Ð❛ ❡Ð♥❛✐ ❤ s✉♥❡q➔❝ ♠❡❧èt❤ ❦❛✐
èr❡✉♥❛ ♠❡ s❦♦♣ì t❤♥ s✉♥❡q➔ ❜❡❧tÐ✇s❤ ❦❛✐ ❡①è❧✐①❤. ❆rq✐❦❼, t❛ 5G ❞Ð❦t✉❛ ❡Ð♥❛✐
❦♦♥t❼ ❦❛❥➳❝ sÔ♠❢✇♥❛ ♠❡ ♠❡❧èt❡❝ ♣♦✉ èq♦✉♥ ♣r❛❣♠❛t♦♣♦✐❤❥❡Ð ❦❛✐ ❞♦❦✐♠❛st✐❦è❝
t♦♣♦❥❡t➔s❡✐❝ ❦❡r❛✐➳♥ s❡ s✉❣❦❡❦r✐♠è♥❡❝ ♣❡r✐♦qè❝, èq❡✐ ❦❛❥♦r✐st❡Ð ìt✐ ♠èqr✐ t♦
2020 ❥❛ ❡Ð♥❛✐ st❤ ❦❛❥❤♠❡r✐♥ìt❤t❛ t♦✉ ♠ès♦✉ qr➔st❤. ❆✉tì ❧♦✐♣ì♥ ❦❛❥✐st❼
❛♣❛r❛Ðt❤t❤ t❤♥ s✉♥❡q➔ ❡r❡Ô♥❛ ♠❡ s❦♦♣ì t❤♥ s✉♥❡q➔ ❜❡❧tÐ✇s❤ ❦❛✐ ❛①✐♦♣✐stÐ❛
✇❝ ♣r♦❝ t♦♥ qr➔st❤.

✬❖s♦♥ ❛❢♦r❼ t❤♥ t❡q♥♦❧♦❣Ð❛ t♦✉ Cognitive Radio ♣♦❧❧❼ ❡Ð♥❛✐ t❛ ❥è♠❛t❛
t❛ ♦♣♦Ð❛ ♣rè♣❡✐ ♥❛ ❡r❡✉♥❤❥♦Ô♥ st♦ ♠è❧❧♦♥ ❦❛❥➳❝ ❡Ð♥❛✐ ♠Ð❛ ♥è❛ t❡q♥♦❧♦❣Ð❛ ❤
♦♣♦Ð❛ sÔ♠❢✇♥❛ ♠❡ ♣♦❧❧♦Ô❝ ❥❛ ❦❛t❛❦t➔s❡✐ t❤♥ ❛❣♦r❼ ♠ès❛ st❛ ❡♣ì♠❡♥❛ qrì♥✐❛.
❏❛ ♣rè♣❡✐ ❦❛t’ ❛rq❼❝ ♥❛ ①❡♣❡r❛st❡Ð ❤ ❞✉s♣✐stÐ❛ ❡♥ì❝ t♠➔♠❛t♦❝ t♦✉ ❡♠♣♦r✐❦♦Ô
❦ìs♠♦✉ ❛♣è♥❛♥t✐ st❤ ♥è❛ ❛✉t➔ t❡q♥♦❧♦❣Ð❛ ì♣✇❝ ❡♣Ðs❤❝ ❦❛✐ ♦✐ qr➔st❡❝ ♥❛
♣❡✐s❥♦Ô♥ ìt✐ t♦ ♥è♦ ♣r♦ðì♥ ❥❛ ❦❛❧Ô②❡✐ t✐❝ ❛♥❼❣❦❡❝ t♦✉❝.

✬❊♥❛ ♠❡❣❼❧♦ ③➔t❤♠❛ ❣✐❛ t❤♥ t❡q♥♦❧♦❣Ð❛ ❛✉t➔ ❡Ð♥❛✐ ❤ ❛♥❛③➔t❤s❤ t✇♥ ③✇♥➳♥
s✉q♥♦t➔t✇♥ ♦✐ ♦♣♦Ð❡❝ ❡Ð♥❛✐ ❦❛t❼❧❧❤❧❡❝ ❣✐❛ t❤♥ ❡❢❛r♠♦❣➔ t♦✉. ❖ David
Cleevely, ✐❞r✉t➔❝ t❤❝ ❡r❡✉♥❤t✐❦➔❝ ♦♠❼❞❛❝ Analysys, ❥❡✇r❡Ð ìt✐ ❛rq✐❦❼ ❤ ♣❧è♦♥
❦❛t❼❧❧❤❧❤ ③➳♥❤ ❡Ð♥❛✐ ❛✉t➔ t✇♥ 5GHz st❤♥ ♦♣♦Ð❛ ✉♣❼rq❡✐ sq❡t✐❦➔ ❡❧❡✉❥❡rÐ❛
❣✐❛ ♥❛ ❧❡✐t♦✉r❣➔s♦✉♥ t❛ CR t❡r♠❛t✐❦❼.

✬❊ts✐ ❧♦✐♣ì♥, t♦ ❡r❡✉♥❤t✐❦ì ❡♥❞✐❛❢èr♦♥ ♣rè♣❡✐ ♥❛ str❛❢❡Ð ♣r♦❝ t♦♥ sq❡❞✐❛s✲
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♠ì❝ ✉❧✐❦♦Ô (hardware) ❦❛✐ ❧♦❣✐s♠✐❦♦Ô (software) ❣✐❛ CR ♣❧❛t❢ìr♠❡❝. ✬❊♥❛❝
❛❦ì♠❤ t♦♠è❛❝ ♦ ♦♣♦Ð♦❝ ♣rè♣❡✐ ♥❛ ❡r❡✉♥❤❥❡Ð ❡Ð♥❛✐ ❤ ❛♥❼♣t✉①❤ t✇♥ ♠♦♥tè❧✇♥
❦❛✐ ❛❧❣♦rÐ❥♠✇♥ ❣✐❛ t❛ Cognitive Radio Networks, ❦❛❥➳❝ ❦❛✐ sq❡t✐❦➳♥ ♣r✇✲
t♦❦ì❧❧✇♥ ì♣✇❝ ❡♣Ðs❤❝ ❦❛✐ ❤ ❛①✐♦❧ì❣❤s❤ ❦❛✐ ❤ ♠ètr❤s❤ t✇♥ ❞✐❛❢♦r❡t✐❦➳♥ ♠♦♥✲
tè❧✇♥. ❚è❧♦❝, ✐❞✐❛Ðt❡r♦ ❡♥❞✐❛❢èr♦♥ ♣rè♣❡✐ ♥❛ ❞♦❥❡Ð st♦♥ sq❡❞✐❛s♠ì ❡✉è❧✐❦t✇♥
❞✐❦tÔ✇♥ ❡♣✐❦♦✐♥✇♥✐➳♥ ❛♣♦t❡❧♦Ô♠❡♥✇♥ ❛♣ì CR t❡r♠❛t✐❦❼.
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P❛r❼rt❤♠❛ ❆: ❑➳❞✐❦❛❝ ❯♣♦❧♦❣✐s♠♦Ô ❚♦✉

❑ìst♦✉❝

1 L= ze ro s (1 , 4 ) ; %t o t a l number o f primary networks%
2 K= ze ro s (1 , 4 ) ; %f em t o c e l l s%
3 I= ze ro s (1 , 4 ) ; %secondary u s e r s%
4 L(1 , 1 )= 6 ;
5 f o r i =2:4
6 L(1 , i ) = L(1 , i −1) +2;
7 end
8

9 I ( 1 , 1 ) =3;
10 f o r i =2:4
11 I (1 , i )= I (1 , i −1) +1;
12 end
13

14 f o r i =1:4
15 K(1 , i )= I (1 , i ) ;
16 %K+I has to be equal to L%
17 end
18 a1=1; %always p o s i t i v e des ign paameter%
19 k l =2; %spectrum transmi s i on e f f i c i e n c y o f l%
20

21 % the spectrum s u b s t i t u t a b i l i t y parameter%
22 prompt = ’ Set the theta parameter . Give a number from −1

to 1 . . \n ’ ;
23 %theta paremeter shoud be in [−1 ,1 ]
24 theta = input ( prompt ) ;
25

26 %c l always has to be >= a1∗ k l%
27

28 c l = [ 0 , 2 , 4 , 6 , 8 , 1 0 , 1 2 ] ;
29 cb=1; %cos t o f spectrum shar ing%
30

31

32

33 hqi =50;
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34 hqk=50;
35 h l i =200;
36 hlk=200;
37

38

39 %j i i s the co s t paid by MSUs to the c o gn i t i v e BS%
40 j i =1;
41 cq = [0 , 2 , 4 , 6 , 8 , 1 0 , 12 ] ;
42

43

44 %Total Cost Computation%
45 %Total Cost Computation depending on d i f f e n t p r i c e s%
46 %Number o f primary networks L=10 and K=5, I=5%
47 x l i = 0 .5 / I ( 1 , 3 ) ;
48 xlk = 0 .5 / K(1 , 3 ) ;
49 xqi= 0 .5 / I ( 1 , 3 ) ;
50 xqk= 0 .5 / K(1 , 3 ) ;
51 tc = ze ro s (1 , 7 ) ;
52 f o r j =1:7
53 tc (1 , j ) = ( a1 ∗ k l ) ∗ ( ( ( theta ∗ (L(1 , 3 )−2) + 1)− ( c l

(1 , j ) ∗( theta ∗ (L(1 , 3 )−2) + 1) ) ) /((1− theta ) ∗( theta ∗(
L(1 , 3 )−1)+1) ) ) ;

54 sum1=0;
55 f o r i =1:K(1 , 3 )
56 sum1 = sum1 + ( cb ∗ xlk ∗ hlk ) ;
57

58 end
59

60 sum2=0;
61 f o r i =1: I ( 1 , 3 )
62 sum2 = sum2 + ( ( j i ∗ x l i ∗ h l i ) − c l (1 , j ) ) ;
63 end
64

65 sum3 = 0 ;
66 sum3 = sum1 + sum2 ;
67 sum3 = (sum3 ∗ ( theta ∗ (L(1 , 3 )−2) + 1) ) / ((1− theta ) ∗(

theta ∗(L(1 , 3 )−1)+1) ) ;
68
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69

70 ath1 = 0 ;
71 f o r i =1:K(1 , 3 )
72 ath1 = ath1 + ( cb ∗ xqk ∗ hqk ) ;
73 end
74

75 ath2=0;
76 f o r i =1: I ( 1 , 3 )
77 ath2 = ath2 + ( ( j i ∗ xqi ∗ hqi ) − cq (1 , 2 ) ) ;
78 end
79

80 ath3 = 0 ;
81 ath3 = ath1 + ath2 ;
82 ath3 = ( ath3 ) / ((1− theta ) ∗( theta ∗(L(1 , 3 )−1)+1) ) ;
83

84 tc (1 , j ) = tc (1 , j ) + sum3 − ( theta ∗ ath3 ) ;
85 end
86

87 %sdn/nfv computations
88 Nue = 5 ;
89 Nue1 = ze ro s (1 , 7 ) ; % number o f u s e r s %
90 Nue1 = [ 6 , 7 , 8 , 9 , 1 0 , 1 1 , 1 2 ] ;
91 nus = 6 ; % number o f v i r t u a l BS per SuperBS %
92 l s b s = 500 ; % User dens i ty per each area .%
93 R = 200 ; % Maximum coverage rad iu s o f a BS . %
94 Ccsscb = [ 0 , 2 , 4 , 6 , 8 , 1 0 , 1 2 ] ; %Cost per c e l l s i t e .

%
95 CSBS = [ 0 , 2 , 4 , 6 , 8 , 1 0 , 1 2 ] ; % Cost o f a SBS uni t %
96 l = 500 ;
97 f o r i =1:7
98 var1 (1 , i ) = ( (Nue) / ( nus ∗ l ∗ pi ∗ (Rˆ2) ) ) ∗ ( Ccsscb

(1 , i ) + CSBS(1 , 2 ) ) ;
99 end

100 Ptrans = 100 ;
101 Prec = 100 ;
102 Ppa = 10 .4 ;
103 Pr f sbs = ( Ptrans + Prec +Ppa) ∗ (1+0.2 ∗ ( nus −1) ) ;
104 Pdsp = 100 ;
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105 Pair = 225 ;
106 Pai r sbs = Pair ∗ (1+0.2∗( nus−1) ) ;
107 Pmw = 80 ;
108 Pmwsbs = Pmw ∗ (1+0.2 ∗( nus − 1) ) ;
109 na = 4 ;
110 Psbs = na ∗ Pr f sbs + nus ∗ Pdsp + Pai r sbs + Pmwsbs ;
111 Nsbs = 45 ;
112 Ckwh = 0.015625 ;
113 var2 = Psbs ∗ Nsbs ∗ Ckwh ;
114 ns e rv e r s = 32 ;
115 Pserver = 36 ;
116 var3 = nse rv e r s ∗ Pserver ∗ Ckwh ;
117 Cservers = 72 ;
118 Cl i c en s e = 17 ;
119 Cplace = 21 ;
120 var4 = Cservers + Cl i c en s e + Cplace ;
121 f o r i =1:7
122 TCO(1 , i ) = var1 (1 , i ) + var2 + var3 + var4 ;
123 end
124 f o r i =1:7
125 met1 (1 , i ) = ( (Nue) / ( nus ∗ l ∗ pi ∗ (Rˆ2) ) ) ∗ ( Ccsscb

(1 , 2 ) + CSBS(1 , i ) ) ;
126 end
127 f o r i =1:7
128 TCO1(1 , i ) = met1 (1 , i ) + var2 + var3 + var4 ;
129 end
130 f o r i =1:7
131 v1 (1 , i ) = ( (Nue1 (1 , i ) ) / ( nus ∗ l ∗ pi ∗ (Rˆ2) ) ) ∗ (

Ccsscb (1 , 2 ) + CSBS(1 , 2 ) ) ;
132 end
133 f o r i =1:7
134 TCO2(1 , i ) = v1 (1 , i ) + var2 + var3 + var4 ;
135 end
136

137

138

139

140 %crea t e the p l o t o f t o t a l co s t vs the p r i c e%
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141

142

143 f i g u r e ;
144 p lo t ( c l , t c ) ;
145 t i t l e ( ’ Computation depending on d i f f e r e n t p r i c e s CR’ ) ;
146 x l ab e l ( ’ Pr i c e ’ ) ;
147 y l ab e l ( ’ Revenue o f Network ’ ) ;
148

149

150 f i g u r e ;
151 p lo t ( Ccsscb ,TCO, ’ r ’ ) ;
152 t i t l e ( ’ Computation depending on d i f f e r e n t Cost per

c e l l s i t e SDN ’ ) ;
153 x l ab e l ( ’ Pr i c e ’ ) ;
154 y l ab e l ( ’ Total o f network ’ ) ;
155

156

157

158 %Total Cost Computation depending on d i f f e n t p r i c e s o f
other primary networks%

159 %Number o f primary networks L=10 and K=5, I=5%
160 kos = ze ro s (1 , 7 ) ;
161 co s t = ze ro s (1 , 7 ) ;
162 f o r i =1:7
163 kos (1 , i ) = ( a1 ∗ k l ) ∗ ( ( ( theta ∗ (L(1 , 3 )−2) + 1)− ( c l

( 1 , 2 ) ∗( theta ∗ (L(1 , 3 )−2) + 1) ) ) /((1− theta ) ∗( theta ∗(
L(1 , 3 )−1)+1) ) ) ;

164 end
165

166

167 pro2=ze ro s (1 , 7 ) ;
168 pro3=ze ro s (1 , 7 ) ;
169 pro2 (1 , 1 ) =(( j i ∗ xqi ∗ hqi ) − cq (1 , 1 ) ) ;
170 f o r m=2:7
171 f o r i =1: I ( 1 , 3 )
172 pro2 (1 ,m) = pro2 (1 ,m−1) + ( ( j i ∗ xqi ∗ hqi ) − cq (1 ,

m) ) ;
173 end
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174 end
175

176 f o r m=1:7
177 pro3 (1 ,m) = ath1 + pro2 (1 ,m) ;
178

179 end
180 f o r m=1:7
181 pro3 (1 ,m) = ( pro3 (1 ,m) ) / ((1− theta ) ∗( theta ∗(L(1 , 3 )

−1)+1) ) ;
182 end
183

184 f o r m=1:7
185 co s t (1 ,m)= kos (1 ,m) + sum3 − ( theta ∗ pro3 (1 ,m) ) ;
186 end
187

188

189 %crea t e the p l o t o f t o t a l co s t vs the p r i c e o f other
primary network%

190

191

192 f i g u r e ;
193 p lo t ( cq , co s t ) ;
194 t i t l e ( ’ Revenue depending on d i f f e r e n t p r i c e s o f other

primary networks ’ ) ;
195 x l ab e l ( ’ Pr i c e o f other primary Network ’ ) ;
196 y l ab e l ( ’ Revenue o f Network ’ ) ;
197

198

199 f i g u r e ;
200 p lo t (CSBS,TCO1, ’ r ’ ) ;
201 t i t l e ( ’ Computation depending on d i f f e r e n t Cost o f a

SBS un i t ’ ) ;
202 x l ab e l ( ’ Pr i c e ’ ) ;
203 y l ab e l ( ’ Total Cost o f network ’ ) ;
204

205 %Total Cost Computation%
206 %For d i f f e r e n t number o f primary networks%
207 kos to s=ze ro s (1 , 4 ) ;
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208 f o r n=1:4
209 x i l i = 0 .5 / I (1 , n ) ;
210 x i l k = 0 .5 / K(1 , n) ;
211 x i q i= 0 .5 / I (1 , n ) ;
212 xiqk= 0 .5 / K(1 , n) ;
213

214 kos to s (1 , n ) = ( a1 ∗ k l ) ∗ ( ( ( theta ∗ (L(1 , n )−2) + 1)− (
c l ( 1 , 2 ) ∗( theta ∗ (L(1 , n )−2) + 1) ) ) /((1− theta ) ∗( theta
∗(L(1 , n )−1)+1) ) ) ;

215 summary1=0;
216 f o r i =1:K(1 , n)
217 summary1 = summary1 + ( cb ∗ x i l k ∗ hlk ) ;
218

219 end
220

221 summary2=0;
222 f o r i =1: I (1 , n )
223 summary2 = summary2 + ( ( j i ∗ x i l i ∗ h l i ) − c l ( 1 , 2 ) )

;
224 end
225

226 summary3 = 0 ;
227 summary3 = summary1 + summary2 ;
228 summary3 = ( summary3 ∗ ( theta ∗ (L(1 , n )−2) + 1) ) / ((1−

theta ) ∗( theta ∗(L(1 , n )−1)+1) ) ;
229

230

231 athrisma1 = 0 ;
232 f o r i =1:K(1 , n)
233 athrisma1 = athrisma1 + ( cb ∗ xiqk ∗ hqk ) ;
234 end
235

236 athrisma2=0;
237 f o r i =1: I (1 , n )
238 athrisma2 = athrisma2 + ( ( j i ∗ x i q i ∗ hqi ) − cq

(1 , 2 ) ) ;
239 end
240
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241 athrisma3 = 0 ;
242 athrisma3 = athrisma1 + athrisma2 ;
243 athrisma3 = ( athrisma3 ) / ((1− theta ) ∗( theta ∗(L(1 , n )−1)

+1) ) ;
244

245 kos to s (1 , n ) = kos tos (1 , n ) + summary3 − ( theta ∗
athrisma3 ) ;

246 end
247

248

249

250 %crea t e the p l o t o f t o t a l co s t vs the d i f f e n t number o f
primary networks%

251

252

253 f i g u r e ;
254 p lo t (L , kos to s ) ;
255 t i t l e ( ’ Revenue depending on d i f f e r e n t number o f primary

networks ’ ) ;
256 x l ab e l ( ’Number o f primary Networks ’ ) ;
257 y l ab e l ( ’ Revenue o f Network ’ ) ;
258

259 f i g u r e ;
260 p lo t (Nue1 ,TCO2, ’ r ’ ) ;
261 t i t l e ( ’ Computation depending on d i f f e r e n t number o f

u s e r s ’ ) ;
262 x l ab e l ( ’Number o f u s e r s ’ ) ;
263 y l ab e l ( ’ Total Cost o f network ’ ) ;
264

265

266 %Total Cost Computation depending on d i f f e n t p r i c e s o f
primary network and number o f primary networks%

267

268 c=ze ro s (5 , 4 ) ;
269 f o r n=1:4
270 x i l i = 0 .5 / I (1 , n ) ;
271 x i l k = 0 .5 / K(1 , n) ;
272 x i q i= 0 .5 / I (1 , n ) ;
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273 xiqk= 0 .5 / K(1 , n) ;
274 f o r m=1:5
275 c (m, n) = ( a1 ∗ k l ) ∗ ( ( ( theta ∗ (L(1 , n )−2) + 1)− ( c l

( 1 , 2 ) ∗( theta ∗ (L(1 , n )−2) + 1) ) ) /((1− theta ) ∗( theta ∗(
L(1 , n )−1)+1) ) ) ;

276 su1=0;
277 f o r i =1:K(1 , n)
278 su1 = su1 + ( cb ∗ x i l k ∗ hlk ) ;
279

280 end
281

282 su2=0;
283 f o r i =1: I (1 , n )
284 su2 = su2 + ( ( j i ∗ x i l i ∗ h l i ) − c l ( 1 , 2 ) ) ;
285 end
286

287 su3 = 0 ;
288 su3 = su1 + su2 ;
289 su3 = ( su3 ∗ ( theta ∗ (L(1 , n )−2) + 1) ) / ((1− theta ) ∗(

theta ∗(L(1 , n )−1)+1) ) ;
290

291

292 at1 = 0 ;
293 f o r i =1:K(1 , n)
294 at1 = at1 + ( cb ∗ xiqk ∗ hqk ) ;
295 end
296

297 at2=0;
298 f o r i =1: I (1 , n )
299 at2 = at2 + ( ( j i ∗ x i q i ∗ hqi ) − cq (1 ,m) ) ;
300 end
301

302 at3 = 0 ;
303 at3 = at1 + at2 ;
304 at3 = ( at3 ) / ((1− theta ) ∗( theta ∗(L(1 , n )−1)+1) ) ;
305

306 c (m, n) = c (m, n) + su3 − ( theta ∗ at3 ) ;
307 end
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308 end
309

310

311

312 %crea t e the p l o t o f t o t a l co s t vs the d i f f e r e n t number
o f primary networks and d i f f e r e n t p r i c e s%

313

314

315 f i g u r e ;
316 t i t l e ( ’ Revenue based on d i f f e r e n t number o f primary

networks , p r i c e s ’ ) ;
317 hold on
318 p lo t (L , c ( 1 , : ) , ’−. r∗ ’ ) ;
319 p lo t (L , c ( 2 , : ) , ’−−mo ’ ) ;
320 p lo t (L , c ( 3 , : ) , ’ : bs ’ ) ;
321 p lo t (L , c ( 4 , : ) , ’−g ’ ) ;
322 p lo t (L , c ( 5 , : ) , ’ : c ’ ) ;
323 l egend ( ’ cq=0 ’ , ’ cq=2 ’ , ’ cq=4 ’ , ’ cq=6 ’ , ’ cq=8 ’ ) ;
324

325 x l ab e l ( ’Number o f primary networks ’ ) ;
326 y l ab e l ( ’ Revenue o f Network ’ ) ;
327 hold o f f
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