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東工大における次世代無線通信技術の研究開発
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送信: 110mW, 受信: 177mW

ミリ波無線通信用半導体チップ 5G基地局向けフェーズドアレイ無線機

5G用半導体チップ

6G用半導体チップ
(テラヘルツ波)

世界最速

2007-2011, 2012-15 (Sony, JRC)
2016- (NEC)

2015- (NTT)

2007-2018 (富士通)

IoT: 900MHz(Sub-GHz), 2.4GHz BLE

Cellular/Wi-Fi/衛星: 20/28/39/60/100/150/300GHz2024/5/16
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Contents

2024/5/16

28GHz Phased Array

Antenna

CMOS IC

?

6G

• なぜ、Phased Arrayが必要なのか？
• THzになるとミリ波と何が違うのか？
• 将来の無線通信はどうなるのか？
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ミリ波帯無線通信技術の動向

2024/5/16
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10Mbps

1Mbps

5GHz/2.4GHz

1st gen

2nd gen

3rd gen
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http://www.soumu.go.jp/main_content/000454145.pdf

5th gen

802.11g

802.11n

(6.9Gbps)

(1.3Gbps)

(600Mbps)

(54Mbps)

(11Mbps)

(2Mbps)

Data rate

5GHz

14Mbps

7.2Mbps

3.6Mbps

HSPA

LTE75Mbps
100Mbps

112.5Mbps

150Mbps

LTE-A

3.5G

3.9G

4G

384kbps

W-CDMA

3G

NR

Cellular & Wi-Fi Trend

2024/5/16

5G
B5G

28/39GHzシャノンの定理
𝑪 = 𝑩 𝐥𝐨𝐠𝟐 𝟏 + 𝑺/𝑵
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携帯電話 Wi-Fi

電波天文

空き周波数

http://www.tele.soumu.go.jp/j/adm/freq/search/myuse/index.htm

Wi-Fi

3GHz0.3GHz

30GHz3GHz

300GHz30GHz

20GHz以上の周波数は比較的空いている

日本国内の電波使用状況

2024/5/16

年率1.4倍でトラヒックが増加

TV
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𝑷𝒓 =
𝝀

𝟒𝝅𝒅

𝟐

𝑮𝒓𝑮𝒕𝑷𝒕

𝑷𝒓: 受信電力 [dBm]

𝑷𝒕: 送信電力 [dBm]

𝑮𝒓: 受信アンテナ利得 [dBi]

𝑮𝒕: 送信アンテナ利得 [dBi]

𝝀: 波長 [m]

𝒅: 送受信アンテナ間距離 [m]

※等方性アンテナ0dBiが基準

ダイポールアンテナ 2.14dBi=0dBd

𝑷𝒓 𝐝𝐁𝐦 ≅ 𝑷𝒕 𝐝𝐁𝐦 + 𝑮𝒓 𝐝𝐁 + 𝑮𝒕 𝐝𝐁
−𝟑𝟐. 𝟒 𝐝𝐁 − 𝟐𝟎𝐥𝐨𝐠𝟏𝟎𝒅 𝐤𝐦 − 𝟐𝟎𝐥𝐨𝐠𝟏𝟎𝒇[𝐌𝐇𝐳]

ミリ波の弱点

2024/5/16

通信距離を長くしずらい

フリスの伝達公式
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𝑷𝐫 =
𝝀

𝟒𝝅𝒅

𝟐

𝑷𝐭 𝑮𝐭 𝑮𝐫

送信電力
送受アンテナ利得

送受アンテナ間距離

受信電力

フリスの伝達公式

𝒅

𝑷𝐭 𝑷𝐫

送信アンテナ
受信アンテナ

キャリア周波数 𝒇c
波長 𝝀
光速 𝒄

𝝀＝
𝒄

𝒇c

< 𝝀/𝟐

< 𝝀/𝟐

パッチアンテナ

2024/5/16
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𝑪 = 𝑩 𝐥𝐨𝐠𝟐 𝟏 + 𝑺/𝑵
𝑵 = 𝐤𝐓 𝑩

𝑺 = 𝑷𝐫 = 𝑷𝐭𝑮𝐭𝑮𝐫
𝒄

𝟒𝝅𝒇𝐜𝒅

𝟐

同じ送信電力・帯域幅・アンテナ利得において
2.4GHz (λ=125mm): 12m

28GHz  (λ=10.7mm): 1m

300GHz (λ=1mm): 0.1m

伝送距離 vs 搬送波周波数

𝒅 =
𝒄

𝟒𝝅𝒇𝐜

𝑷𝐭 𝑮𝐭 𝑮𝐫
𝐤𝐓𝑩𝟐𝒎

𝒎 = 𝑪/𝑩

2024/5/16
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28GHzフェーズドアレイ無線機(基地局)

2024/5/16

16×4 Dual-Pol. Antenna Array

6mm

16 Packaged Chips

Front Side

Back Side

CMOS chip in WLCSP

Dual-Pol. 
Antenna
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V

Dual-Pol. 
Anttena

H

Dual-Pol. 
Anttena

V

H

V
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H

Chip in

WLCSP

PCB Structure

64-element phased array
J. Pang, et al., JSSC 2021
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フェーズドアレイアンテナ

PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ

PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ

PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ

PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ
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PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ
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PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ
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PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ
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PA output: 𝑷𝐭 ⟹ 𝒏𝑷𝐭
Antenna gain: 𝑮𝐭 ⟹ 𝒏𝑮𝐭 𝒏: #antenna
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フェーズドアレイアンテナ

2024/5/16

+∆𝝓 +𝟐∆𝝓 +𝟑∆𝝓

𝒅 = 𝝀/𝟐

𝟎

𝒅 = 𝝀/𝟐 𝒅 = 𝝀/𝟐

𝜽 𝒅 𝐬𝐢𝐧𝜽 ≅ 𝝀
∆𝝓

𝟐𝝅

𝜽 = 𝐬𝐢𝐧−𝟏
𝝀

𝒅

∆𝝓

𝟐𝝅

𝒅 =
𝝀

𝟐
のとき

𝜽 = 𝐬𝐢𝐧−𝟏
∆𝝓

𝝅
≅
∆𝝓

𝝅

𝜽
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𝑷𝐭 ⟹ 𝒏𝐓𝐗𝑷𝐭
𝑮𝐭 ⟹ 𝒏𝐓𝐗𝑮𝐭
𝑮𝐫 ⟹ 𝒏𝐑𝐗𝑮𝐫

送信アンテナ𝒏𝐓𝐗本、受信アンテナ𝒏𝐑𝐗本

28GHz LOS (NLOSなら約1/10)

𝒏 = 𝟏:     𝒅 = 𝟏𝐦
𝒏 = 𝟒:     𝒅 = 𝟖𝐦
𝒏 = 𝟏𝟔:   𝒅 = 𝟔𝟒𝐦
𝒏 = 𝟔𝟒:   𝒅 = 𝟓𝟏𝟐𝐦
𝒏 = 𝟐𝟓𝟔: 𝒅 = 𝟒, 𝟎𝟗𝟔𝐦
𝒏 = 𝟏𝟎𝟎𝟎𝟎: 𝒅 = 𝟏𝟎𝟎𝟎𝐤𝐦 (60cm x 60cm array)

Phased array

2024/5/16

利点１：通信距離が伸ばせる
利点２：通信の向きを変えられる

𝒅 =
𝒄

𝟒𝝅𝒇𝐜

(𝒏𝐓𝐗 𝑷𝐭) (𝒏𝐓𝐗𝑮𝐭) (𝒏𝐑𝐗𝑮𝐫)

𝐤𝐓𝑩𝟐𝒎

LOS:Line of Sight

NLOS:Non Line of Sight
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最高伝送速度

2024/5/16
http://www.soumu.go.jp/main_content/000541989.pdf
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伝送速度の計算

2024/5/16

SISO, 64QAM, NR準拠PHY/MAC overhead込み
(1 * 6 * 1 * (948/1024) * (264 * 12 /(8.93e-6)) * (1 – 0.2) * (4 / 5) * 1e-9)

= 1.2612Gbps

2xMIMO, 64QAM, NR準拠PHY/MAC overhead込み
(2 * 6 * 1 * (948/1024) * (264 * 12 /(8.93e-6)) * (1 – 0.2) * (4 / 5) * 1e-9)

= 2.5223Gbps

2xMIMO, 256QAM, NR準拠PHY/MAC overhead込み
(2 * 6 * 1 * (948/1024) * (264 * 12 /(8.93e-6)) * (1 – 0.2) * (4 / 5) * 1e-9)

= 3.3631Gbps
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伝送速度と距離の関係@28GHz

2024/5/16

Downlink(基地局⇒端末)

QPSK     0.42Gbps @ 2160m

16QAM   0.84Gbps @ 1000m

64QAM   1.26Gbps @ 500m

256QAM 1.68Gbps @ 110m

Uplink(端末⇒基地局)

QPSK    0.105Gbps @ 500m

16QAM  0.210Gbps @ 200m

64QAM  0.315Gbps @ 60m

Carrier 

Freq.
28GHz Distance 500m

Channel 

BW.
400MHz FSPL 115dB

kTB -88dBm Req. SNR
26dB

(64-QAM)

TX RX

TX Array 

Size
256

RX Array 

Size
4

TX Array 

Gain

GTXArray

24dB

RX Array 

Gain 

GRXArray

6dB

Antenna 

Gain-

Imp. Loss 

GAnt

4dB

Antenna 

Gain-

Imp. Loss 

GAnt

4dB

PA Pout 

PoutPA
5dBm+24dB NF 8dB

TX EIRP
57dBm

(PoutPA+GTXArray+

GAnt)

Pwr. After 

FSPL PRev

-58dBm
(EIRP-FSPL)

Received

TX-to-RX 

SNR

32dB
(PRev+GRXArray+GAnt-NF-kTB)

BS: Backoff 6dB(QPSK, 16QAM, 64QAM), 13dB(256QAM)

UE: Backoff 0dB(QPSK), 2dB(16QAM), 6dB(64QAM)

DL(64QAM): 256(BS)-to-4(UE) 𝒅 ∝ 𝒏𝐓𝐗 𝒏𝐑𝐗
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UL/DL Data Rate vs Distance

0.0

0.5

1.0

1.5

2.0

0 500 1000 1500 2000 2500

D
a
ta

 R
a
te

 [
G

b
p

s
]

Distance [m]

FR2 DL
(256-to-4)

FR1 DL

FR1 UL

FR2 UL

LOS, Single stream

2024/5/16



24

テラヘルツ通信技術の意義

2024/5/16
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6Gへ向けて

2024/5/16

THz (>100GHz)

NTN(非地上)

低消費電力
低コスト
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Theoretical Data Rate Limit

𝑪 = 𝑩 𝐥𝐨𝐠𝟐 𝟏 + 𝑺/𝑵
𝑵 = 𝐤𝐓 𝑩

𝑩 = 𝜶 𝒇𝐜

𝑺 = 𝑷𝐫 = 𝑷𝐭𝑮𝐭𝑮𝐫
𝒄

𝟒𝝅𝒇𝐜𝒅

𝟐

𝑪: channel capacity

𝑩: bandwidth

𝑺: signal power

𝑵: noise power

𝑷𝐭: transmitting power

𝑷𝐫: receiving power

𝑮𝐭 𝑮𝐫: antenna gains

𝒇𝐜: carrier frequency

𝒄: light of speed

𝒅: distance btw Tx and Rx
new assumption

K. Okada, IEDM 2013

K. Okada, IMS 2019, WSF-2

K. Okada, BCICTS 2019

𝑪𝐩𝐞𝐚𝐤 = 𝑪𝟎𝜶
𝟐
𝟑

𝑷𝐭𝑮𝐭𝑮𝐫
𝒅𝟐

𝟏
𝟑

𝑪𝟎 = 𝟖𝟐𝟐𝐆𝐛/𝐬

2024/5/16
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Theoretical Data Rate Limit
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𝑷𝐭 = 𝟑𝟎𝐝𝐁𝐦
𝑵𝑭 = 𝟎𝐝𝐁
𝑮𝐭 = 𝑮𝐫 = 𝟎𝐝𝐁𝐢
𝜶 = 𝟎. 𝟐

K. Okada, IEDM 2013

K. Okada, IMS 2019, WSF-2

K. Okada, BCICTS 2019

2024/5/16
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Theoretical Data Rate Limit

K. Okada, IEDM 2013

K. Okada, IMS 2019, WSF-2

K. Okada, BCICTS 2019
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1m, 30dBm

= 0.1m, 10dBm

= 6.4m, 10dBm, 16 array

= 100m, 10dBm, 100 array 

𝑷𝐭 = 𝟑𝟎𝐝𝐁𝐦
𝑵𝑭 = 𝟎𝐝𝐁
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𝜶 = 𝟎. 𝟐

2024/5/16
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Capacity with Multiple Antennas

E. Telatar, "Capacity of Multi-antenna Gaussian Channels," European transactions on 

telecommunications, vol. 10, no. 6, pp. 585-595, Nov. 1999.

𝑪 = 𝑩𝐥𝐨𝐠𝟐 𝐝𝐞𝐭 𝑰 +
𝜸𝟎
𝒏
𝑯𝑯𝑯

① SISO

𝑪 = 𝑩 𝐥𝐨𝐠𝟐(𝟏 + 𝜸𝟎)

② MIMO (spatial correlation=1)

𝑪 = 𝑩 𝐥𝐨𝐠𝟐 𝟏 + 𝒏 𝜸𝟎

③ MIMO (spatial correlation=0)

𝑪 = 𝑩 𝒏 𝐥𝐨𝐠𝟐 𝟏 + 𝜸𝟎/𝒏

𝜸𝟎 = 𝑺𝑵𝑹

*equivalent to phased array

e.g. 𝑯 =
𝟏 𝟏
𝟏 𝟏

e.g. 𝑯 =
𝟏 𝟎
𝟎 𝟏

2024/5/16
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Theoretical Limit of Data Rate

(2) Higher frequency & wider BW
- more EIRP with phased array

- more output power by non-CMOS technology
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Theoretical Limit of Data Rate

(2) Higher frequency & wider BW
- more EIRP with phased array

- more output power by non-CMOS technology
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テラヘルツCMOS無線機

2024/5/16
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Development History of 60GHz

Device modeling

Trial & Error

First 16QAM TRx

ISSCC 2011

RF+BB

ISSCC 2012

2024/5/16
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校正回路設計校正回路設計校正回路設計校正回路設計校正回路設計校正回路設計
低雑音増幅器設計
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λ/4電力増幅器設計

レイアウト設計検証

統合0.5カ月、製造2カ月

回路考案、回路設計2カ月x(1-2人)

、
電磁界解析1カ月、レイアウト設計
1カ月x(1-2人)、レイアウト後回路特
性検証2カ月、レイアウト修正

回路設計検証

フェーズドアレイIC

アーキテクチャ設計から測定
評価まで半年に圧縮して推進
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120Gbps 100GHz帯CMOS無線機
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K.K.Tokgoz, ISSCC 2018

16QAM, 23dBi horn 120Gb/s @ 0.2m
(with 56dBi antenna 120Gb/s @ 400m is possible)

65nm CMOS, 2mm x 3mm

TX: 110mW, RX: 177mW
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同面積での比較

4cm

4
c
m

5G phased-array (~30GHz) 300GHz phased-array

64 elements

for 100m distance:

Required 𝑷𝒕 = 10dBm

𝑷𝐃𝐂 = 6400mW (10% efficiency)

6400 elements

for 100m distance:

Required 𝑷𝒕 = -30dBm

𝑷𝐃𝐂 = 64mW (10% efficiency)

4cm

4
c
m

同じ送信電力なら100倍距離が延びる

5mm pitch 0.5mm pitch

2024/5/16
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300GHz-Band CMOS TRX

TX: 270mW

RX: 140mW

TX-RX: 34Gbps

65nm CMOS

IEEE802.15.3d Standard compatibility

RF

[278~304GHz]

LO1/6

×3

IF

[38~39GHz]

Sub-harmonic mixer

[50~70GHz]

×3

IF

[50~70GHz]

LO1/6

[38~39GHz]

115.5GHz 115.5GHz

mixer-first, mixer-last

2024/5/16
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Chip Size over Frequency
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300GHz-band CMOS Phased-Array TRX
THz phased array

Vivaldi antenna
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InP+CMOS Hybrid Phased Array

Frequency 

extension 

module

Horn

Phased-

array

module

Chip array
CMOS

InP
I. Abdo, et al., IMS 2023

Collaboration with NTT

2024/5/16
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Transistor Layout Optimization

C. Wang, et al., ISSCC 2024

conventional proposed 65nm CMOS

fmax: 310GHz ⇒ 350GHz
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◼ Each PA stage was optimized with different transmission line lengths to 

boost different operation frequencies.

◼ The PA gain is higher than 20 dB from 237 to 267 GHz with a sharp cut-

off frequency window to suppress out-of-band undesired signals.

Pdc=38.8mW(VDD=1V)

◼ A stand-alone PA TEG

C. Wang, et al., ISSCC 2024

300GHz-band PA by 65nm CMOS
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4-element 300GHz-band PA-Last Phased Array
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4-element 300GHz-band PA-Last Phased Array
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88-136GHz Full-Duplex Phased Array

Time Division Duplex (TDD)

Frequency Division Duplex (FDD)

Full Duplex (FD) RX

TX

t

fr
e
q

TX RX TX RX TX RX

t

fr
e
q

TX

RX

t

fr
e
q TX: 140Gb/s

OTA: 112Gb/s

FD: 6Gb/s

C. Wang, et al., JSSC 2024
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6Gへ向けて

2024/5/16

THz (>100GHz)

NTN(非地上)

低消費電力
低コスト
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NTN: from GEO to LEO

2024/5/16

GEO(静止軌道)

LEO(低軌道)

36,000km

500km

https://aerospace.csis.org/data/space-launch-to-low-earth-orbit-how-much-does-it-cost/

• Shorter latency

• Higher data rate

• Lower launch cost



48

NTN: from GEO to LEO

2024/5/16

GEO (Geostationary 

Orbit) 静止軌道衛星
LEO (Low Earth Orbit)

低軌道衛星

Orbit altitude 36,000km 500-1500km

Latency 120ms 2-5ms

Free-space 

path loss
212dB @ 28GHz 175-187dB @ 28GHz

Antenna Fixed beam
Active phased array

(±60degree)

Sat deployment 2-3 satellites

Constellation by 

hundreds/thousands of 

satellites

Lifetime 15- years 5-10 years

Satellite Size Several tons

-300kg

e.g. Starlink 260kg 

CubeSat(1U) 1.33kg
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東工大 OrigamiSat Projects

MTT-Sat Challenge winner
https://mtt.org/mtt-sat-challenge/

• 代表:東工大機械系坂本啓教授
• 折り紙に着想を得た展開型アンテナ技術
• JAXA革新的衛星技術実証プログラム

OrigamiSat-1

OrigamiSat-2

fabric-based reflect array
deployable membrane 

HELIOS

active phased array

2024/5/16
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Origami Phased Array Antenna

Phased array

1:81 stow rate

D. You, et al, IMS 2021D. You, et al, APMC 2020

折り紙技術による展開型アンテナ

LCPによる曲がるアンテナ

2024/5/16
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Ka-band Earth Station (26-40GHz)

2024/5/16 Y. Wang, et al., JSSC 2021
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64dBm-EIRP 26.6W Ka-band Satcom TX

2024/5/16
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25.5-27.2GHz, 250MBaud each
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3.4mW/element Satcom RX

2024/5/16
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Constant Vth @2.7Mrad
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All passive components

SEE* tested by proton

Dominant part

8-element Phased-Array RX

Cpad

IN Ksg

Kds

VDD/2

Kgd OUT

Zin

gm

Nds

Requ.

*

Multi-Coupling Common-Gate LNA

Modulation 16 APSK 16 APSK 256 APSK 256 APSK 

Symbol Rate 0.8 GBaud 1.6 GBaud 0.8 GBaud 1.6 GBaud 

Constellation
* 

    

Data Rate 3.2 Gb/s 6.4 Gb/s 6.4 Gb/s 12.8Gb/s 

RX EVM 
(RMS) 

-36.4dB -33.1dB -35.7dB -33.2dB 

*Measured by 8x8 Sub-Array Module 

X. Fu, et al., ISSCC 2022/JSSC 2024

1/10 Power consumption

26.7-30.4GHz
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2.95mW/element Satcom RX with Radhard

2024/5/16 X. Fu, et al., ISSCC/JSSC 2023
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まとめ・今後の課題

6Gへ向けたテラヘルツフェーズドアレイモジュール実現のた
めの超高密度・低消費電力IC技術の確立

• フェーズドアレイの使いこなし(高精度ビーム制御)

• 高エネルギ効率(高電力効率IC設計)

• 低コストIC・低コストテスト技術
• 高密度化(高密度IC, 高密度モジュール)

• 高周波実装技術・高周波材料技術
• 低コスト
• 低損失、協調設計、熱設計、高信頼(量産実績)

2024/5/16
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