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ʉʇʀʉʆʂ ʆʉʅʆɺʅʓʍ ʉʆʂʈɸʑɽʅʀʁ 

5G NR - Fifth Generation New Radio 

D2D - Device-to-Device, ʧʨʷʤʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʦʢʦʥʝʯʥʳʭ ʫʩʪʨʦʡʩʪʚ 

AP - Access Point 

M2M - Machine-to-Machine, ʤʝʞʤʘʰʠʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

NB-IoT - NarrowBand Internet of Things 

nLoS - non Line-of-Sight 

LoS - Line-of-Sight 

LTE - Long-Term Evolution 

SINR - Signal to Interference plus Noise Ratio, ʦʪʥʦʰʝʥʠʝ 

ʩʠʛʥʘʣʘ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʧʣʶʩ ʰʫʤ 

SIR - Signal to Interference Ratio, ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ ʢ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

QoS - Quality of Service 

UE - User equipmen 

QoE - Quality of Experience 

NP - Network Performance 

ʉʄʆ - ʩʠʩʪʝʤʘ ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ 

ʊʄʆ - ʪʝʦʨʠʷ ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ 

ʩ.ʚ. - ʩʣʫʯʘʡʥʘʷ ʚʝʣʠʯʠʥʘ 

ʌʈ - ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
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ʉʇʀʉʆʂ ʆʉʅʆɺʅʓʍ ʆɹʆɿʅɸʏɽʅʀʁ 

ɻʣʘʚʘ 1 

2s  ï ʤʦʱʥʦʩʪʴ ʰʫʤʘ 

0Rx  ï ʮʝʣʝʚʦʡ ʧʨʠʝʤʥʠʢ 

iRx  ï Ὥ-ʡ ʧʨʠʝʤʥʠʢ 

0Tx  ï ʮʝʣʝʚʦʡ ʧʝʨʝʜʘʪʯʠʢ 

iTx  ï Ὥ-ʡ ʧʝʨʝʜʘʪʯʠʢ 

ɻʣʘʚʘ 2 

 
S ï ʤʦʱʥʦʩʪʴ ʧʨʠʥʠʤʘʝʤʦʛʦ ʩʠʛʥʘʣʘ 

iI  ï ʤʦʱʥʦʩʪʴ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʦʪ i -ʛʦ ʠʩʪʦʯʥʠʢʘ 

N  ï ʯʠʩʣʦ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʭ ʠʩʪʦʯʥʠʢʦʚ 

( , )i ia b  ï ʜʣʠʥʳ ʩʪʦʨʦʥ  Ὥ-ʛʦ ʢʣʘʩʪʝʨʘ 

0TR  ï ʮʝʣʝʚʘʷ ʧʘʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʨʤʠʥʘʣʦʚ 

iTR  ï Ὥ-ʷ ʧʘʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʨʤʠʥʘʣʦʚ 

iD  ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ Ὕὼ ʠ Ὑὼ 

iR  ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ Ὑὼ ʠ Ὕὼ 

g  ï ʙʘʟʦʚʘʷ ʤʦʱʥʦʩʪʴ ʙʝʩʧʨʦʚʦʜʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ 

1a ï ʵʢʩʧʦʥʝʥʪʘ ʟʘʪʫʭʘʥʠʷ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ 

2a  ï 
ʵʢʩʧʦʥʝʥʪʘ ʟʘʪʫʭʘʥʠʷ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ 

ʩʠʛʥʘʣʘ 

 

 

 

 

iB  ï ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ ʩʠʛʥʘʣʘ 
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ɻʣʘʚʘ 3 

ʉ ï ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ ʚ ʩʦʪʝ ʙʝʩʧʨʦʚʦʜʥʦʡ 

ʩʝʪʠ  

c  ï ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ  

NR  ï ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʥʳʭ ʜʣʷ 

ʪʝʭʥʦʣʦʛʠʠ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ 

LR  ï ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʥʳʭ ʜʣʷ 

ʫʩʣʫʛ ʩʦʪʦʚʦʡ ʩʝʪʠ 

b  ï 
ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ ʜʣʷ ʧʝʨʝʜʘʯʠ 

ʜʘʥʥʳʭ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ 

ʚʝʱʝʡ  

d  ï 
ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ ʜʣʷ 

ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʫʩʣʫʛʠ ʩʦʪʦʚʦʡ ʩʝʪʠ 

 

( )c m  ï 
ʢʦʣʠʯʝʩʪʚʦ ʙʣʦʢʦʚ ʜʘʥʥʳʭ, ʚʳʜʝʣʝʥʥʦʝ ʜʣʷ 

ʧʝʨʝʜʘʯʠ m ʨʝʩʫʨʩʥʳʭ ʙʣʦʢʦʚ ʜʘʥʥʳʭ ʧʦ 

ʪʝʭʥʦʣʦʛʠʠ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ 

Lp  ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʩʝʩʩʠʠ ʩʦʪʦʚʦʡ ʩʝʪʠ 

Np  ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʩʝʩʩʠʠ ʫʟʢʦʧʦʣʦʩʥʦʛʦ 

ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ 

Np  ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʧʨʠ ʧʦʩʪʫʧʣʝʥʠʠ ʥʦʚʦʡ 

ʩʝʩʩʠʠ  

ʆp  ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʪʝʢʫʱʝʡ ʩʝʩʩʠʠ ʧʨʠ 

ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʩʠʛʥʘʣʘ 

ɸ ï ʠʥʬʠʥʠʪʝʟʠʤʘʣʴʥʘʷ ʤʘʪʨʠʮʘ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʧʝʨʝʭʦʜʦʚ 

N  ï ʢʦʣʠʯʝʩʪʚʦ ʦʙʩʣʫʞʠʚʘʶʱʠʭ ʧʨʠʙʦʨʦʚ 

1R  ï ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ ʜʣʷ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ  



- 6 - 

 

g ï ʜʦʣʷ ʨʝʩʫʨʩʦʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ ʜʣʷ ʥʦʚʳʭ 

ʩʝʩʩʠʡ 

0 1R Rg=  ï ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʜʦʩʪʫʧʥʳʭ ʜʣʷ ʥʦʚʳʭ 

ʩʝʩʩʠʡ 

( )V t  ï ʪʝʢʫʱʠʡ ʦʙʲʝʤ ʨʝʩʫʨʩʦʚ, ʟʘʥʷʪʳʭ 

ʦʙʩʣʫʞʠʚʘʥʠʝʤ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ 

U  ï ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ 

( )kq r  ï ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ k ʩʝʩʩʠʡ ʟʘʥʠʤʘʶʪ r 

ʨʝʩʫʨʩʦʚ 

, ,i i iL M Y ï ʙʣʦʢʠ ʵʣʝʤʝʥʪʦʚ ʠʥʬʠʥʠʪʝʟʠʤʘʣʴʥʦʡ 

ʤʘʪʨʠʮʳ   

( )k
rp  ï ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ k ʩʝʩʩʠʡ ʪʨʝʙʫʶʪ r 

ʨʝʩʫʨʩʦʚ 

l ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʩʪʫʧʣʝʥʠʷ ʟʘʧʨʦʩʦʚ ʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ  

m ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʙʩʣʫʞʠʚʘʥʠʷ ʩʝʩʩʠʠ ʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ 

Ah  ï ʚʳʩʦʪʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ ʜʦʩʪʫʧʘ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ 

Uh  ï ʚr ʩʦʪʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ  

Bh  ï ʚr ʩʦʪʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʦʙʲʝʢʪʘ, ʙʣʦʢʠʨʫʶʱʝʛʦ 

ʩʠʛʥʘʣ 

a ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʩʪʫʧʣʝʥʠʷ ʩʠʛʥʘʣʘ 

( )td  ï ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʟʘʥʷʪʳʭ ʚ ʤʦʤʝʥʪ t 

   

  



- 7 - 

 

ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʝʛʦ 

ʜʝʩʷʪʠʣʝʪʠʷ ʦʙʲʝʤ ʪʨʘʬʠʢʘ, ʢʦʪʦʨʳʡ ʧʝʨʝʜʘʝʪʩʷ ʧʦ ʙʝʩʧʨʦʚʦʜʥʳʤ 

ʩʝʪʷʤ, ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʣʩʷ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʨʝʜʳʜʫʱʠʤʠ ʛʦʜʘʤʠ. 

ʉʦʛʣʘʩʥʦ ʧʨʦʛʥʦʟʘʤ Cisco, ʧʦʚʳʰʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʚ 2017-2019 ʛʦʜʘʭ 

ʩʦʩʪʘʚʠʣʦ ʙʦʣʝʝ 70% [6], ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʦʞʠʜʘʝʪʩʷ ʪʦʣʴʢʦ ʝʛʦ ʨʦʩʪ. 

ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʟʨʝʣʦʩʪʴʶ ʪʝʭʥʦʣʦʛʠʠ ʤʦʙʠʣʴʥʦʛʦ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ 

ʜʦʩʪʫʧʘ ʯʝʪʚʝʨʪʦʛʦ ʧʦʢʦʣʝʥʠʷ (4G), ʧʨʠʥʦʩʷʱʝʡ ʟʥʘʯʠʪʝʣʴʥʳʝ 

ʫʣʫʯʰʝʥʠʷ ʚʦ ʤʥʦʛʠʝ ʘʩʧʝʢʪʳ ʩʦʪʦʚʦʡ ʩʝʪʠ ʚ ʨʷʜʝ ʥʦʚʳʭ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʠ ʫʩʣʫʛ. ɺ ʯʘʩʪʥʦʩʪʠ, 4G ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʣʦ ʜʦʩʪʫʧʥʫʶ ʩʢʦʨʦʩʪʴ ʜʦʩʪʫʧʘ ʢ ʜʘʥʥʳʤ, ʧʨʝʜʦʩʪʘʚʣʷʷ ʚ ʪʦ 

ʞʝ ʚʨʝʤʷ ʰʠʨʦʢʠʡ ʥʘʙʦʨ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʥʝʪ-ʫʩʣʫʛ, ʪʝʤ ʩʘʤʳʤ 

ʵʬʬʝʢʪʠʚʥʦ ʢʦʥʢʫʨʠʨʫʷ ʩ ʜʨʫʛʠʤʠ ʪʠʧʘʤʠ ʙʝʩʧʨʦʚʦʜʥʳʭ ʨʝʰʝʥʠʡ, 

ʚʢʣʶʯʘʷ Wi-Fi [10]. 

ɺʳʰʝʫʧʦʤʷʥʫʪʦʝ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʧʫʩʢʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʚʦʟʜʫʰʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʯʘʣʦ ʥʦʚʦʡ ʵʨʳ 

ʧʦʠʩʪʠʥʝ ʚʝʟʜʝʩʫʱʝʛʦ ʜʦʩʪʫʧʘ ʚ ʠʥʪʝʨʥʝʪ, ʠ ʤʥʦʛʠʝ ʩʯʠʪʘʶʪ, ʯʪʦ 

ʜʘʞʝ ʩʘʤʳʝ ʧʦʩʣʝʜʥʠʝ 4G-ʩʠʩʪʝʤʳ ʥʝ ʩʤʦʛʫʪ ʩʧʨʘʚʠʪʴʩʷ ʩ ʣʘʚʠʥʦʡ 

ʪʨʘʬʠʢʘ ʚ ʙʣʠʞʘʡʰʝʤ ʙʫʜʫʱʝʤ [22]. ʊʘʢʦʡ ʩʪʨʝʤʠʪʝʣʴʥʳʡ ʨʦʩʪ 

ʨʘʟʚʠʪʠʷ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤ ʤʦʞʝʪ ʩʝʨʴʝʟʥʦ ʧʦʚʣʠʷʪʴ ʥʘ ʫʨʦʚʥʠ 

ʢʘʯʝʩʪʚʘ ʦʙʩʣʫʞʠʚʘʥʠʷ ʧʦʣʴʟʦʚʘʪʝʣʝʡ (ʘʥʛʣ. Quality of Service, QoS), 

ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʪʴ ʜʝʬʠʮʠʪ ʜʦʩʪʫʧʥʦʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʩʝʪʠ [59]. 

ʆʪʚʝʪʦʤ ʥʘ ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ 

ʨʘʟʚʝʨʪʳʚʘʥʠʝ ʙʦʣʝʝ ʧʣʦʪʥʳʭ ʧʠʢʦʩʦʪ (ʨʘʜʠʫʩ ʧʦʢʨʳʪʠʷ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 500 ʤ.) ʠ ʬʝʤʪʦʩʦʪ (ʨʘʜʠʫʩ ʧʦʢʨʳʪʠʷ ʜʦ 20 ʤ.) ʩ ʤʝʥʴʰʠʤʠ 

ʟʦʥʘʤʠ ʧʦʢʨʳʪʠʷ [71, 25]. ʕʪʦ ʤʦʞʝʪ ʧʦʪʝʥʮʠʘʣʴʥʦ ʦʙʝʩʧʝʯʠʪʴ ʩʪʦʣʴ 

ʥʝʦʙʭʦʜʠʤʳʝ ʫʣʫʯʰʝʥʠʷ ʚ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʧʦʣʴʟʦʚʘʪʝʣʷʤ 

ʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ [85].  
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ʆʜʥʘʢʦ ʚʦʟʥʠʢʘʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʤʝʭ ʤʝʞʜʫ ʪʘʢʠʤʠ ʤʘʣʳʤʠ ʩʦʪʘʤʠ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ 

ʧʦʤʝʭʘʤ ʩʦʪʦʚʦʡ ʠʥʜʫʩʪʨʠʠ ʥʝʦʙʭʦʜʠʤʦ ʙʫʜʝʪ ʩʧʨʘʚʣʷʪʴʩʷ ʩ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʘʨʝʥʜʥʦʡ ʧʣʘʪʦʡ ʠ ʫʚʝʣʠʯʝʥʥʳʤʠ ʨʘʩʭʦʜʘʤʠ ʥʘ 

ʨʘʟʚʝʨʪʳʚʘʥʠʝ ʠ ʦʙʩʣʫʞʠʚʘʥʠʝ [53]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʝʥʜʝʥʮʠʷ 

ʫʧʣʦʪʥʝʥʠʷ ʩʝʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʝʛʦʜʥʷ ʢʘʢ ʦʩʥʦʚʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʩʪʝʧʝʥʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ ʧʦʩʪʦʷʥʥʦ ʨʘʩʪʫʱʝʛʦ ʟʘʧʨʦʩʘ ʥʘ 

ʪʨʘʬʠʢ ʚ ʩʠʩʪʝʤʘʭ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ (5G). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʫʣʫʯʰʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʝʭʘʥʠʟʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʨʝʩʫʨʩʘʤʠ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʥʦʚʳʝ ʤʦʜʝʣʠ ʠ 

ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ. ʈʝʰʝʥʠʝ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʩʜʝʨʞʠʚʘʝʪʩʷ 

ʥʝʜʦʩʪʘʪʢʘʤʠ ʚ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʦʩʥʦʚʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ, ʚ ʪʝʦʨʠʠ 

ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʘʜʝʢʚʘʪʥʳʭ ʤʦʜʝʣʝʡ 

ʦʙʩʣʫʞʠʚʘʥʠʷ ʠ ʤʝʪʦʜʦʚ ʠʭ ʘʥʘʣʠʟʘ. ɿʘʤʝʪʠʤ, ʯʪʦ ʨʘʟʜʝʣʝʥʠʝ 

ʨʝʩʫʨʩʦʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʢʦʨʨʝʢʪʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʤʠ ʧʦʪʦʢʘʤʠ. ɽʩʣʠ ʦʙʲʝʜʠʥʠʪʴ ʜʚʘ ʠʣʠ 

ʙʦʣʝʝ ʛʝʪʝʨʦʛʝʥʥʳʝ ʩʝʪʠ, ʪʦ ʤʳ ʩ ʚʘʤʠ  ʧʨʝʢʨʘʩʥʦ ʧʦʥʠʤʘʝʤ, ʯʪʦ 

ʧʦʜʦʙʥʦʝ ʩʣʠʷʥʠʝ ʪʘʢʠʭ ʩʝʪʝʡ ʧʦʚʳʩʠʪ ʥʘʜʝʞʥʦʩʪʴ ʠ 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʩʪʴ ʩʠʩʪʝʤ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ [24]. ʂ ʧʨʠʤʝʨʫ, 

ʧʦʩʪʫʧʣʝʥʠʝ ʪʨʝʚʦʛʠ ʦʙ ʦʙʥʘʨʫʞʝʥʠʠ ʥʝʰʪʘʪʥʦʡ ʩʠʪʫʘʮʠʠ, ʢʦʪʦʨʫʶ 

ʩʦʦʙʱʠʣʘ ʛʨʫʧʧʘ ʩʤʘʨʪ-ʩʯʝʪʯʠʢʦʚ, ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥ ʩʨʘʟʫ ʯʝʨʝʟ 

ʚʠʟʫʘʣʴʥʳʡ ʢʘʥʘʣ. ɺ ʵʪʦʡ ʩʚʷʟʠ, ʚʳʙʦʨ ʩʪʨʘʪʝʛʠʠ ʫʧʨʘʚʣʝʥʠʷ 

ʨʝʩʫʨʩʘʤʠ ʤʝʞʜʫ ʤʝʥʴʰʠʤ ʯʠʩʣʦʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʚʠʜʝʦʢʘʤʝʨ 

[69] ʠ ʦʛʨʦʤʥʳʤ ʯʠʩʣʦʤ ʥʠʟʢʦʩʢʦʨʦʩʪʥʳʭ ʩʤʘʨʪ-ʩʯʝʪʯʠʢʦʚ [2] ʠ ʧʨʠ 

ʦʛʨʘʥʠʯʝʥʥʦʤ ʦʙʲʝʤʝ ʨʝʩʫʨʩʦʚ ʷʚʣʷʝʪʩʷ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʦʧʝʨʘʪʦʨʦʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʚ ʢʦʤʙʠʥʘʮʠʠ ʪʘʢʠʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʝʪʝʡ ʠʩʩʣʝʜʫʶʪʩʷ ʟʘʜʘʯʠ 
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ʥʘʜʝʞʥʦʩʪʠ ʜʦʩʪʘʚʢʠ ʜʘʥʥʳʭ  [86]. ɺ ʨʘʤʢʘʭ ʪʘʢʦʡ ʟʘʜʘʯʠ 

ʥʝʦʙʭʦʜʠʤʦ ʩʙʘʣʘʥʩʠʨʦʚʘʪʴ ʚʝʨʦʷʪʥʦʩʪʥʦ-ʚʨʝʤʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɺʍ): ʚʝʨʦʷʪʥʦʩʪʠ ʙʣʦʢʠʨʦʚʢʠ ʩʝʘʥʩʘ ʜʣʷ 

ʦʪʜʝʣʴʥʳʭ ʧʦʪʦʢʦʚ ʜʘʥʥʳʭ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ 

ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʝʡ ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʘ ʥʘ ʠʭ 

ʦʩʥʦʚʝ ʥʦʚʳʭ ʧʫʪʝʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʨʦʷʪʥʦʩʪʥʦ-ʚʨʝʤʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʝʪʝʡ 5G. ɹʦʣʝʝ ʪʦʛʦ, ʘʥʘʣʠʟ 

ʠʩʪʦʯʥʠʢʦʚ, ʨʝʢʦʤʝʥʜʘʮʠʡ ʠ ʩʪʘʥʜʘʨʪʦʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʦʨʛʘʥʠʟʘʮʠʡ, ʪʘʢʠʭ ʢʘʢ 3GPP, IEEE, ETSI, ʫʩʪʘʥʦʚʠʣ, ʯʪʦ 

ʥʝʦʙʭʦʜʠʤʳ ʢʦʤʧʣʝʢʩʥʳʝ ʤʦʜʝʣʠ, ʢʦʪʦʨʳʝ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʣʠ ʙʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʜʦʩʪʫʧʦʤ ʠ ʤʝʭʘʥʠʟʤʦʚ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʩʝʪʝʡ 5G. 

ʅʘ ʦʩʥʦʚʝ ʚʳʰʝʠʟʣʦʞʝʥʥʦʛʦ ʜʠʩʩʝʨʪʘʮʠʷ ʚʢʣʶʯʘʝʪ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʨʝʭ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ: 1) ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʧʨʠ ʧʨʷʤʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʫʩʪʨʦʡʩʪʚ ʚ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʢʣʘʩʪʝʨʘʭ ʥʘ ʦʩʥʦʚʝ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ 

ʛʝʦʤʝʪʨʠʠ; 2) ʤʦʜʝʣʴ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʩ 

ʪʨʘʬʠʢʦʤ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ; 3) ʤʦʜʝʣʴ ʪʦʯʢʠ ʜʦʩʪʫʧʘ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʠ ʙʣʦʢʠʨʦʚʢʘʤʠ. ʀʤʝʥʥʦ 

ʵʪʠ ʟʘʜʘʯʠ ʨʝʰʘʶʪʩʷ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠ ʧʦʵʪʦʤʫ ʪʝʤʘ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ.  

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ. ɸʥʘʣʠʟ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʩʣʫʞʠʚʘʥʠʷ ʪʨʘʬʠʢʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʫʩʪʨʦʡʩʪʚ ʧʨʦʚʝʜʝʥ ʩ ʧʦʤʦʱʴʶ ʘʧʧʘʨʘʪʘ ʪʝʦʨʠʠ ʚʝʨʦʷʪʥʦʩʪʝʡ, 

ʪʝʦʨʠʠ ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ, ʪʝʦʨʠʠ ʩʣʫʯʘʡʥʳʭ ʧʨʦʮʝʩʩʦʚ, 

ʪʝʦʨʠʠ ʪʝʣʝʪʨʘʬʠʢʘ ʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ. ʂ ʨʦʩʩʠʡʩʢʠʤ 

ʫʯʝʥʳʤ, ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ, ʚʥʝʩʰʠʤ ʙʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʵʪʠ ʦʙʣʘʩʪʠ, 

ʦʪʥʦʩʷʪʩʷ ɺ.ʄ. ɺʠʰʥʝʚʩʢʠʡ [97, 98], ɻ.ʇ. ɹʘʰʘʨʠʥ [1], ʇ.ʇ. ɹʦʯʘʨʦʚ 
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[88], ɹ.ʉ. ɻʦʣʴʜʰʪʝʡʥ [101], C.ʗ. ʐʦʨʛʠʥ [122], ɸ.ɽ. ʂʫʯʝʨʷʚʳʡ, ɽ.ɸ. 

ʂʫʯʝʨʷʚʳʡ [107,106], ʆ.ɺ. ʉʝʤʝʥʦʚʘ [128, 123], ɸ.ɸ. ʅʘʟʘʨʦʚ [113], 

A.ʅ. ʄʦʠʩʝʝʚ [56, 124], ʉ.ʇ. ʄʦʠʩʝʝʚʘ [49, 112, 114], ɺ.ɸ. ʅʘʫʤʦʚ 

[115],  ʖ.ɺ. ɻʘʡʜʘʤʘʢʘ [29], ɸ.ʇ. ʇʰʝʥʠʯʥʠʢʦʚ [105, 116,], ʂ.ɽ. 

ʉʘʤʫʡʣʦʚ, ɺ.ɺ. ʈʳʢʦʚ [117], ɼ.ɸ. ʄʦʣʯʘʥʦʚ [58, 59 ],  

ʀ.ʀ. ʎʠʪʦʚʠʯ [79, 129 ], ʉ.ʅ. ʉʪʝʧʘʥʦʚ [125,126, 127], ʄ.ʉ. ʉʪʝʧʘʥʦʚ 

[116, 127], ʆ.ʅ. ʈʦʤʘʰʢʦʚʘ [102] ʠ ʜʨ., ʘ ʢ ʟʘʨʫʙʝʞʥʳʤ ï M. Dohler 

[27],  J.G. Andrews [14], F.P. Kelly [39],  M. Haenggi [34], V.B. Iversen 

[36], L. Kleinrock [103,104], E. Gelenbe  [32], O. Martikainen [54], Luis 

M Correia [41], K.W. Ross [74] ʠ ʜʨ.  ʆʙʟʦʨ ʢʦʥʢʨʝʪʥʳʭ ʨʘʙʦʪ 

ʩʦʜʝʨʞʠʪʩʷ ʚ ʛʣʘʚʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦ ʤʝʨʝ ʠʟʣʦʞʝʥʠʷ 

ʨʝʰʝʥʠʡ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ.  

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʠʩʪʝʤ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ 

ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʮʝʣʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʢ: 

ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʝʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʘʥʘʣʠʟʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʠ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʤʦʜʝʣʝʡ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ ʩ ʪʨʘʬʠʢʦʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʨʝʰʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʇʦʩʪʨʦʝʥʠʝ ʠ ʘʥʘʣʠʟ ʤʦʜʝʣʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʜʣʷ 

ʦʮʝʥʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ, ʩʦʟʜʘʚʘʝʤʦʡ 

ʧʦʣʴʟʦʚʘʪʝʣʷʤʠ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʥʘ ʧʨʠʥʠʤʘʶʱʝʤ 

ʫʩʪʨʦʡʩʪʚʝ ʧʦʣʴʟʦʚʘʪʝʣʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʘʥʘʣʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ SIR (ʘʥʛʣ., Signal-to-Interference Ratio).  

2. ʇʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʜʣʷ ʘʥʘʣʠʟʘ 

ʙʣʦʢʠʨʦʚʦʢ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ 
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(ʉʄʆ) ʩʦ ʩʣʫʯʘʡʥʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʦʙʲʝʤʫ ʟʘʥʠʤʘʝʤʦʛʦ 

ʨʝʩʫʨʩʘ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ. 

ʆʙʲʝʤ ʠ ʩʪʨʫʢʪʫʨʘ ʨʘʙʦʪʳ. ʉʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʩʪʨʦʝʥʘ 

ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʝʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʠʟ 129 

ʠʩʪʦʯʥʠʢʦʚ. ʅʘʫʯʥʘʷ ʨʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 115 ʩʪʨʘʥʠʮʘʭ ʪʝʢʩʪʘ, 

ʩʦʜʝʨʞʠʪ 24 ʨʠʩʫʥʢʘ ʠ 2 ʪʘʙʣʠʮʳ. 

ʂʨʘʪʢʦʝ ʠʟʣʦʞʝʥʠʝ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ 

ʪʨʝʭ ʛʣʘʚ. ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʦʩʪʨʦʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʤʦʜʝʣʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ, ʧʨʦʚʦʜʠʪʩʷ ʦʙʱʠʡ ʦʙʟʦʨ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʤʦʜʝʣʝʡ. ɺ ʨʘʟʜʝʣʝ 1.1 ʠʟʣʦʞʝʥʳ ʦʩʥʦʚʥʳʝ 

ʧʦʢʘʟʘʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʩʝʭ ʫʨʦʚʥʝʡ ʢʘʯʝʩʪʚʘ ʧʨʠ 

ʧʨʝʜʦʩʪʘʚʣʝʥʠʠ ʫʩʣʫʛ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ.  

ɺ ʨʘʟʜʝʣʝ 1.2 ʨʘʩʩʤʦʪʨʝʥʳ ʤʦʜʝʣʠ ʜʣʷ ʘʥʘʣʠʟʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ. ɺ ʨʘʟʜʝʣʝ 1.3 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʤʦʜʝʣʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʚ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ.  ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʨʘʟʜʝʣʦʚ 1.1 ï 1.3 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʫʙʣʠʢʘʮʠʠ [16, 17, 18, 19, 20, 77, 89, 90, 91, 93, 94, 

95, 96, 99, 100, 109, 110, 118] ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ. 

ɺʪʦʨʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʧʦʩʪʨʦʝʥʠʶ ʠ ʘʥʘʣʠʟʫ ʤʦʜʝʣʠ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣʘ 

ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʙʝʩʧʨʦʚʦʜʥʦʡ 

ʩʝʪʠ. ɺ ʨʘʟʜʝʣʝ 2.1 ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʙʘʟʦʚʦʡ ʤʦʜʝʣʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ ʜʚʫʭ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʢʣʘʩʪʝʨʘʭ [90, 99]. 

ɺ ʨʘʟʜʝʣʝ 2.2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʨʘʩʰʠʨʝʥʥʘʷ ʤʦʜʝʣʴ 

ʜʣʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣʘ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ 

ʥʝʩʢʦʣʴʢʠʭ ʩʤʝʞʥʳʭ ʢʣʘʩʪʝʨʘʭ. ɺ ʨʘʟʜʝʣʝ 2.3 ʧʦʣʫʯʝʥʳ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʜʣʷ ʘʥʘʣʠʟʘ ʠ ʨʘʩʯʝʪʘ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ 

ʦʩʥʦʚʥʳʭ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ SIR. 
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ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʨʘʟʜʝʣʦʚ 2.1 ï 2.3 ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʫʙʣʠʢʘʮʠʠ [16, 17, 

77, 90, 99, 100, 118] ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʙʣʦʢʠʨʦʚʦʢ ʚ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʨʝʩʫʨʩʦʚ. ɺ ʨʘʟʜʝʣʝ 3.1 

ʨʘʩʰʠʨʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ [23], ʧʦʟʚʦʣʷʶʱʘʷ ʠʩʩʣʝʜʦʚʘʪʴ 

ʦʩʥʦʚʥʳʝ ɺɺʍ ʩʠʩʪʝʤʳ ʩ ʜʚʫʤʷ ʪʠʧʘʤʠ ʪʨʘʬʠʢʘ ʫʟʢʦʧʦʣʦʩʥʦʡ ʩʝʪʠ 

ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ (ʘʥʛʣ., NarrowBand Internet of Things, NB-IoT) ʠ LTE 

(ʘʥʛʣ., Long Term Evolution). ʀʩʧʦʣʴʟʫʷ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ, 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʪʨʠ ʩʪʨʘʪʝʛʠʠ ʫʧʨʘʚʣʝʥʠʷ ʨʝʩʫʨʩʘʤʠ: ʩʪʘʪʠʯʝʩʢʘʷ, 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʠ ʜʠʥʘʤʠʯʝʩʢʘʷ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ. ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʡ 

ʤʦʜʝʣʠ ʠʩʩʣʝʜʫʝʪʩʷ ʚʥʫʪʨʠʧʦʣʦʩʥʳʡ ʨʝʞʠʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʩʪʘʥʜʘʨʪʘ LTE Rel. 13 [1, 3, 70], ʛʜʝ ʙʘʟʦʚʘʷ 

ʩʪʘʥʮʠʷ ʩʝʪʠ ʨʘʟʜʝʣʷʝʪ ʩʧʝʢʪʨ ʯʘʩʪʦʪ ʩ ʪʝʭʥʦʣʦʛʠʝʡ NB-IoT. 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ 

ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʩ ʚʳʜʝʣʝʥʠʝʤ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʨʝʩʫʨʩʥʳʭ ʙʣʦʢʦʚ [18, 23]. ɺ ʨʘʟʜʝʣʝ 3.2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʝʣʴ ʪʦʯʢʠ 

ʜʦʩʪʫʧʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʠ ʙʣʦʢʠʨʦʚʢʘʤʠ.  

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʨʘʟʜʝʣʦʚ 2.1 ï 2.3 ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʫʙʣʠʢʘʮʠʠ [18, 19, 

20, 89, 91, 93, 94, 95, 96, 109, 110]. 

ɺ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʨʘʟʜʝʣʝ ʨʘʙʦʪʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ.  

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ. 

1. ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʜʣʷ 

ʤʦʜʝʣʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ ʜʚʫʭ ʩʤʝʞʥʳʭ 

ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʢʣʘʩʪʝʨʘʭ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʤʝʪʦʜʦʤ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʩ ʫʯʝʪʦʤ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ 

ʫʩʪʨʦʡʩʪʚʘʤʠ.  
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2. ʆʮʝʥʢʘ ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠ ʩʦʚʤʝʩʪʥʦʛʦ 

ʜʦʩʪʫʧʘ ʢ ʨʝʩʫʨʩʘʤ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʚ ʫʩʣʦʚʠʷʭ 

ʦʙʩʣʫʞʠʚʘʥʠʷ ʪʨʘʬʠʢʘ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʦʚʝʜʝʥ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ ʤʘʩʩʦʚʦʛʦ 

ʦʙʩʣʫʞʠʚʘʥʠʷ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʨʝʩʫʨʩʦʚ 

ʜʠʘʧʘʟʦʥʘʤʠ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʨʘʟʤʝʨʘ. 

3. ɸʥʘʣʠʟ ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠ ʪʦʯʢʠ ʜʦʩʪʫʧʘ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ c ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʨʝʩʫʨʩʦʚ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʚʝʜʝʥ ʩ ʧʦʤʦʱʴʶ ʄʘʨʢʦʚʩʢʦʡ ʩʠʩʪʝʤʳ ʤʘʩʩʦʚʦʛʦ 

ʦʙʩʣʫʞʠʚʘʥʠʷ ʦʛʨʘʥʠʯʝʥʥʦʡ ʝʤʢʦʩʪʠ ʩ ʩʠʛʥʘʣʘʤʠ ʠ 

ʩʣʫʯʘʡʥʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʨʝʩʫʨʩʘʤ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ:  

1. ʇʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʦʮʝʥʢʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩ.ʚ. SIR ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʚ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ, ʢʦʪʦʨʘʷ ʚ ʦʪʣʠʯʠʝ ʦʪ ʠʟʚʝʩʪʥʳʭ ʨʘʥʝʝ 

ʤʦʜʝʣʝʡ ʫʯʠʪʳʚʘʝʪ ʛʝʦʤʝʪʨʠʶ ʧʦʤʝʱʝʥʠʡ. ʇʦʣʫʯʝʥʘ 

ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʩʠʛʥʘʣʘ ʧʦ ʢʨʠʪʝʨʠʶ ʩʨʝʜʥʝʛʦ 

ʟʥʘʯʝʥʠʷ SIR, ʨʘʥʝʝ ʪʘʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

2. ʇʨʝʜʣʦʞʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʣʷ ʘʥʘʣʠʟʘ ʚʝʨʦʷʪʥʦʩʪʥʦ-

ʚʨʝʤʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʘʬʠʢʘ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ 

ʚʝʱʝʡ ʚ ʩʦʪʦʚʦʡ ʩʝʪʠ ʧʨʠ ʥʘʣʠʯʠʠ ʢʦʥʢʫʨʠʨʫʶʱʝʛʦ ʪʨʘʬʠʢʘ 

ʧʦʪʦʢʦʚʦʛʦ ʚʠʜʝʦ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʠʟʚʝʩʪʥʳʭ ʨʘʥʝʝ, ʤʦʜʝʣʴ 

ʫʯʠʪʳʚʘʝʪ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝ ʨʝʩʫʨʩʦʚ ʥʘ ʦʩʥʦʚʝ ʬʠʢʩʠʨʦʚʘʥʥʳʭ 

ʜʠʘʧʘʟʦʥʦʚ ʜʣʷ ʪʨʘʬʠʢʘ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ ʠ 

ʩʪʨʘʪʝʛʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʝʩʫʨʩʦʚ ʩ ʢʦʥʢʫʨʠʨʫʶʱʠʤ 

ʪʨʘʬʠʢʦʤ. 

3. ʇʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʪʦʯʢʠ ʜʦʩʪʫʧʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ ʩ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʨʝʩʫʨʩʦʚ ʠ ʙʣʦʢʠʨʦʚʢʘʤʠ ʧʨʷʤʦʡ ʚʠʜʠʤʦʩʪʠ. 
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ɺ ʦʪʣʠʯʠʝ ʦʪ ʠʟʚʝʩʪʥʳʭ ʤʦʜʝʣʝʡ, ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʝʩʫʨʩʥʘʷ 

ʩʠʩʪʝʤʘ ʩ ʤʝʭʘʥʠʟʤʦʤ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʠ 

ʧʦʩʪʫʧʣʝʥʠʝʤ ʩʠʛʥʘʣʦʚ, ʠ ʧʨʠʤʝʥʝʥʳ ʤʝʪʦʜʳ ʢʘʢ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ, ʪʘʢ ʠ ʪʝʦʨʠʠ ʤʘʩʩʦʚʦʛʦ 

ʦʙʩʣʫʞʠʚʘʥʠʷ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʠʤʝʥʷʪʩʷ ʤʝʪʦʜʳ 

ʪʝʦʨʠʠ ʤʘʩʩʦʚʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ, ʪʝʦʨʠʠ ʚʝʨʦʷʪʥʦʩʪʝʡ, ʪʝʦʨʠʠ 

ʩʣʫʯʘʡʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʪʝʣʝʪʨʘʬʠʢʘ, 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʦʝʢʪʥʳʤʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʤʠ ʢʦʤʧʘʥʠʷʤʠ, 

ʦʧʝʨʘʪʦʨʘʤʠ ʩʝʪʝʡ ʩʚʷʟʠ ʧʨʠ ʧʣʘʥʠʨʦʚʘʥʠʠ ʩʝʪʝʡ ʨʘʜʠʦʜʦʩʪʫʧʘ ʜʣʷ 

ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʢʘʯʝʩʪʚʘ ʫʩʣʫʛ.   

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʦʮʝʥʠʪʴ 

ʚʝʣʠʯʠʥʫ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣʘ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʫʩʪʨʦʡʩʪʚ, ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʧʨʠ ʨʘʩʯʝʪʝ ʦʮʝʥʦʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

ʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ, ʘ ʠʤʝʥʥʦ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʦʢʦʥʝʯʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʚ ʢʦʪʦʨʳʭ ʢʘʯʝʩʪʚʦ ʧʦʣʝʟʥʦʛʦ 

ʩʠʛʥʘʣʘ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣʘ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ.    

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʚʢʣʶʯʝʥʳ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʛʨʘʥʪʘʤ 

ʈʌʌʀ ˉ 15-07-03608 çʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 

ʫʧʨʘʚʣʝʥʠʷ ʜʦʩʪʫʧʦʤ ʚ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʠʥʬʦʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʝʪʷʭ ʥʘ ʦʩʥʦʚʝ ʥʝʣʠʥʝʡʥʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʪʝʣʝʪʨʘʬʠʢʘè, ˉ 18-07-00576 çʇʦʩʪʨʦʝʥʠʝ 

ʧʨʠʢʣʘʜʥʳʭ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʤʦʜʝʣʝʡ ʜʣʷ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʪʝʣʝʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ ʩ ʫʯʝʪʦʤ 

ʤʝʭʘʥʠʟʤʦʚ ʨʘʟʜʝʣʝʥʠʷ ʨʝʩʫʨʩʦʚè, ˉ 18-37-00380 çʄʘʪʝʤʘʪʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ ʫʧʨʘʚʣʝʥʠʷ ʨʘʜʠʦʨʝʩʫʨʩʘʤʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʝʪʝʡ ʧʷʪʦʛʦ (5G) 
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ʧʦʢʦʣʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ ʩʝʩʩʠʡè. 

ʈʝʘʣʠʟʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ 

ʜʦʩʪʠʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʩʦʚʤʝʩʪʥʳʭ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʤʝʨʦʧʨʠʷʪʠʷʭ ʚ ʨʘʤʢʘʭ ʩʦʪʨʫʜʥʠʯʝʩʪʚʘ ʤʝʞʜʫ 

ʈʋɼʅ ʠ ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʫʥʠʚʝʨʩʠʪʝʪʦʤ ʛʦʨʦʜʘ ʊʘʤʧʝʨʝ 

(ʌʠʥʣʷʥʜʠʷ), ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦ ʛʨʘʥʪʘʤ ʈʌʌʀ, ʚ ʧʨʦʝʢʪʝ ç5-100è 

ʧʦʚʳʰʝʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʚʝʜʫʱʠʭ ʨʦʩʩʠʡʩʢʠʭ 

ʫʥʠʚʝʨʩʠʪʝʪʦʚ ʩʨʝʜʠ ʚʝʜʫʱʠʭ ʤʠʨʦʚʳʭ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ 

ʮʝʥʪʨʦʚ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. ʆʩʥʦʚʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʥʘʫʯʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʩʝʤʠʥʘʨʘʭ: 

- ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çNEW2ANè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

ʘʚʛʫʩʪ 2015 ʛ.); 

- ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çInternational Workshop Applied 

Problems in Theory of Probabilities and Mathematical Statistics related 

to modeling of information systems, APTP+MS-2015è (ʌʠʥʣʷʥʜʠʷ, 

ʊʘʤʧʝʨʝ, 10ï13 ʘʚʛʫʩʪʘ, 2015 ʛ.); 

- ʍʍʍ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʠ 

ʠʤʠʪʘʮʠʠ, ECMS-2016 (ɻʝʨʤʘʥʠʷ, ʤʘʡ 2016 ʛ.); 

- XV ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʠʤʝʥʠ ɸ.ʌ. ʊʝʨʧʫʛʦʚʘ 

çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʊʝʭʥʦʣʦʛʠʠ ʠ ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ, ʀʊʄʄ ï 2016è (ɸʣʪʘʡʩʢʠʡ ʢʨʘʡ,  

ʩʝʥʪʷʙʨʴ 2016 ʛ.);  

- XI ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʦʪʨʘʩʣʝʚʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

(ʛ. ʄʦʩʢʚʘ, ʤʘʨʪ 2017); 
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- XX ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʈʘʩʧʨʝʜʝʣʝʥʥʳʝ 

ʢʦʤʧʴʶʪʝʨʥʳʝ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ ʩʝʪʠ: ʫʧʨʘʚʣʝʥʠʝ, 

ʚʳʯʠʩʣʝʥʠʝ, ʩʚʷʟʴ, DCCN-2017è (ʄʦʩʢʚʘ, ʩʝʥʪʷʙʨʴ 2017 ʛ.); 

- II  ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʰʢʦʣʘ ʧʦ ʚʥʝʜʨʝʥʠʶ ʪʝʭʥʦʣʦʛʠʡ, ʧʨʠʣʦʞʝʥʠʡ 

ʠ ʤʝʪʦʜʦʚ ʜʣʷ ʧʦʢʦʣʝʥʠʷ ʩʝʪʝʡ ʩʚʷʟʠ 5G (ʇʦʨʪʫʛʘʣʠʷ, ʃʠʩʩʘʙʦʥ, 

2018 ʛ.); 

- XXXVII  ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʛʣʦʙʘʣʴʥʳʤ 

ʢʦʤʤʫʥʠʢʘʮʠʷʤ çIEEE Global Communications Conferenceè 

(ʆʙʲʝʜʠʥʸʥʥʳʝ ɸʨʘʙʩʢʠʝ ʕʤʠʨʘʪʳ, ɸʙʫ-ɼʘʙʠ, 2018 ʛ.). 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʩʪʘʪʴʷʭ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ 

ʞʫʨʥʘʣʘʭ ï Computer Communications [17], Transactions on Emerging 

Telecommunications Technologies [77], Communications in Computer 

and Information Science [18],  IEEE Internet of Things Journal [67] ʠ ʚ 

ʪʨʫʜʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ WoS (Web of 

Science) ʠ Scopus. ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʬʝʜʝʨʘʣʴʥʦʤ ʦʨʛʘʥʝ 

ʠʩʧʦʣʥʠʪʝʣʴʥʦʡ ʚʣʘʩʪʠ ʧʦ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ ʩʦʙʩʪʚʝʥʥʦʩʪʠ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʧʨʦʛʨʘʤʤʳ ʕɺʄ çʈʘʩʯʝʪ ʦʧʪʠʤʘʣʴʥʦʡ ʝʤʢʦʩʪʠ ʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʦʜʝʣʠ ʩʦʪʳ 

ʩʝʪʠ LTE ʩ ʪʨʘʬʠʢʦʤ ʤʝʞʤʘʰʠʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷè [120], 

çʄʦʜʝʣʴ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʫʟʢʦʧʦʣʦʩʥʦʡ ʩʝʪʠ 

ʀʥʪʝʨʥʝʪʘ ʚʝʱʝʡè [111] ʠ çʉʠʤʫʣʷʪʦʨ ʤʦʜʝʣʠ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ 

ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘè [119]. 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʘʩʧʦʨʪʫ ʩʧʝʮʠʘʣʴʥʦʩʪʠ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʝʜʫʶʱʠʤ ʨʘʟʜʝʣʘʤ ʧʘʩʧʦʨʪʘ 

ʩʧʝʮʠʘʣʴʥʦʩʪʠ 05.13.17 çʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʠʥʬʦʨʤʘʪʠʢʠè: ʧ. 2 

(ʀʩʩʣʝʜʦʚʘʥʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʨʘʟʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ 

ʤʦʜʝʣʝʡ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʩʪʨʫʢʪʫʨ) ʠ ʧ. 16 (ʆʙʱʠʝ 

ʧʨʠʥʮʠʧʳ ʦʨʛʘʥʠʟʘʮʠʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʠ ʦʮʝʥʢʠ ʠʭ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ). 
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ʃʠʯʥʳʡ ʚʢʣʘʜ. ʇʨʦʛʨʘʤʤʥʳʝ ʩʨʝʜʩʪʚʘ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ 

ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ, ʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʤʦʜʝʣʠ ʠ 

ʨʝʟʫʣʴʪʘʪʳ ʠʭ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʳ ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ. 

ʇʫʙʣʠʢʘʮʠʠ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟʣʦʞʝʥʳ ʚ 20 ʧʝʯʘʪʥʳʭ ʠʟʜʘʥʠʷʭ [91, 96, 90, 99, 92, 77, 

16, 100, 118, 94, 18, 21, 95, 17, 67, 19, 20, 93, 109, 110], ʠʟ ʢʦʪʦʨʳʭ 

ʠʟʜʘʥʠʷ [100, 95] ʨʝʢʦʤʝʥʜʦʚʘʥʳ ɺɸʂ ʈʌ, ʘ ʠʟʜʘʥʠʷ [18, 77, 21, 17] 

ʚʭʦʜʷʪ ʚ ʙʘʟʫ ʜʘʥʥʳʭ Scopus. 
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ɻʃɸɺɸ 1 

ʆʉʆɹɽʅʅʆʉʊʀ ʇʆʉʊʆɽʅʀʗ ɺɽʈʆʗʊʅʆʉʊʅʓʍ ʄʆɼɽʃɽʁ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ ʋʉʊʈʆʁʉʊɺ  

1.1. ʇʦʢʘʟʘʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ  

Cʦʛʣʘʩʥʦ ʦʪʯʝʪʫ Ericsson ʢʦʣʠʯʝʩʪʚʦ ʧʦʜʢʣʶʯʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ 

ʢ ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ ʩʦʚʨʝʤʝʥʥʳʭ ʩʝʪʝʡ ʢ 2021 ʛʦʜʫ ʜʦʩʪʠʛʥʝʪ ʟʥʘʯʝʥʠʷ 

ʚ 28 ʤʠʣʣʠʘʨʜʦʚ [8]. ʇʦʜʦʙʥʳʝ ʧʦʜʢʣʶʯʝʥʠʷ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʢʘ: ʚ ʘʚʪʦʤʘʪʠʟʘʮʠʠ 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʠ, ʦʙʱʝʩʪʚʝʥʥʦʡ 

ʙʝʟʦʧʘʩʥʦʩʪʠ, ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʠ ʠ ʪ.ʜ. ɺ ʩʚʷʟʠ ʩ ʙʳʩʪʨʳʤʠ ʪʝʤʧʘʤʠ 

ʨʘʟʚʠʪʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩʦʚʨʝʤʝʥʥʳʝ ʧʨʠʣʦʞʝʥʠ ̫ʠʥʪʝʨʥʝʪʘ 

ʚʝʱʝʡ ʤʦʞʥʦ ʨʘʟʛʨʫʧʧʠʨʦʚʘʪʴ ʥʘ ʜʚʘ ʢʣʘʩʩʘ ʧʦ ʠʭ ʪʝʭʥʠʯʝʩʢʠʤ 

ʧʦʢʘʟʘʪʝʣʷʤ, ʪ.ʝ. ʩʠʩʪʝʤʳ: çʤʘʩʩʦʚʳʝè ʠ çʢʨʠʪʠʯʝʩʢʠʝè. 

 

ʈʠʩ. 1.1. ʏʠʩʣʦ ʧʦʜʢʣʶʯʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʚ ʧʝʨʠʦʜ 

 ʩ 2015 ʧʦ 2021 ʛʦʜ [8]. 

çʄʘʩʩʦʚʳʝè ʧʨʠʣʦʞʝʥʠʷ ʠʥʪʝʨʥʝʪ ʚʝʱʝʡ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʴʶ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʧʦʜʢʣʶʯʝʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚ: ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʜʘʪʯʠʢʠ ʢʦʥʪʨʦʣʷ ʠ ʤʦʥʠʪʦʨʠʥʛʘ 

ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʨʠʢ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʨʝʜʝ. ɺʪʦʨʦʡ ʢʣʘʩʩ 

çʢʨʠʪʠʯʝʩʢʠʭè ʩʠʩʪʝʤ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʩʪʦʠʤʦʩʪʴ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʦʢʘʟʘʪʝʣʷʤ 
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ʜʦʩʪʫʧʥʦʩʪʠ, ʥʘʜʝʞʥʦʩʪʠ ʠ ʟʘʜʝʨʞʢʠ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ.   ʂ ʪʘʢʠʤ 

ʩʠʩʪʝʤʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʥʝʙʦʣʴʰʠʝ ʙʝʩʧʠʣʦʪʥʳʝ ʣʝʪʘʪʝʣʴʥʳʝ 

ʘʧʧʘʨʘʪʳ, ʘʚʪʦʥʦʤʥʳʝ ʘʚʪʦʤʦʙʠʣʠ, ʙʦʣʝʝ ʩʣʦʞʥʳʝ 

ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʝ ʤʘʰʠʥʳ ʠ ʪ.ʜ. [65]. ɺ ʵʪʦʡ ʩʚʷʟʠ ʩʦʚʨʝʤʝʥʥʳʝ 

ʙʝʩʧʨʦʚʦʜʥʳʝ ʩʝʪʠ 5G ʧʦʣʥʦʩʪʴʶ ʧʦʟʚʦʣʷʪ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʧʦʪʦʢʫ 

ʨʘʟʥʦʨʦʜʥʳʭ ʪʨʝʙʦʚʘʥʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʦʙʦʠʤ ʢʣʘʩʩʘʤ ʩʠʩʪʝʤ 

ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ. 

ʇʦ ʧʨʦʛʥʦʟʘʤ ʵʢʩʧʝʨʪʦʚ, ʨʘʟʥʦʪʠʧʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʠʥʪʝʨʥʝʪʘ 

ʚʝʱʝʡ ʙʫʜʫʪ ʨʘʙʦʪʘʪʴ ʥʘ ʚʩʝʤ ʩʧʝʢʪʨʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ: ʤʠʢʨʦʚʦʣʥʦʚʳʝ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ ʩʪʘʥʜʘʨʪʳ 

(IEEE 802.11, 3GPP LTE, ʠ ʪ.ʜ.), ʘ ʪʘʢʞʝ ʥʦʚʝʡʰʠʝ ʩʠʩʪʝʤʳ, 

ʠʩʧʦʣʴʟʫʶʱʠʝ ʤʠʣʣʠʤʝʪʨʦʚʳʝ ʚʦʣʥʳ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʩʝʪʠ ʩʚʷʟʠ 5G 

ʩʪʘʥʜʘʨʪʘ NR (ʘʥʛʣ., New Radio) [5, 64]. ɿʘʤʝʪʠʤ, ʯʪʦ ʤʝʞʜʫ 

ʧʦʪʨʝʙʠʪʝʣʴʩʢʠʤ ʠ ʠʥʜʫʩʪʨʠʘʣʴʥʳʤ ʩʝʛʤʝʥʪʘʤʠ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ 

ʩʫʱʝʩʪʚʫʝʪ ʧʦʢʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʨʘʟʨʳʚ, ʯʪʦ ʪʨʝʙʫʝʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʠʧʦʚʳʭ ʨʝʰʝʥʠʡ ʙʝʩʧʨʦʚʦʜʥʦʡ 

ʩʚʷʟʠ. ʊʘʢ ʢʘʢ ʧʦʪʨʝʙʠʪʝʣʴʩʢʠʝ ʧʨʠʣʦʞʝʥʠʷ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ (ʪʘʢʠʝ 

ʢʘʢ ʩʨʝʜʩʪʚʘ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʙʳʪʘ ʯʝʣʦʚʝʢʘ) ʧʦʧʫʣʷʨʥʳ ʥʘ ʨʳʥʢʝ ʫʞʝ 

ʜʘʚʥʦ, ʘ ʠʥʜʫʩʪʨʠʘʣʴʥʳʝ ʩʠʩʪʝʤʳ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ ʪʦʣʴʢʦ ʥʘʯʠʥʘʶʪ 

ʧʨʦʥʠʢʘʪʴ ʚ ʨʘʟʣʠʯʥʳʝ ʩʬʝʨʳ ɺ2ɺ (ʘʥʛʣ., Business-to-Business, ʙʠʟʥʝʩ 

ʜʣʷ ʙʠʟʥʝʩʘ). 

ɺ ʩʠʣʫ ʩʚʦʝʛʦ ʠʩʪʦʨʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ, ʧʨʠʤʝʥʝʥʠʝ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʨʝʜʩʪʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ ʜʣʷ ʩʦʚʨʝʤʝʥʥʳʭ 

ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʝʥʦ, 

ʪʘʢ ʢʘʢ ʧʦʜʦʙʥʳʝ ʩʠʩʪʝʤʳ ʙʳʣʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʪʦʣʴʢʦ ʥʘ 

ʫʜʦʚʣʝʪʚʦʨʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ, ʠʩʭʦʜʷʱʠʭ ʪʦʣʴʢʦ ʦʪ ʩʘʤʠʭ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʦʜʢʣʶʯʝʥʥʳʝ ʢ ʩʝʪʠ 

ʫʩʪʨʦʡʩʪʚʘ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʧʦʢʘʟʘʪʝʣʷʤ ʥʘʜʝʞʥʦʩʪʠ, 

ʜʦʩʪʫʧʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʟʘʜʝʨʞʢʘʤ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ (ʚʧʣʦʪʴ ʜʦ 1 



- 20 - 

 

ʤʩ.) ʙʝʩʧʨʦʚʦʜʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ [46]. ʏʪʦʙʳ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʪʨʝʙʫʝʤʳʝ 

ʢʨʠʪʝʨʠʠ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʨʝʰʝʥʠʷ 

ʜʣʷ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʪʴ ʙʦʣʝʝ ʰʠʨʦʢʫʶ 

ʧʦʣʦʩʫ ʧʨʦʧʫʩʢʘʥʠʷ, ʙʦʣʝʝ ʛʠʙʢʠʝ ʠ ʜʠʥʘʤʠʯʥʳʝ ʧʨʦʪʦʢʦʣʳ 

ʢʘʥʘʣʴʥʦʛʦ ʫʨʦʚʥʷ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʥʘʜʝʞʥʳʝ ʩʨʝʜʩʪʚʘ 

ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʛʦ ʢʦʜʠʨʦʚʘʥʠʷ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʝʡʰʠʭ ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ 

ʩʪʨʝʤʠʪʝʣʴʥʦ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʧʨʠʣʦʞʝʥʠʡ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ, 

ʧʨʠʟʥʘʥʘ ʧʦ ʚʩʝʤʫ ʤʠʨʫ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʨʝʘʣʠʟʫʶʪʩʷ 

ʠʥʥʦʚʘʮʠʦʥʥʳʝ ʧʨʦʛʨʘʤʤ rʚ ʩʬʝʨʝ ʠʥʪʝʨʥʝʪ ʚʝʱʝʡ (ʜʘʣʝʝ IoT, ʘʥʛʣ., 

Internet of Things) ʚ ʂʠʪʘʝ, ʉʠʥʛʘʧʫʨʝ, ɻʝʨʤʘʥʠʠ, ɺʝʣʠʢʦʙʨʠʪʘʥʠʠ, 

ʉʐɸ, ʀʥʜʠʠ ʠ ʜʨʫʛʠʭ ʩʪʨʘʥʘʭ. ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʉʐɸ ʠ ʂʠʪʘʝ ʩʝʛʤʝʥʪ 

IoT ʚʭʦʜʠʪ ʚ ʧʝʨʝʯʝʥʴ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ɺ ʧʨʠʦʨʠʪʝʪʝ 

ʩʬʝʨʘʤʠ ʧʨʠʤʝʥʝʥʠʷ IoT ʩʯʠʪʘʶʪʩʷ: ʞʠʣʠʱʥʦ-ʢʦʤʤʫʥʘʣʴʥʦʝ 

ʭʦʟʷʡʩʪʚʦ (ʫʤʥʳʡ ʜʦʤ/ʛʦʨʦʜ), ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʘ 

(smart grid), ʪʨʘʥʩʧʦʨʪ ʠ ʪʨʘʥʩʧʦʨʪʥʘʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ, ʦʭʨʘʥʘ ʠ 

ʙʝʟʦʧʘʩʥʦʩʪʴ ʧʨʘʚʦʧʦʨʷʜʢʘ, ʤʝʜʠʮʠʥʘ, ʩʝʣʴʩʢʦʝ ʭʦʟʷʡʩʪʚʦ, 

ʣʦʛʠʩʪʠʢʘ, ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʦʭʨʘʥʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ɺ ʈʦʩʩʠʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʝʤ ʠ ʨʘʟʨʘʙʦʪʢʦʡ ʧʣʘʪʬʦʨʤʳ ʩʚʦʝʛʦ ʧʨʦʪʦʢʦʣʘ ʜʣʷ IoT 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʡʤʫʪʩʷ ʄʠʥʢʦʤʩʚʷʟʴ, ʬʦʥʜ ʉʢʦʣʢʦʚʦ, 

ʄʠʥʧʨʦʤʪʦʨʛ, ʄʠʥʦʙʨʥʘʫʢʠ, ʈʦʩʪʝʣʝʢʦʤ. 

ɺ ʜʦʢʫʤʝʥʪʘʭ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ITU-T (ʘʥʛʣ. 

International Telecommunication Union ï Telecommunication sector), 

ʨʝʢʦʤʝʥʜʦʚʘʥʳ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʧʨʝʜʦʩʪʘʚʣʝʥʠʶ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʫʩʣʫʛ.  ɺ ʵʪʦʡ ʩʚʷʟʠ ʘʥʘʣʠʟ ʢʘʯʝʩʪʚʘ ʚ ʩʝʪʷʭ 

ʧʦʢʦʣʝʥʠʡ 5G ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʘ ʪʨʝʭ ʫʨʦʚʥʷʭ. ʅʘ ʫʨʦʚʥʝ ʧʨʦʩʪʦʛʦ 

ʧʦʣʴʟʦʚʘʪʝʣʷ ʦʮʝʥʢʘ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʩʝʪʠ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ 

ʤʥʝʥʠʠ ʯʝʣʦʚʝʢʘ, ʢ ʧʨʠʤʝʨʫ, ʢʘʯʝʩʪʚʦ ʚʦʩʧʨʠʷʪʠʷ ʦʧʨʝʜʝʣʸʥʥʦʛʦ 

ʚʠʜʘ ʠʥʬʦʨʤʘʮʠʠ. ʅʘ ʫʨʦʚʥʝ ʫʩʣʫʛ ʦʮʝʥʠʚʘʶʪʩʷ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ 
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ʫʩʣʫʛʠ, ʵʪʦ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ, ʩʭʝʤʳ 

ʢʦʜʠʨʦʚʘʥʠʷ ʠ ʪ.ʜ. ʅʘ ʪʨʘʥʩʧʦʨʪʥʦʤ ʫʨʦʚʥʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʢʘʯʝʩʪʚʦ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ: ʧʦʪʝʨʠ ʜʘʥʥʳʭ, ʟʘʜʝʨʞʢʠ ʠ 

ʜʨʫʛʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʢʘʞʜʦʤ ʠʟ ʫʨʦʚʥʝʡ ʦʧʨʝʜʝʣʝʥʳ ʩʚʦʠ 

ʢʨʠʪʝʨʠʠ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ: ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʚʦʩʧʨʠʷʪʠʷ (Quality 

of Experience, QoE), ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʦʙʩʣʫʞʠʚʘʥʠʷ (Quality of 

Service, QoS) ʠ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʝʪʠ (Network 

Performance, NP).  

ʂʘʯʝʩʪʚʦ ʚʦʩʧʨʠʷʪʠʷ QoE ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʠʟ ʦʙʱʝʡ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʦʮʝʥʢʠ ʫʩʣʫʛʠ ʠʣʠ ʧʨʠʣʦʞʝʥʠʷ ʢʦʥʝʯʥʳʤ 

ʧʦʣʴʟʦʚʘʪʝʣʝʤ. ʅʘ ʠʪʦʛʦʚʳʡ ʨʝʟʫʣʴʪʘʪ QoE ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ ʩʝʪʠ, ʚʢʣʶʯʘʷ ʢʣʠʝʥʪʩʢʦʝ 

ʦʙʦʨʫʜʦʚʘʥʠʝ, ʪʝʨʤʠʥʘʣʳ, ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʩʝʨʚʠʩʦʚ, ʪʘʢʞʝ 

ʦʞʠʜʘʥʠʝ ʧʦʣʴʟʦʚʘʪʝʣʷ, ʢʦʪʦʨʦʤʫ ʧʨʝʜʦʩʪʘʚʣʷʝʪʩʷ ʫʩʣʫʛʘ, 

ʧʘʨʘʤʝʪʨʳ ʟʨʝʥʠʷ ʠ ʩʣʫʭʘ ʘʙʦʥʝʥʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʮʝʥʢʘ 

ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʚʦʩʧʨʠʷʪʠʷ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʥʘ ʵʬʬʝʢʪ, ʚʦʩʧʨʠʥʠʤʘʝʤʳʡ ʢʦʥʝʯʥʳʤ ʧʦʪʨʝʙʠʪʝʣʝʤ ʫʩʣʫʛʠ.  

ʂʘʯʝʩʪʚʦ ʦʙʩʣʫʞʠʚʘʥʠʷ QoS ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ 

ʵʬʬʝʢʪʦʚ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʫʩʣʫʛʠ ʚ ʩʝʪʷʭ. ʇʦʢʘʟʘʪʝʣʠ QoS 

ʦʧʨʝʜʝʣʷʶʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʠʣʦʞʝʥʠʡ IoT, ʥʦ, ʩʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʪʨʝʙʦʚʘʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʪʴʩʷ.  

ʂʘʯʝʩʪʚʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʝʪʠ NP ʠʟʤʝʨʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʧʝʨʘʪʦʨʦʤ ʩʚʷʟʠ ʠ ʧʨʠʤʝʥʷʶʪʩʷ 

ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ, ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʪʝʭʥʠʯʝʩʢʦʤ ʦʙʩʣʫʞʠʚʘʥʠʠ ʩʝʪʠ. 

ʕʪʠ ʧʦʢʘʟʘʪʝʣʠ ʟʘʚʠʩʷʪ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʡ ʩʝʪʝʚʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʘ ʥʝ ʦʪ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʢʦʥʢʨʝʪʥʳʭ ʜʝʡʩʪʚʠʡ 

ʧʦʣʴʟʦʚʘʪʝʣʷ. 
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ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʩʝʭ 

ʫʨʦʚʥʝʡ ʤʦʜʝʣʠ ʢʘʯʝʩʪʚʘ (QoE, QoS, NP) ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʤʦʜʝʣʝʡ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ. 

ʇʦʢʘʟʘʪʝʣʠ QoE. ʇʦʢʘʟʘʪʝʣʠ QoE ʚ ʥʘʫʯʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʜʣʷ ʤʦʜʝʣʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʩʝʪʠ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʠ 

ʙʣʦʢʠʨʦʚʢʘʤʠ: ʚʝʨʦʷʪʥʦʩʪʴ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʝʘʥʩʘ ʪʝʨʤʠʥʘʣʘ 

ʧʦʣʴʟʦʚʘʪʝʣʷ ʩ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʪʦʯʢʦʡ ʜʦʩʪʫʧʘ 5G NR (ʛʣʘʚʘ 3). 

ʇʦʢʘʟʘʪʝʣʠ QoS. ʇʦʢʘʟʘʪʝʣʠ QoS ʠʩʩʣʝʜʫʶʪʩʷ ʚ ʤʦʜʝʣʷʭ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ 4G/5G ʅʠʞʝ ʧʝʨʝʯʠʩʣʝʥʳ ʦʩʥʦʚʥʳʝ 

ʠʥʪʝʨʝʩʫʶʱʠʝ ʥʘʩ ʧʦʢʘʟʘʪʝʣʠ, ʢʦʪʦʨʳʝ ʠʟʣʦʞʝʥʳ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʣʘʚʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ: 

- ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʟʘʧʨʦʩʘ ʧʦʣʴʟʦʚʘʪʝʣʷ ʥʘ 

ʧʨʝʜʦʩʪʘʚʣʝʥʠʝ ʫʩʣʫʛʠ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʩʚʦʙʦʜʥʳʭ ʨʝʩʫʨʩʦʚ ʠʣʠ 

ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʩʠʛʥʘʣʘ, ʢʦʛʜʘ ʪʝʢʫʱʝʝ ʦʙʩʣʫʞʠʚʘʥʠʝ ʩʝʩʩʠʠ 

ʙʣʦʢʠʨʫʝʪʩʷ (ʛʣʘʚʘ 3); 

- ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʩʝʩʩʠʡ NB-IoT ʠ LTE c ʫʯʝʪʦʤ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʠ ʨʝʩʫʨʩʦʚ (ʛʣʘʚʘ 3). 

ʇʦʢʘʟʘʪʝʣʠ NP. ʂ ʧʦʢʘʟʘʪʝʣʷʤ ʢʘʯʝʩʪʚʘ NP ʚ ʦʩʥʦʚʥʦʤ 

ʦʪʥʦʩʷʪʩʷ ʤʦʜʝʣʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ 

ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʫʩʪʨʦʡʩʪʚ. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʦ 

ʢʨʠʪʝʨʠʠ ʦʮʝʥʢʠ ʧʦʢʘʟʘʪʝʣʷ NP ʠʩʩʣʝʜʫʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ (ʛʣʘʚʘ 2). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʥʘʣʠʟ ʢʘʯʝʩʪʚʘ ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʪʨʝʙʫʝʪ ʢʦʤʧʣʝʢʩʥʦʛʦ ʨʝʰʝʥʠʷ ï ʨʘʟʨʘʙʦʪʢʘ 

ʥʦʚʳʭ ʤʦʜʝʣʝʡ, ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʠ ʨʘʩʯʝʪʘ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺ ʩʣʝʜʫʶʱʠʭ ʜʚʫʭ ʨʘʟʜʝʣʘʭ ʛʣʘʚ r 1 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʠ ʬʦʨʤʫʣʠʨʦʚʢʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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1.2. ʄʦʜʝʣʠ ʜʣʷ ʘʥʘʣʠʟʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ  

ʇʨʦʛʥʦʟʠʨʫʝʤʦʝ ʫʚʝʣʠʯʝʥʠʝ ʪʨʘʬʠʢʘ ʧʦʣʴʟʦʚʘʪʝʣʷ 

ʥʘʢʣʘʜʳʚʘʝʪ ʞʸʩʪʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʙʫʜʫʱʝʡ ʦʮʝʥʢʝ ʤʦʙʠʣʴʥʳʭ 

ʩʠʩʪʝʤ, ʯʘʩʪʦ ʥʘʟʳʚʘʝʤʳʭ ʩʝʪʷʤʠ ʧʷʪʦʛʦ ʧʦʢʦʣʝʥʠʷ (5G) [7]. ʇʦʤʠʤʦ 

ʪʝʭʥʠʯʝʩʢʠʭ ʫʩʦʚʝʨʰʝʥʩʪʚʝʥʥʳʭ ʤʝʪʦʜʦʚ ʤʦʜʫʣʷʮʠʠ, ʢʦʜʠʨʦʚʘʥʠʷ ʠ 

ʘʥʪʝʥʥ MIMO (ʘʥʛʣ. Multiple Input Multiple Output), ʚ ʪʝʯʝʥʠʝ 

ʧʦʩʣʝʜʥʝʛʦ ʜʝʩʷʪʠʣʝʪʠʷ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʧʨʝʜʩʪʘʚʠʣʠ ʨʷʜ ʩʝʪʝʚʳʭ 

ʨʝʰʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʟʘʤʝʪʥʦʝ ʫʣʫʯʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʙʦʣʴʰʠʭ 

(ʤʠʢʨʦ/ʧʠʢʦ/ʬʝʤʪʦ) ʩʦʪ [14], ʧʝʨʝʜʚʠʞʥʳʝ ʤʦʙʠʣʴʥʳʝ ʩʪʘʥʮʠʠ [42], 

ʧʨʷʤʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʫʩʪʨʦʡʩʪʚʘʤʠ [28]. ɺʩʝ ʵʪʠ ʢʦʥʮʝʧʮʠʠ 

ʥʘʮʝʣʝʥʳ ʥʘ ʧʦʚʪʦʨʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʘʩʪʦʪ, ʧʨʠ ʵʪʦʤ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʠʨʦʩʪ ʧʣʦʱʘʜʴ ʧʦʢʨʳʪʠʷ. 

ʉ ʚʥʝʜʨʝʥʠʝʤ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʦʞʠʜʘʝʪʩʷ, ʯʪʦ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʙʫʜʫʪ ʧʨʠʥʠʤʘʪʴ ʙʦʣʝʝ ʘʢʪʠʚʥʦʝ 

ʫʯʘʩʪʠʝ ʚ ʩʝʪʷʭ 5G, ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʜʘʞʝ ʚʦʟʴʤʫʪ ʥʘ ʩʝʙʷ ʨʦʣʴ 

ʩʝʪʝʚʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʦʙʝʩʧʝʯʝʥʠʠ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ. 

ʅʘʧʨʠʤʝʨ, ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʙʫʜʫʪ ʨʝʪʨʘʥʩʣʠʨʦʚʘʪʴ 

ʜʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʧʨʷʤʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ D2D (ʘʥʛʣ. Device-to-

Device), ʠ ʧʦʜʜʝʨʞʠʚʘʪʴ ʧʨʠʣʦʞʝʥʠʷ ʧʝʨʝʜʘʯʠ ʨʘʟʣʠʯʥʳʭ ʤʝʜʠʘ-

ʫʩʣʫʛ ʠ ʪ.ʜ. ɹʣʘʛʦʜʘʨʷ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʧʨʷʤʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʫʩʪʨʦʡʩʪʚ, ʪʝʭʥʦʣʦʛʠʷ D2D ʧʦʟʚʦʣʠʪ ʧʨʝʜʦʩʪʘʚʠʪʴ ʧʦʣʴʟʦʚʘʪʝʣʷʤ 

ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʫʩʣʫʛ. ʈʦʣʴ ʧʦʜʦʙʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʘʞʥʦʡ ʚ ʩʣʫʯʘʷʭ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʝʭʥʦʛʝʥʥʳʭ 

ʢʘʪʘʩʪʨʦʬ ʠʣʠ ʧʨʠʨʦʜʥʳʭ ʢʘʪʘʢʣʠʟʤʦʚ, ʢʦʛʜʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ 

ʩʦʪʦʚʦʡ ʩʚʷʟʠ ʦʢʘʟʳʚʘʝʪʩʷ ʯʘʩʪʠʯʥʦ ʠʣʠ ʧʦʣʥʦʩʪʴʶ ʚʳʚʝʜʝʥʥʦʡ ʠʟ 

ʩʪʨʦʷ. ɺ ʪʘʢʠʭ ʩʠʪʫʘʮʠʷʭ D2D-ʫʩʪʨʦʡʩʪʚʘ ʩʤʦʛʫʪ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩʚʷʟʴ 

ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʚʨʝʤʝʥʠ ʧʨʦʚʝʜʝʥʠʷ ʨʝʤʦʥʪʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 
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ʨʘʙʦʪ. ɽʩʪʴ ʦʞʠʜʘʥʠʷ, ʯʪʦ D2D ʪʘʢʞʝ ʩʤʦʞʝʪ ʩʪʘʪʴ ʥʝʦʙʭʦʜʠʤʦʡ 

ʪʝʭʥʦʣʦʛʠʝʡ ʜʣʷ ʨʘʟʛʨʫʟʢʠ ʧʝʨʝʛʨʫʞʝʥʥʳʭ ʩʝʛʤʝʥʪʦʚ ʙʝʩʧʨʦʚʦʜʥʦʡ 

ʩʝʪʠ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʣʶʜʝʡ ʩʦ ʩʚʦʠʤʠ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʤʠ 

ʫʩʪʨʦʡʩʪʚʘʤʠ, ʥʘʧʨʠʤʝʨ, ʥʘ ʤʘʩʩʦʚʳʭ ʤʝʨʦʧʨʠʷʪʠʷʭ, ʩʪʘʜʠʦʥʘʭ, ʚ 

ʧʘʨʢʘʭ, ʚ ʢʨʫʧʥʳʭ ʪʦʨʛʦʚʦ-ʨʘʟʚʣʝʢʘʪʝʣʴʥʳʭ ʮʝʥʪʨʘʭ ʠ ʪ.ʜ. ʕʪʦʪ ʩʜʚʠʛ 

ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʡ ʩʦʪʦʚʦʡ ʤʦʜʝʣʠ ʩʚʷʟʘʥ ʩ ʧʨʦʛʨʝʩʩʦʤ ʚ 

ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ: ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ 

ʫʚʝʣʠʯʠʚʘʶʪ ʩʚʦʠ ʚʦʟʤʦʞʥʦʩʪʠ, ʪʦʛʜʘ ʢʘʢ ʙʘʟʦʚʳʝ ʩʪʘʥʮʠʠ 

ʩʪʘʥʦʚʷʪʩʷ ʚʩʝ ʤʝʥʴʰʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʦʣʞʘʶʱʝʛʦʩʷ ʫʧʣʦʪʥʝʥʠʷ 

ʩʝʪʠ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʩʝʪʷʭ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʚʷʟʠ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ 

ʬʘʢʪʦʨʦʚ, ʦʪ ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʠʪ ʢʘʯʝʩʪʚʦ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʫʩʣʫʛ, 

ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʬʝʨʝʥʮʠʷ. ʀʥʪʝʨʬʝʨʝʥʮʠʷ ʩʦʟʜʘʝʪ ʧʦʤʝʭʠ ʧʨʠ 

ʧʝʨʝʜʘʯʝ ʜʘʥʥʳʭ, ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ 

ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʚ ʙʝʩʧʨʦʚʦʜʥʦʤ ʢʘʥʘʣʝ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʭʫʜʰʘʝʪ 

ʩʧʝʢʪʨʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʧʨʦʧʫʩʢʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʩʝʪʠ. ʕʪʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʫʯʠʪʳʚʘʶʪ ʧʨʠ ʦʮʝʥʢʝ ʚʝʣʠʯʠʥʳ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣʘ 

ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʠ ʰʫʤʫ (ʘʥʛʣ., Signal to Interference plus Noise Ratio, 

SINR) ʤʝʞʜʫ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ. SINR ʩʯʠʪʘʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʨʘʙʦʪʳ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ. ɺ 

ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʩʣʝʜʦʚʘʥʘ ʦʜʥʘ ʠʟ ʟʘʜʘʯ ʧʦ ʦʮʝʥʢʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʥʘ ʢʘʯʝʩʪʚʦ ʠ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʚ 

ʙʝʩʧʨʦʚʦʜʥʦʤ ʢʘʥʘʣʝ.  ɼʘʣʝʝ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, 

ʯʪʦ ʰʫʤ: 
2 0s = . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʪʩʫʪʩʪʚʠʠ ʰʫʤʘ ʠʩʩʣʝʜʫʝʤ 

ʚʝʣʠʯʠʥʫ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣʘ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ (ʘʥʛʣ., Signal to 

Interference Ratio, SIR). ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ ʠʤʝʝʪ ʚʠʜ SIR=S/I, ʛʜʝ S 

ʤʦʱʥʦʩʪʴ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʠʥʪʝʨʝʩʫʶʱʝʛʦ ʥʘʩ ʧʝʨʝʜʘʪʯʠʢʘ, I 

ʦʙʦʟʥʘʯʘʝʪ ʤʦʱʥʦʩʪʴ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ ʩʠʛʥʘʣʘ ʦʪ ʜʨʫʛʠʭ 

ʧʝʨʝʜʘʪʯʠʢʦʚ [78]. ɿʥʘʷ SIR, ʧʦ ʬʦʨʤʫʣʝ ʐʝʥʥʦʥʘ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ 
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ʧʨʦʧʫʩʢʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢʘʥʘʣʘ ʠ ʩʧʝʢʪʨʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʩʠʩʪʝʤʳ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ (ʩ.ʚ.) SIR 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʠʩʪʝʤ ʯʘʩʪʦ ʧʨʦʚʦʜʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ. ʆʩʥʦʚʥʦʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, 

ʯʪʦʙʳ ʫʢʘʟʘʪʴ ʥʘ ʧʣʦʩʢʦʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʪʘʥʮʠʡ ʠ, ʟʘʪʝʤ, 

ʚʳʯʠʩʣʠʪʴ ʠʥʪʝʨʬʝʨʝʥʮʠʶ ʚ ʠʥʪʝʨʝʩʫʶʱʝʡ ʪʦʯʢʝ. ʇʦʩʣʝʜʥʠʡ ʰʘʛ 

ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʪʨʫʜʦʸʤʢʠʤ, ʪʘʢ ʢʘʢ ʥʫʞʥʦ ʧʦʣʫʯʠʪʴ ʚ 

ʘʥʘʣʠʪʠʯʝʩʢʦʤ ʚʠʜʝ ʟʘʤʢʥʫʪʳʝ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ 

ʤʝʞʜʫ ʠʩʩʣʝʜʫʝʤʦʡ ʠ ʥʝʩʢʦʣʴʢʠʤʠ ʩʦʩʝʜʥʠʤʠ ʪʦʯʢʘʤʠ. ʇʦ ʵʪʦʡ 

ʧʨʠʯʠʥʝ ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʦʜʝʣʠ, ʦʛʨʘʥʠʯʝʥʥʳʝ 

ʧʫʘʩʩʦʥʦʚʩʢʠʤ ʪʦʯʝʯʥʳʤ ʧʨʦʮʝʩʩʦʤ PPP (ʘʥʛʣ., Poisson Point Process) 

ʥʘ ʧʣʦʩʢʦʩʪʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʫʞʝ ʧʦʣʫʯʝʥʳ  ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ 

ʜʦ i-ʦʡ ʩʦʩʝʜʥʝʡ ʪʦʯʢʠ [58]. 

ʆʩʥʦʚʥʘʷ ʪʨʫʜʥʦʩʪʴ ʧʨʠ ʦʮʝʥʢʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʧʦʢʘʟʘʪʝʣʝʡ ʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ ʩʚʷʟʘʥʘ ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ 

ʧʦʟʠʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ. ʇʦʩʢʦʣʴʢʫ ʩʦʚʨʝʤʝʥʥʳʝ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʦʙʳʯʥʦ ʷʚʣʷʶʪʩʷ ʤʦʙʠʣʴʥʳʤʠ ʠ ʠʭ 

ʪʝʢʫʱʝʝ ʛʝʦʛʨʘʬʠʯʝʩʢʦʝ ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʩʣʫʞʠʚʘʶʱʝʡ 

ʙʘʟʦʚʦʡ ʩʪʘʥʮʠʠ ʤʦʞʝʪ ʜʠʥʘʤʠʯʝʩʢʠ ʤʝʥʷʪʴʩʷ, ʯʪʦ ʪʨʝʙʫʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʳʚʦʜʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʞʠʜʘʝʤʳʭ ʫʨʦʚʥʝʡ QoS.   

ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʜʥʘ ʠʟ ʚʦʟʤʦʞʥʳʭ ʤʝʪʦʜʦʣʦʛʠʡ ʜʣʷ 

ʘʥʘʣʠʟʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ D2D ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʪʝʦʨʠʷ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ.  

ʇʦʵʪʦʤʫ ʦʧʫʙʣʠʢʦʚʘʥʦ ʫʞʝ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤ ʩʮʝʥʘʨʠʷʤ D2D ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ 

ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ. ɿʘʜʘʯʠ ʚʳʙʦʨʘ 

ʢʘʥʘʣʘ D2D ʠ ʩʚʷʟʴ ʩ ʙʘʟʦʚʦʡ ʩʪʘʥʮʠʝʡ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʃʠʥʦʤ ʠ 
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ʝʛʦ ʢʦʣʣʝʛʘʤʠ [47], ʛʜʝ ʘʚʪʦʨʳ ʠʩʩʣʝʜʫʶʪ ʜʚʘ ʨʘʟʥʳʭ ʚʘʨʠʘʥʪʘ ʯʘʩʪʦʪ 

ʜʣʷ D2D-ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ. 

ʀʩʧʦʣʴʟʫʷ ʪʦʯʝʯʥʳʡ ʧʨʦʮʝʩʩ ʇʫʘʩʩʦʥʘ (PPP) ʚ ʢʘʯʝʩʪʚʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʦʥʠ ʨʘʟʨʘʙʦʪʘʣʠ 

ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʤʝʪʦʜʦʣʦʛʠʶ, ʧʦʟʚʦʣʷʶʱʫʶ ʨʘʩʩʯʠʪʘʪʴ ʩʢʦʨʦʩʪʴ 

ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ. ʕʪʘ ʩʪʨʫʢʪʫʨʘ ʙʳʣʘ ʚʧʦʩʣʝʜʩʪʚʠʠ ʨʘʩʰʠʨʝʥʘ ʚ [43], 

ʛʜʝ ʘʚʪʦʨʳ ʧʨʠʤʝʥʷʣʠ ʩʪʦʭʘʩʪʠʯʝʩʢʫʶ ʛʝʦʤʝʪʨʠʶ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʳʭ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ 

ʤʦʱʥʦʩʪʴʶ ʫʩʪʨʦʡʩʪʚ.  

ʈʘʩʩʤʦʪʨʠʤ ʚʢʨʘʪʮʝ ʦʜʥʫ ʠʟ ʨʘʥʥʝʝ ʠʩʩʣʝʜʫʝʤʳʭ ʤʦʜʝʣʝʡ ʜʣʷ 

ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ SIR.  ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʩʮʝʥʘʨʠʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʜʥʦʛʦ ʧʝʨʝʜʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ ʥʝʩʢʦʣʴʢʠʭ 

ʧʨʠʥʠʤʘʶʱʠʭ ʪʝʨʤʠʥʘʣʦʚ. ʕʪʠ ʫʩʪʨʦʡʩʪʚʘ ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʘ 

ʧʣʦʩʢʦʩʪʠ ʚʥʫʪʨʠ ʢʨʫʛʘ ʨʘʜʠʫʩʘ 0r . ɺ ʪʘʢʦʤ ʩʮʝʥʘʨʠʠ ʧʝʨʝʜʘʪʯʠʢ 

ʨʘʩʧʦʣʦʞʝʥ ʚ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤ ʮʝʥʪʨʝ ʢʨʫʛʘ, ʧʨʠʝʤʥʠʢʠ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʚʥʫʪʨʠ ʵʪʦʛʦ ʢʨʫʛʘ ʠ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʢʨʫʛ ʢʣʘʩʪʝʨʦʤ. 

ʇʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʢʣʘʩʪʝʨʘ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʧʨʦʚʝʜʝʥʠʝ 

ʠʥʪʝʨʘʢʪʠʚʥʦʛʦ ʟʘʥʷʪʠʷ ʨʫʢʦʚʦʜʠʪʝʣʷ ʩ ʩʦʪʨʫʜʥʠʢʘʤʠ. ɼʣʷ ʪʘʢʦʡ 

ʤʦʜʝʣʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʘ ʧʘʨʘ ʫʩʪʨʦʡʩʪʚ ʠ ʥʘ ʦʩʥʦʚʝ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ 

ʙʝʩʧʨʦʚʦʜʥʦʛʦ ʢʘʥʘʣʘ. ʊʘʢʫʶ ʧʘʨʫ ʜʘʣʝʝ ʥʘʟʳʚʘʶʪ ʮʝʣʝʚʦʡ ʠ 

ʦʙʦʟʥʘʯʘʶʪ 0 0 0,TR Tx Rx= .  ʆʩʪʘʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ, ʩʦʟʜʘʶʱʠʝ 

ʧʦʤʝʭʠ ʮʝʣʝʚʦʡ ʧʘʨʝ 0TR , ʦʧʨʝʜʝʣʷʶʪ ʯʝʨʝʟ ,i i iTR Tx Rx=  ʠ 

ʥʘʟʳʚʘʶʪ ʠʭ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʤʠ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ iRx  ʠ iTx  

ʦʙʦʟʥʘʯʘʝʪʩʷ ʯʝʨʝʟ iR, ʘ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 0Tx  ʠ iTx  ʯʝʨʝʟ iU . 

ʄʦʱʥʦʩʪʴ ʩʠʛʥʘʣʘ ʠʥʪʝʨʬʝʨʝʥʮʠʠ, ʦʙʨʘʟʦʚʘʥʥʦʡ ʦʪ ʧʘʨʳ ,iTR  

ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʨʘʩʩʪʦʷʥʠʷ iD  ʤʝʞʜʫ ʧʨʠʝʤʥʠʢʦʤ Ὑὼ ʠ 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʤ ʧʝʨʝʜʘʪʯʠʢʦʤ iTx. ʋʛʦʣ ʤʝʞʜʫ ʧʨʷʤʦʡ, 
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ʩʦʝʜʠʥʷʶʱʝʡ ʧʝʨʝʜʘʪʯʠʢ 0Tx  ʠ ʧʨʠʝʤʥʠʢ 0Rx , ʠ ʧʨʷʤʦʡ, ʢʦʪʦʨʘʷ 

ʩʦʝʜʠʥʷʝʪ ʧʝʨʝʜʘʪʯʠʢʠ 0Tx  ʠ ,iTx ʦʙʦʟʥʘʯʘʝʪʩʷ ʯʝʨʝʟ ig. 

ʇʝʨʝʡʜʝʤ ʢ ʦʧʠʩʘʥʠʶ ʦʜʥʦʡ ʠʟ ʟʘʜʘʯ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʳʭ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ, ʚ ʵʪʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʮʝʣʴʶ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ SIR ʚ 

ʭʘʨʘʢʪʝʨʥʦʤ ʜʣʷ D2D ʩʮʝʥʘʨʠʠ. ʆʙʣʘʩʪʴ ʠʥʪʝʨʝʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʦʩʝʜʥʠʝ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʷʯʝʡʢʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʨʘʟʤʝʨʦʚ [43], 

ʧʨʠʯʝʤ D2D ʧʘʨʪʥʝʨʳ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʵʪʠʤ ʷʯʝʡʢʘʤ. 

ʂʦʥʮʝʥʪʨʠʨʫʷʩʴ ʥʘ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʷʯʝʡʢʘʭ ʠ ʧʨʝʜʧʦʣʦʞʠʚ, ʯʪʦ ʥʝ 

ʙʦʣʝʝ ʦʜʥʦʡ ʧʘʨʳ D2D ʤʦʞʝʪ ʙʳʪʴ ʘʢʪʠʚʥʳʤ ʚ ʮʝʣʝʚʦʡ ʷʯʝʡʢʝ ʚ 

ʣʶʙʦʡ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʧʨʠʤʝʥʷʝʤ ʤʝʪʦʜʳ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ 

ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʧʨʝʜʣʘʛʘʝʪ ʥʘʙʦʨ ʧʦʣʝʟʥʳʭ ʦʮʝʥʦʢ ʜʣʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ D2D. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʪʝʛʨʘʣʴʥʳʝ 

ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ SIR ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʩʝʭ 

ʥʝʦʙʭʦʜʠʤʳʭ ʤʦʤʝʥʪʦʚ ʠ ʢʚʘʥʪʠʣʝʡ.  

ʉʬʦʢʫʩʠʨʫʝʤ ʥʘʰʝ ʚʥʠʤʘʥʠʝ ʥʘ ʮʝʣʝʚʦʤ ʧʦʣʴʟʦʚʘʪʝʣʝ ʚ 

ʮʝʥʪʨʘʣʴʥʦʤ ʧʦʤʝʱʝʥʠʠ, ʜʘʣʝʝ ʙʫʜʝʤ ʠʭ ʥʘʟʳʚʘʪʴ ʢʣʘʩʪʝʨʘʤʠ (ʩʤ. 

ʨʠʩ. 1.2).  

 

ʈʠʩ. 1.2. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ. 
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ʇʨʝʜʣʘʛʘʶʪʩʷ ʜʚʘ ʩʮʝʥʘʨʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʫʩʪʨʦʡʩʪʚ, ʛʜʝ ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʫʢʘʟʳʚʘʶʪʩʷ ʧʫʪʠ ʧʝʨʝʜʘʯʠ 

ʜʘʥʥʳʭ ʤʝʞʜʫ ʮʝʣʝʚʳʤʠ ʧʘʨʘʤʠ ʪʝʨʤʠʥʘʣʦʚ, ʘ ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʤ ʩʠʛʥʘʣʘʤ ʦʪ ʩʦʩʝʜʥʠʭ 

ʧʝʨʝʜʘʪʯʠʢʦʚ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʶʪʩʷ ʜʚʝ ʧʨʠʙʣʠʞʝʥʥʳʝ ʤʦʜʝʣʠ: ʚ 

ʥʘʰʝʤ ʧʝʨʚʦʤ ʩʮʝʥʘʨʠʠ ʧʨʠʥʠʤʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʮʝʥʪʨʘʭ ʢʣʘʩʪʝʨʦʚ, ʘ ʧʝʨʝʜʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ 

ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʧʨʝʜʝʣʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʣʘʩʪʝʨʦʚ 

(uplink). ɺʦ ʚʪʦʨʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʝʨʝʜʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ ʪʝʧʝʨʴ 

ʬʠʢʩʠʨʦʚʘʥʳ ʚ ʮʝʥʪʨʘʭ ʢʣʘʩʪʝʨʘ, ʧʨʠʝʤʥʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʳ 

ʨʘʚʥʦʤʝʨʥʦ (downlink). ɹʫʜʝʤ ʥʘʟʳʚʘʪʴ ʵʪʠ ʧʨʠʙʣʠʞʝʥʠʷ ʢʘʢ 

ʚʦʩʭʦʜʷʱʘʷ (ʨʠʩ.1.3) ʠ ʥʠʩʭʦʜʷʱʘʷ (ʨʠʩ. 1.4) ʣʠʥʠʠ ʩʚʷʟʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

0

0

0

1

1

 

ʈʠʩ. 1.3. ʉʮʝʥʘʨʠʡ ʚʦʩʭʦʜʷʱʝʡ ʣʠʥʠʠ ʩʚʷʟʠ ʚ ʜʚʫʭ ʢʣʘʩʪʝʨʘʭ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʩʣʝʜʫʝʪʩʷ ʩ.ʚ. SINR ʩ 

ʫʧʨʦʱʘʶʱʠʤ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ, ʢʦʛʜʘ ʤʦʱʥʦʩʪʴ ʰʫʤʘ ʨʘʚʝʥ ʥʫʣʶ. 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʚʳʚʦʜʘ ʬʦʨʤʫʣ ʦʮʝʥʢʠ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʨʘʩʩʤʦʪʨʠʤ 

ʩʨʝʜʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʦʚ ʚ ʢʚʘʜʨʘʪʥʳʭ ʢʣʘʩʪʝʨʘʭ ʩ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʜʣʠʥʦʡ ʩʪʦʨʦʥ. ɼʣʷ ʩʣʫʯʘʷ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʢʣʘʩʪʝʨʘʭ 

ʬʦʨʤʫʣʳ ʨʘʩʯʝʪʘ SIR ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʘʥʘʣʦʛʠʯʥʳʤ ʩʧʦʩʦʙʦʤ, 

ʠʟʣʦʞʝʥʥʳʤ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʜʣʷ ʢʚʘʜʨʘʪʥʳʭ ʢʣʘʩʪʝʨʦʚ.   
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ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ 

ʠʟ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʦʮʝʥʢʠ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ SIR ʚ 

ʢʘʥʘʣʘʭ ʚʦʩʭʦʜʷʱʝʡ (uplink) ʠ ʥʠʩʭʦʜʷʱʝʡ (downlink) ʣʠʥʠʡ ʩʚʷʟʠ. 

ʏʘʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʝʥʘ ʚ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʚʳʨʘʞʝʥʠʷʭ ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʢʘʯʝʩʪʚʦ 

ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ ʚ ʢʘʥʘʣʝ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ [77].  

ʅʘ ʨʠʩʫʥʢʝ 1.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʤʝʘ ʚʦʩʭʦʜʷʱʝʡ ʣʠʥʠʠ ʩʚʷʟʠ.  

ʅʘ ʵʪʦʤ ʩʮʝʥʘʨʠʠ ʠʩʩʣʝʜʫʶʪʩʷ ʧʦ ʦʜʥʦʤʫ ʮʝʣʝʚʦʤʫ ʠ 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʤʫ ʢʣʘʩʪʝʨʫ. ʇʫʩʪʴ ʢʣʘʩʪʝʨʳ ʙʫʜʫʪ ʠʤʝʪʴ 

ʢʚʘʜʨʘʪʥʫʶ ʬʦʨʤʫ ʩ ʜʣʠʥʦʡ ʩʪʦʨʦʥʳ, ʨʘʚʥʦʡ 1 2ʩ a a b= = =. 

ʇʨʠʝʤʥʠʢʠ, ʦʙʦʟʥʘʯʘʝʤʳʝ ʯʝʨʝʟ 0Rx  ʠ 1Rx  ʨʘʩʧʦʣʦʞʝʥʳ ʚ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʮʝʥʪʨʘʭ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʣʘʩʪʝʨʘʭ, ʘ 

ʧʝʨʝʜʘʪʯʠʢʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʧʨʝʜʝʣʘʭ ʵʪʠʭ ʢʣʘʩʪʝʨʦʚ. ɺ 

ʵʪʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 0Rx  ʷʚʣʷʝʪʩʷ ʮʝʣʝʚʳʤ ʧʨʠʝʤʥʠʢʦʤ ʠ 1Tx  - 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʤ ʧʝʨʝʜʘʪʯʠʢʦʤ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 1Tx  ʠ 0Rx

ʦʙʦʟʥʘʯʘʝʪʩʷ ʯʝʨʝʟ 1D, ʘ ʜʠʩʪʘʥʮʠʷ ʤʝʞʜʫ 0Tx  ʠ 0Rx  ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʯʝʨʝʟ 0R. ɼʝʢʘʨʪʦʚʘ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʚʳʙʨʘʥʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʜʝ 

( )2, 2c c  - ʢʦʦʨʜʠʥʘʪʳ ʮʝʣʝʚʦʛʦ ʧʨʠʝʤʥʠʢʘ.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩ.ʚ. SINR ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ:  

2

1

,
N

ii

S
SINR

I s
=

=
+ä

 (1.1) 

ʛʜʝ S ʷʚʣʷʝʪʩʷ ʤʦʱʥʦʩʪʴʶ ʧʨʠʥʠʤʘʝʤʦʛʦ ʩʠʛʥʘʣʘ, N  ï ʢʦʣʠʯʝʩʪʚʦ 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʭ ʠʩʪʦʯʥʠʢʦʚ, iI  ï ʤʦʱʥʦʩʪʴ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʦʪ i-ʛʦ 

ʠʩʪʦʯʥʠʢʘ ʠ 
2s  ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʤʦʱʥʦʩʪʴ ʰʫʤʘ. ʐʫʤʳ 

ʢʣʘʩʩʠʬʠʮʠʨʫʶʪ ʥʘ ʝʩʪʝʩʪʚʝʥʥʳʝ (ʘʪʤʦʩʬʝʨʥʳʡ ʰʫʤ, ʩʦʣʥʝʯʥʦʛʦ 

ʰʫʤʘ ʠ ʪ.ʜ.) ʠ ʥʘ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʰʫʤʳ. ɺ ʥʘʰʠʭ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ 
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ʟʥʘʯʝʥʠʝ ʰʫʤ ʧʨʠʥʠʤʘʝʤ ʙʣʠʟʢʦʡ ʢ ʥʫʣʶ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʨʘʞʝʥʠʝ 

(1.1) ʧʨʠʤʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

1

,
N

ii

S
SIR

I
=

=

ä
 (1.2) 

ʛʜʝ ʤʦʱʥʦʩʪʴ ʧʨʠʥʠʤʘʝʤʦʛʦ ʩʠʛʥʘʣʘ S ̫ ʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʨʘʩʩʪʦʷʥʠʷ 

ʤʝʞʜʫ ʧʝʨʝʜʘʪʯʠʢʦʤ ʠ ʧʨʠʝʤʥʠʢʦʤ, ʘ ʤʦʱʥʦʩʪʴ ʠʥʪʝʨʬʝʨʝʥʮʠʠ iI  

ʬʫʥʢʮʠʝʡ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʮʝʣʝʚʳʤ ʪʝʨʤʠʥʘʣʦʤ ʠ i-ʳʤ 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʤ ʠʩʪʦʯʥʠʢʦʤ.  

 

ʈʠʩ. 1.4. ʉʮʝʥʘʨʠʡ ʥʠʩʭʦʜʷʱʝʡ ʣʠʥʠʠ ʩʚʷʟʠ ʚ ʜʚʫʭ ʢʣʘʩʪʝʨʘʭ. 

ɺ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ ʬʦʨʤʫʣʘ (1.2) ʤʦʞʝʪ ʙʳʪʴ 

ʫʧʨʦʱʝʥʘ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ: 

( )0

1

7
,

( )i i

i

S R
SIR

I D
=

=

ä
 (1.3) 

ʛʜʝ ( ) 0

0 0

7 7

1 1

, ( ) ,i

i i i

i i

S R gR I D g D
a a- -

= =

= =ä ä        (1.4) 

ʠ 0a - ʵʢʩʧʦʥʝʥʪʘ ʟʘʪʫʭʘʥʠʷ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ, ʘ ia- ʵʢʩʧʦʥʝʥʪʘ 

ʟʘʪʫʭʘʥʠʷ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ ʩʠʛʥʘʣʘ. 

ʇʨʝʜʧʦʣʦʞʠʚ, ʯʪʦ ʤʦʱʥʦʩʪʴ ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ 

ʧʨʠʥʠʤʘʝʪ ʦʜʠʥʘʢʦʚʳʝ ʟʥʘʯʝʥʠʷ, ʬʦʨʤʫʣʘ (1.3) ʙʫʜʝʪ ʠʤʝʪʴ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ:  
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 (1.5) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʩʮʝʥʘʨʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘ ʨʠʩʫʥʢʝ 1.3,  

ʬʦʨʤʫʣʫ SIR ʧʨʝʜʩʪʘʚʠʤ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ, ʦʙʦʟʥʘʯʠʚ 0 1a a= . 

1 1 2

2 2 1

0 0 1

1 1 0

.
gR R D

SIR
gD D R

a a a

a a a

- -

- -
= = =  (1.6) 

 ɿʘʤʝʪʠʤ, ʯʪʦ ʩ.ʚ. SIR ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʨʘʩʩʪʦʷʥʠʶ 1D  ʠ 

ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 0R . ɹʫʜʝʤ ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ 0 1,R D  

ʷʚʣʷʶʪʩʷ ʩʣʫʯʘʡʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʩ ʟʘʜʘʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʢʦʦʨʜʠʥʘʪʳ ʧʝʨʝʜʘʪʯʠʢʦʚ 0Tx  ʠ 1Tx  ʚʳʙʠʨʘʶʪʩʷ 

ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɿʘʜʘʯʘ ʩʦʩʪʦʠʪ ʚ ʥʘʭʦʞʜʝʥʠʠ ʯʠʩʣʦʚʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ ʩ.ʚ. SIR. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʥʝʦʙʭʦʜʠʤʦ ʥʘʡʪʠ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩ.ʚ. SIR 

ʯʝʨʝʟ ʩ.ʚ. 0 1,R D . ʉʫʱʝʩʪʚʫʶʪ ʜʚʘ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ SIR. ʇʝʨʚʳʤ ʩʧʦʩʦʙʦʤ ʥʝʦʙʭʦʜʠʤʦ ʦʪʜʝʣʴʥʦ 

ʚʳʯʠʩʣʠʪʴ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩ.ʚ. 1D  ʠ 0R, ʘ ʧʦʪʦʤ ʨʘʩʩʯʠʪʘʪʴ 

ʠʭ ʩʦʦʪʥʦʰʝʥʠʝ. ʅʦ ʵʪʦʪ ʤʝʪʦʜ ʥʝ ʧʨʠʤʝʥʷʝʪʩʷ ʢ ʩʣʫʯʘʶ ʜʣʷ 

ʥʠʩʭʦʜʷʱʝʡ ʣʠʥʠʠ ʩʚʷʟʠ, ʪʘʢ ʢʘʢ ʩ.ʚ. 1D  ʠ 0R  ʷʚʣʷʶʪʩʷ ʟʘʚʠʩʠʤʳʤʠ. 

ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʩʦʩʪʦʠʪ ʧʨʠʤʝʥʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʦʨʜʠʥʘʪ 

ʮʝʣʝʚʦʛʦ ʠ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ ʧʝʨʝʜʘʪʯʠʢʦʚ. ʉʣʝʜʫʷ ʵʪʦʤʫ ʧʫʪʠ, ʚ 

ʛʣʘʚʝ 2 ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʝʥ ʚʳʚʦʜ ʚʳʯʠʩʣʝʥʠʷ ʩʦʚʤʝʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʩ.ʚ. 1D  ʠ 0R .  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʠʥʩʪʨʫʤʝʥʪʦʚ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ 

ʛʝʦʤʝʪʨʠʠ ʧʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʩʠʩʪʝʤ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʩʦʩʝʜʥʠʭ ʢʦʤʥʘʪʘʭ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. 

ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʩʚʷʟʴ ʫʩʪʨʦʡʩʪʚʘ ʩ ʫʩʪʨʦʡʩʪʚʦʤ, ʪʘʢ ʠ ʩʚʷʟʴ 

ʫʩʪʨʦʡʩʪʚʘ ʩ ʪʦʯʢʦʡ ʜʦʩʪʫʧʘ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʠʩʪʝʤʳ ʚ 
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ʩʦʩʝʜʥʠʭ ʢʦʤʥʘʪʘʭ ʨʘʙʦʪʘʶʪ ʩ ʦʜʠʥʘʢʦʚʦʡ ʯʘʩʪʦʪʦʡ. ʇʨʦʚʝʜʝʥʦ 

ʩʨʘʚʥʝʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʠʤʠʪʘʮʠʦʥʥʳʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʣʷ ʦʮʝʥʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʚ 

ʩʤʝʞʥʳʭ ʢʣʘʩʪʝʨʘʭ. ɺ ʛʣʘʚʝ 2 ʧʨʠʚʝʜʝʥʦ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʚʳʯʠʩʣʝʥʠʷ 

ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ SIR, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʦʜʥʫ ʠʟ 

ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʘʯʝʩʪʚʘ ʢʘʥʘʣʘ ʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ 5G.  

1.3. ʄʦʜʝʣʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʚ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʷʭ 

ʀʟʚʝʩʪʝʥ ʬʘʢʪ, ʯʪʦ ʚ ʠʩʪʦʨʠʠ ʠʥʬʦʨʤʘʪʠʢʠ ʦʙʲʝʤ ʜʘʥʥʳʭ 

ʧʦʩʪʦʷʥʥʦ ʫʚʝʣʠʯʠʚʘʣʩʷ, ʚ 1996 ʛʦʜʫ ʦʪ 1 ʇɹ ʜʦ 1 ʕɹ ʚ 2000 ʠ 1 ɿɹ ʚ 

[6]. ɺ ʵʪʦʡ ʩʚʷʟʠ ʚʘʨʠʘʥʪʳ ʨʝʰʝʥʠʡ ʧʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ 

ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʠʣʠʩʴ ʚ ʣʫʯʰʫʶ ʩʪʦʨʦʥʫ: 

ʤʘʰʠʥʳ ʕɺʄ ʧʨʦʰʣʳʭ ʣʝʪ ʧʦʩʪʝʧʝʥʥʦ ʧʝʨʝʰʣʠ ʚ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ 

ʩʠʩʪʝʤʳ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ [37]. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ 

ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʨʘʟʥʦʪʠʧʥʳʭ, ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʜʘʥʥʳʭ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʠʣʠʩʴ ʪʝʭʥʦʣʦʛʠʠ ʩʙʦʨʘ ʠʥʬʦʨʤʘʮʠʠ. ʅʘʯʠʥʘʷ ʩ 

ʧʨʦʚʦʜʥʳʭ ʩʝʥʩʦʨʥʳʭ ʥʠʟʢʦʫʨʦʚʥʝʚʳʭ ʩʠʩʪʝʤ, ʩʦʚʨʝʤʝʥʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠ ʧʨʝʚʨʘʪʠʣʠʩʴ ʚ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʝ 

ʰʠʨʦʢʦʤʘʩʰʪʘʙʥʳʝ ʙʝʩʧʨʦʚʦʜʥʳʝ ʩʝʪʠ. ʅʘʠʙʦʣʝʝ ʫʩʧʝʰʥʳʤʠ 

ʧʨʠʤʝʨʘʤʠ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʧʝʨʝʜʘʯʠ ʩ ʤʘʣʳʤʠ 

ʦʙʲʝʤʘʤʠ ʜʘʥʥʳʭ, ʷʚʣʷʶʪʩʷ GSM, LoRaWAN, LTE-M, SIGFOX, 

GPRS/EDGE. ʂ ʵʪʦʤʫ ʩʧʠʩʢʫ ʩʤʝʣʦ ʤʦʞʥʦ ʜʦʙʘʚʣʷʪʴ ʥʝʜʘʚʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʳʡ 3GPP ʩʪʘʥʜʘʨʪ ʙʝʩʧʨʦʚʦʜʥʦʡ ʫʟʢʦʧʦʣʦʩʥʦʡ ʩʝʪʠ NB-

IoT [67]. ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ LoRaWAN, SIGFOX, NB-IoT 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʟʦʥʦʡ ʦʭʚʘʪʘ ʚ 

ʜʝʩʷʪʢʠ ʢʠʣʦʤʝʪʨʦʚ ʠ ʥʠʟʢʦʡ ʮʝʥʦʡ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʝ. ʀʤʝʥʥʦ ʵʪʠ 
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ʩʚʦʡʩʪʚʘ ʧʦʟʚʦʣʷʶʪ ʩʯʠʪʘʪʴ ʠʭ ʦʩʥʦʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʩʙʦʨʘ 

ʙʦʣɹh ʠʭ ʜʘʥʥʳʭ (Big Data) ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʨʥʝʪʘ ʚʝʱʝʡ [11, 52, 73]. 

ʇʦʷʚʣʝʥʠʝ ʩʤʘʨʪ-ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʝ ʢʘʢ, ʩʠʩʪʝʤʳ 

ʚʠʜʝʦʥʘʙʣʶʜʝʥʠʷ [51], ʜʠʢʪʫʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ 

ʪʝʭʥʦʣʦʛʠʷʤ ʩʙʦʨʘ ʠ ʜʦʩʪʘʚʢʠ ʠʥʬʦʨʤʘʮʠʠ. ʈʘʥʝʝ ʠʤʝʶʱʠʝʩʷ 

ʨʝʰʝʥʠʷ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʫʩʪʨʦʡʩʪʚ ʥʝ ʧʨʠʤʝʥʠʤʳ ʚ ʵʪʠʭ 

ʩʮʝʥʘʨʠʷʭ ʚ ʩʚʷʟʠ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʧʦʪʦʢʦʚʦʡ ʧʝʨʝʜʘʯʠ 

ʚʠʜʝʦʜʘʥʥʳʭ. ʇʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʩʝʪʝʡ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʝʨʝʜʘʚʘʪʴ ʜʘʥʥʳʝ ʥʘ ʙʦʣʴʰʠʝ ʨʘʩʩʪʦʷʥʠʷ, 

ʩʪʘʥʦʚʠʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʚʦʟʤʦʞʥʳʤ ʨʝʰʝʥʠʝʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʝʜʠʥʫʶ ʧʣʘʪʬʦʨʤʫ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ 

ʩʠʩʪʝʤʦʡ ʟʦʥʘʣʴʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ. ʕʪʘ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ ʥʝʢʦʪʦʨʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʚʠʜʝʦʢʘʤʝʨ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʚʠʜʝʦʤʦʥʠʪʦʨʠʥʛʘ; 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʘʪʯʠʢʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ 

ʯʨʝʟʚʳʯʘʡʥʳʭ ʩʠʪʫʘʮʠʡ, ʢ ʧʨʠʤʝʨʫ, ʜʣʷ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʜʘʚʣʝʥʠʷ ʚʦʟʜʫʭʘ;  ʠ ʩʝʨʚʝʨʘ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʜʘʥʥʳʭ, 

ʢʦʪʦʨʳʝ ʧʨʠʭʦʜʷʪ ʢʘʢ ʩ ʚʠʜʝʦʢʘʤʝʨ, ʪʘʢ ʠ ʩ ʩʤʘʨʪ-ʜʘʪʯʠʢʦʚ. 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʧʨʦʚʦʜʥʳʝ ʠ Wi-Fi ʪʝʭʥʦʣʦʛʠʠ ʥʝ ʚʩʝʛʜʘ 

ʙʳʚʘʶʪ ʜʦʩʪʫʧʥʳ ʚ ʨʘʡʦʥʘʭ ʥʘʙʣʶʜʝʥʠʷ, ʧʝʨʝʜʘʯʘ ʜʘʥʥʳʭ ʦʪ ʢʘʤʝʨ 

ʥʘʙʣʶʜʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʩʦʪʦʚʦʡ ʩʝʪʠ ʩʪʘʥʜʘʨʪʘ LTE. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʩʤʘʨʪ-ʜʘʪʯʠʢʠ ʧʦʜʢʣʶʯʝʥʳ ʧʦ ʪʝʭʥʦʣʦʛʠʠ NB-

IoT. ʊʘʢʦʝ ʛʠʙʨʠʜʥʦʝ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʵʬʬʝʢʪʠʚʥʦ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ. ʊʘʢ ʢʘʢ ʦʙʝ 

ʪʝʭʥʦʣʦʛʠʠ LTE ʠ NB-IoT ʬʫʥʢʮʠʦʥʠʨʫʶʪ ʚ ʣʠʮʝʥʟʠʨʦʚʘʥʥʳʭ 

ʯʘʩʪʦʪʘʭ, ʧʨʦʚʘʡʜʝʨ ʫʩʣʫʛ, ʢʦʪʦʨʳʡ ʦʨʠʝʥʪʠʨʦʚʘʥ ʦʙʝʩʧʝʯʠʪʴ 

ʥʘʜʝʞʥʦʩʪʴ ʠ ʧʨʠʝʤʣʝʤʳʡ ʫʨʦʚʝʥʴ ʢʘʯʝʩʪʚʘ ʩʚʷʟʠ, ʙʫʜʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʦʙʨʝʪʘʪʴ ʯʘʩʪʦʪʥʳʡ ʨʝʩʫʨʩ ʫ ʦʧʝʨʘʪʦʨʘ ʩʝʪʠ [61]. 

ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʪ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʙʝʩʧʝʨʝʙʦʡʥʦʝ 
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ʦʙʩʣʫʞʠʚʘʥʠʝ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʛʦ, ʚ ʢʘʢʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘʭʦʜʷʪʩʷ 

ʦʩʪʘʚʰʠʝʩʷ ʯʘʩʪʦʪʥʳʝ ʧʦʣʦʩʳ ʦʧʝʨʘʪʦʨʘ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʦʧʨʦʩʦʚ ʚ ʨʘʟʜʝʣʝ 3.1. 

ʛʣʘʚʳ 3 ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʝʣʴ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʩ ʪʨʘʬʠʢʦʤ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʥʪʝʨʥʝʪ ʚʝʱʝʡ ʠ 

ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʩʪʨʘʪʝʛʠʡ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʘ ʩʦʪʘ ʩʝʪʠ LTE, ʙʘʟʦʚʘʷ ʩʪʘʥʮʠʷ ʢʦʪʦʨʦʡ 

ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤ ʮʝʥʪʨʝ ʩʦʪʳ. ʈʘʜʠʫʩ ʧʦʢʨʳʪʠʷ ʩʦʪʳ 

ʜʣʷ ʫʩʣʫʛ LTE ʦʙʦʟʥʘʯʠʤ LR , ʢʦʪʦʨʳʡ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʨʘʜʠʫʩʦʤ ʧʦʢʨʳʪʠʷ ʪʝʭʥʦʣʦʛʠʠ NB-IoT, ʪ.ʝ. NR . ɺʝʩʴ ʩʧʝʢʪʨ 

ʜʦʩʪʫʧʥʳʭ ʨʝʩʫʨʩʦʚ ʩʝʪʠ ʙʫʜʝʤ ʠʟʤʝʨʷʪʴ ʚ ʨʝʩʫʨʩʘʭ NB-IoT. ɼʣʷ NB-

IoT ʜʦʩʪʫʧʥʳ C ʨʝʩʫʨʩʦʚ, ʢʦʪʦʨʳʝ ʚʳʯʠʩʣʷʶʪʩʷ C cS= , ʛʜʝ S ï ʵʪʦ 

ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʥʳʭ ʙʣʦʢʦʚ (ʘʥʛʣ., Resource block, RB), ʘ c - 

ʢʦʣʠʯʝʩʪʚʦ ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ ʚ ʦʜʥʦʤ RB [23]. 

ʇʫʩʪʴ ʚʭʦʜʷʱʠʡ ʧʦʪʦʢ ʩʝʩʩʠʡ ʦʪ LTE ʷʚʣʷʝʪʩʷ ʧʫʘʩʩʦʥʦʚʩʢʠʤ 

ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ n. ʊʦʛʜʘ ʚʨʝʤʷ ʦʙʩʣʫʞʠʚʘʥʠʷ LTE-ʫʩʣʫʛʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʩʦ ʩʨʝʜʥʠʤ 1 m, ʘ 

ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʢʦʪʦʨʳʝ ʟʘʧʨʦʰʝʥʳ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʢʘʞʜʦʤ ʚʨʝʤʝʥʥʦʤ ʦʪʨʝʟʢʝ, ʩʦʩʪʘʚʣʷʝʪ 

d ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʘ. ʊʦʛʜʘ a n m=  ʷʚʣʷʝʪʩʷ ʧʨʝʜʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʦʡ 

ʜʣʷ LTE. ɿʘʧʨʦʩʳ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʦʝʜʠʥʝʥʠʷ ʩʝʩʩʠʡ  NB-IoT 

ʧʨʠʭʦʜʷʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʦʮʝʩʩʦʤ ʇʫʘʩʩʦʥʘ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ l. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʜʣʠʥʘ ʙʣʦʢʘ ʜʘʥʥʳʭ ʠʤʝʝʪ  ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʦ ʩʨʝʜʥʠʤ q.  ʊʦʛʜʘ r lq=   ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʧʝʨʝʜʘʯʫ ʙʣʦʢʦʚ ʜʘʥʥʳʭ ʦʪ ʩʝʩʩʠʡ NB-

IoT. ɼʣʷ ʢʘʞʜʦʛʦ ʩʝʘʥʩʘ NB-IoT ʪʨʝʙʫʶʪʩʷ b ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʫʩʪʨʦʡʩʪʚʘ NB-IoT ʷʚʣʷʶʪʩʷ ʩʪʘʪʠʯʥʳʤʠ ʚ 

ʪʝʯʝʥʠʝ ʚʩʝʡ ʩʝʩʩʠʠ. 
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ʈʠʩ. 1.5. ʇʨʝʜʣʘʛʘʝʤʳʝ ʩʪʨʘʪʝʛʠʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ. 

ʇʨʝʜʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʩʪʨʘʪʝʛʠʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ 

ʨʝʩʫʨʩʦʚ ʤʝʞʜʫ LTE-ʢʘʤʝʨʘʤʠ ʠ ʩʤʘʨʪ-ʜʘʪʯʠʢʘʤʠ NB-IoT 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.5. ʄʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʙʘʟʦʚʳʭ 

ʨʝʩʫʨʩʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʧʨʝʜʝʣʝʥʳ ʤʝʞʜʫ NB-IoT ʠ LTE, 

ʩʦʩʪʘʚʣʷʝʪ,N N L LR C R C= = , ʛʜʝ ʠ ,N LR R  ï  ʤʠʥʠʤʘʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʚʩʝʛʜʘ ʜʦʩʪʫʧʥʳʤʠ ʠ 

ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʳ ʪʦʣʴʢʦ ʜʣʷ ʪʨʘʬʠʢʘ LTE-ʢʘʤʝʨ ʠ NB-IoT 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʵʪʦʡ ʩʚʷʟʠ, ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥʦ ʩʨʘʚʥʝʥʠʝ ʪʨʝʭ 

ʩʪʨʘʪʝʛʠʡ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ: 

- ʉʪʘʪʠʯʝʩʢʘʷ ʩʪʨʘʪʝʛʠʷ, ʦʙʦʟʥʘʯʠʤ ʢʘʢ STAT ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ ʩʪʨʦʛʦ 

ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʦ ʤʝʞʜʫ NB-IoT ʠ LTE, ,N N L LR C R C= = . 

- ɼʠʥʘʤʠʯʝʩʢʫʶ ʩʪʨʘʪʝʛʠʶ ʦʙʦʟʥʘʯʠʤ ʢʘʢ DYN. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ ʥʝ ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʳ ʥʠ ʜʣʷ ʦʜʥʦʡ ʠʟ 

ʪʝʭʥʦʣʦʛʠʡ NB-IoT ʠ LTE, ʪʦ ʝʩʪʴ 0L NR R= =, L RC C C= = .  

- ɼʠʥʘʤʠʯʝʩʢʫʶ ʩʪʨʘʪʝʛʠʶ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʦʙʦʟʥʘʯʠʤ ʢʘʢ

DYNRES. ɺ ʵʪʦʡ ʩʪʨʘʪʝʛʠʠ ʦʧʨʝʜʝʣʝʥʥʘʷ ʜʦʣʷ ʨʝʩʫʨʩʦʚ, 

ʜʦʩʪʫʧʥʘ ʪʦʣʴʢʦ ʜʣʷ NB-IoT ʠ ʯʘʩʪʴ ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʘ ʪʦʣʴʢʦ ʜʣʷ 
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LTE ʪʘʢ, ʯʪʦ 0, 0N L L NC C R C C R= > = ->- , ʧʨʠ ʵʪʦʤ, 

0, 0.N LR R> >  ʆʩʪʘʣʴʥʳʝ ʨʝʩʫʨʩʳ ʜʠʥʘʤʠʯʝʩʢʠ 

ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʤʝʞʜʫ ʜʚʫʤʷ ʪʠʧʘʤʠ ʪʨʘʬʠʢʘ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʩ ʜʚʫʤʷ 

ʨʘʟʥʦʪʠʧʥʳʤʠ ʧʫʘʩʩʦʥʦʚʩʢʠʤʠ ʚʭʦʜʷʱʠʤʠ ʧʦʪʦʢʘʤʠ ʷʚʣʷʝʪʩʷ ʪʦʪ 

ʬʘʢʪ, ʯʪʦ ʨʝʩʫʨʩʳ ʩʝʪʠ ʤʦʛʫʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʳʜʝʣʷʪʴʩʷ ʩ ʫʯʝʪʦʤ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʥʫʪʨʠʧʦʣʦʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʠ NB-IoT 

[80]. ʇʨʠʥʮʠʧ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʠ ʚʳʜʝʣʝʥʠʷ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʙʣʦʢʦʚ 

ʨʝʩʫʨʩʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.6. ʈʘʩʩʤʦʪʨʠʤ ʣʦʛʠʯʝʩʢʫʶ 

ʮʝʧʦʯʢʫ: ʧʫʩʪʴ ʧʦʩʪʫʧʘʝʪ ʥʦʚʘʷ ʩʝʩʩʠʷ ʦʪ NB-IoT, ʚ ʵʪʦʪ ʤʦʤʝʥʪ 

ʨʝʩʫʨʩʥʳʝ ʙʣʦʢʠ ʩʪʘʥʦʚʷʪʩʷ ʜʦʩʪʫʧʥʳʤ ʜʣʷ NB-IoT, ʧʨʠ ʵʪʦʤ 

ʢʘʞʜʳʡ ʟʘʧʨʦʩ ʥʘ ʧʨʠʥʷʪʠʝ ʠ ʦʙʩʣʫʞʠʚʘʥʠʝ ʜʘʥʥʳʭ ʪʨʝʙʫʝʪ ʨʦʚʥʦ b 

ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʦʚʘʷ ʩʝʩʩʠʷ ʦʪ NB-IoT ʟʘʥʠʤʘʝʪ 

ʙʘʟʦʚʳʝ ʨʝʩʫʨʩʳ ʚ ʵʪʦʤ RB.  ʅʦ, ʝʩʣʠ ʧʨʠ ʩʣʝʜʫʶʱʝʡ ʧʦʧʳʪʢʝ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʝʩʩʠʠ NB-IoT ʚʩʝ ʨʝʩʫʨʩʳ ʚ ʜʘʥʥʦʤ RB ʥʝ ʜʦʩʪʫʧʥʳ, 

ʪʦ ʚʳʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʡ RB, ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʥʳʡ ʜʣʷ ʫʩʣʫʛ NB-IoT. 

 

ʈʠʩ. 1.6. ʉʭʝʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʨʝʟʝʨʚʠʨʦʚʘʥʠ ̫ʨʝʩʫʨʩʦʚ  

ʩʦʪʳ ʩʝʪʠ LTE. 

ʆʧʨʝʜʝʣʠʤ ʩʦʩʪʦʷʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ ʠ ʧʦʤʥʠʤ, ʯʪʦ 

ʟʘʧʨʦʩ ʥʘ ʦʙʩʣʫʞʠʚʘʥʠʝ ʩʝʩʩʠʠ ʦʪ LTE-ʢʘʤʝʨ ʧʨʠʥʠʤʘʝʪʩʷ, ʢʦʛʜʘ ʚ 
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ʤʦʤʝʥʪ ʝʛʦ ʧʦʩʪʫʧʣʝʥʠʷ ʩʚʦʙʦʜʥʳ ʥʝ ʤʝʥʝʝ d ʠʟ L NC C R= -  

ʨʝʩʫʨʩʦʚ, ʪʦʛʜʘ ʢʦʣʠʯʝʩʪʚʦ ʜʦʩʪʫʧʥʳʭ ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ 

ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ ʚʝʣʠʯʠʥʫ d ʠ ʢʦʣʠʯʝʩʪʚʦ RB ʥʘ d cè øé ù. ɿʘʤʝʪʠʤ, ʯʪʦ 

ʯʠʩʣʦ ʩʝʩʩʠʡ ʦʪ LTE-ʢʘʤʝʨ,  ʚʩʝʛʜʘ ʷʚʣʷʝʪʩʷ ʮʝʣʳʤ ʯʠʩʣʦʤ 1.d c ²è øé ù  

ɽʩʣʠ ʧʨʠ ʧʦʩʪʫʧʣʝʥʠʠ ʟʘʧʨʦʩʦʚ ʥʘ ʧʨʠʥʷʪʠʝ ʜʘʥʥʳʭ ʦʪ NB-IoT ʦʙʲʝʤ 

ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ ʚ ʪʝʢʫʱʝʤ RB ʙʦʣʴʰʝ b, ʪʦ ʵʪʘ ʩʝʩʩʠʷ ʧʨʠʥʠʤʘʝʪʩʷ 

ʚ ʵʪʦʤ ʞʝ RB. ɽʩʣʠ ʢʦʣʠʯʝʩʪʚʦ ʜʦʩʪʫʧʥʳʭ ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ ʤʝʥʴʰʝ, 

ʯʝʤ b, ʠ ʩʣʝʜʫʶʱʠʡ RB ʜʦʩʪʫʧʝʥ ʜʣʷ ʦʙʩʣʫʞʠʚʘʥʠʷ ʜʘʥʥʳʭ NB-IoT, 

ʪʦ ʵʪʦʪ RB ʧʨʠʥʠʤʘʝʪ ʧʦʩʪʫʧʠʚʰʠʡ ʟʘʧʨʦʩ ʦʪ NB-IoT, ʯʪʦ ʫʤʝʥʴʰʘʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʙʘʟʦʚʳʭ ʨʝʩʫʨʩʦʚ ʚ ʵʪʦʤ RB ʥʘ ʯʠʩʣʦ b. ɺ ʦʩʪʘʣʴʥʳʭ 

ʩʣʫʯʘʷʭ ʩʝʩʩʠʷ NB-IoT ʪʝʨʷʝʪʩʷ. ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʛʣʘʚʝ 3, ʨʘʟʜʝʣ 3.1. 

ʇʝʨʝʡʜʝʤ ʢ ʠʟʣʦʞʝʥʠʶ ʩʣʝʜʫʶʱʝʡ ʤʦʜʝʣʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ 

ʨʝʩʫʨʩʦʚ ʚ ʥʦʚʝʡʰʠʭ ʩʝʪʷʭ 3GPP NR.  ɿʘʤʝʪʠʤ, ʯʪʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ 

ʪʦʯʢʠ ʜʦʩʪʫʧʘ (ʘʥʛʣ. mmWave), ʨʘʙʦʪʘʶʱʠʝ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ 

ʜʠʘʧʘʟʦʥʘ ʩʚʝʨʭʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ (ʘʥʛʣ. Extremely high frequency), 

ʤʦʛʫʪ ʩʪʘʪʴ ʧʝʨʝʜʦʚʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʜʣʷ ʤʦʙʠʣʴʥʳʭ ʩʠʩʪʝʤ 5G.  ɺ 

ʜʝʢʘʙʨʝ 2017 ʛʦʜʘ ʧʨʦʠʟʦʰʣʦ  ʚʘʞʥʦ ʩʦʙʳʪʠʝ  ʥʘ ʧʫʪʠ ʢ ʧʝʨʚʦʤʫ 

ʟʘʧʫʩʢʫ ʩʠʩʪʝʤ 5G ï ʤʝʞʜʫʥʘʨʦʜʥʳʡ ʢʦʥʩʦʨʮʠʫʤ 3GPP ʚʳʧʫʩʪʠʣ 

ʩʧʝʮʠʬʠʢʘʮʠʠ ʜʣʷ ʩʪʘʥʜʘʨʪʘ 5G NR (ʘʥʛʣ. New Radio) [5], ʚ ʘʚʛʫʩʪʝ 

2018 ʛ. ʙʳʣʘ ʚʳʧʫʱʝʥʘ ʚʪʦʨʘʷ ʬʘʟʘ ʩʧʝʮʠʬʠʢʘʮʠʡ. 

 

ʈʠʩ. 1.7. ʀʣʣʶʩʪʨʘʮʠʷ ʙʣʦʢʠʨʦʚʢʠ ʩʠʛʥʘʣʘ ʚ ʩʝʪʷʭ 3GPP NR. 
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ʂʦʥʩʦʨʮʠʫʤ 3GPP ʧʨʝʜʩʪʘʚʠʣ ʩʪʘʥʜʘʨʪ Non-Standalone (NSA) 

5G NR, ʥʘ ʢʦʪʦʨʦʤ ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʙʫʜʫʱʝʡ ʪʝʭʥʦʣʦʛʠʠ 5G. ʉʘʤ ʩʪʘʥʜʘʨʪ Standalone 5G NR ʥʘ 

ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʘʙʦʪʢʠ, ʥʘʣʘʜʢʠ. 

ɹʣʘʛʦʜʘʨʷ ʠʤʝʥʥʦ ʵʪʦʤʫ ʩʪʘʥʜʘʨʪʫ NSA 5G NR ʧʘʨʪʥʝʨʳ ʤʠʨʦʚʦʛʦ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʛʦ ʨʳʥʢʘ ʚʧʝʨʚʳʝ ʦʙʲʝʜʠʥʠʣʠ ʩʚʦʠ ʫʩʠʣʠʷ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʝʜʠʥʦʡ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʜʣʷ ʩʠʩʪʝʤ 5G. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʷʚʠʣʘʩʴ ʩʦʚʨʝʤʝʥʥʘʷ ʧʣʘʪʬʦʨʤʘ, ʩ ʧʦʤʦʱʴʶ 

ʢʦʪʦʨʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʦʪʨʘʩʣʠ ʤʦʛʫʪ ʥʘʯʘʪʴ ʪʝʩʪʠʨʦʚʘʥʠʝ ʫʩʪʨʦʡʩʪʚ 

ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʨʚʠʩʦʚ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʤʳ 

ʨʘʙʦʪʘʝʤ ʩ ʪʝʭʥʦʣʦʛʠʝʡ 5G New Radio (NR). ʆʥʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʣʷ 

ʢʦʤʤʝʨʯʝʩʢʠʭ ʩʝʪʝʡ ʠ ʙʫʜʫʪ ʨʘʙʦʪʘʪʴ ʥʘ ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʚʦʣʥʘʭ ʚ 

ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 28, 38 ʠ 72 ɻɻʮ, ʧʨʝʜʦʩʪʘʚʣʷʷ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ 

ʜʘʥʥʳʭ ʜʦ 10ɻʙʠʪ/ʩ ʚ ʧʠʢʝ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʜʝʞʥʦʡ ʨʘʙʦʪʳ ʩʝʪʝʡ 5G NR ʥʝʦʙʭʦʜʠʤʦ 

ʨʝʰʘʪʴ ʥʦʚʳʝ ʟʘʜʘʯʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʚ ʩʣʦʞʥʳʭ ʩʮʝʥʘʨʠʷʭ ʧʣʦʪʥʦʡ 

ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʳ.  ʇʨʦʱʝ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʥʘʧʨʘʚʣʝʥʥʳʝ ʘʥʪʝʥʥʳ ʥʘ 

ʦʩʥʦʚʝ MIMO (ʪʘʢ ʢʘʢ ʨʘʟʤʝʨ ʘʥʪʝʥʥ ʤʝʥʴʰʝ), ʥʦ ʧʨʠ ʪʘʢʠʭ ʜʣʠʥʘʭ 

ʚʦʣʥ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʡ ʦʙʲʝʢʪ ʙʣʦʢʠʨʫʝʪ, ʢ ʧʨʠʤʝʨʫ, ʯʘʩʪʦ 

ʧʨʦʠʩʭʦʜʠʪ ʙʣʦʢʠʨʦʚʘʥʠʝ ʣʫʯʘ ʫ ʪʦʯʢʠ ʜʦʩʪʫʧʘ 3GPP NR ʤʝʥʴʰʠʤʠ 

ʦʙʲʝʢʪʘʤʠ (ʨʝʢʣʘʤʥʳʝ ʱʠʪʳ, ʣʶʜʠ, ʘʚʪʦʤʦʙʠʣʠ ʠ ʪ.ʜ.), ʯʪʦ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʥʝʦʙʭʦʜʠʤʦ ʫʚʝʣʠʯʠʪʴ ʤʦʱʥʦʩʪʴ ʧʨʠʥʠʤʘʝʤʦʛʦ 

ʩʠʛʥʘʣʘ ʠʟ-ʟʘ ʧʦʪʝʨʠ ʧʨʷʤʦʡ ʚʠʜʠʤʦʩʪʠ (ʘʥʛʣ. Line-of-Sight, LoS) 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʤʝʥʝʝ ʦʜʥʦʡ ʩʝʢʫʥʜʳ (ʩʤ. ʨʠʩʫʥʦʢ 1.7) [30]. ʊʘʢʠʝ 

ʩʣʫʯʘʠ ʯʘʩʪʦ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʠʣʴʥʦʤʫ ʫʭʫʜʰʝʥʠʶ ʫʨʦʚʥʷ ʩʠʛʥʘʣʘ 

ʠʣʠ ʜʘʞʝ ʢ ʦʪʢʣʶʯʝʥʠʶ ʘʙʦʥʝʥʪʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʦʪ ʩʝʪʠ. ɺ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʳʣʦ ʥʝʩʢʦʣʴʢʦ ʧʦʧʳʪʦʢ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʵʪʦʪ 

ʧʨʦʮʝʩʩ ʩ ʫʯʝʪʦʤ ʜʠʥʘʤʠʢʠ ʧʝʨʝʤʝʱʝʥʠʷ ʘʙʦʥʝʥʪʦʚ ʠ ʙʣʦʢʠʨʫʶʱʠʭ 

ʦʙʲʝʢʪʦʚ. ʄʦʜʝʣʴ ʙʣʦʢʠʨʦʚʢʠ ʩʦ ʩʪʘʮʠʦʥʘʨʥʳʤʠ ʙʣʦʢʘʪʦʨʘʤʠ ʠ 
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ʤʦʙʠʣʴʥʳʤ UE (ʘʥʛʣ. User equipmen) ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʚ [76]. ʕʪʠ 

ʩʦʙʳʪʠʷ ʙʣʦʢʠʨʦʚʢʠ ʚ ʩʝʪʷʭ 3GPP NR ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʜʚʫʤ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʣʠʯʥʳʤ ʵʬʬʝʢʪʘʤ. ʂʦʛʜʘ ʨʘʩʩʪʦʷʥʠʝ ʦʪ UE ʜʦ AP 

(ʘʥʛʣ. Access Point) ʙʦʣʴʰʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʨʘʜʠʫʩʘ 

ʙʣʦʢʠʨʦʚʢʠ RB, UE ʥʘʭʦʜʠʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʦʪʢʣʶʯʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ 

ʧʨʠʥʷʪʘʷ ʤʦʱʥʦʩʪʴ ʦʪ ʦʪʨʘʞʝʥʥʳʭ ʣʫʯʝʡ ʥʠʞʝ ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʧʦʨʦʛʘ SNR (ʘʥʛʣ. Signal-to-Noise Ratio). ʕʪʦ ʨʘʩʩʪʦʷʥʠʝ ʦʪ UE ʜʦ AP 

ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʘ, ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʠ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʘʥʪʝʥʥʳʭ ʤʘʩʩʠʚʦʚ ʥʘ ʫʩʪʨʦʡʩʪʚʘʭ AP ʠ UE. ʏʪʦʙʳ 

ʫʣʫʯʰʠʪʴ ʥʝʧʨʝʨʳʚʥʦʩʪʴ ʩʝʘʥʩʘ ʚ ʵʪʠʭ ʩʠʪʫʘʮʠʷʭ 3GPP ʧʨʝʜʣʦʞʠʣʘ 

ʚʘʨʠʘʥʪ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʧʦʜʢʣʶʯʝʥʠʷʤʠ ʪʦʯʝʢ ʜʦʩʪʫʧʘ [5].  

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ UE ʨʘʟʨʝʰʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʥʝʩʝʥʠʝ ʧʦʩʨʝʜʩʪʚʦʤ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ 

ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʪʦʯʢʘʤʠ ʜʦʩʪʫʧʘ NR. ɺ 

ʩʣʫʯʘʝ ʙʣʦʢʠʨʦʚʢʠ ʪʝʢʫʱʝʛʦ ʘʢʪʠʚʥʦʛʦ ʩʝʘʥʩʘ UE, ʦʙʩʣʫʞʠʚʘʥʠʝ 

ʧʝʨʝʥʘʧʨʘʚʣʷʝʪʩʷ ʜʦ ʙʣʠʞʘʡʰʝʡ ʜʦʩʪʫʧʥʦʡ ʪʦʯʢʠ ʜʦʩʪʫʧʘ. ʂʦʛʜʘ 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ UE ʜʦ AP ʤʝʥʴʰʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ  UE ʥʝ 

ʥʘʭʦʜʠʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʦʪʢʣʶʯʝʥʠʷ (ʩʤ. ʨʠʩʫʥʦʢ 1.7). ʆʜʥʘʢʦ ʜʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʮʝʣʝʚʦʛʦ ʙʠʪʨʝʡʪʘ ʪʦʯʢʝ ʜʦʩʪʫʧʘ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʦʩʪʘʚʠʪʴ ʙʦʣʴʰʝ ʨʝʩʫʨʩʦʚ. ɸʚʪʦʨʳ ʚ [59] ʥʝʜʘʚʥʦ 

ʧʨʝʜʣʦʞʠʣʠ ʢʦʥʮʝʧʮʠʶ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʵʪʠʤ ʜʦʣʷ ʨʝʩʫʨʩʦʚ ʥʝʜʦʩʪʫʧʥʘ ʜʣʷ ʥʦʚʦʛʦ ʩʝʘʥʩʘ ʠ ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʘ 

ʜʣʷ ʩʝʘʥʩʦʚ, ʫʞʝ ʧʨʠʥʷʪʳʭ ʚ ʩʠʩʪʝʤʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʝʘʥʩ, 

ʠʟʤʝʥʷʶʱʠʡ ʩʚʦʝ ʩʦʩʪʦʷʥʠʝ ʦʪ LoS ʜʦ nLoS (ʘʥʛʣ. non Line-of-Sight), 

ʤʦʞʝʪ ʧʨʦʜʦʣʞʠʪʴ ʩʚʦʝ ʦʙʩʣʫʞʠʚʘʥʠʝ, ʪʨʝʙʫʝʪ ʙʦʣʴʰʝ ʨʝʩʫʨʩʦʚ ʜʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʩʢʦʨʦʩʪʠ. ʏʪʦʙʳ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʩʠʩʪʝʤʳ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʘʚʪʦʨʳ ʚ 

[59] ʩʜʝʣʘʣʠ ʨʷʜ ʫʧʨʦʱʘʶʱʠʭ ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦ ʨʘʙʦʪʝ ʩʠʩʪʝʤʳ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʧʨʝʥʝʙʨʝʛʣʠ ʚʣʠʷʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ AP ʠ UE, ʠ, 
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ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝ ʧʨʦʚʦʜʠʣʠ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ MCS (ʘʥʛʣ. Modulation 

and Coding Scheme) ʚ ʟʘʙʣʦʢʠʨʦʚʘʥʥʳʭ ʠ ʥʝʟʘʙʣʦʢʠʨʦʚʘʥʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ. ʆʩʥʦʚʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ 

ʷʚʣʷʶʪʩʷ ʣʦʢʘʣʠʟʘʮʠʷ ʚ ʦʪʜʝʣʴʥʳʭ ʪʦʯʢʘʭ ʜʦʩʪʫʧʘ ʠ ʥʝ ʪʨʝʙʫʝʪ 

ʧʣʦʪʥʦʛʦ ʨʘʟʚʝʨʪʳʚʘʥʠʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʧʦʜʭʦʜʷʱʝʝ 

ʨʝʰʝʥʠʝ ʜʣʷ ʨʘʥʥʝʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʷ 3GPP NR ʥʘ ʨʳʥʦʢ. ʂʨʦʤʝ ʪʦʛʦ, 

ʩʝʪʠ 3GPP NR ʥʝ ʪʨʝʙʫʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʥʝʩʢʦʣʴʢʠʭ 

ʢʘʥʘʣʦʚ ʥʘ BS, ʪʝʤ ʩʘʤʳʤ ʫʤʝʥʴʰʘʷ ʪʝʭʥʠʯʝʩʢʫʶ ʩʣʦʞʥʦʩʪʴ UE. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʘ ʪʦʯʢʘ ʜʦʩʪʫʧʘ 3GPP NR, ʫʩʪʘʥʦʚʣʝʥʥʘʷ 

ʥʘ ʚʳʩʦʪʝ Ah  ʠ ʚʦʢʨʫʛ ʥʝʝ ʥʘʭʦʜʷʪʩʷ ʥʝʩʢʦʣʴʢʦ ʧʝʰʝʭʦʜʦʚ (ʩʤ. 

ʨʠʩʫʥʦʢ 1.8). ʊʦʯʢʘ ʜʦʩʪʫʧʘ ʠʤʝʝʪ ʟʦʥʫ ʧʦʢʨʳʪʠʷ ʚ ʚʠʜʝ ʦʢʨʫʞʥʦʩʪʠ 

ʩ ʨʘʜʠʫʩʦʤ r. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʨʘʜʠʫʩ r  ʠʤʝʝʪ ʪʘʢʦʝ ʟʥʘʯʝʥʠʝ, ʯʪʦ 

ʥʠʢʘʢʠʝ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʥʝ ʤʦʛʫʪ ʙʳʪʴ 

ʟʘʙʣʦʢʠʨʦʚʘʥʳ, ʢʦʛʜʘ ʧʫʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʫʯʘ, ʩʚʷʟʘʥʥʳʡ ʩʦ 

ʩʣʘʙʦʡ ʤʦʱʥʦʩʪʴʶ ʩʠʛʥʘʣʘ, ʧʝʨʝʢʨʳʪ. ʉʪʦʠʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ r  ʤʦʞʝʪ 

ʙʳʪʴ ʣʠʙʦ ʚʳʯʠʩʣʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʮʝʥʦʢ ʤʦʜʝʣʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʘ ʣʠʙʦ ʜʠʢʪʫʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʥʘʧʨʠʤʝʨ, ʟʜʘʥʠʷ, ʢʦʪʦʨʳʝ ʝʩʪʝʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʦʛʨʘʥʠʯʠʚʘʶʪ ʟʦʥʫ ʧʦʢʨʳʪʠʷ ʪʦʯʢʠ ʜʦʩʪʫʧʘ NR.  

ʏʠʩʣʦ ʧʝʰʝʭʦʜʦʚ ʠʤʝʝʪ ʧʫʘʩʩʦʥʦʚʩʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ l. ʆʥʠ ʧʝʨʝʤʝʱʘʶʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ  v   ʤ/ʩ ʚ 

ʧʨʦʠʟʚʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʟʦʥʝ ʦʙʩʣʫʞʠʚʘʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʤʦʜʝʣʴʶ ʤʦʙʠʣʴʥʦʩʪʠ [60]. ʇʝʰʝʭʦʜʳ ʤʦʜʝʣʠʨʫʶʪʩʷ ʚ ʚʠʜʝ 

ʮʠʣʠʥʜʨʦʚ ʩ ʚʳʩʦʪʦʡ Bh  ʠ ʨʘʜʠʫʩʦʤ ʦʩʥʦʚʘʥʠʷ Br . ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, 

ʯʪʦ ʚʳʩʦʪʘ ʪ.ʥ. çʙʣʦʢʝʨʦʚè ʩʦʩʪʘʚʣʷʝʪ Bh , B Uh h¢ . ʅʘ ʧʨʘʢʪʠʢʝ Bh  

ʩʨʘʚʥʠʚʘʝʪʩʷ ʩʦ ʩʨʝʜʥʠʤ ʨʦʩʪʦʤ ʯʝʣʦʚʝʢʘ.   

ʂʘʢ ʪʦʣʴʢʦ ʧʦʣʴʟʦʚʘʪʝʣʴ ʠʥʠʮʠʠʨʫʝʪ ʩʝʘʥʩ ʩʚʷʟʠ, ʦʥ ʦʩʪʘʝʪʩʷ 

ʥʝʧʦʜʚʠʞʥʳʤ ʚ ʪʝʯʝʥʠʝ ʚʩʝʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʩʝʩʩʠʠ. ɺ ʣʶʙʦʡ 
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ʟʘʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʙʣʦʢʘʪʦʨʦʚ ʩʦʩʪʘʚʣʷʝʪ 

( ) 21 Ap Rp l- , ʛʜʝ , 1A Ap p << ʜʦʣʷ ʘʢʪʠʚʥʳʭ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʚ 

ʩʠʩʪʝʤʝ. 

 

ʈʠʩ. 1.8. ʄʦʜʝʣʴ ʨʘʟʚʝʨʪʳʚʘʥʠʷ ʪʦʯʢʠ ʜʦʩʪʫʧʘ.  

ɺʦ ʚʨʝʤʷ ʘʢʪʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ UE ʨʘʙʦʪʘʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʜʝʣʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʩʚʷʟʘʥʥʳʡ ʩ ʩʘʤʦʡ ʩʠʣʴʥʦʡ ʧʨʠʥʠʤʘʝʤʦʡ 

ʤʦʱʥʦʩʪʴʶ ʠʟ L ʢʣʘʩʪʝʨʦʚ. ʂʘʞʜʳʡ ʢʣʘʩʪʝʨ ʤʦʞʝʪ ʙʳʪʴ ʚʨʝʤʝʥʥʦ 

ʟʘʙʣʦʢʠʨʦʚʘʥ ʜʨʫʛʠʤʠ ʧʝʰʝʭʦʜʘʤʠ, ʧʝʨʝʤʝʱʘʶʱʠʤʠʩ ̫ ʚ ʟʦʥʝ 

ʧʦʢʨʳʪʠʷ ʪʦʯʢʠ ʜʦʩʪʫʧʘ NR. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʢʘʢ ʪʦʣʴʢʦ UE 

ʫʩʪʘʥʦʚʠʣ ʩʦʝʜʠʥʝʥʠʝ ʚ ʢʣʘʩʪʝʨʝ i, ʦʥ ʦʩʪʘʝʪʩʷ ʩʚʷʟʘʥʥʳʤ ʩ ʵʪʠʤ 

ʢʣʘʩʪʝʨʦʤ, ʧʦʢʘ ʦʥ ʥʝ ʙʫʜʝʪ ʟʘʙʣʦʢʠʨʦʚʘʥ. ɺ ʩʣʫʯʘʝ ʙʣʦʢʠʨʦʚʢʠ 

ʚʳʙʠʨʘʝʪʩʷ ʩʘʤʳʡ ʩʠʣʴʥʳʡ ʢʣʘʩʪʝʨ ʠʟ ʦʩʪʘʚʰʝʛʦʩʷ L-1.  

ɼʣʷ ʟʘʚʝʨʰʝʥʠʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʤʦʜʝʣʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʪʨʝʙʫʝʪʩʷ ʫʩʪʘʥʦʚʠʪʴ ʫʩʠʣʝʥʠʝ ʘʥʪʝʥʥʳ TG  ʠ RG  ʚʤʝʩʪʝ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʫʛʣʘʤʠ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ Ta  ʠ Ra . ɺ ʨʘʙʦʪʝ 

ʧʨʝʜʣʦʞʝʥʳ ʣʠʥʝʡʥʳʝ ʘʥʪʝʥʥʳʝ ʨʝʰʝʪʢʠ ʥʘ ʦʙʝʠʭ ʩʪʦʨʦʥʘʭ 

ʧʝʨʝʜʘʪʯʠʢʘ ʠ ʧʨʠʝʤʥʠʢʘ. ʐʠʨʠʥʘ ʧʦʣʦʩʳ (ʯʘʩʪʦʪ) ʧʦ ʫʨʦʚʥʶ 

ʧʦʣʦʚʠʥʥʦʡ ʤʦʱʥʦʩʪʠ (ʘʥʛʣ. half-power beamwidth) ʤʘʩʩʠʚʘ, a 
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ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʯʠʩʣʫ ʝʝ ʵʣʝʤʝʥʪʦʚ K ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʧʣʦʩʢʦʩʪʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ 

32 m dba q q= - , (1.7) 

ʛʜʝ 3dbq  ʷʚʣʷʝʪʩʷ ʪʦʯʢʦʡ 3-db, a arccos( )mq b p= -  - ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ 

ʤʘʢʩʠʤʫʤʘ ʤʘʩʩʠʚʘ. ʇʦʣʘʛʘʷ 0b=  ʠʤʝʝʤ 2mq p=-  ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ 3-ʜɹ ʪʦʯʢʠ ʚʳʯʠʩʣʷʶʪʩʷ ʯʝʨʝʟ 

3 arccos[ 2.782 / ( )].db Kq b p° = - °  (1.8) 

ɼʣʷ 0b=  ʩʨʝʜʥʝʝ ʫʩʠʣʝʥʠʝ ʘʥʪʝʥʥʳ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ

3

3
3 3

1 sin( cos( ) / 2)
.

sin( cos( ) / 2)

db

db
db db

K
G d

q

q

p q
q

p qq q

+

-+ -
=

-
ñ  (1.9) 

ɼʣʠʪʝʣʴʥʦʩʪʴ ʩʝʩʩʠʠ ʠʤʝʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ   ʩ 

ʧʘʨʘʤʝʪʨʦʤ m. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ ʩ ʬʫʥʢʮʠʝʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ( ), 0RF x x> .  

ɼʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʪʨʝʙʦʚʘʥʠʷ 

ʢ ʨʝʩʫʨʩʘʤ ʥʝ ʧʦʩʪʦʷʥʥʳ ʥʘ ʚʝʩʴ ʧʝʨʠʦʜ ʩʝʘʥʩʘ. ʂʘʞʜʳʡ ʘʢʪʠʚʥʳʡ 

ʩʝʘʥʩ ʚ ʩʠʩʪʝʤʝ ʩʚʷʟʘʥ ʩ ʚʥʝʰʥʠʤ ʧʨʦʮʝʩʩʦʤ ʇʫʘʩʩʦʥʘ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ a, ʤʦʜʝʣʠʨʫʶʱʝʡ ʧʨʦʮʝʩʩ ʙʣʦʢʠʨʦʚʢʠ ʢʣʘʩʪʝʨʦʚ 

ʠʟ-ʟʘ ʙʣʦʢʘʪʦʨʦʚ.. ʇʫʩʪʴ ( )i iR t  - ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ, ʟʘʧʨʦʰʝʥʥʳʭ 

ʩʠʩʪʝʤʦʡ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t. ʂʦʛʜʘ ʥʘʩʪʫʧʘʝʪ ʙʣʦʢʠʨʦʚʢʘ, 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʝʩʫʨʩʘʤ ʪʝʢʫʱʝʛʦ ʩʝʘʥʩʘ ʠʟʤʝʥʷʶʪʩʷ ʧʫʪʝʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʦʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ  1 1( ), ( )R i iF x R t+ +  ʯʪʦʙʳ 

ʦʪʨʘʟʠʪʴ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʟʥʦʤ ʦʙʲʝʤʝ ʨʝʩʫʨʩʦʚ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ 

ʦʜʠʥʘʢʦʚʦʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ.  

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʦʯʢʘ ʜʦʩʪʫʧʘ NR ʠʤʝʝʪ B ʨʝʩʫʨʩʦʚ ʚ 

ʝʜʠʥʠʮʘʭ ʠʟʤʝʨʝʥʠʷ ʚ ɻʮ. ʄʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʜʣʷ ʥʦʚʳʭ ʩʝʘʥʩʦʚ 

ʜʦʩʪʫʧʥʦ ʪʦʣʴʢʦ ʯʘʩʪʴ ʨʝʩʫʨʩʦʚ Bg . ʆʜʥʘʢʦ ʚʝʩʴ ʧʫʣ ʨʝʩʫʨʩʦʚ 

ʜʦʩʪʫʧʝʥ ʜʣʷ ʩʝʩʩʠʡ, ʫʞʝ ʧʨʠʥʷʪʳʭ ʚ ʩʠʩʪʝʤʫ ʠ ʠʟʤʝʥʷʶʱʠʭ ʠʭ 
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ʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʣʘʩʪʝʨʦʚ. ʈʘʟʥʦʩʪʴ (1 )B g-  ʥʘʟʳʚʘʝʪʩʷ 

ʟʘʱʠʪʥʦʡ ʝʤʢʦʩʪʴʶ, ʟʘʨʝʟʝʨʚʠʨʦʚʘʥʥʦʡ ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʜʦʩʪʫʧʘ 

ʜʣʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʝʨʝʜʘʯʠ ʦʙʩʣʫʞʠʚʘʥʠʷ.  

ʇʦ ʧʨʠʙʳʪʠʠ ʥʦʚʦʛʦ ʩʝʘʥʩʘ ʪʦʯʢʘ ʜʦʩʪʫʧʘ ʧʨʦʚʝʨʷʝʪ, 

ʜʦʩʪʘʪʦʯʥʦ ʣʠ ʢʦʣʠʯʝʩʪʚʦ ʨʝʩʫʨʩʦʚ (1 ) ( )B V tg- - , ʯʪʦʙʳ 

ʦʙʨʘʙʘʪʳʚʘʪʴ ʟʘʧʨʦʩ ʥʘ ʚʭʦʜʷʱʠʡ ʨʝʩʫʨʩ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʧʨʦʩʘ ( ).RF x  ɺ ʩʣʫʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ, 

ʥʦʚʳʡ ʩʝʘʥʩ ʧʨʠʥʠʤʘʝʪʩʷ ʥʘ ʦʙʩʣʫʞʠʚʘʥʠʝ. ʂʦʛʜʘ ʧʨʦʠʩʭʦʜʠʪ 

ʩʦʙʳʪʠʝ ʙʣʦʢʠʨʦʚʢʠ, ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʝʩʫʨʩʘʤ ʧʝʨʝʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ FR (x). ɽʩʣʠ ʥʦʚʦʝ ʪʨʝʙʦʚʘʥʠʝ 1 1( )i iR t+ +ʤʝʥʴʰʝ ( ),i iR t

ʩʝʘʥʩ ʧʨʦʜʦʣʞʘʝʪ ʩʚʦʶ ʨʘʙʦʪʫ. ʇʨʠ 1 1( )i iR t+ +  ʚʦʟʤʦʞʥʳ ʜʚʘ ʩʣʫʯʘʷ 

(ʨʠʩʫʥʦʢ 3.10): 

1. ʩʝʩʩʠʷ ʧʨʦʜʦʣʞʘʝʪ ʩʚʦʶ ʨʘʙʦʪʫ, ʢʦʛʜʘ ʢʦʣʠʯʝʩʪʚʦ ʜʦʩʪʫʧʥʳʭ 

ʨʝʩʫʨʩʦʚ ( )B V t-  ʙʦʣʴʰʝ, ʯʝʤ ʥʦʚʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʝʩʫʨʩʘʤ, 

1 1( )i iR t+ + ; 

2.  ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʩʝʩʩʠʷ ʙʣʦʢʠʨʫʝʪʩʷ. 

ʆʩʥʦʚʥʦʡ ʠʥʪʝʨʝʩʫʶʱʝʡ ʤʝʪʨʠʢʦʡ ʷʚʣʷʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴ 

ʙʣʦʢʠʨʦʚʢʠ ʩʝʩʩʠʠ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʧʨʠʥʷʪʘ ʥʘ ʦʙʩʣʫʞʠʚʘʥʠʝ Op . ʏʝʤ 

ʥʠʞʝ ʟʥʘʯʝʥʠʝ Op , ʪʝʤ ʣʫʯʰʝ ʥʝʧʨʝʨʳʚʥʦʩʪʴ ʩʝʘʥʩʘ ʚ ʩʠʩʪʝʤʝ. ɽʱʝ 

ʦʜʥʘ ʤʝʪʨʠʢʘ, ʢʦʪʦʨʘʷ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ï ʵʪʦ  

ʚʝʨʦʷʪʥʦʩʪʴ ʙʣʦʢʠʨʦʚʢʠ ʥʦʚʦʡ ʩʝʩʩʠʠ ʜʣʷ Np . ʆʙʝ ʚʝʨʦʷʪʥʦʩʪʠ 

ʷʚʣʷʶʪʩʷ ʬʫʥʢʮʠʷʤʠ ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʚʚʝʜʝʥʥʳʭ ʚʳʰʝ, ʧʦʵʪʦʤʫ 

ʵʪʠ ʜʚʝ ʤʝʪʨʠʢʘʤʠ ʥʫʞʥʦ ʩʙʘʣʘʥʩʠʨʦʚʘʪʴ ʤʝʞʜʫ ʩʦʙʦʡ. ʊʘʢʞʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʚʣʠʷʥʠʝ ʥʘ ʠʩʩʣʝʜʫʝʤʫʶ ʩʠʩʪʝʤʫ  

ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ( ) .
t

U limV t B
­¤
=   ɺ 

ʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʤʫ ʠʟʣʦʞʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ.   
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ɻʃɸɺɸ 2 

ʄʆɼɽʃʔ ʉʊʆʍɸʉʊʀʏɽʉʂʆʁ ɻɽʆʄɽʊʈʀʀ  

ɼʃʗ ʆʎɽʅʂʀ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʀʅʊɽʈʌɽʈɽʅʎʀʀ 

2.1. ɹʘʟʦʚʘʷ ʤʦʜʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ ʜʚʫʭ ʩʤʝʞʥʳʭ       

ʢʣʘʩʪʝʨʘʭ 

ɺ ʨʘʟʜʝʣʝ 1.2. ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʤʦʜʝʣʠ ʜʣʷ ʘʥʘʣʠʟʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʠ 

ʥʝʤʥʦʛʦ ʙʳʣʦ ʠʟʣʦʞʝʥʦ ʦʧʠʩʘʥʠʝ ʥʘʯʘʣʘ ʩʠʩʪʝʤʥʦʡ ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ 

ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʜʠʩʩʝʨʪʘʮʠʠ. ʕʪʘ ʤʦʜʝʣʴ ʪʠʧʠʯʥʘ ʜʣʷ ʪʦʨʛʦʚʳʭ 

ʮʝʥʪʨʦʚ ʠ ʦʬʠʩʦʚ, ʧʦʵʪʦʤʫ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʘʙʦʨ ʩʤʝʞʥʳʭ 

ʧʦʤʝʱʝʥʠʡ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʠʣʠ ʢʚʘʜʨʘʪʥʦʡ ʬʦʨʤʳ. ɺ ʮʝʥʪʨʝ ʢʘʞʜʦʛʦ 

ʧʦʤʝʱʝʥʠʷ ʫʩʪʘʥʦʚʣʝʥʘ ʪʦʯʢʘ ʜʦʩʪʫʧʘ. ʋʯʠʪʳʚʘʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ 

ʫʧʣʦʪʥʝʥʠʝ ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʝʪʝʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʫʩʪʨʦʡʩʪʚʘ ʚ ʩʤʝʞʥʳʭ 

ʢʦʤʥʘʪʘʭ ʨʘʙʦʪʘʶʪ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʥʘʙʦʨʝ ʢʘʥʘʣʦʚ ʩʚʷʟʠ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʦʣʴʟʦʚʘʪʝʣʠ, ʨʘʙʦʪʘʶʱʠʝ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ 

ʥʘʙʦʨʝ ʢʘʥʘʣʦʚ ʩʚʷʟʠ, ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʢʦʤʥʘʪʝ. 

ɼʣʷ ʥʘʯʘʣʘ ʚʚʝʜʝʤ ʩʣʝʜʫʶʱʠʝ ʢʦʦʨʜʠʥʘʪʳ: 

1 0 2 0 3 1 4 1: , : , : , : ,X Y X Yc c c c= = = = (2.1) 

ʛʜʝ ( )0 0,X Y  ʠ ( )1 1,X Y  ï ʢʦʦʨʜʠʥʘʪʳ ʧʝʨʝʜʘʪʯʠʢʦʚ 0Tx  ʠ 1Tx , 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ  1 2( , )c c ʠ 3 4( , )c c  ï  ʩʣʫʯʘʡʥʦ ʚʳʙʨʘʥʥʳʝ 

ʢʦʦʨʜʠʥʘʪʳ ʧʝʨʝʜʘʪʯʠʢʦʚ 0Tx  ʠ 1Tx , ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  ʊʘʢ ʢʘʢ 

ʢʦʦʨʜʠʥʘʪʳ ʢʘʞʜʦʛʦ ʧʝʨʝʜʘʪʯʠʢʘ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ 

ʧʨʝʜʝʣʘʭ ʢʚʘʜʨʘʪʘ ʩ ʜʣʠʥʦʡ ʩʪʦʨʦʥʳ çʩè ʠ ʥʝʟʘʚʠʩʠʤʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, 

ʪʦ ʩʦʚʤʝʩʪʥʘʷ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʭ ʢʦʦʨʜʠʥʘʪ ʧʨʠʤʝʪ ʚʠʜ: 

1 2 0 0 0 0

3 4 1 1 1 2

2

, 1 2 , 1 2 1 2

2

, 3 4 , 3 34 4

( , ) ( , ) ( ) ( ) 1/ ,

( , ) ( , ) ( ) ( ) 1/ .

X Y X Y

X Y X Y

w x x f x x f x f x c

w x x f x x f x f x c

c c

c c

= = Ö =

= = Ö =
 (2.2)  
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ɺʳʨʘʟʠʤ ʨʘʩʩʪʦʷʥʠʷ 1 0D , R  ʯʝʨʝʟ ʩʣʫʯʘʡʥʳʝ ʚʝʣʠʯʠʥʳ 

1 1 2 0: , :D Rh h= = . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʰʝʡ ʮʝʣʴʶ ʷʚʣʷʝʪʩʷ ʚʯrʠʩʣʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ : SIRx= , 1( )W yx , 

ʦʧʨʝʜʝʣʷʶʱʫʶ ʚʝʣʠʯʠʥʫ SIR. ɿʥʘʷ ʩʦʚʤʝʩʪʥʳʝ ʧʣʦʪʥʦʩʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
1 2, 1 2( , ),w x xc c 3 4, 3 4( , )w x xc c  ʩʣʫʯʘʡʥʳʭ ʚʝʣʠʯʠʥ 

1 2 3 4, , ,c c c c ʠ ʠʩʧʦʣʴʟʫʷ ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ, ʚʳʨʘʞʝʥʠʝ (1.6) 

ʟʘʧʠʰʝʤ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ 

( ) ( )

( ) ( )( )

2

2

11

2 2

3 4
1

2 2
0

1 2

/ 2 / 2

,

/ 2 / 2

c c
D

R
c c

a

a

aa

c c

x

c c

å õ- + -æ ö
ç ÷= =

- + -

 (2.3) 

ʛʜʝ ʚʝʣʠʯʠʥʘ çʩè ʨʘʚʥʘ ʜʣʠʥʝ ʩʪʦʨʦʥʳ ʢʚʘʜʨʘʪʘ. 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
1( )W y  ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʣʫʯʠʪʴ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʯʠʩʣʠʪʝʣʷ 
1 5( )W yh  ʠ ʟʥʘʤʝʥʘʪʝʣʷ 

2 6( )W yh  ʬʦʨʤʫʣʳ (2.3), ʘ ʟʘʪʝʤ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ 

ʚʳʨʘʞʝʥʠʷ ʧʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤ ʧʝʨʝʤʝʥʥʳʤ 2 3 4, ,y y y . ʀʪʘʢ, 

ʚʳʯʠʩʣʠʤ ʧʣʦʪʥʦʩʪʴ 
1( )W y . ʈʘʩʩʤʦʪʨʠʤ ʯʠʩʣʠʪʝʣʴ ʚʳʨʘʞʝʥʠʷ (2.3) ʠ 

ʫʩʪʘʥʦʚʠʤ 

( ) ( )
2 2

3 3 4 3 4

4 4

: ( , ) / ,2 / 2

,

y f x x x c x c

y x

= = - + -

=
 (2.4) 

ʛʜʝ 4y  ʷʚʣʷʝʪʩʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʝʨʝʤʝʥʥʦʡ. ʇʦʣʫʯʠʤ ʦʙʨʘʪʥʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʢʚʘʜʨʘʪʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (2.4)  

ʦʪʥʦʩʠʪʝʣʴʥʦ 4x  

2 2 2

3 4 4

3 3 4

4 4 4
( , ) ,

2

c c y c y y
x y yj

° - + + -
= =  (2.5) 

ʪʘʢ ʢʘʢ ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ (2.5) ʥʝʦʜʥʦʟʥʘʯʥʦ, ʪʦ ʦʙʦʟʥʘʯʠʤ i-

ʶ ʚʝʪʚʴ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʯʝʨʝʟ ( )1, 1 2 3 4, , , , 1,2.i ix y y y y ij= =   
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ʇʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
3 4( , )W y y , ʢʦʪʦʨʫʶ ʤʳ ʠʱʝʤ ʜʣʷ 

ʚʳʨʘʞʝʥʠʷ (2.5)  ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ  

( )( )
( )

3 4

2
3 4

3 4 , 3 4 4

1 3

,
( , ) , , .i

i

i

y y
W y y w y y y

y
c c

j
j

=

µ
=

µ
ä  (2.6) 

ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ ʠʩʢʦʤʫʶ ʧʣʦʪʥʦʩʪʴ 3( )W y , ʧʨʦʠʥʪʝʛʨʠʨʫʝʤ 

ʧʨʘʚʫʶ ʯʘʩʪʴ ʬʦʨʤʫʣʳ (2.6) ʧʦ ʧʝʨʝʤʝʥʥʦʡ 4y  ʠ ʧʦʣʫʯʠʤ 

( )( )
( )

3, 4
2,

2
3 4

3 3 4 4 4

1 3

,
( ) , , ,

i

i

i
Y

i

y y
W y w y y y dy

y
c c

j
j

=

µ
=

µ
äñ  (2.7) 

ʛʜʝ  
2,iY  ï ʦʙʣʘʩʪʴ ʟʥʘʯʝʥʠʡ ʧʝʨʝʤʝʥʥʦʡ 4y  ʜʣʷ i-ʚʝʪʚʠ ʦʙʨʘʪʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (2.5). ɼʣʷ ʚʝʪʚʝʡ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (2.5) 

ʠʤʝʝʤ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ: 

( )3 4 3

2 2 2
3 3 4 4

, 2
( 1) , 1,2.

4 4 4

i iy y y
i

y c y cy y

jµ
= - =

µ - + + -
 (2.8) 

ʉʩʳʣʘʷʩʴ ʥʘ ʬʦʨʤʫʣʫ (2.2), ʧʦʜʳʥʪʝʛʨʘʣʴʥʳʝ ʚʳʨʘʞʝʥʠʷ ʚ (2.7) 

ʧʨʠʥʠʤʘʶʪ ʩʣʝʜʫʶʱʠʝ ʬʦʨʤʳ 

( )

( )

3 4

3 4

1 3 4
1 3 4 , 1 3 4 4

3

3

2 2 2 2

3 4 4

1 3 4
2 3 4 , 1 3 4 4

3

3

2 2 2 2

3 4 4

( , )
( , ) ( , ),

2
,

4 4 4

( , )
( , ) ( , ),

2
.

4 4 4

y y
I y y w y y y

y

y

c c y cy y

y y
I y y w y y y

y

y

c c y cy y

c c

c c

j
j

j
j

µ
= =

µ

=
- + + -

µ
= =

µ

=
- + + -

 (2.9) 

ʆʙʣʘʩʪʠ ʟʥʘʯʝʥʠʡ 1,22,iY , i= , ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʦʛʨʘʥʠʯʝʥʠʡ 

[ ]3 , 2x c cÍ ʠ [ ]4 0,x cÍ . ʅʘʧʨʠʤʝʨ, ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʣʘʩʪʠ ʟʥʘʯʝʥʠʡ 
2,1Y  

ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʩʠʩʪʝʤʫ ʥʝʨʘʚʝʥʩʪʚ: 
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2 2 2

3 4 4

4

3

4 4 4
2 ,

2

0 ,

0.

c c y c y y
c c

y c

y

ë + - + + -
î¢ ¢
î
î
¢ ¢ì

î ²
î
îí

 (2.10) 

ʈʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʥʝʨʘʚʝʥʩʪʚ (2.10) ʠʤʝʝʪ ʦʙʣʘʩʪʴ ʟʥʘʯʝʥʠʡ 

1 2 3

2,1 2,1 2,1 2,1Y Y Y Y= Ç Ç , ʛʜʝ  

3
1

2,1

2 2 2 2

3 4 3

,
2 2

1 1
4 4 .

2 2 2 2

c c
y

Y
c c

c y y c y

ë
< ¢îî

=ì
î - - + ¢ ¢ + - +
îí

 

32

2,1

4

3
,

22

0 .

c c
y

Y

y c

ë
< ¢î

=ì
î< ¢í

 (2.11) 

3

3 2 2
2,1 4 3

2 2

3 4

3 5
,

2 2

1
0 9 4 ,

2 2

1
9 4 .

2 2

c
y c

cY y c y

c
c y y c

ë
< ¢î

î
îè=ì < ¢ - - +é
îé
îé+ - + < ¢îéêí

 

ɺʳʯʠʩʣʠʚ ʠʥʪʝʛʨʘʣ (2.7), ʧʦʣʫʯʠʤ ʬʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʜʣʷ 
1 3( )W yh  ʚ ʬʦʨʤʝ (2.12) . 

ɼʘʣʝʝ ʚʳʯʠʩʣʠʤ ʬʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
1 5( )W yh  ʜʣʷ 

ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ2D
a

 ʥʠʞʝ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʚʠʜʝ (2.13) 

ʉʣʝʜʫʷ ʚʳʰʝ ʦʧʠʩʘʥʥʦʡ ʧʨʦʮʝʜʫʨʝ ʠ ʧʨʦʜʝʣʘʚ ʘʥʘʣʦʛʠʯʥʳʝ 

ʜʝʡʩʪʚʠʷ,  ʧʦʣʫʯʠʤ ʬʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
2 6( )W yh  ʜʣʷ ʩʣʫʯʘʡʥʦʡ 

ʚʝʣʠʯʠʥʳ 1R
a

 ʚ ʚʠʜʝ (2.14). 
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3

2 2 2 2

3 33
32

3 3

3
32

3 3

2 2

33

2

3 3

0, ,
2

4 4
arcsin arcsin , ,

2 2 2 2

3
arcsin arcsin , ,

2 2 22

9 4
arcsin arcsin

2 2

c
y

c y c yy c c
y

c y y

y c c c c
y

c y y

c yy c

c y y

y

¢

å õè ø è ø- - + - +
æ öé ù é ù- - < ¢
æ öé ù é ùê ú ê úç ÷

å õè ø è ø-
- - < ¢æ öé ù é ùæ ö

ê ú ê úç ÷

å õè ø- + è ø
æ öé ù- - -é ù
æ öé ù ê úê úç ÷

-

2 2

33
32

3 3

9 4 3 5
arcsin arcsin , .

2 2 2 2

c yc c
y c

c y y

ë
î
î
î
î
î
î
î
î
ì
î
î
î
î
î

å õî è ø- - +è ø-
æ öî é ù- < ¢é ù
æ öî é ùê ú ê úç ÷í

 (2.12) 

2

2

2

2 2

2
2

222

2

2

2

5

2 221
5

5 1 12

2 5 5

5

2 221
5

5 512

2 5

2
1

52

2

0,
2

9 42
arcsin arcsin ,

2 2

3 5

2 2

42
arcsin ,

2 2 2

2
arcs

,

,

,

i

c
y

c yc
y

c y y

c
y c

c y c c
y y

c y

y
c

a

a

a

a a

aa

aaa

a

a

a

a

a

a

-

-

-

å õ
¢æ ö
ç ÷

å õè ø- +è ø
æ öé ù-é ù
æ öé ùê ú ê úç ÷

å õå õ
< ¢æ öæ ö

ç ÷ ç ÷

è ø- + å õå õ
é ù < ¢æ ö æ ö

ç ÷ ç ÷é ùê ú

2 2

2
51

5

3
n ,

2 22
.

c c c
y

y

a a

a

ë
î
î
î
î
î
î
î
î
îî
ì
î
î
î
î
î
î
î
î è øå õ å õ

< ¢î æ öé ùæ ö
ç ÷ç ÷î ê úí

  (2.13) 
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1

1
1

6

1

2
y
a

a

-å õ
æ ö
æ ö
ç ÷

11

11

1 1

11

1

6
62

21
66

1 12

6

2

6 6

, 0
2

4
2 arcsin arcsin ,

2 2

2 2

,

.

y c
y

c

c yy c

c y y

c c
y

aa

aa

a a

aa

p
ë å õ

< ¢î æ ö
ç ÷î

î å õè ø- +è øî
æ öé ù-ì é ù
æ öé ùê úî ê úç ÷

î
î å õå õ

< ¢æ ö æ öî
ç ÷ ç ÷í

 (2.14) 

ʇʦʩʣʝ ʫʧʨʦʱʝʥʠʷ ʩʠʩʪʝʤʳ (2.14) ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

2 6( )W yh  ʧʨʠʤʝʪ ʚʠʜ 

1

2
1

62

1

2
y

c

a

a

-å õ
æ ö
æ ö
ç ÷

1

11

1 1

11

6

2

6

1 1

6 6

6

2

, 0
2

4
2 arcsin arcsin ,

2 2

2 2

,

.

c
y

c yc

y y

c c
y

a

a

a a

aa

p
ë å õ

< ¢î æ ö
ç ÷î

îå õè ø- +è øîæ öé ù-ì é ù
æ öé ùê úî ê úç ÷

î
î å õå õ

< ¢æ ö æ öî
ç ÷ ç ÷í

 (2.15) 

ɼʘʣʝʝ ʙʫʜʝʤ ʚʳʯʠʩʣʷʪʴ ʩʦʚʤʝʩʪʥʫʶ ʬʫʥʢʮʠʶ ʧʣʦʪʥʦʩʪʠ   

1( )W y ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ SIR (ʦʪʥʦʰʝʥʠʝ ʨʘʩʩʪʦʷʥʠʡ 2

1Da  ʠ 1

0R
a

). 

ɺ ʩʠʣʫ ʩʚʦʡʩʪʚʘ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʩ.ʚ. 1D  ʠ 0R  ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʧʣʦʪʥʦʩʪʷʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ  5( )W y  ʠ 6( )W y  ʠʭ 

ʩʦʚʤʝʩʪʥʫʶ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʧʠʰʝʤ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ 

1 1 1 0, 1 2 , 5 6 5 6( , ) ( , ) ( ) ( )D Rw y y f y y W y W yh h = = Ö . ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʯʠʩʣʠʪʴ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 1( )W y . ʀʟ 

ʩʦʚʤʝʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
1 1 1 0, 1 2 , 5 6( , ) ( , )D Rw y y f y yh h = = 

5 6( ) ( )W y W y= Ö  ʩʣʝʜʫʝʪ, ʯʪʦ ʧʝʨʝʤʝʥʥʳʝ 5y , 6y ʟʘʚʠʩʷʪ ʦʪ 5x , 6x

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 5 5 6 5 6: ( , ) .y f x x =x x=  ɼʘʣʝʝ ʧʦʣʫʯʘʝʤ ʦʙʨʘʪʥʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʢʚʘʜʨʘʪʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

5 5 6 7 8( , )x y y y yj= = Ö  ɼʣʷ ʧʝʨʚʦʡ ʚʝʪʚʠ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 
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 (2.17) 

 



- 52 - 

 

( )
( )

( )

( )

2

2
2 2

1

1

1 1

2

3 1 2

22
2

1 1 2

2 7 8 1 12

1 2 1 2

2 22
1

2

2 1 12

1 2 2

( , ) :

9 42
arcsin arcsin

2 2

44
arcsin arcsin ,

2 2

3
ʝʩʣʠ

2 2

I y y

c y yc
y y y

c y y y y

c yc
y

c y y

c c

a

a
a a

a

a

a a

a

a

a

-

-

=

å õè øè ø - +æ öé ù- ³é ù
æ öé ùé ùæ öê ú ê úç ÷

å õè øå õ - +è ø
æ öé ù³ -æ ö é ùæ öæ öé ùê úç ÷ ê úç ÷

å õå õ
æ öæ ö
ç ÷ç ÷

=

1 122

2 1

2 1

2
2 1 22

2 1 2

2 1

2
2 1 1 1

2

1 2

1

1 2

1 1

1 2

5 3 1

2 2 2

5 3 3 1 5 1

2 2 2 2 2

3 5

2 2 2 2 2

c c
y ʩ y

y

c c c
ʩ y y ʩ

y y

c c c c
y < ʩ y

a aaa
a a

a a

aa a aa
a a a

a a

aa a a a

a

-

-

-

-

-

-

- -

å õå õ
< ¢ Æ < ¢ Çæ ö æ ö

ç ÷ ç ÷

å õå õ å õ å õ
Ç < ¢ Æ < ¢ Çæ öæ ö æ ö æ ö æ öç ÷ ç ÷ ç ÷ ç ÷

å õå õ å õ å õ å õ
Ç < Æ < ¢æ öæ ö æ ö æ ö æ öæ öç ÷ ç ÷ ç ÷ ç ÷ç ÷

( )
( )

( )

( )

2

2

2

2
2 2

1

2
2 1 1 2

2

1

22
2

1 1 2

2 1 2 1 12

1 2 1 2

2
1

22

1

1

1

5 1
;

2

9 42
arcsin arcsin

2 2

2
,

3 5 3 1
ʝʩʣʠ

2 2 2 2 2

ʩ
y

c y yc
y y y

c y y y y

y
c

c c c c
y ʩ

y

a

a

a

a
a a

a

aa a a a

a

p

a

a

-

-

- -

å õ
æ öæ ö
ç ÷

å õè øè ø - +æ öé ùÖ - ³é ù
æ öé ùé ùæ öê ú ê úç ÷

å õ
³æ ö
æ ö
ç ÷

å õå õ å õ å õ å õ
< ¢ Æ <æ öæ ö æ ö æ ö æ öæ öç ÷ ç ÷ ç ÷ ç ÷ç ÷

1

2 2
1 2

2 2

2

1 2

1 1

2

5 3 1 5 1
;

2 2 2 2

0, ʚʦʩʪʘʣʴʥʳʭʩʣʫʯʘʷʭ.

c
y

c c
ʩ y y ʩ

y y

a

a aa a

a a

-

ë
î
î
î
î
î
î
î
î
î
î
î
î
î
î
î
î
î
î
î
îî
ì
î
î
î
î
î
î
î
î
î
î
î
î å õ

¢ Çî æ ö
ç ÷î

î
å õ å õî å õ å õ

Ç < Æ < ¢æ ö æ öî æ ö æ öæ ö æ öç ÷ ç ÷ç ÷ ç ÷î
î
î
îí

 (2.18) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʜʦʢʘʟʘʥʦ ʩʣʝʜʫʶʱʝʝ ʫʪʚʝʨʞʜʝʥʠʝ 2.1. 

ʋʪʚʝʨʞʜʝʥʠʝ 2.1.  ʌʦʨʤʫʣʘ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʩʦʚʤʝʩʪʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʩʣʫʯʘʡʥʳʭ ʚʝʣʠʯʠʥ 1D  ʠ 0R  ʠʤʝʝʪ ʚʠʜ:

()
3

1 1 2 2
0

1

: ( , ) ,i

i

W y I y y dy
¤

=

= äñ  (2.19) 

ʛʜʝ  ʧʦʜʳʥʪʝʛʨʘʣʴʥʳʝ ʚʳʨʘʞʝʥʠʷ 1 2( , ), 1,3iI y y i=  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʟʘʜʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤ (2.16)-(2.18).  
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ʇʨʦʧʫʩʢʘʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʰʘʛʠ ʚʳʯʠʩʣʝʥʠʡ, ʜʣʷ ʩʣʫʯʘʷ 

ʥʠʩʭʦʜʷʱʝʡ ʣʠʥʠʠ ʩʚʷʟʠ (ʩʤ. ʨʠʩ. 1.4), ʧʦʣʫʯʠʤ ʧʣʦʪʥʦʩʪʴ 
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ʠ ʧʦʜʳʥʪʝʛʨʘʣʴʥʦʝ ʚʳʨʘʞʝʥʠʝ ʚʳʯʠʩʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ (2.22), 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʨʦʚʝʜʝʥʦ ʧʦ ʦʙʣʘʩʪʷʤ ,1 ,2 ,3 ,4D D D D DY Y Y Y= Ç Ç ÇY , 

ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ (2.23). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʤʝʝʤ 
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 (2.23) 

ʇʨʝʜʝʣʳ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʜʣʷ 2y  ʚ (2.20) ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ ʠʥʜʠʢʘʪʦʨ (2.21). ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʫʶ ʧʝʨʝʤʝʥʥʫʶ (ʚʳʨʘʞʝʥʥʘʷ ʚ ʜɹ), ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʠʤʝʥʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ, ʢʦʪʦʨʦʝ ʟʘʜʘʝʪʩʷ 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ:  

/10 /10 1

, ( ) (10 )10 ln10.x x

D dB DS x S -=  (2.24) 
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ʆʙʱʘʷ ʤʝʪʦʜʦʣʦʛʠʷ, ʢʦʪʦʨʘʷ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ SIR ʜʣʷ ʩʮʝʥʘʨʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ ʧʦ ʥʠʩʭʦʜʷʱʝʡ ʠ ʚʦʩʭʦʜʷʱʝʡ ʣʠʥʠʡ ʩʚʷʟʠ 

ʦʩʥʦʚʘʥʘ ʥʘ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʤ ʧʨʠʤʝʥʝʥʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʣʫʯʘʡʥʳʭ ʚʝʣʠʯʠʥ [108]. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʥʠʩʭʦʜʷʱʝʡ ʠ ʚʦʩʭʦʜʷʱʝʡ ʣʠʥʠʡ ʩʚʷʟʠ ʩʣʫʯʘʡʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ 

ʷʚʣʷʶʪʩʷ ʢʦʦʨʜʠʥʘʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʠʢʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʬʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʢʦʦʨʜʠʥʘʪ.  

ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʨʘʟʨʘʙʦʪʘʥ 

ʧʨʦʩʪʦʡ, ʥʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʤʦʱʥʳʡ ʩʠʤʫʣʷʪʦʨ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʣʫʯʘʡʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʦʮʝʥʢʦʡ ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ 

ʥʘʤʠ ʩʠʤʫʣʷʪʦʨ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ ʚʩʝ ʚʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʠʥʪʝʨʝʩ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʡ ʤʦʜʝʣʠ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʨʘʟʤʝʨʳ ʢʣʘʩʪʝʨʦʚ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʟʘʪʫʭʘʥʠʡ, ʢʦʣʠʯʝʩʪʚʦ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʯʘʩʪʦʪʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ. ɺʳʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ 

ʩʠʤʫʣʷʪʦʨʘ ʩʯʠʪʘʶʪʩʷ ʬʫʥʢʮʠʷ ʵʤʧʠʨʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʜʘʥʥʳʝ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʠ ʦʮʝʥʢʘ ʢʚʘʥʪʠʣʝʡ ʦʩʥʦʚʥʳʭ 

ʩʣʫʯʘʡʥʳʭ ʚʝʣʠʯʠʥ, ʪʘʢʠʭ ʢʘʢ SIR.    

ʇʦʣʫʯʝʥʥʳʝ ʯʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩ.ʚ. 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ SIR ʭʦʨʦʰʦ ʤʘʩʰʪʘʙʠʨʫʝʪʩʷ, ʢʦʛʜʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʘ. ʕʪʠ ʥʘʙʣʶʜʝʥʠʷ 

ʧʦʟʚʦʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʪʴ ʘʥʘʣʠʟ SIR ʚ ʧʦʜʦʙʥʳʭ ʩʮʝʥʘʨʠʷʭ. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʪʘʢʞʝ ʧʦʤʦʛʘʝʪ ʠʩʩʣʝʜʦʚʘʪʴ 

ʚʝʣʠʯʠʥʫ SIR ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʪʝʨʠʘʣʘ ʩʪʝʥ ʤʝʞʜʫ 

ʠʥʪʝʨʝʩʫʶʱʠʤʠ ʢʣʘʩʪʝʨʘʤʠ. ɺ ʜʦʧʦʣʥʝʥʠʠ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʟʘʚʠʩʠʪ 

ʪʘʢʞʝ ʦʪ ʩʚʦʡʩʪʚ ʩʪʨʦʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʪʝʥ, ʢʦʣʠʯʝʩʪʚʘ ʩʪʝʥ, 

ʯʝʨʝʟ ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʧʨʦʥʠʢʘʪʴ ʨʘʜʠʦʩʠʛʥʘʣ. ʅʘʧʨʠʤʝʨ, ʩʪʝʥʳ ʠʟ 
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ʩʪʘʣʠ ʠʣʠ ʙʝʪʦʥʘ ʚʳʟʳʚʘʶʪ ʙʦʣʴʰʝʝ ʟʘʪʫʭʘʥʠʝ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ 

ʩʠʛʥʘʣʘ, ʯʪʦ ʦʪʨʘʞʝʥʦ ʚ ʥʘʰʠʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʳʚʦʜʘʭ ʚ ʨʘʟʜʝʣʝ 

2.3. ɺ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ 2.2 ʩʦʜʝʨʞʘʪʩʷ ʢʣʶʯʝʚʳʝ ʬʦʨʤʫʣʳ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʮʝʥʢʠ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʥʝʩʢʦʣʴʢʠʭ ʢʣʘʩʪʝʨʘʭ. 

2.2. ʄʦʜʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʤʝʞʥʳʭ 
ʢʣʘʩʪʝʨʘʭ 

ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʥʘʫʯʥʦʡ ʨʘʙʦʪʳ ʨʘʩʰʠʨʠʤ ʤʦʜʝʣʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ ʜʚʫʭ ʢʣʘʩʪʝʨʘʭ ʥʘ ʩʣʫʯʘʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʤʝʞʥʳʭ ʢʣʘʩʪʝʨʘʭ.  

ʉʬʦʢʫʩʠʨʫʝʤ ʩʚʦʝ ʚʥʠʤʘʥʠʝ ʥʘ ʨʠʩʫʥʦʢ 2.1.  ɺ ʢʘʞʜʦʤ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʤ ʮʝʥʪʨʝ ʢʣʘʩʪʝʨʘ ʦʙʦʨʫʜʦʚʘʥʦ ʘʢʪʠʚʥʦʝ ʫʩʪʨʦʡʩʪʚʦ. ɺ 

ʩʤʝʞʥʳʭ ʢʦʤʥʘʪʘʭ ʥʘʟʥʘʯʘʝʪʩʷ ʪʦʪ ʞʝ ʩʘʤʳʡ ʢʘʥʘʣ ʩʚʷʟʠ ʠ 

ʤʦʙʠʣʴʥʳʝ ʪʝʨʤʠʥʘʣʳ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ 

ʵʪʠʭ ʢʣʘʩʪʝʨʘʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʠʩʫʥʢʦʤ 2.1 (ʘ) ʠ (ʙ). ʇʦʤʠʤʦ ʩʣʫʯʘʷ 

ʩ ʪʦʯʢʦʡ ʜʦʩʪʫʧʘ, ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ D2D ʩʮʝʥʘʨʠʡ, 

ʠʟʦʙʨʘʞʝʥʥʳʡ ʥʘ ʨʠʩʫʥʢʝ 2.1 (ʚ). ʆʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, 

ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʩʣʫʯʘʝ D2D ʩʮʝʥʘʨʠʷ ʢʘʢ ʧʝʨʝʜʘʪʯʠʢ, ʪʘʢ ʠ 

ʧʨʠʝʤʥʠʢ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚʥʫʪʨʠ ʢʦʤʥʘʪʳ. ɺ ʵʪʦʤ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩʠʤʤʝʪʨʠʯʥʘ, ʪ.ʝ. ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʨʘʟʣʠʯʘʪʴ ʩʣʫʯʘʠ ʚʦʩʭʦʜʷʱʝʛʦ ʠ ʥʠʩʭʦʜʷʱʝʛʦ ʢʘʥʘʣʘ.  

   

(a) ʄʦʜʝʣʴ 1 (uplink) (ʙ) ʄʦʜʝʣʴ 2 (downlink) (ʚ) ʄʦʜʝʣʴ D2D 

ʈʠʩ. 2.1. ʉʮʝʥʘʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ 
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ʀʩʩʣʝʜʫʝʤʦʡ ʤʝʪʨʠʢʦʡ ʢʘʢ ʜʣʷ ʪʦʯʝʢ ʜʦʩʪʫʧʘ, ʪʘʢ ʠ ʜʣʷ D2D 

ʩʮʝʥʘʨʠʷ ʷʚʣʷʝʪʩʷ SIR. ɸʥʘʣʠʟʠʨʫʝʤ SIR ʜʣʷ ʩʣʫʯʘʡʥʦ ʚʳʙʨʘʥʥʦʛʦ 

ʧʨʠʥʠʤʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩ ʫʯʝʪʦʤ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʦʪ ʩʦʩʝʜʥʠʭ 

ʢʦʤʥʘʪ. ʀʩʧʦʣʴʟʫʷ ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʫʶ ʤʦʜʝʣʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, 

ʜʦʙʘʚʣʷʝʤ ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʫʯʠʪʳʚʘʶʱʠʡ ʦʩʣʘʙʣʝʥʠʝ 

ʩʠʛʥʘʣʘ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʩʢʚʦʟʴ ʩʪʝʥʫ. 

( )
1

,
N

i i

i

S
SIR

I B
=

=

ä
 (2.25) 

ʛʜʝ S ï ʤʦʱʥʦʩʪʴ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ, N ï ʯʠʩʣʦ ʠʩʪʦʯʥʠʢʦʚ, 

ʩʦʟʜʘʶʱʠʭ ʧʦʤʝʭʠ, iI ï ʤʦʱʥʦʩʪʴ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ ʩʠʛʥʘʣʘ ʦʪ i-ʛʦ 

ʠʩʪʦʯʥʠʢʘ, iB  ï ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ ʩʠʛʥʘʣʘ.  

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʜʠʩʩʝʨʪʘʮʠʠ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥ 

ʩʮʝʥʘʨʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʝʩʧʨʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ ʧʦ ʚʦʩʭʦʜʷʱʝʡ 

ʣʠʥʠʠ ʩʚʷʟʠ (ʨʠʩ. 2.1(ʘ)). ʀʩʩʣʝʜʫʝʤ ʩʣʫʯʘʡ ʩ ʯʝʪʳʨʴʤʷ 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ, ʜʣʷ ʵʪʦʛʦ ʧʦʩʪʨʦʠʤ 

ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ, ʛʜʝ ʫʩʪʨʦʡʩʪʚʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʢʚʘʜʨʘʪʥʳʭ 

ʢʣʘʩʪʝʨʘʭ ʩ ʜʣʠʥʘʤʠ ʩʪʦʨʦʥ , 1,3j jc a b j= = =.  ʇʨʝʜʩʪʘʚʠʤ ʚʝʣʠʯʠʥʫ 

SIR ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

( )

( )

0

4

1

,

i i

i

S R
SIR

I B
=

=

ä
 (2.26) 

( )
4 4

0 0

1 1

, ( ) ,i i i i i

i i

S R gR I D B g D Ba a- -

= =

= =ä ä  (2.27) 

ʛʜʝ 0R  ʪʘʢʞʝ ʜʠʩʪʘʥʮʠʷ ʤʝʞʜʫ ʠʥʪʝʨʝʩʫʶʱʝʡ ʥʘʩ ʧʘʨʦʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ 0Tx ʠ 0Rx .  

ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʙʘʟʦʚʘʷ ʤʦʱʥʦʩʪʴ ʧʝʨʝʜʘʪʯʠʢʦʚ ʨʘʚʥʘ 

ʢʦʥʩʪʘʥʪʝ, ʪʦʛʜʘ ʚʝʣʠʯʠʥʘ SIR ʧʨʠʤʝʪ ʚʠʜ: 
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( ) ( )

0 0

4 4

1 1

.

i i i i

i i

gR R
SIR

g D B D B

a a

a a
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= =

ä ä
 (2.28) 

ɺʚʝʜʝʤ ʩʣʝʜʫʶʱʠʝ ʩʣʫʯʘʡʥʳʝ ʚʝʣʠʯʠʥʳ: 

1 0 2, , .SIR R Da ax h h- -= = =  (2.29) 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʪʦʜʦʤ, ʦʧʠʩʘʥʥʳʤ ʚ [108], ʚʳʯʠʩʣʝʥʘ 

ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
2 2, ( )D W yg

h

-
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 (2.30) 

ʈʘʩʩʤʦʪʨʠʤ ʦʙʱʫʶ ʩʫʤʤʫ ʚʩʝʭ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʭ ʩʠʛʥʘʣʦʚ. 

ʇʦʩʢʦʣʴʢʫ ʩʚʝʨʪʢʘ (2.30) ʥʝ ʷʚʣʷʝʪʩʷ ʪʨʠʚʠʘʣʴʥʦʡ, ʧʨʠʙʣʠʞʘʝʤ ʵʪʫ 

ʩʫʤʤʫ ʢ ʥʦʨʤʘʣʴʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ. ʀʩʧʦʣʴʟʫʷ (2.30) ʚʳʯʠʩʣʠʤ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʞʠʜʘʥʠʝ ʠ ʜʠʩʧʝʨʩʠʶ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʯʝʨʝʟ 

4 4
2

2

1 1

, .i i i i

i i

B B  m m s s
= =

= =ä ä  (2.31) 
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ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʚʦ ʚʩʝʭ ʯʝʪʳʨʝʭ ʢʣʘʩʪʝʨʘʭ 

ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʝ ʩʠʛʥʘʣʳ ʨʘʚʥʳ ʤʝʞʜʫ ʩʦʙʦʡ. ʊʘʢʞʝ ʤʘʪʝʨʠʘʣ ʠ 

ʪʦʣʱʠʥʘ ʚʩʝʭ ʩʪʝʥ ʤʝʞʜʫ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʤʠ ʢʣʘʩʪʝʨʘʤʠ ʦʜʠʥʘʢʦʚʳ, 

ʪʦʛʜʘ (2.31) ʩʚʦʜʠʪʩʷ ʩʣʝʜʫʶʱʝʤʫ ʚʠʜʫ 

2~ ~
24 , 4 . B Bm m s s= =  (2.32) 

ɿʘʧʠʰʝʤ ʧʣʦʪʥʦʩʪʴ ʥʦʨʤʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʩʣʝʜʫʶʱʝʤ 

ʚʠʜʝ:  
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ʌʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ 
1 1( )W yh  ʧʦʣʫʯʘʝʤ ʚ ʚʠʜʝ: 
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 (2.34) 

ɼʘʣʝʝ ʚʳʯʠʩʣʠʤ ʬʫʥʢʮʠʶ ʧʣʦʪʥʦʩʪʠ ʜʣʷ (1.8) ʧʫʪʝʤ 

ʧʨʠʤʝʥʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ [108] ʩʣʫʯʘʡʥʳʭ 

ʚʝʣʠʯʠʥ. ʇʦʣʫʯʠʤ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ x, 

ʩʚʷʟʘʥʥʦʡ ʩ SIR, ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʚʤʝʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʤʦʱʥʦʩʪʠ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ ʠ ʦʙʱʝʡ ʤʦʱʥʦʩʪʠ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʛʦ 

ʩʠʛʥʘʣʘ. ʉʩʳʣʘʷʩʴ ʥʘ ʬʦʨʤʫʣʫ SIR ʚ (2.26), ʚʚʝʜʝʤ ʩʣʝʜʫʶʱʠʝ 

ʧʝʨʝʤʝʥʥʳʝ 

( )3 3 4 3 4

3 4

, ,y  = f x x =x /x

y  = x ,
 (2.35) 

ʛʜʝ 4y  ʷʚʣʷʝʪʩʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʝʨʝʤʝʥʥʦʡ. 
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ʆʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʚʳʨʘʞʝʥʠʷ (2.35) ʧʨʠʤʝʪ ʚʠʜ: 

( )
3 3 4 3 4

3 4

4

3

( , ) ,

,
.

x y y y y

y y
y

y

j

j

= =

µ
=

µ

 (2.36) 

ʉʦʚʤʝʩʪʥʫʶ ʧʣʦʪʥʦʩʪʴ ʩʣʫʯʘʡʥʳʭ ʚʝʣʠʯʠʥ 1 2,h h ʚʳʯʠʩʣʷʝʤ, 

ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʩʣʝʜʫʶʱʝʤ ʚʳʨʘʞʝʥʠʠ 

( )( )
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1 2 1 2

3 4

, 3 4 , 3 4 4
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,
( , ) , , ,

y y
W y y w y y y

y
h h c c

j
j

µ
=

µ
 (2.37) 

ʛʜʝ 
1 2, 3 4( , )w y yc c  ʷʚʣʷʝʪʩʷ ʩʦʚʤʝʩʪʥʦʡ ʧʣʦʪʥʦʩʪʴʶ D g-

 ʠ 0R g-
. ʏʪʦʙʳ 

ʧʦʣʫʯʠʪʴ ʦʜʥʦʤʝʨʥʫʶ ʬʫʥʢʮʠʶ ʧʣʦʪʥʦʩʪʠ SIR, ʠʥʪʝʛʨʠʨʫʝʤ ʧʦ 4y  

ʚʳʨʘʞʝʥʠʝ (2.37). 

( )( )
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3 4

3 3 4 4 4
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,
( ) , , ,

y y
W y w y y y dy

y
x c c

j
j

µ
= Ö

µñ
Y

 (2.38) 

ʛʜʝ Y ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴʶ ʟʥʘʯʝʥʠʡ ʧʝʨʝʤʝʥʥʦʡ 4y . 

ʉʦʛʣʘʩʥʦ ʦʛʨʘʥʠʯʝʥʠʷʤ, ʥʘʣʦʞʝʥʥʳʤ ʚ ʬʦʨʤʫʣʘʭ (2.30), (2.34), 

ʦʙʣʘʩʪʴ ʟʥʘʯʝʥʠʡ Y ʧʨʠʤʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

1 2

1 2

,
22
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c c
y y
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y y
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 (2.39) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʤʝʝʤ ʦʙʣʘʩʪʴ ʟʥʘʯʝʥʠʡ 

,Y Y= Ç1 2
Y  (2.40) 

ʛʜʝ   
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ln 2 ln 2
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3 4
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1
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 (2.41) 

ʠ 

n 2 ln ln 2 ln
2

3 4 3 4

3 3

0, 0, .
c ce e

Y y y y y
y y

a a a a- -ë û ë û
= < < Ç > >ì ü ì ü
í ý í ý

 (2.42) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʢʘʟʘʥʦ ʫʪʚʝʨʞʜʝʥʠʝ 2.2. 

ʋʪʚʝʨʞʜʝʥʠʝ 2.2.  ʇʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ 

SIR ʚ ʯʝʪʳʨʝʭ ʩʤʝʞʥʳʭ ʢʣʘʩʪʝʨʘʭ ʚʳʨʘʞʘʝʪʩʷ ʬʦʨʤʫʣʦʡ   
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ʛʜʝ ʧʨʝʜʝʣʳ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʦʙʦʟʥʘʯʝʥʳ ʯʝʨʝʟ , 1,4iM i=  
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 (2.44) 

ʠ ʧʦʜʳʥʪʝʛʨʘʣʴʥʳʝ ʚʳʨʘʞʝʥʠʷ ʠʤʝʶʪ ʚʠʜ 
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ɿʘʤʝʪʠʤ, ʯʪʦ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ SIR, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ, ʧʦʣʫʯʝʥʳ ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʥʦʨʤʘʣʴʥʳʤ ʟʘʢʦʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ 2.3.  

2.3. ɸʥʘʣʠʟ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ 

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʪʴ ʦʪʥʦʰʝʥʠʝ 

ʩʠʛʥʘʣʘ ʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʫʩʪʨʦʡʩʪʚ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʮʝʥʘʨʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʪʨʦʡʩʪʚ 

ʧʦ ʚʦʩʭʦʜʷʱʝʡ ʠ ʥʠʩʭʦʜʷʱʝʡ ʣʠʥʠʡ ʩʚʷʟʠ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʥʘʠʭʫʜʰʠʝ ʚʘʨʠʘʥʪʳ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʝʨʝʜʘʪʯʠʢʦʚ/ʧʨʠʝʤʥʠʢʦʚ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʜʨʫʛ ʢ ʜʨʫʛʫ.  

ʈʘʩʩʤʦʪʨʠʤ ʢʨʠʚʫʶ ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ SIR, ʢʦʛʜʘ ʦʜʥʠ ʠ ʪʝ ʞʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʪʫʭʘʥʠʷ ʩʠʛʥʘʣʘ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʮʝʣʝʚʦʤ 

ʠ ʠʥʪʝʨʬʝʨʠʨʫʶʱʝʤ ʢʣʘʩʪʝʨʘʭ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʨʘʟʤʝʨʦʚ ʢʣʘʩʪʝʨʘ. 

ʕʪʦʪ ʚʳʚʦʜ ʧʦʢʘʟʘʥ ʪʘʢʞʝ ʥʘ ʨʠʩʫʥʢʝ 2.2, ʚ ʢʦʪʦʨʦʤ ʛʨʘʬʠʢʠ 

ʧʣʦʪʥʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ SIR ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʣʷ ʚʦʩʭʦʜʷʱʝʡ ʠ 
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ʥʠʩʭʦʜʷʱʝʡ ʣʠʥʠʡ ʩʚʷʟʠ ʧʨʠ 5, 15, 25a=b=c=  ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ 

ʟʘʪʫʭʘʥʠʡ ʩʠʛʥʘʣʘ 1 2Ŭ = ʠ 2 3.Ŭ = 
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(a)  ʄʦʜʝʣʴ 1 (uplink) 

 

(ʙ) ʄʦʜʝʣʴ 2 (downlink) 

ʈʠʩ. 2.2. ʉʨʘʚʥʝʥʠʝ ʤʦʜʝʣʝʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥ 

ʩʪʦʨʦʥ ʢʣʘʩʪʝʨʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʨʠʩʫʥʦʢ 2.3 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʨʠʚʘʷ ʧʦʚʝʜʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ SIR ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ    

ʜʣʷ ʠʜʝʥʪʠʯʥʳʭ ʢʣʘʩʪʝʨʦʚ ʩ ʜʣʠʥʘʤʠ ʩʪʦʨʦʥ  . ɿʘʤʝʪʠʤ ʠʟ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʛʨʘʬʠʢʦʚ ʥʘ ʨʠʩʫʥʢʘʭ 2.2 ʠ 2.3, ʦʙʲʷʩʥʝʥʠʝ ʣʠʥʠʠ 

ʠʟʤʝʥʝʥʠʷ SIR ʷʚʣʷʝʪʩʷ ʜʦʚʦʣʴʥʦ ʧʨʦʩʪʳʤ ʠ ʧʦʥʷʪʥʳʤ: ʯʝʤ ʙʦʣʴʰʝ 

ʟʥʘʯʝʥʠʝ , ʪʝʤ ʣʫʯʰʝ ʦʪʦʙʨʘʞʘʝʪʩʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ ʫ 

ʧʨʠʝʤʥʠʢʘ. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʟʥʘʯʝʥʠʝ  ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʤʘʪʝʨʠʘʣʫ 

ʩʪʝʥ. ʇʨʝʜʣʘʛʘʝʤʘʷ ʚ ʨʘʙʦʪʝ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʩʚʦʡʩʪʚʘ SIR ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʨʘʟʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ.  

ʅʠʞʝ ʧʨʝʜʩʪʘʚʠʤ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʥʝʩʢʦʣʴʢʠʭ ʢʣʘʩʪʝʨʘʭ. ɼʣʷ ʩʣʫʯʘʷ 

ʚʦʩʭʦʜʷʱʝʡ ʣʠʥʠʠ ʩʚʷʟʠ ʩʨʘʚʥʠʤ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʏʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʚ ʢʚʘʜʨʘʪʥʳʭ ʢʣʘʩʪʝʨʘʭ ʩ ʜʣʠʥʘʤʠ 

ʩʪʦʨʦʥ a=b=c = 10, ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʩʮʝʥʘʨʠʝʚ. 












































































































