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Terahertz (THz) waves

m THz waves (100 GHz to 3 THz) sit between radio waves and

visible light

R herd hertz
Electronlic'sge Pho_

microwave mm‘w&w Ultraviolet _ X-ray
[

A
0.001 0.01 & 1 I
® \ Frequg'ncy (THz) bl

%} 1w } ........... @ e ii.

~

m \Wide atmospheric window opens at 300-GHz band
m Vast unallocated frequency band lies above 275 GHz

)
)
o
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.:E
o
o M
i)
-
frams)
<

'y Atmospheric window
104 ¢ > % — - — A — § — e
103 Allocated 277" " Unallpcated A \JA
N\ :_\ =
102 183 _ M/
10 : :
0 . .
10-1 L ____'27.5.__|.. : 1 1 ] ] 1 Ly
100 200 300 400 500 600700800900
Frequency [GHZz]

[1] https://smiles-p6.nict.go.jp/thz/en/decay_e.html
[2] https://www.ntia.doc.gov/page/2011/united-states-frequency-allocation-chart



300-GHz band In IEEE Std 802.15.3d

m 802.15.3d defined wireless physical layer using 252 - 322 GHz
for THz ultrahigh-speed wireless communications

BW(GHz)

! . naonnnnnn

2.6 ][] Ch1~3ZMW[Vﬂ.
::: A
alaln=nanm

8-64‘:_%: \/ \/: Ch49~56/ | \/ Wireless network between
I o

devices or datacenters transm|ss|on

;:;;ig;bi{/: \
12.96;_% | \/ [Chs7~61 ’j/ \ I
; "I; ' L 'I' 'I' 'I' hi >
—\ —\ ! : ;r ’a a 11‘5%
17. 28 Ch62 65:\/ I i'_T';= e P E
| GHz % KIOSK
2sd 260 270 280 290 300 310 320 Short- range fixed downloading
252.72 321.84  wireless access
Standardization of 300-GHz band!!] Possible applications!?

[1] IEEE Std. 802.15.3d-2017 (Amendment to IEEE Std 802.15.3-2016 as amended by IEEE Std 802.15.3e-2017), pp. 1-55, Oct. 2017.
[2] T. Klrner, IEEE 802.15-10-0320-02-0000-Tutorial_Igthz.
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FARHEHO—FOTE(I00GHzH, 20Gbit/s, 1ImELREE)

NCIET

IMS2016 Best Industry Paper Award

“Demonstration of 20-Gbps Wireless Data Transmission at 300 GHz
for KIOSK Instant Data Downloading Applications with InP MMICs”
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KeyTechnology
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Demonstration of HD Video download
Touch download
Hand-held RX /*

i

+  Data rate: 20 Gbps
+ Transfer rate: \
16 Ghps (Including FEC)

HD video was successfully downloaded with KIOSK setup

___________

RX module
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Advanced Result (NTT, IMS2018, 16QAM, 100Gbit/s)

RF: 300GHz

p—_————— TX e e - N 16QAM === RY e
160AM | Fundamental 1 25G baud | Fundamental | {G0AM
25Gbaud Mixar : (100Ghis) : Mixar : 25Ghaud
(100Gb/e) | M~ - " , (100GHs)

I L ) | 1

I ] 300GHz ! 1

I LO PA : Antenna Antenna : LO :

: I | 1

I ! | I

I LD generale I | LD generale I

1 e 1 : srmilip e :

1
Il\___"___ ______ ’ '~_______"______.f
Synhesirer Synhesizer

Fig. 1. Conceptual schematic of the proposed 300-GHz TRx.

10 aud (40 Gb/s) 20 Gbaud (80 Gb/s

25 Gbaud (100 Gb/s)

vo | WA wee OO,
l”r*wrfw Vbl | ,ql'ﬂ 'Wﬂ #ﬂmﬂww
H

Fig. 9. Measured constellations and spectrums of 300-GHz TRx.

H. Hamada, et al., IMS2018, pp.

Measurement setup 22m

] -
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2.22m 5m 10 m
20
Equivalent distance o« vAttenuation 1 DGz
18 — (40GDE)
[ T o
[~ —
— 18 | == ] \ wil | 5G baud
% [— - l_-_---'-'"«-.. \ (BOGhIE)
x 17 = — = -
Z ~e | S h— )
w0 ;‘--.. TECUAM M (EER= [0 ] A o B=20Gbad
16 —— w\\"m = | e
- [
| —, N N
B r24m B2m [73th [94Mm |8 |=+=25Gbaud
(100Gh/&)
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Fig. 11. Results of wireless transmission using 300-GHz TRx.

1480-1483, June 2018.
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B3 CMOSICED300GHZE X (E#E K. Takano, et al., ISSCC2017, pp.308-309 (2017).
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Chip micrograph of 300GHz Si CMOS transmitter Block diagram of 300GHz Si CMOS transmitter Square Mixer

B CMOSICLD300GHZH IR Z(EHE S. Hara, et al., IMS2017, pp.1-4 (2017).
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Chip micrograph of 300GHz Si CMOS reviever
Square Mixer

Block diagram of 300GHz Si CMOS receiver
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T. Takano, et al., ISSCC2017, pp.308-309 (2017).
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Development of small wideband antenna technology for terahertz wireless communication
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7o7FHIETdBIkLL. FIT/HES0GHzIA E(2ab—2ay)

radiating patch
‘\ o .
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; ; ; Reflection and gain characteristics of Current distribution and radiation pattern of
Microstrip patch antenna with microstrip patch antenna with stacked patches P

stacked patches microstrip patch antenna with stacked patches
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ﬂEE%HW’E*‘]FﬂbTEﬁ%LTB‘i? Application: future building-to-building wireless access with 40 Gbg‘s
O,

Development of 300-GHz 1W-class amplifier by travelling-wave tube
structure based on advanced vacuum tube technology.
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Combination of ultra-broadband optical frequency comb generator and optical modulation technique realizes
multi-level signal transmission at 1 THz.
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A Consideration of Indoor Path Loss Model in 300 GHz Band
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License of a 300-GHz experimental transmitter

ERTIRE
EREGEBERE/XAOXETIL

Measurement of indoor propagation characteristics and pass loss models
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Consideration of Path Loss Model at Data Center and Building Entry Loss in 300 GHz Band
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m 300-GHz CMOS transmitter
m 300-GHz CMOS recelver
m 300-GHz CMOS transceiver module
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Challenge of 300-GHz CMOS transceiver

Si CMOS THz front-end will allow seamless integration with
base-band CMQOS circuitry
m PA- and LNA-less architecture because of f__, < 300 GHz

m Capable of supporting QAM

<

Developed 300-GHz transceivers in 40-nm Si CMOS process
with £, = 280 GHz with Hiroshima Univ., Panasonic, NICT.

W\ '!il “H&M u_{]:,mr. [ 4 ].”’-’.E_-E.E'.J.._[,,LE=E;E..'E LLLLLLE

Fundamental -8
Down-Mixer =

_.J ,'“ LO Multlpller ==
ooz :;.-_1|:]-.-— =

I 3 TS = N\ (~50GHz)™
3OOGHz Si CMOS transmltter[” 300GHz Si CMOS transmltterm 300GHz Si CMOS recelver[3]
[1] K. Katayama, et al.,ISSCC2016, pp. 342-343, Feb. 2016. [2] K. Takano, et al., ISSCC2017, pp. 308-309, Feb. 2017. ' Hrol
[3] S. Hara, et al., IMS2017, pp. 1-4, June 2017. ' Technology




THz transmitter architectures

Archltecture

Block diagram

BBIIF
LO;

Spectrum QPSK 16QAM :Characteristics

.............................................................................................................................................................................................................................

ngh output power

hlgh fmax Power Amp LO QAM Capable
s e B
P . BB/IF RF: RF (spread) es® |iLOW Output power
last Oﬁ—b x2o0r3 O : o | AM | bl
IOW frax {LOO™ TF Amp. Multiplier: 2 or 3x LO QAMincapable
Mixer-last :BB/IE RFé RF\E _ - Low output power
o:)( g ) o ’ # | QAM-capable
IOW fax J— . Complex layout
Square- éBB/IF : S %High output powe
mixer-last ; M . 2ooei QAM-capable
OW frax IF amp.” Mixer i — ==+ Uncomplex layout

[1] K. Katayama, et al.,ISSCC2016, pp. 342—-343, Feb. 2016.

[2] K. Takano, et al., ISSCC2017, pp. 308-309, Feb. 2017.
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Key technology for CMOS transmitter

m Square mixer—Doubler-based mixer
m |F, and LO are applied to the gate of an FET doubler
m |F, is linearly upconverted by the cross term, IF,-LO
m Relatively high output power and good linearity

m Image suppression and LO leak cancellation performed

Square-mixer

Quasi-SSB mixer LO leak canceler (LO + |F2)2 - (LO - |F2)2 = 4LO|F2
LO leak cancellation ./
Image suppressioq RF

? IF, .

ppressed uriwante Egnals

-\ T A M
~150GHz L R r==4h 11 > f
Image LO leak LO (~150GHz) 2L0 (~300GHz)
suppression cancellation input output

K. Takano, et al., ISSCC2017, pp. 308-309, Feb. 2017.
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300-GHz CMOS transmitter

Rat-race ~ RF
balun ~300GHz
Square (IF + LO)? (-IF +LO)®2 |

H ¥ o % N * ""' L n B " - F FEFF R
Mmixer : : ﬁ SRR T IR WAl e
e —— j}_ Square Mixer .
‘ LO leak = 7 A N :
: cancellation | = 5 SNCIRTEES gk o

S
3
(|| | Ny
IF + LO _rat. -IF+LO =
~145GH ~ - ||_ el Oum'r&t-face J 'iﬁ.;
z {Quasi-SSB Mixei/
Quasi-SSB = ¢ .
mixer Image

IF: ~10GHz LO" o~ suppression VE

Pout: =5.5 dBm
RF Freq.: 302 GHz
3dB BW: 16 GHz

K. Takano, et al., ISSCC2017, pp. 308-309, Feb. 2017.
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Measured constellation, spectra,
and wireless demonstration

Modulation | 32QAM £ 40[ 320AM, 105Gb/s
el 0 -50
Constellation| e & %> -
. '@-ﬂ'ﬁ é - -ﬁ- [(b] _60
(Equalized) S W B 2
R o
A% 3&' -70
EVM 89% (RBW 3OOKHZ) LO leak < Noise floor
Data rate 105Gb/s 3‘40 128QAM, 24.64Gb/s x 6¢ch
0 -50| CH1 CH
g _gol Images
(@]
o
-70 :
265 275 285 295 305 315
__ . Frequency (GHz)
= 2SS Trasmlsm;n Bemqnstraﬁol Achieved a data rate of

T 40Gbps (16QAM, A0Gbaud)e

105 Ghit/s with 32QAM

K. Takano, et al., ISSCC2017, pp. 308-309, Feb. 2017.
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THz receilver architectures

Architecture @ .Blockdiagram i...Characteristics
LNA-first High conversion gain
high fa Low noise
R R R
Sub-harmonic ;|  RF =~ >, . Lower conversion gain
- mixer-first w O * b IF/BB ' — Higher NF
low fmax V%ﬁ LO/n
P — Ty DT ) —
Fundamental | gF EAvAS . Using X1 multiplier
-mixer-first Hr S A IF/BB . Higher conversion gain
low f ., X ﬁﬁ_o LOY/n — Lower NF
A\ ocnmsssnnessscssascssasssssssee ORI S SO SO L (However, h|gher LO ../

power IS needed.)

S. Hara, et al., IMS2017, pp. 1-4, June 2017.
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300-GHz CMOS recelver

Dquble-rat-race splitter

e s
>) _ i
Rat-race | [ o |
balun 3OOI§FZ Sl Rat-race & |
== - balup i
S| fo | sl
Sl O ¢
Qe
race 1 fa
v oL
LDEOGHZ Double balanced ' I —— o
fundamental-mixer (fo@ ® " o P e
| . — |- — = Double ratrace | -
LO multiplier chain ) COO000CO000C0O0T
(Generating high LO power) (~ 50 GHz)

Peak CG :-19.5dB
Noise figure: 27 dB
3-dB BW: 26.5 GHz

S. Hara, et al., IMS2017, pp. 1-4, June 2017.
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T Wireless link between
_ 300-GHz CMOS TX and RX chips ___

16 LErr ] \
LO D4’ : QPSK 16QAM
o T AR - e
300-GHz RX Q| W W ey
Test chip!®! Iz Tg _ | i @HE
RF probes” s 2 | % W b X4
.. Vector signal| |~
300-GHz TX “pe_analyzer EVM | 19.0%rms | 12.2%rms
. [7
Test chip BER | 7.1x10%8 | 9.3x10°
Arbitllc'ary LOL6 Sym. rate| 14 Gbaud 8 Gbaud
\g:,;/grg{g: O Data rate| 28 Gbit/s 32 Gbit/s

Achieved a wireless data rate of 32 Gbit/s with 16QAM

[1] K. Takano, et al., ISSCC2017, pp.308-309, Feb. 2017. [2]S. Hara, et al., IMS2017, pp. 1-4, June 2017.
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Schematic of the 300-GHz transceiver
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S. Lee, et al., ISSCC2019, 9.5, Feb. 2019.
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Chip micrograph
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S. Lee, et al.,

e Total area : 11mm?

ISSCC2019, 9.5, Feb. 2019.
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Wireless measurement setup

Arbitrary waveform
generator

RX-mode evaluation board

Realtime oscilloscope
Keysight DSA-Z 334A

Keysight M8195A Signal generator oo| Signal generator
Keysight E8257D oo| Keysight EB247C
00 O

O

TX-mode |
evaluation : f
board :

44GHz

Q9 ?
24dBi 57| -44GHz _
antenna B
i RX-mode il Source
evaluation:i| 41
—p i
jom R board | Keysight
=23 83556A

S. Lee, et al., ISSCC2019, 9.5, Feb. 2019.
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Measured wireless performance

TX alone
Center freq. 265.68GHz
Modulation 16QAM 32QAM

B, . -
Constellation | # . 4 -# *ﬂﬁi
(Equalized) | # % % 4. wddpe
s ws | FRIR

EVM (%rms) |  9.1%rms 7.4%rms

Symbol rate 28Gbaud 28Gbaud

Data rate 112Gb/s 140Gh/s

TX = RX

Ch.49 Ch.50 Ch.66
257.04GHz | 265.68GHz 265.68GHz

16QAM 16QAM 16QAM
R R ?3*4’ o R xY
R n%&& LR R T
N ""‘V“'F‘i -‘;"'#i..t"
10.9%rms 11.3%rms 12%rms
7.04Gbaud 7.04Gbaud 20Gbaud
28.16Gh/s 28.16Ghb/s 80Gh/s

TX wireless performance using VDI down converter

BW-> Ch.49, 50 : 8.64GHz, Ch.66 : 25.92GHz

S. Lee, et al., ISSCC2019, 9.5, Feb. 2019.
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Conclusion

INP-HEMT
m KIOSK download demonstration, 20 Gbps
m Over 2m, 100 Ghps

300-GHz Traveling Wave Tube Amplifire
m Under development

300-GHz CMOS
m TRXin 40nm CMOS (f,, ., < 300GHz)

m TX/RX modules using CMOS-chip-to-WG transition in a multilayer
glass epoxy PCB

The other R&Ds for terahertz wireless on going in Japan
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