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ѿȁ  

1864̆ ᾥ ԅ ᾥ ԅ Ȃ1886̆ ῗ

ԅ ҹ̆ ԅ Ȃ1895̆ ≠

ȁ └ ԅѿ ̆

└ ԅ ̆ ԅ 30 Ḥ ̆ ԅᶏ

ᴰ Ḥ ⱬ[1]̆ Ḥ Ȃ ̆ ꜚ Ḥ ̆

ῃ Ȃ 

20ҕ 20 ף 40 ̆ף ҉ ԅҒ ꜚ Ḥ ̆ῖ

ף Ȃ Ҭף40̆ 60

̆∆ף ꜚ Ḥ ῀Ὲ῍ Ⱶ ðð1946 ῃ ҩῈ

̆ Ὲ῍ ꜚ Ȃ60ףҬ 70

Ҭף ̆ ң ̔ ꜚ ҍ ̆

ԅ Ḥ Ȃ Ҭף70 ΐ̆ ⅞ ף ӈ ῀ ̆

⅞№ ̆ ‗ ̆ ꜚ ꜚ Ḥῃ

Ȃ҉׆ҕ 80 ∆ף ̆ ꜚ Ḥ ῀ñף ò̆ף ₃Ӎ ᴪ

₮ ѿ[2]ףȂ ѿ̂ף First Generation, 1G̃ ꜚ Ḥ ԍ № ̂Frequency 

Division Multiple Access, FDMÃ ῀ Ḥ̆Һ Ḥ[3]Ȃ

ԋ̂ף Second Generation, 2G̃ └ ̆ ԅ № ̂Time 

Division Multiple Access, TDMÃ № ̂Code Division Multiple Access, 

CDMÃ ῀ ̆ Ḥ ᴰ ҙⱵ[4]-[5]Ȃ ף̂҈ Third Generation, 3G̃

ꜚ Ḥ ᾢ CDMA ̆ Ἕᴰ ҍ ꜚԑ ῀̆

ᵣ Ḥ Ȃ[6]ף Fourth Generation, 4G̃̂ף ꜚ Ḥ ῀ԅ ֜ №

̂OFDM̃ ῀ ₮̂MIMÕ ̆ ᴰ Mbps ̆

ᵄ ֲ ֜ҍ [7]-[8]Ȃ ԓ̂ף Fifth Generation, 5G̃

ꜚ Ḥ Ҭ ΐף ῀ԅ MIMO

[9]-[19]Ȃ5G ꜚ Ḥ Ҭ ≠ ץ̆ ᶫ

ᵞ Ȃ ╠̆ Έ̂ףSixth Generation, 6G̃ ꜚ Ḥ ԍ

‰ Ȃᴧ ̆ 71% ̆ 29% Ȃ
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1G~5G҉ ҉ ꜚ Ḥ̆ 6G Ҭᵞ ҍ ꜚ

Ḥ ׆̆ ꜚ Ḥ ҉ ҩ ⌠

ῃ [20]-[25]Ȃ 

ѿҩ ῀ ₮̂ SISÕ Ḥ Ҋ ῖ ῾Ὲ  

ὅ ὄϽÌÏÇρ ”                                                      (1-1) 

Ҭ̔Cף Ḥ ̂ ᵝ̔bit/s̃̆Bҹᴰ ̆ɟ Ḥ

Ȃ Ὲ ԅ Ḥ ðð ҍ Ҭ̆ ҉

ᴰ Ȃ ῾Ὲ Ḥ̆ Ḥ Ҭ Ḥ

̆Ḥ ᴰ Ȃ ̆ ῾Ὲ ₮ԅ ҉ ᴰ

̆ Ҭ ⌠ ҩ ̆ ҹ ḤҬ ᴪ

Ȃ 

ױ ̆1G~3Gꜚ Ḥ SISO ̆҉ ῖ ῾Ὲ ҉

₮ SISO Ȃ4G ꜚ Ḥ ῀ԅMIMO ̆Ẋ

Nҩ ȁNҩ ̆ Mҩ ȁMҩ ̆↕ ѿҩὔ ὓ

MIMOḤ Ȃ 

Ҋ ’̆ ᶷ ҹὔ̆ ᶷ ҹὓ̆ ̆

ҊῈ [26] 

ὅ ὄϽÌÏÇÄÅÔ) ( (                                            (1-2) 

ῒҬ̆) ҹ ᵝ ̆( ҹḤ d̆et[*] ↓ ̆

҉ ľɖĿ ῍ ̆ɟ ҩ Ḥ Ȃ 

5G ꜚ Ḥ ѿ MIMŎ6G ꜚ Ḥ

MIMOῃ MIMÔAll-Digital Massive MIMÕ ↓ Ȃ ̆

Ḥ ’[27]̆ ױ Ҋ N  

ὅ ὄϽВ ÌÏÇρ ”                                                       (1-3) 

ῒҬ̆”ҹ nҩ Ḥ Ȃ 

҉̆ ԍ ↓ ̆ ױ ץ ҹNҩSISO ῍֣ѿҩ

↓╠ ̆ᵖԑ ӊ ᴪ ҩ Ḥ ”Ȃ 

֓ ̆ ӈ Ḥ ҹ6G ӊѿ[28]-[30]Ȃ ̆ [30]Ҭ

Ḥ Ὲ ḱ ҹ 

ὅ ὄϽВ ÌÏÇὛ ρ ”                                                       (1-4) 
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ῒҬ̆S ӈ Ȃ 

[31]Ҭ ₮ԅѿҩ҈ ̂3-D̃ Ḥ Ὲ ̆ Ὲ ῤ ԅ

̆ ԍ Ȃ 

ὅ ὄϽὔϽÌÏÇρ                                                         (1-5) 

ῒҬẊ Nҩ ṿ ᵌ ̆ ‍ ‍ Ễ ‍ ‍̆ ץ ҹ ҩ

Ḥ № ⱳ ὖ ὔϳ ȂNҩ ṿӞ Nҩ Ḥ Ȃ 

ԍ ᶏ 2KQAM └̆ ҍḤ Bȁ └ Kץ

N ᶛ̆  

ὅᶿὄϽὑϽὔ                                                                    (1-6) 

҉ ̆ ⱴ Ḥ Һ ҈ ѿ̔ ⱴ

ὄ̆ ԋ ≠ └ ὑ̆ ҈ ⱴ ҩ ὔȂ

ѿ ̆ ץ ⱴ ᴪ ⌠ └Ȃ └ ̆

Ḥ ̆ Ḥ ⌠ ᵣ ᴆ └Ȃ≠ MIMO

ⱴ ҩ ̆ Ӟ 5G

MIMŎ6G MIMO Ȃ ѿ 6̆G ꜚ Ḥ

ᴰ ⌠100Gbps~1TbpsẊ̆ 100Gbpsᴰ ̆

1024QAM└̆ ԍSISO 10GHz ̆ ₃Ӎ

Ҍ ̆ 5G׆ץ ̆ Ḥ ῗ

Ȃ 

ᵞ 5ĜSub-6GHz̃ ̆ ֓ 64T64R̆

Ӟ 64ҩ ׆̆ ԅ ᴰ Ȃ

ԍ5G ̆ҹԅᾥ ⁞ ҍ ̆ ԅ

MIMO ̆ ҩ 1ҩ̂ ̃ 2ҩ̂ ̃

̆ѿ 4ҩ ̆ 4ҩ̂ ̃ 8ҩ̂ ̃

Ȃ ԍ5G Ḥ ᵞ 5G Ḥ ̆

’ҊӞ ᴰ Ȃ 

ץ ⌠̆ ꜚ Ḥ1׆G 6G Ҭ̆1G~3GSISO ̆4G

῀MIMO ̆ 5G↕ ҹ MIMŎ6G ѿ

MIMOῃ ↓ Ȃҹԅ ⱴ ̆ ᵬ Ӟ׆ MHzȁ

GHz ץ ῗ Ȃ 

https://zhuanlan.zhihu.com/p/660875416
https://zhuanlan.zhihu.com/p/660875416
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̂Beamforming̃ ↓ ף ᶏ ̆ῒ

ȁ ᵣ ᵣ└ ҩ҈ף Ȃ ꜚ

Ḥ ѿ ꜚԅ ↓ ̆ ≢ ̆ ↓

5G 3GPP Release 15‰Ҭ ҹ5G Ḥ ῏ ӊѿȂҹ

6G Ḥҍ ̆ ↓ ̂>1000

ᾝ̃ȁ ̂AI ̃ȁ ̂ᾣ ̃ ̆ҹ

ᶫ ᶏ Ȃ 

ӥҺ ׃ 6G ῗ Ḥ ѿ ᴨ

↓ ð6G ῗ ↓ Ȃ 
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ԋȁ ῗ ↓  

ҍ֟ҙ ῍ ̆ ҹ6G Ҭᵞ ҍ ꜚ

Ḥ ̆ ѿᵣ ᵣ Ḥ ̆ ῃ ῤᴋ ȁ

ᴋ ȁᴋᵥ Ḥ ׆̆[33] -[32]῀ ꜚ Ḥ ҉

ҩ ⌠ ῃ Ȃ ̆ ԍ╠₃ף ꜚ Ḥ 6̆G

ⱬ ̆ Ӟ ⱴү Ȃ׆ № ̆

5G ף ҍ ץ ̆6G ѿ

̆ ᵬ ῗ̂THz̃ ᵈȂ Ҋ̆≠

↓ ץ ễῒ ̆ ֟

῍ [24],[33]Ȃ ̆ᴰ ↓

└ Ḥ ̆ ↓ ֟ ҩ ׆

‗ ѿ Ȃ 

↓Һ ҈ [25]̔ ᵣ ȁ

ᵣ ᵣ Ȃ ⱬ⅞№ ↕̆ №ҹ

↓ҍ ↓Ȃ ῤ ̂ 2. 1̃ ȂῒҬ

↓ ↓ ↓ң № ̆

ҹ ȁҬ Ȃ ↓↕

№ ₮ ҍ ῃ ↓ Ȃ ↓↕ ₮

↓ ῖ̆ ̔ ҍ

↓ ȁ ҍ

↓ Ȃ ╠̆5G ҍ

MIMO↓ [35]-[38]ῒ̆ ҩԋ

ѿ ҉Ҋ ̂Up-and-Down Converter, UDC̃̆ Ῥ ѿ

̆ Ȃ Ҭ

̆ ᶏ ҩ ֽ ̆ ῃ Ȃṿ

ῃ̆ ↓̂ / ΐ̃ ҩ

ⱬ̆ Ȃ ̆ῃ ҹ

ꜚ Ḥȁ Ḥ ȁ [19][39]-[47]Ȃ 
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2. 1 ↓ №  

2.1 ↓ 

↓ 2. 2 ̆ῒҬAnt m m̂ m=1, 2, é, 

M̃ ҩ ᾝ̆ώ ά ρȟςȟỄȟὓҹ ῀ mҩ ᾝ Ḥ ȂẊ

Nҩ ̆ ҩ ѿҩ ↕̆

/ ̂ADC/DAC̃ҍ ᾝӊ ῀ Ҋ  

ώ ύὼӶ  

ὼӶ ύ ώ
                         (2-1) 

ῒҬ 

ώ

ώ
ώ
ể
ώ

 ȟ    ὼӶ

ὼ
ὼ
ể
ὼ

 ȟ    ύ

ύ ύ Ễ ύ

ύ ύ Ễ ύ

 ể     ể    Ệ   ể   
ύ ύ Ễ ύ

            (2-2) 

Ҭ̆҉ ñTò ̆ ύ ҹ ̆ῒ ᾝ  

ύ ȿύ ȿὩ                                                                       (2-3) 

ᾝ ᵝ ‰   ά ρȟςȟỄȟὓȠ ὲ ρȟςȟỄȟὔ  

ҩ ȁ ץ ̆

ᾝ ȿύ ȿ  ά ρȟςȟỄȟὓȠ ὲ ρȟςȟỄȟὔ └◐ ̆

ᵞ◐ Ȃ ὔ ρ ̆ ҹ ↓̆ Ȃ 

↓

↓

ῃ
↓

ῃ
↓

֜
↓

֜
↓

↓

↓

↓

↓

/

/

/

n-bit

n-bit

+ 

+ 

+ 

+ (5G ,  )
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ᾝ ץ ᵞ ҩ ◐ ׆̆ ⁞

ӊ ̆ᵖῒףᴇ ѿ ↓ Ȃ ̆ Ҭ

└ ‗ [11]-[14]Ȃ 

 

2. 2  

2.2 ↓ 

↓̆ ȁҬ ȁ ̆

ȁ ̆ῒ ᵝ ᴆ Ȃ

ҩ ⱴ̆ ȁ ȁⱳ ᴪ ⱴȂ ̆ Ҭ

↓ ҩ Ȃҹԅ

₃ ҉ ҩ ׆̆ ̆ 2. 3

↓ ⌠ ῏ ̆ғ ҹ6G ҍ ῗ

Ȃ 

 

2. 3 ↓  
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2.3 ↓ 

̂ ȁҬ ȁ ̃

↓̆ ῃ ↓̆ ҳ Ȃ

̆ 5G Ҭ ԅ ҍ

↓Ȃ ҍῃ ↓ ̆

̆ᵖҌ ҹѿ ‗ ҍ Ȃ 

2. 4 ҹ ↓ ̆ ADC/DAC

ῒ ѿ ҹ ᵝ ̆↕  

ᾀӶ ὗώ ὗ ύὼӶȟ        

ὼӶ ύ ώ  ύ ὗ ᾀӶȟ
                                                         (2-4) 

ῒҬ 

ὗ

ὗ ὗ Ễ ὗ

ὗ ὗ Ễ ὗ
 ể     ể    Ệ   ể   
ὗ ὗ Ễ ὗ

ȟ    ύ

ύ ύ Ễ ύ

ύ ύ Ễ ύ

 ể     ể    Ệ   ể   
ύ ύ Ễ ύ

 (2-5) 

№≢ҹ Ȃ 

 

2. 4 ↓  

2.4 5G ↓  

5G Һ ̂Core Network, CNȁ̃ ᾝ̂ Baseband 

Unit, BBŨ ᾝ̂Active Antenna Unit, AAŨ [35]-[38]̆ῒҬAAU

҉ ѿҩ ̆ ↓ ȁ҉Ҋ

̂UDC̃ ᾝ Ḥ №Ȃ ԅ Ḥ ⱳ ̆D

BB

/

SP

Ant 1

Ant 2

Ant M

ADC/DAC

ADC/DAC

ADC/DAC
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Ҭ №ⱳ ̆ Ḥ ᵀ ȁ ȁ └ ȁ ҍBBU

Ḥ ⱳ Ӟ ԅ AAUҬȂѿҩ ̂Core Network, CÑ ץ

ҩBBŬ ѿҩBBU ҩAAŬ ҩAAU

MIMO↓̆ №◓̆ ҩ ῤ

Ӟ Ȃ 

5G AAUҬ ↓ 4ҩԋ

̆ 2.5 Ȃ ҩ 64̂ψ ψ̃ ȁ128̂ψ ρφ̃ 256̂ρφρφ̃

ҩ ᾝ̆ ҉ ̆ ’ ֟ 4ҩ ̆ 4ҩ ̆

’Ҋ ֟ 8ҩ ̆ 8ҩ Ȃ ҩ ֟ ץ └̆

̆ᵖ ҩ ⌠ῃ ↓ ֽ̆ ̆

4 ’Ҋ̆ ҩ 6dB Ȃ Ῥ ѿ

̆ ҩ ץ ῃ ̆ᵖ4ҩ ᴪ ̆Ҍ

׆̆ Ȃ 

 

2. 5 5G 4 ↓  

ԍ № ̆ Ҍ ̆ 5Gץ

AAUҬ 2 ᾝ ᵬҹѿҩ ↓ ᾝȂԍ ̆

2. 5 256ᾝ̂ ҩ ҹψ ψ ↓̃ ↓ ⌠ 512

ҩ ᾝ̆ 256ҩȂ Ạᴪ ̆ᵖ

’Ҋ̆ ᾝ ⱴѿṐ̆ ҩ ⱴ

3dBȂ 

2. 5 ’Ҋ ̆ Ҭѿ ̆

LO

SW

PA

LNA

DAC

/

ADC

LO

LO

SW

PA

LNA

DAC

/

ADC

LO

LO

SW

PA

LNA

DAC

/

ADC

LO

LO

SW

PA

LNA

DAC

/

ADC

LO

PCB PCB
(UDC)

PA

LNA

PS PA

LNA

PS 

PA

LNA

PS PA

LNA

PS 

4
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8 ̆ңҩ ⱳ /№ ̆҉Ҋ

Ӟ ѿṐ̆ ⱴ⌠8ҩUDC ̆ ҩ Ӟ׆ 4

ⱴ⌠8Ȃ  

↓ ᵞԅ ȁ ⱳ ̆p ץ

ҹףᴇ Ȃ ԍҌ ׆ ҩ ⌠ ҩ ᾝ ҉

ᵝ ̆ ץ ҩ Ӈ ѿҩ ̆ ̆

ᵖ 6dB ̆ Ӈ ⱬ̆p ҩ ⌠ԅῃ

Ȃ 

↓ ץ ̆ / ҍ

ӊ ῀ ̆ ҉ף Ȃ ҩ ץ ⌠ῃ

̆p ᴪ ᵞ ↓ ̆

Ḥ Ȃ 

2.5 ᴨ ᴨ ↓ [25] 

2.5.1 ᴨ ↓ ðð ῃ ↓ 

ῃ ̂All Digital Beamforming, DBF̃ ↓

ҩ ‰ └ ̆ ҹ ↓Ȃῃ

↓ ᴨ ̔ ᵝ └ȁ ȁ ҩ

ѿҩ ̆ Ḥ ̕ ҩ ↓ ῃ ̆

ғ ȁ [5]-[10]Ȃ ׆ ҉ ̆ ῃ ↓

↓Ҭ ᶃ ↓ ̆ᵖῒ ̔

ADC/DACȁ ȁⱳ Ẓ Ȃ 

2. 6 ῃ ↓ Ҭ Ḥ̆  ώ ҍ

 ὼӶ ӊ ῏ ҍ (2-1) ̆p ₮ ̆ ԍῃ ↓̆

 ώ ύὼӶȟὼӶ ύ ώ ⱴ Ȃ Ҭ̆Ant i

iҩ ȁBPF ȁDPX ȁSW ῏ȁPA

ⱳ ȁLNA ᵞ ȁLO ȁBB ȁSP

Ḥ Ȃ 
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2. 6 ῃ ↓  

2.5.2 ᴨ ↓ ðð ῃ ↓ 

ҹԅᾥ ҉ ῃ ↓ ȁⱳ

̆қ ᴯ ԍ 2018 ₮ԅ 2.7 ῃ

↓ [24]-[25][41]-[42]Ȃ׆ Ҭ ץ ⌠̆ ↓ Nҩ ᾝȁ

Nҩ ὔ ὖ ̆ Pҩ ̆ P

ҩ Ȃ ↓ Mҩ ᾝȁMҩ ὗ ὓ

̆ Qҩ ̆ Qҩ Ȃ ᾝ Ҍ ԍ

ᾝ ̆ ὓ ὔ̆ Ӟ Ҍ ̆ ᵬ ↓ Ȃ ԍ ꜚ Ḥ

̆ ױ ὓ ὔ̆ ̆ ↓ ԍ ↓ Ȃ ԍ ֓ ̆

ȁ ֜ ȁ Ἕ ̆ ὓ ὔ̆ ̆

↓ ԍ ↓ ץ̆ № Ȃ 

ԍ Ҍ ̆ ץ ӞҌ ׆̆ 2. 7 ץ ⌠ 

ώ ὸὼӶ ȟ   

ό ὶ ὺӶ ȟ
                                                                        (2-6) 
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ώ

ώ
ώ
ể
ώ

 ȟ    ὼӶ

ὼ
ὼ
ể
ὼ

 ȟ    ὸ

ὸ ὸ Ễ ὸ

ὸ ὸ Ễ ὸ
 ể     ể    Ệ   ể   
ὸ ὸ Ễ ὸ

                              (2-7) 

ὺӶ

ὺ
ὺ
ể
ὺ

 ȟ    ό

ό
ό
ể
ό

 ȟ    ὶ

ὶ ὶ Ễ ὶ

ὶ ὶ Ễ ὶ

 ể     ể    Ệ   ể   
ὶ ὶ Ễ ὶ

                            (2-8) 

ῒҬ̆ ὸ  ὶ №≢ҹ ̆ῒ ᾝ  

ὸ ȿὸ ȿὩ ȟ    ὶ ȿὶ ȿὩ                                                (2-9) 

ᵌ ̆ ᵝ ‰   ὲ ρȟςȟỄȟὔȠὴ ρȟςȟỄȟὖ  ‪   ά

ρȟςȟỄȟὓȠ ή ρȟςȟỄȟὗ  №≢ ҩ ȁ

ץ Ȃ 

 

2. 7 ῃ ↓  

ױ ̆ ԍѿҩ Ḥ ̆ Ḥ ̆ ̆

ғ DAC ȁⱳ ADC ᵞ Ȃ ѿ ̆

Ḥ ̆ ̆ ғADC ȁⱳ DAC Ȃ

̆ ↓̆ ↓̆ ץ ȁⱳ

ȁ ҍ ӊ Ȃ ᶷ̆ ↓ ץ ₃

( )
PA

LO
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BPF

DAC

PA
LO

Ant 2

BPF

DAC

PA
LO

Ant N

BPF

DAC
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LO

Ant 1

BPF

ADC
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LO

Ant 2

BPF

ADC
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Ant M

BPF
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҉ ҩ ̂ ׆̆̃ Ҋ ̆

↓ ץ ₃ҩ ₃ ҩ ̂ ̃Ȃᴧ ̆ ꜚ Ḥ

Wi-Fi ץ ȁ ȁҊ ᴆҹҺ̆Ӟ ӟ

Ḥ҉Ҋ Ҋ̆ ҉̆

Ȃ ̆ ԍ҉ ῃ ↓ ꜚ Ḥ ̆

ҍ Ȃ 

↓ ᵞ̆ Ȃ

ԍ Ḥ ⌠ ̂Direction of Arrival, DoÃ ≠̆ᵖ ԍ ꜚ Ḥ҉

Ḥ Ȃ ԍ ꜚ Ḥ ᶷ̆ ץ  ὓ ὔ τϳȂ

ץ 5G ↓ Ạҩ Ȃ ╠5G AAU

↓ 4ҩ ̆ 4ҩ ̆ 4ҩ ̆

8ҩ ̆ 8ҩ Ȃ ԍ ԋ ᴪ

̆ ҩ ⱬ̆ ץ Ҭ 4ҩ

Ȃ ̆ ҩ / ⌠ԅ ̂ ↓ №ӊѿ̃ ̆

Ӟ ҍ̆ ↓ ̆ ҩ ԅ6dB Ȃ ױ ῃ

↓ ҍ5G ↓ ѿ ̆↕

ԋ ҉ ѿ Ȃ ѿ ̆ ↓ҍ5G ↓ ѿ

̆↕ ῃ ↓ 5G ↓

6dB̆׆ ץ Ҋ Ȃ ֓

̂ ⅞ ̔ ֒  MIMO

῏ . 2020YFB1804900, 2020.7-2023.10, ֲ̔ ᴯ̃

Ҋ ԅ Ȃ 

ᵬҹ ᴨ ↓ ̆ ῃ ↓

֜ ↓ ԍ ᴨ ῃ ↓

ⱳ ᴨלȂ ̆ ֓ ᴨ ↓

ӊῒז ᴰ Ӟ ⱴȂ 

↓ ҹ ץ ῗ ꜚ

Ḥ ᶏ ̆ ↓ ҆ ̆ ѿ №

ῤ ׆ ₮ ↓ ȁ ̆

ѿ֓ף ↓ ̆ ȁ ҍ
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↓ ᵬ ׃ Ȃ ץ ׆̆₮ ҉ ̆ ῃ

↓ ץ ᴨ ̆p Ẓ Ȃ

ῃ ↓ ῃ ↓ ̆

ᵞԅ ̆ ѿ ᴨ ↓ ̆

ҹ 6G Ḥ Ȃ ῃ

↓ ȁ ↓῏ ̂ ȁ

ȁ ‰ ץ̆̃ ῤ ӥ №≢

׃ Ȃ 
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҈ȁ ῃ ↓ 

3.1 ↓ ҍ  

3.1.1  

ᴰ׆ ↓ ̆ ↓ ԑ Ȃ ׆̆

̆ Ҭ̆ ΐ Ҍ

ⱳ Ȃ ̆ Ḥ ѿ ̆ ץץ ᵞ

Ȃ MIMO

ῃ ↓ ̆ ↓ ↓ Ҍ

Ȃ ᶷ ῃ ↓ ῃ

↓̆ ֟ ̆ ᶷ Ḡץ ᴰ

̆Ӟ Ȃ 

 

3. 1 ῃ MIMO  

ᴨל ԍ ᴰ ҉Ҋ ̆ ⱴԅ

└ ̆ ᴰ Ȃ ᶷ ᾝ ̆

҉Ҋ ҍῃ ̆ ᴨ ҉Ҋ ̆ ץ

ԍῃ MIMO ̆ ҉ ῃ

≠ ᴋ ̆ᵖAAU № ȁⱳ

ῃ MIMO ᵞȂҍ MIMO ̆ ᶏ
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’Ҋ̆ᴰ Ӟ ̆ғⱳ ȁ Ȃ

↓ 3. 1 Ȃ 

3. 1 ↓  

 
 

 

  

 

 

 

 

 

 

 

 

 

 

↓ 

̂ ̃ 
 ᵞ Ҭ Ҭ Ҭ Ҭ Ҭ Ҭ 

↓ 

̂῍ ̃ 
Ҭ   Ҭ Ҭ Ҭ Ҭ Ҭ 

ῃ  

↓ 
  ᵞ      

ῃ  

↓ 
 

 

Ҭ 
Ҭ   Ҭ Ҭ  

↓ ΐ ҊҺץ ̔ 

̂1̃ ↓ Ҍ Ȃ ᾟ№≠ ῃ ̆

↓ ̆ ↓ᵞ ̆Ḡ ѿ ̕ 

̂2̃ Ȃ ԍ ׅ ῃ ↓ ̆ῒ

ҍ ῃ ѿ ̆ΐ ̕ 

̂3̃ ‰ ҹ Ȃ ԍ ↓ ᵞ̆

̆ ᴪ ᵞDoA ‰ ץ ̆

ῒ 6G ̕ 

̂4̃ Ȃ MIMO↓ ԍ ╠

↓ ̆ ץ ̆ ⱴ ̕ 

̂5̃ ᴆ ᵞȂ ᶷ̆ ᵞ̆ᶛ ̆

⁞64׆ ҹ16Ȃ ᵞ ᴆ ̆ ῒ Ḥ

ADC ̆ ̆ ᴪ ᵞ Ḥ

Ȃ 

̂6̃ ╠ ↓ Ȃ 3. 2 ̆ ԍ MIMO

↓ ѿᵣ ̆ ↓ ץ ñ ò ̆

↓ ԍ ↓Ҭ̆ ῏ ℗ ̆ҍ 5G

ΐ Ὶ ȂӞ ץ ↓№ ̆ ↓

↓ ̆ ῏ ℗ ̆⁞ ԅ ῀ Ȃ 
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̂7̃ ╠ Ȃ ↓ ῃ ̆

̆ ╠ ⱴ Ȃ Һ DACȁ └ ȁ

ȁ ҉ Ȃ DAC֟ IQḤ ̆ IQ └ ҉

Ҭ Ȃ └ Ḥ ҉ ⌠ ̆ PA

Ȃ Һ ADCȁ ȁ Ҋ Ȃ

Ḥ ᵞ ȁ Ҋ Ҭ ̆ Ҭ ADC

Ȃ 
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ǻ ǻ ǻ
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L

: ᾝ

: ҍ
ᾝ
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ǻ

ǻ

ǻ  
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ǻ ǻ ǻ
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P
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P 12
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3
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 ̂ ã                      ̂b̃                        ̂c̃   

3. 2 ↓ ̆(a) ѿᵣ̆  

↓ ҹ ̆(b) № ̆ ↓ ҹ 

̆(c) № ̆ ↓ ҹ Ȃ 

3.1.2№  

ԋ ῃ ↓ №≢ 3. 2 3. 

3 Ȃΐᵣ ̆ῒҬ PĬQҩ ᾝҍ / ̆ DACȁ

ADC Ḥ ̆ Ḥ ҹ

Ḥ Ȃ ↓ҬῒᵩMĬLҩ ᾝֽ ⌠ ̆ DAC Ȃ

↓Ҭ̆ ҍ ↓ ҹῃ ↓̆p ᾝҍ Ҍ [41]Ȃ 

ҹԅᶏ ҹ(ɗ0, ű0)̆ ҹmĬl̂m = 1,2̆é, M , l = 1,2̆é, 

L̃ ↓Ҭ ѿҩ ̂m, l̃№ wmlȂ ԍῃ ↓ ̆ ҩ

ṿ Ȃѿ ̆ ֓ ṿ xȁy ҉ ̆

wml ץ ύ ὃ ȟ Ὡ ẗὃȟ Ὡ ̆ kx ky№≢

k x y ҉ № ̆ ≢№ץ Ὧ ▓ẗ● ὯÓÉÎ—ÃÏÓ•

Ὧ ▓ẗ◐ ὯÓÉÎ—ÓÉÎ• Ȃ 
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.
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Tx Data 

Stream 1

...t
è øê úW

Transmitting 

Beamforming 

NetworkTx Data 

Stream 2

Tx Data 

Stream K

... ...

Rx Data 

Stream 1

...

r
è øê úW

Receiving 

Beamforming 

Network

Rx Data 

Stream 2

Rx Data 

Stream N
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...

 

̂b̃  

3. 3  (a) 2D ↓Ҭң ̆(b)  

ῃ ↓  

Ẋ x y ҉ ᵝ № ≢ ҹ ╪

ρȟὩ ȟὩ ȟȢȢȢȟὩ ╪ ρȟὩ ȟὩ ȟȢȢȢȟὩ ̆ῒҬ[Å]T

Ȃ ԍ ̆ ⱴ Wt ȂẊ ↓

Ҭ ᾝ f(ɗ, ű)̆ғ Ḥ ꞉Ḡ ѿ ̆≠ ↓ ӗ

↕ ̆ῒ (ɗ0, ű0) ץ ҹ 

Ὂ—ȟ• Ὢ—ȟ• ẗ╪╦ ╪  Ὢ—ȟ• ẗὸὶἥ ╪╪  

Ὢ—ȟ• ẗὸὶ╦ ═—ȟ•                                         

(3-1) 

ῒҬ[Å]H tr(Å) №≢ ѿҩ Hermitian ̆A(ɗ, ű) = ayĿaxT
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ҹ ↓ Ȃ 

ҍӊ ̆ ԍ ̆ (ɗ0, ű0) ץ ҹ 

Ὂ—ȟ• Ὢ—ȟ• ẗὸὶ╦ ═—ȟ•                      (3-2) 

ῒҬ̆Wr ⱴ Ȃ  

ᴰ ῃ ↓Ҭ̆WtŗCMĬL̆WrŗCMĬL̆Wr=WtHȂ ҍ

ӊ ῏ |Ft (ɗ, ű)| = |Fr (ɗ, ű)|̆ ҍ ҹ ԑ Ȃ

ӥ ₮ ῃ Ҭ W̆tŗCMĬLW̆rŗCPĬQ (P<M, Q<L)Ȃ

̆ ҍ ҍ Ҍ ̆ ԑ Ȃ  

׆ ̆ ץ ԍ ꜚ Ȃ i

ҹ iҩ j̆ҹ ꜚ jҩ ↕̆ ҉ ḤҬ

ⱳ ὖ ҹ̔ 

ὖ ὖ Ὃ Ὂὒ Ὃ                       (3-3) 

ῒҬ̆ὖҹ ꜚ ⱳ ̆Ὃ ҹ ꜚ jҩ ̆Ὃҹ

iҩ ̆Ὂὒҹᴰ Ȃ ץ ₮̆ ⱴ ꜚ

ⱳ ̂EIRP̃ Ḡץ ḤҬ

҉ Ȃ 

3.2  

MIMO↓ Ҍ

Ṣ̆ꜛ ץ ╠ ̆ ᵞ ᴰ

ᴰ ȂץҊ ң ҍ ’̆№≢ ԅ

65nm CMOS ץ 130nm SiGeȂ 

3.2.1 ԍ65nm CMOS  

ԅ 4 4

ῒ̆ 3. 4 Ȃ ԅ ҩ

ѿҩ ⱳ№ ῒ̆Ҭ ҩ ⱳ ȁ Ἕ └ ȁ

҉ Ҭ ̆ ꜚ ⱳ№ ꜚ ѿ№ ⱳ

№ ̕ ԅ ҩ ѿҩ ꜚ ⱳ№ ῒ̆Ҭ
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ҩ ᵞ ȁ Ἕ └ ȁҊ Ҭ

̆ ⱳ№ ꜚ ѿ№ ⱳ№ Ȃ 

 

̂ã  

 

̂b̃  

3. 4 , (a) 

̆(b) Ȃ 

ҹḂԍ MIMO↓Ҭ ᶏ ̆

ңҩ ̆ ҩ Ḥ ᶷ̂ ҉ȁ Ҋ̃ ᶷ̂ ҉ȁ

Ҋ̃ңҩ ̆ Ҭ Ḥ ↕ ҉ ̂҉ ȁ҉ ̃ Ҋ ̂Ҋ ȁ

Ҋ ̃ңҩ ̆ ꜚḤ ׆ ҉ Ҭ ᵝ ῀Ȃ

ԍ ҍⱳ ץ ╠ Ḥ ᶏ Ȃ 

65nm CMOSⱴ ̆

ᵣ ҹ3 mmĬ1.65 mm̆ 3. 5 Ȃ 

ԍ ̆ 24.25~27.5GHzᵬ ̆ ῀

Ҭ ҹ5GHz̆ ₮1dB ⱳ OP1dBÓ15.4dBm̆

ԍ30dB̆ἝḤ └ ԍ30dB̆ 3. 6 3. 7 Ȃ 

 



21 

 

     

̂ã                           ̂b̃  

3. 5 , (a)  

̆(b) Ȃ 

 

3. 6 ̂ ̃ 

 

       ̂ã                   ̂b̃ OP1dB  

3. 7 ̂CG IRR̃,  

(a) ̆(b) OP1dBȂ 

ԍ ̆ ῀ ᵬ ҹ24.25~27.5GHz̆

₮Ҭ ҹ5GHz̆ / Ò6.2dB̆ ԍ33dB̆

ἝḤ └ ԍ45dB̆ 3. 8 3. 9 Ȃ 
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3. 8 ̂ ̃ 

 

̂ã                              ̂b̃  

3. 9 ̂ã CĞ ̂b̃ IRRȂ 

3.2.2 ԍ130nm SiGe  

ῃ ↓ 2Ĭ2 №≢

̆ ᾧ ℗ ῏̆ ץ ⱳ ̆ ᵞ

̆ ҍ ӊ ̆ ץ

Ḥ ȂҊ ׃≢№ Ȃ 

3. 10₮ԅ ᵬ 24 ~ 29.5GHz2Ĭ2 

̆ ҩ҉ ̆ѿҩ2Ṑ ѿҩ1№4ⱳ№ ̆ ҩ

Ҭ ԅ ⁫  90Ár ץ̆ Ҭ ֜Ḥ

Ȃ ҩ҉ ҉ ȁ5β ⁞ ȁ ⱳ

Ȃ ̆ ԅSPIԍ └̆ѿҩ 2β Ḃץ

̆ ѿҩ ῏ ԍ ℗ Ȃ 

3. 11 ԅ 4 ̆ ԅ130nm SiGe

└ ̆ ҹ3.6Ĭ5.2 mm2̆  WLCSP ̆ Ҍ ῀
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’Ҋ ᵞ ᵣ Ȃ ҩ 89ҩ ̆ ҹ

400ɛm̆ ↓ ҹ ᶫԅῤ Ȃ 
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ř
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3. 10 2Ĭ2 24 ~ 29.5GHz  

 

3. 11 24 ~ 29.5GHz  

ṕ PCB҉̆ 3. 12 ̆ ҩ

24 ~ 30 GHz ῤ Ҭ ⌠ ҹ21dB̆ ꜚ ԍ2.5dBȂ

15.5dB ῤ̆ RMS ҹ0.17dB@28GHzȂ OP1dB

OIP3№≢ҹ21dBm28dBm̆ ṿҹ20dBm27.5dBmȂҬ ҹ4 

GHz̆ 24 ~ 29.5GHz ῤ Ἕ └ ԍ35dBcȂ 24GHz ̆EVM 

ᵞԍ-30dB̆ ₮ⱳ ⌠10.1dBmȂ ₮ⱳ ̆

῀ ̆ AM-AM AM-PM ᴪ ӊҊ ̆EVM ӊ

Ȃ 
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̂c̃                       ̂d̃  

3. 12 24 ~ 29.5GHz ̆(a)  

̆(b) OP1dBOIP3̆(c) Ἕ └̆ 

(d) 5G NR FR2 └Ḥ Ҋ EVMȂ 

3. 13₮ԅ24 ~ 29.5GHz2Ĭ2 ̆

ҩ Ҋ ѿ̆ҩԋṐ ѿҩѿ№ ⱳ№ ȂҹԅḂԍ ↓

̆ Ҭ Ἕ └ Ҭ ԅ ⁫ 90Ár ץ̆

Ҭ ֜Ḥ Ȃ ҩҊ ѿҩ Ἕ └ ȁ5 β ⁞ ȁ

ȁ ꜚ ᵞ Ȃ ̆ ԅ SPĬ

2β ץ ץ̆ ѿҩ ῏ ԍ ℗ Ȃ 

3. 14ᶷҹ4 ̆ ̆

BGA ӊ Ҋ ץ Ḡ ⁫ ̆ ҩ №

ңᶷȂ ᶏ ⁫ 90Ár ̆ῇ Ҭ ҹ ̆ ᾧ

ԅ PCB ̆ ҩҬ ↓

̆ ῀ ᵝԍҊ Ҭ ᵝ Ȃ 
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3. 13 2Ĭ2 24 ~ 29.5GHz 

 

3. 14 24 ~ 29.5GHz  

3.15 ̆ ṿ ҹ 19.5dB̆3dB

ҹ22.2 ~ 31.2GHzҩ ᶫ 15.5dB №̆ 5bitȂ

ҹ 3.4 ~ 3.9dBȂ ҹ 26GHz̆Ҭ ҹ4 ~ 7GHz̆

Ἕ └ᴨԍ45dBc̆ 3 ~ 7GHz Ҭ Ҋ Ἕ └ᴨԍ26dBcȂ Ҭ

̆ ἝḤ ᵬ ̆ ἝḤ ѿ ᴆ

└̆ Ҭ ҹ 7 GHz Ἕ └ ⌠ԅ 70dBcȂ ҩ  

IP1dB  IIP3 №≢ᴨԍ-19.5dBm-10.5dBm̆ ῀ⱳ -24dBm 

EVMγ ԍ-30dBȂ 
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H
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̂c̃                        ̂d̃  

3. 15 4 24 ~ 29.5GHz , (a)  

└ ̆(b) Ἕ └̆(c) ͂  

1 dBⱳ ῀҈ ֜ ̆(d) EVMȂ 

 

3.2.3 GaNⱳ  

ҹԅ ȁ ̆ ѿ

↓ ₮ⱳ ̆ GaNⱳ ̆

̆ ȁ ↓ Ȃ 

GaNⱳ 3. 16 Ȃ ΐ

ȁ ȁ ̆ ΐᵣ 3. 17- 3. 21Ȃ 
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3. 16 GaNⱳ  

 

̂ã                             ̂b̃  

3. 17 (a) ₮ⱳ ̆(b)  

ⱳ ⱴ Ȃ 

 

̂ã                          ̂b̃  

 

̂c̃  

3. 18 ҈ ֜ , (a) 25GHz̆(b) 26GHz̆(c) 27GHzȂ 
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%
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Freq (GHz)  

̂ã                            ̂b̃  

3. 19 (a) ҈ ₮ⱳ ̆ 

(b) ҈ ⱳ ⱴ Ȃ  

 

3. 20 └Ḥ  

 

3. 21 └Ḥ ̂EVM=1.75%̃ 
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3.3 ↓ ῏  

3.3.1 ᴨ  

ҩ № Ҍ ᵝ Ҋ̆ ↓֟ ҩⱴ

Ҍ Ḥ ̆ №≢ Ҍ ׆̆ ḤȂ ̆

Ҍ ̆ ᵞԅ Ḥ Ȃ Ҭ ҹ ╠ Һ

ῤ ῒז ◐ ⱳ ̆ №ⱳ Ḥ ҍ ╠ Ḥ

̆ғ ῤⱳ № ̆ҍ Ḥ Ҍ ̆ ҹ Ȃ ᵞ

◐ ץ ᵞ Ȃ ῖ Ҭ ₮ԅ

ᵞ◐ № ̆ ℗ № ȁ №יּ ̆ ◐

└⌠ᵞԍ ѿ ̆ ᵞ◐ ⱳ ̆ᵖ ֟ № ҉ ╝̆ғ

◐ └ ̆ ҉ ╝ ▲ ̆ ↓ D

↓ ₮ⱳ PҤ ̆ᶏ EIRPҊ Ȃ ₮ ᴰ EIRP

SIR ᵬҹᴨ ̆Ὶ ңҩ ̆ ⌠ Ȃ ѿ ̆

MIMO ҉Ҋ ԑ Ḥ ᴆ̆ ץ ῃ ᴨ

̆ ᵞ ̆ ⱳ ̂EIRP̃̆ ԍᴰ ᵞ

◐ ̂ №יּ ℗ № ̃ └ [59]Ȃ 

̂1̃ Ҋ └ 

ѿҩ M N↓ ᾝ ↓̆ ᾝᵝ №≢ҹὶᴆ

ὼ ȟώ ȟᾀ ̆ῒҬά ρȟςȟȣȟὓȟὲ ρȟςȟȣȟὔȂ ↓֟ Lҩ ̆

ҹ —ȟ‰ ̆ ꞉ ҹ ⱷ ═ẗὩꜚ ̆ ῒ Ҭ ὰ ρȟςȟȣȟὒȂ ⱷ

‫ ȟȟ‫ ȟȟȢȢȢȟ‫ ȟ ҹ ꞉ ̆ ̆═ ὃ ȟȟὃ ȟȟȢȢȢȟὃ ȟ

ꜚ ‰ ȟȟ‰ ȟȟȢȢȢȟ‰ ȟ ҹ ᵝ Ȃ 

Ẋ ᾝҹ ᾝ̆↕ ↓ ץ ҹ̔ 

 Ὂ ⱷȠ—Ƞ‰ В В ‫ Ὡ ᴆ ẗᴆ       ̂3-4̃  

ῒҬ̆Ὦ Ѝ ρ̆ Ὧ ς“Ⱦ‗ҹ Ҭ ̆‗ҹ ᵬ Ȃὥᴆ

ÓÉÎ—ÃÏÓ‰ȟÓÉÎ—ÓÉÎ‰ȟÃÏÓ— όȟὺȟÃÏÓ— ҹ —ȟ‰ ᵝ Ȃ 

̆ lҩ ῃ ⱳ EIRPץ ҹ̔ 

ὉὍὙὖ ὖ ẗὋ                                ̂3-5̃  
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 ὖ В В ὖ ᶿВ В ὥ           ̂3-6̃  

Ὃ ὩẗὈ Ὡẗ
 

᷿ Ƞ
              ̂3-7̃  

ῒҬ̆ὖ ҹ ↓ ₮ⱳ ̆Ὃ ҹ ̆eҹ ̆Ὀ ҹ ̆Ὂ ҹ

ṿȂḤ SIRץ ҹ̔ 

ὛὍὙ
̂ ̃

В
̂ ̃

ͯ ȟ

᷿
̂ ̃

Ƞ

В ᷿
̂ ̃

Ƞͯ ȟ

        ̂3-8̃  

ῒҬ̆ὖ ף lҩ 3dBҺ ῤ ⱳ ̆ὖ ҹ iҩ lҩ

3dBҺ ῤ ⱳ Ȃ 

 

3. 22 (a) № ̆(b) № ̆(c) ּ20-יdb ̆ 

(d) ℗ -40db Ȃ 

ѿҩ ᾝ ΐ 4ҩ 8Ĭ8ᾝ

↓̆ Ḳᴀ №≢ҹ — ȟ—

ρυᶼȟρυᶼȟ ρυᶼȟρυᶼȟ ρυᶼȟρυᶼȟρυᶼȟρυᶼ , ῒҬ̆— ҹ

xoz ҍx —̆ yoz ҍy

Ȃ 3. 22 ԅ№≢ᶏ ꞉ ῖᵞ◐ № ꞉ ’

Ҋ № ҍ Ȃ ̆Ẋ ҩ ᾝ ₮ⱳ ҹ 0dbm̆ №

Ҭ ᾝ ѿ ̆ ѿ Ȃ ץ ₮̆

╝ ̆ Ҭ◐ └ ̆p Һ ῤ ⁞ Ȃ
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ᶏ Ὲ ̂3-4~8̃ ҈ № Ҋ EIRPSIR№≢ҹ37.42dBmȁ

35.16dBmȁ30.16dBm̆15.77dBȁ19.81dBȁ29.20dBȂ 

EIRPSIRѿ ԑ└ Ȃ ̆ ̆

Ὶ EIRPSIRңҩ ᴨ Ȃ 

↓Ҭ lҩ Ḳᴀ №≢ҹ — ȟ— ̆Ԋ ҉̆

Ҭ Ҍ ↓ Ȃҹԅ Ẓ ̆

ץ ↓Ҭ ҩ ᾝ ᵝ ꞉ ⱴѿҩẒ ̆ ҹ̔ 

 ‰ άẗῳ‰ ὲẗῳ‰                    ̂3-9̃  

 ῳ‰ ὯẗῳὨ ẗίὭὲ—                  ̂3-10̃ 

 ῳ‰ ὯẗῳὨ ẗίὭὲ—                    ̂3-11̃ 

ῒҬ̆ὭȟὮף ᾝ ↓Ҭ ᵝ ̆ῳ‰ ῳ‰ №≢ҹ

ᵝ ̆ῳὨ ῳὨ ҹ ↓ ᾝ Ȃ ̆

ᴨ Ҭ̆ ԍ ᵝ ꞉ṿӞ ӊѿ̆ ѿ Ҭ̆ף ᵝṿ

׆̆ Һ Ȃ ̆ ⱴ ̆

Ḡץ Ȃ ץ ᵝ ꞉№ ҹң №̆ ≢№Ҭף

׆̆ Ẓ Ҍ Ȃΐᵣ

Ҋ̔ 

ŵ. ╠ ꞉ⱷ Ὂ ⱷȠ—Ƞ‰; 

Ŷ. Ὂ ⱷȠ—Ƞ‰Ҭ — Ƞ‰ ; 

ŷ. — Ƞ‰ ῀Ὲ ̂27-4̃ ̆ ╠ Ẓ ᵝ‰ ; 

Ÿ. ᵝ‰ ‰ ‰ ; 

Ź. — Ƞ‰ ễ Ẓ ᵝ‰ ; 

ź. ễ ᵝ‰ ‰ ‰ . 

҉ ̆ ᵝ ꞉ ץ ᵬ ԍ‰ ‰ ң № ⱴ

̆╠ └ ̆ └ Һ Ȃ ҩ

Ҭ̆╠ Ḡ Ҍ ֽ̆ ԅ ễ̆ ԅ Һ

Ҍ № Ȃ 

̂2̃  
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≠ ᴰᴨ ̆Ὶ EIRPSIRңҩ ᴨ Ȃ ԍ ҩ

̆ └ ῒז Һ ⱳ ̆ ῒז Һ ◐ Ҍ

Ạ └Ȃ ῖ ̆ ץ EIRP̂SIR̃ ’Ҋ ץ

SIR̂EIRP̃̆ ң ԍ ῖ Ȃ 

꞉ ңҩ ᵞ Ȃ ѿ̆

Ҭ ᴆ № ̆ ᵝ ꞉ Ȃ ᴰ

Ҭ̆ ṿ ҹ ᵣ ԋ └ ̆ ᵝ

№ ̆ ꜛԍ ᴨ Ȃp ⌠ ╠ ᴆ№

̆ ԍ ̆ⱳ ᵝ № ҹ6-7bit̆

Ҋᴨ ⌠ Ҍΐ Ȃ ̆ ᴨ ꞉ ⱴԅ

ץ Ҋ ԍ ᴆ└ ȁ ץ‰ ᴆ ̆

ץ ѿ Ȃ ԋ̆ ↓ ꞉ҍ ῏

̆ ҩ ꞉ ȂẊ ң ꞉‫ ‫ ֟

№≢ҹὊ—ȟ‰ Ὂ —ȟ‰̆ ‫ ʖ ̆↕Ὂ —ȟ‰ Ὂ—ȟ‰ ̆ῒҬ ẗ

ף ѿ ̆ ᾝ ꞉ ѿ ̆ ֟

Ӟ Ȃ ≠̆ ΐ ꞉ ̆

꞉ ̕ ̆ ᵬ Ḡץ SIR

EIRP ѿ ̆ ԅᴨ Ҭ Ȃ Ҋ̔ 

ŵ. ͂ ↓ ᾝ ↓ M Nȁ ᾝ ↓ ῳὨ ῳὨ ȁ

ᵝ ὗ ὗ ȁ Lȁ — ȟ— Ȃ 

Ŷ. ᴰ ̆ Ὅ ȁ ὖ ȁ ὖ ȁ

ף KȂ 

ŷ. I Ҍ ꞉ⱷ̂
̃
Ὥ ρȟςȟȣȟὍ̆ ҹ ץ ∆

ὖ Ȃ 

Ÿ. Ὧ ρ̆ ὖ Ȃɲ 

Ź. ᵬȂ׆ὖ Ҭ ₮Ὅ ὖ ҩᵣ ֪ ὖ ᴂ̆

ὖ Ҭҩᵣ Ҍ ׆↕̆ Ҭ ҩᵣץ Ȃ 

ź. ֜ ᵬȂ ֪ ὖ ᴂҬ ҩᵣ֜ ὖף ᴂᴂ̆ ⌠ ף

⌠Ὅ ̂ρ ὖ ̃Ȃ֪ ῍ף ὖ ὖ ᴂ᷾ ὖ ᴂᴂȂ 
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Ż. ᵬȂ ԍὖ Ҭ ҩᵣᶭ ὖ ‗ ᵬ̆

ᵬ ҩ ᾝ ᵝ ꞉ ṿȂ 

ż. .B№ ̆ ὖ Ҭҩᵣ ḱ Ȃ 

Ž. ὖ ᶭ ҩҩᵣף ꞉ⱷ̂
̃
̆ ₮

꞉ⱷ ὰ ρȟςȟȢȢȢȟὒ̆ Ὂⱷ ȟ—ȟ‰ץ ṿ

ὛὍὙȟὉὍὙὖȂ 

ž. ὛὍὙȟὉὍὙὖ᷾ ὛὍὙȟὉὍὙὖ ̆ ₮Pareto╠

ὛὍὙȟὉὍὙὖ ҩᵣ ὖ Ȃ 

. ∞ k ԍKȂ ↕̆ Ҋ ̕ ↕̆k=k+1̆ ⌠ ̂5̃Ȃ 

. ὖ Ҭ ҹ ↓ ꞉ʖ̆ ҍ ὛὍὙȟὉὍὙὖ ₮Ȃ 

҉ץ Ӟ ץ ѿ ᾝ ῀ Ȃ ԍ ᾝ ԑ ̆

ԍ ↓ҬҌ ᵝ ᾝ Ҍ ̆p ᴨ Ҭᶏ ѿ

ᾝ ף ↓Ҭ ᾝ ѿ ̆ ᴪ ῀ ̆p

ץ ᵞ ↓ Ȃ ̆ ᾝ ̆

ᶏ ↓ Ҋῃ ᴏ ⌠ ̆ ↓ ᾝ ꞉

ṿ̆ ץ ᵞ ̆ Ȃ ᾝ ֽ̆

1 ҉ ᵬ ꜚ̆ Ҭ ӗץ ᾝ ḱ

̆  

 Ὂ —ȟ‰ Ὂ—ȟ‰ ṩὊ —ȟ‰            ̂3-12̃ 

ῒҬὊ —ȟ‰ Ὂ —ȟ‰ №≢ҹḱ ╠ ↓ ̆Ὂ—ȟ‰ҹ ᾝ ̆

ṩף Ȃ 

3.ṿ№  

ҹԅ ₮ ̆ 4 8Ĭ8↓Ҭ̆ ԅҌ

ᴨ ̆№≢ҹ — ȟ— ρυᶼȟρυᶼȟ ρυᶼȟρυᶼȟ ρυᶼȟρυᶼȟρυᶼȟρυᶼȁ

— ȟ— σπᶼȟσπᶼȟ σπᶼȟσπᶼȟ σπᶼȟσπᶼȟσπᶼȟσπᶼ — ȟ—

τυᶼȟτυᶼȟ τυᶼȟτυᶼȟ τυᶼȟτυᶼȟτυᶼȟτυᶼȂ ̆ Ҋ Ҭ№≢

ҹ ρυᶼȁ σπᶼ τυᶼȂ 3. 2Ҭ ԅ ᵞ ῃ

ҍ ῖ℗ יּ EIRPSIR ̆ 3. 23

ԅ № Ҋ ԋҩ Ȃ ԍ4ҩ ΐ ῏ ̆
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EIRPSIR ṿ ғ ΐ ̆ ↓ԅ

Ȃ 

3. 2 4 8Ĭ8↓  

 
 ℗   יּ 

̂ⱴ ̃ 

        

Ñ15Á 

R0 

̂dB̃  
17.0  33.0  16.0  34.5  NA NA NA NA 

EIRP 

̂dBm̃ 
37.56  32.51  37.71  32.45  37.79  +5.27  37.79  -0.00  

SIR 

̂dB̃  
17.04  31.51a  17.75  31.80a  32.31  +14.56  31.83  -0.48  

Ñ30Á 

R0 

̂dB̃  
17.0  36.5  16.0  38.5  NA NA NA NA 

EIRP 

̂dBm̃ 
36.70  30.64  36.74  30.46  36.92  +6.28  36.92  -0.00 

SIR 

̂dB̃  
16.27  35.73  19.24  35.91  35.93  +16.69  35.14  -0.79  

Ñ45Á 

R0 

̂dB̃  
15.0  32.5  14.0  34.0  NA NA NA NA 

EIRP 

̂dBm̃ 
36.10  29.72  36.04  29.67  36.24  +6.52  36.24  -0.00 

SIR 

̂dB̃  
14.45  31.25  17.83  31.20  31.35  +13.52  31.11  -0.24  

* ¤15£ Ҋ̆℗ יּ ץ ᶃSIR Ȃ 

ץ ₮̆ ⌠ ῖ ΐ ᴨלȂ ԍ ρυᶼȁ

σπᶼ τυᶼ ̆ ΐ EIRP ’Ҋ̆ ῖ ΐ ԍ14.35dBȁ

15.95dBȁ15.62dBSIR ̕ ΐ SIR ’Ҋ̆ ῖ

ΐ ԍ5.78dBȁ6.75dBȁ5.63dBEIRP Ȃ҉ץῬѿ ̆

ץ ԅEIRPSIR ̆ ғ Ҍ ᴆҊ̆ ΐ

Ȃ ң ѿ֓ ꜚ̆p ׅ ῤȂ 
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3. 23 4 8Ĭ8↓   

3. 3 4 8Ĭ8↓  

 ℗  יּ 

  

R0 ̂dB̃  18.5  37.5  18.5  39.0  

EIRP ̂dBm̃ 39.22  33.85  39.04  33.76  39.18  +5.33  

SIR ̂dB̃  17.75  36.63  19.72  36.39  36.73  +17.01  

 ℗  יּ 

  

R0 ̂dB̃  16.0  33.0  15.0  35.0  

EIRP ̂dBm̃ 39.99  34.33  40.03  34.19  40.19  +5.86  

SIR ̂dB̃  15.12  32.06  18.71  31.96  32.20  +13.49  

̆ ѿ ῒ ̆≠ ᾝ ᵝ ⱴ ̆

↓ ‰ Ӟ ῃ ̆ ⱴ

EIRPSIR Ȃ 3. 2Ҭ ԅ10 ⱴ ᵬ ṿ̆ῒҬ

15  

30  

45  
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ᵝ №≢ ὔπȟπȢρ׆ ὔπȟρȢυ № ̆

‰ №≢ҹ0.1dB1.5ÁȂ ץ ₮̆ⱴ ң ̆҈ҩ

ҊEIRP ԍ0.5dBS̆IR ԍ1dB̆ ⌠

Ҍ Ȃ 

  

3. 24̂ã ᾝ ̆̂b̃ ҍῃ ᴏ Ȃ 

 

 

3. 25 4 8Ĭ8↓   

ң Ҍ ̆ ᵬ̆ҹ8Ĭ8↓

ᾝ̆4 ҹ σπᶼȂ 3. 3Ҭ ԅң Ҋ̆ ᵞ

ῃ ҍ ῖ℗ יּ

EIRPSIR ̆ 3. 24 ԅң ᾝ ̆ 3. 25 ԅ

↓ ԋҩ Ȃ ץ ₮̆ ԍң ↓ EIRPSIR

̆ ῖ Ȃ ԍ ↓̆ ΐ EIRP ’Ҋ̆

ῖ ΐ ԍ16.10dBSIR ̕ ΐ SIR

’Ҋ̆ ῖ ΐ ԍ5.64dBEIRP Ȃ ԍ

↓̆SIREIRP ↕№≢ҹ6.31dB14.20dBȂ 
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3.3.2 ↓ ᾝ№ DoAT  

1.  

ԍ ῃ ↓ ̆ ԍ ᾝ ҌῬ ̆

ҌῬΐ ԑ ̆ ҉Ҋ №≢ Ḥ ᵀ Ȃ

Ҭ̆ ↓ Ҍ Ȃ ᾝ ᵞ̆

ԅ ̆ ԅ Ȃ ⁞ ᵞԅḤ Ȃᵖ ̆

ᾝ ⁞ ̆ Ȃ 

̆ ῃ ↓

64T16R 1̆6ҩ ᾝ ץ Ḥ Ҭ ᶏ

↓ Ȃ ԍ ֓ ↓ ̆ ᵥ≠ ᾝ ̆

ᶃ ̆ ᶃ Ḥ ̆ ↓ ‗

Ȃ 

2. ↓  

↓ Ḥ ҍ ↓ ῏̆ ῃ

↓ҍ ╠5G ̆ ץ TR

̆ ↓ Ӟ ⱴ Ȃ Ḥ Ҭ ᶏ

↓ 3. 26 ̆ ץ L ȁ ȁ ȁ ȁ

ȁ҈ ῇ Ȃ MIMO↓ L̆

ȁ ᾝ ΐ ᴨץ̆לҊ ׃ L ῏№ Ȃ 

3. 27 ԅ L x-y Ȃ L x y

8ҩ ᾝ̆ ᾝ Ὕ ρυȂ 

ԑ L x-y ↓ 3. 28 ̆ԑ L ᵬ ңҩ

L ̆№≢ҹ 1ҍ 2Ȃ 1 2 3. 28ҬץҌ

№̆ 1 x ҍy ҉ Mҩ ᾝ̆ ᾝ ҹὨ ὔὨ̆ 2 x

ҍy ҉ Nҩ ᾝ̆ ᾝ ҹὨ ὓὨȂ 1ҍ 2̓̀ ᵝԍ

ᵝ ᾝ̆ ԑ L ᾝ ҹὝ ςὓ ςὔ σ̆ ὓ ῠ ὔ τ

ԑ L ᾝ Ὕ ρυȂ 

 



38 

 

         

̂ã                    (b)                   (c)            

     

(d)                   (e) 

3. 26 ↓ ̆(a) L̆(b) ̆  

(c) ̆(d) ̆ (e)  

 

3. 27 L x-y   

ԑ L ᶏ DoAT ̆ ᾢ≠ ԑ L

ңҩ №≢ DoAT ̆ӊ ≠ ᾝᵝ ԑ ᵀ

ң̆ҩ DoAT ҹ ṿ ҹ ԑ L DoAT

Ḥ Ȃ ≠ ԑ ᾝᵝ ԑ ῏ ̆ ԍ

ᾝᵝ ̆ ᾝ Ҭ ᾝᵝ Ẓ ᴪ ᵞ

DoAᵀ Ȃ 

⌠ L ҬDoAT ᴨ ץ ԍ ↓

(a) (b)

(c) (d)

(e)

d

d

x

y

d

d

d

d

d

d

d

d
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DoAT ᴨ ̆ ң L DoAT Ӟ ΐ ᴨ

ȂẊ ѿ L ᾝ ץ ѿ ⱴ̆ ⱴѿ ץ

↓ ⁞ ᾝ ԑ ̆ ѿ ᾝ

DoAT ֟ ̆ ץ DoAT Ȃ L

ᾝ Ⱦρπⱴ̆‗ץ L ᾝ Ὠ πȢυ‗ȟὨ πȢφ‗̆ ᾝ ‗Ⱦς

ᶭ /10l ̆ ᾝ ῏ ̆ ᾝᵝ ץ ҹ

● ὼȟὼȟȣȟὼ ȟ◐ ώȟώȟȣȟώ ῒҬὼ ώ πȢρὭ πȢχὭ πȢψὨ̆ ᾝᵝ

ԋ ῏ ̆ ҹԋ L Ȃԋ L x-y ↓ 3. 29 ̆

↓ x y 8ҩ ᾝ̆ ᾝ ҹ15Ȃ 

 

3. 28 ԑ L x-y  

 

3. 29 ԋ L x-y  

Ҍ ↓ ȁ ȁ ᵀ ȁ Ḥ Ḥ ȁ

ȁ Ḥ ΐ Ҍ ᴨלȂɒ

Md Nd
x

y

d1 d2 di x

y
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̂DoÃT Ҭ̆ ԍ ↓ΐ ↕ ҍḤ

̆ DoAT ԍ ↓ Ḥ Ȃ

№ Ҍ ↓ ̆ ≠ץ ԋ DoAT ᶏ ѿ ᵌ ̆

ץ ⌠Ҍ ↓ ᾥ  Ŀ  (CRB)Ȃ ץ ⌠ CRB ᵞ

ᾝ№ Ȃ 

↓ ҍ ῤ ̆ ӊѿ ⌠ ↓Ḥ

ҍ ḤḤ ӊ ₱ Ȃ Ḥ Ҭ Ḥ̆ ԍ

Ḥ ̆ ԍ └ ҹ̆ԅ ׆ Ḥ Ҭ

Ḥ ῃ Ḥ ̆ Ҍ ԍ Ḥ ңṐȂ

⌠ ↓ Ҭ̆ ↓Ḥ ≠ ↕̆ ↓Ҭ

ᾝ ԍ ԍ῀ Ḥ Ȃ Ḥ ҍḤ ᵬ

῏Ȃ ̆ ↓ ᾝ ᵝ ̆ ҍ ԑ ℗ ῏̆

Ḥ ԑ ҍ ↓ Ḥ ῏Ȃ ץ ԍ Ҋѿף Ḥ

↓̆ №ȁ № № Ȃ

↓ ᾝ № ҍḤ └ ȁ ȁ  ԑ

Ȃ ῀ № ҍ ̆ ᴏ ̆ ץ ⌠ ↓ Ḥ ҍ

↓ ᾝᵝ Ȃ 

3. ԍԋ L ↓ ᵀ ᴏ [57] 

DoAT №ҹң ѿ̆ ԍ DoAT

ף̆ DBF Capon ̆ ѿ ҹ ԍ DoAT ̆

ף MUSICESPRIT Ȃ ԍ DoAT

ᾝⱴ ̆ ⌠ Ḥ ȁ └ Ȃ ԍѿҩ

↓̆ ԍ DoAT № ҹ ≠ ̆ ‗

ԍ ↓ ̆ ԍ DoAT ⌠ ≠ └Ȃ ԍ

DoAT Ҍ ≠ №̆ ԍ ԍ DoAT

̆p ԍ ᶏ ṿ№ ̆

ԍ ԍ DoAT Ȃ 3. 4 ԅҌ DoAT

ȁ ץ↓ ᵀ Ȃ 
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3. 4 Ҍ DoAT  

 DBF  Capon  MUSIC  PM  

     

№  Ҍ  Ҍ   Ҍ  

↓  ᴋ  ᴋ  ᴋ  ᴋ  

ᵀ   ѿ   ѿ  

 

ᶏ ῖ DoAT ᴏ ↓ DoAT ̆DoAT

ᵀ ̂RMSẼ Ȃᶏ MATLABᴆᴏ ↓

DoAT ̆ᴏ Ҭ Ḥ ҹ ҬңҩҌ ᵝ ῀

̆Ḥ ᴰ Ҭ Ẋ ҹ ׆
2(0, )N s № ⱴ ̆ Ḥ

ҹ ᴰ ̂line of sight, LOS̃̆Ҍ Ȃ 

ҹԅᶏᴏ ⱴ ̆ᶏ Monte Carloᴏ

⌠ ᵀ RMSE ṿ ⌠ ᵀ Ȃ ᵀ

RMSEҊ ⌠ 

ὙὓὛὉ В В —ȟ — ‰ȟ ‰     ̂3-13̃ 

Ҭ —ȟȟ‰ȟ m Monte-CarloҬ kҩ ᵀ M̆onҹ

Monte CarloȂ ԍCRBҹᴋ Ẓᵀ Ҋ ̆ Ҍ

↓ CRB̆ ҹҌץ ↓ DoAT ᶫ ‰ȂCRB Ҋץ

Ὲ ̔ 

ὅὙὄ ὙὩ╓  ╓ṥ╟             ̂3-14̃ 

Ҭ Äҹ Hadamard̆╓ ▀ȟ▀ȟȣȟ▀╚ȟ█ȟȣȟ█╚ȟ▀ ‬╪Ⱦ‬‰ȟ█

‬╪Ⱦ‬—̆♂ ◦ ◒═◒ ═̆╟ В ▼ὸ▼ ὸȂ 

3. 30ҹԋ L ↓DoAT RMSEḤ ᴏ ̆ᴏ

ҬḤ ῀ ҹ —ȟ‰ ςπÁȟρυÁȟφπÁȟυπÁ̆ ҹL=100̆

Monte Carlo ҹMon=500̆ DoAT Capon̆

MUSIC ץ PM Ȃ׆ᴏ ץ ⌠̆ ↓DoAT RMSE
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Ḥ ⁞ Ȃ ԍԋ L ̆ ᶏ MUSIC RMSE ⌠

ᵞȂ 

 

3. 30 ԋ L ↓DoAT RMSEҍḤ ῏  

 

3. 31 ԋ L  

3. 31ҹԋ L ᴏ ԋ׆̆ L ץ ⌠ԋ

L ᵀץ ₮Έҩ ᵝ ̆ ῀ Ḥ ↓

̆ ↓ ᵀ Ҋ Ȃ 

4. ᴏ  

ҹԅ ↓ ᴏ̆ ԅԋ L ↓ Ȃ

↓ № ҹ ᾝ ҍ ӗ Ȃ ᴏ ҬẊ ᾝҹ

ῃ ̆ ҩ ̆↕ ↓ ֽ Ȃᴏ

ԅҌ ↓ x-z ̆ ԍѿҩN

֟ 1N-ҩ ̆ ᴏ Ҭ №≢ҹ-50Áȁ-40Áȁ-30Áȁ-20Áȁ

-10Áȁ0Áȁ10Áȁ20Áȁ30Áȁ40Á50Á̆̓̀ ѿҩ Ȃ 

L ңҩѿ №≢ ⱴ

5 10 15 20 25 30

10ī2

10ī1

100

101

R
M

S
E

(°)

SNR(dB)

 ULA with Capon

 ULA with MUSIC

 ULA with PM

 ULA with RDMUSIC

 CRB of ULA

5 10 15 20 25 30

10ī1

100

R
M

S
E

(°)

SNR(dB)

 Cross array with Capon

 Cross array with MUSIC

 Cross array with PM

 CRB of cross array

5 10 15 20 25 30

10ī1

100

R
M

S
E

(°)

SNR(dB)

 Square array with Capon

 Square array with MUSIC

 Square array with PM

 CRB of square array

5 10 15 20 25 30
10ī2

10ī1

100

R
M

S
E

(°)

SNR(dB)

 Octagon array with Capon

 Octagon array with MUSIC

 Octagon array with PM

 CRB of octagon array

5 10 15 20 25 30

10ī2

10ī1

100

R
M

S
E

(°)

SNR(dB)

 CLA with Capon

 CLA with MUSIC

 CLA with PM

 CRB of CLA

5 10 15 20 25 30

10ī2

10ī1

100

R
M

S
E

(°)

SNR(dB)

 SLA with Capon

 SLA with MUSIC

 SLA with PM

 CRB of SLA

5 10 15 20 25 30

10ī2

10ī1

100

101

R
M

S
E

(°)

SNR(dB)

 Planar array with Capon

 Planar array with MUSIC

 Planar array with PM

 CRB of planar array 

(a) (b)

(c) (d)

(e) (f)

(g)

(a)

(c)

(b)
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̆ῒ 3. 32 Ȃ 3. 32ҬL x-z ҍy-z №≢

₴ ң̆ҩ ԑ ֜ ⱴ ⱳ ̆

( , )q f Ȃԋ L x-z ᴏ

3. 33 Ȃ 3. 33ҹԋ L ᴏ ̆ԋ L ᾝ

ԍ ̆ 3dB ҹ 8Á̆ Ẓ

̆ԋ L Ñ50Áῤ ѿ ԍ-5dBȂ 

 

3. 32 L  

 

3. 33 ԋ L ↓ ᴏ  

№ ԑ ↓ ̆ 3. 34ҹԋ L 26GHz

ᴏ ̆ ᾝҹ ‰ῇ Ȃ׆ ᴏ

ԑ ԋ L ↓ E ҍH ꜚ ҹ3dB Ñ50Á

Ȃ 

Azimuth plane(° )

ȹɗ 

ȹű

E
le

v
a

ti
o
n

 p
la

n
e

(° 
)

Target Angle

(a) (b)

(c)












































































































































































































