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VECTOR NETWORK ANALYZER, THz-TDS SYSTEM, and THz CAMEARA SYSTEM N/I{T?

—

OBMIRER /ER R

Wi;:qrg.hfa Diodes, Inc. Vector Network Analyzer Extension Modules

VDI’s VNA Extenders provide high performance
frequency extension of vector network analyzers
into the THz range. Models are currently available
for coverage from 50GHz to 1,100GHz, with
additional bands under development.

http://vadiodes.com/

Ot T/ AA—= T 58
ZIDVANTEST.
TAS750031) —X
TINIVIDH A A= - R T Ls
(THz-TDS, ~5THz)

http://www.advantest.co.jp/products/3DIAS/TAS7500/index.shtml

NEC Empowered by Innovation

Palm-top size THz camera
IRV-T0831 (1-7 THz)

National Institute of Information and Communications Technology
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Thermal barrier thickness can be monitored ”C’§7?

S Thickness of thermal barrier coating
R1 .
R2 non-destructively measured by THz
R waves Is in good agreement with that
air observed by microscope after
Gl sampling.
bondcoat
| ' | 24
E 600y . ya
(a) schematic diagram ? reading errorf,fii~"'*_
Q
5 500t
= ‘,,"“,,'
@ = o
E 400}
s gy
Qo 1
©
@ 300[ ¥
300 400 500 600

microscope observation [um]
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RIKEN
(THz-TDS, transmission)

K. Kawase, Optics and
Photonics News, 2004.
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L, 0.15 THz reflection) (NWA 67 GHz, reflection)
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Teraview (THz-TDS-3D, reflection)

] o e o] ] v e ) e Picometrix (THz-TDS,

reflection), with 3D info
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Picometrix
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(2009.12)

TeraTech | NICT-THzDB | OEME. KTHE | Ra—JI<k | EBfose ELVALL,
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e EERR DT—ER—RILEZ WiRHRE ME GiottoF %
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¢ THz and visible image of the area (a)
THa

(a) MRS (FHRES)

Superposition of
THz and visible images

(b) THz REI 1 A= THR

Non destructive cross section anplng image ol each layer in the area (c)
image of the line (b) *Surface image is superimposed on the visible image.

wood Cloth ints
(2.0 mm/pixel (0.1 mmvpixel) (2 0 mm/pixel
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THz-FPA, Optics, and Camera System

NCI§7?

Micro-bolometer array

Eaves Slit

Si- window
with AR coating

§ g

320x240 320x240
FPA package THz module
1 . 0, __ﬂ__..
2nd floor (Fill factor : 90%) o — T L—8. l
= c —
© ° S
< R
Q=T ] - A | H
E | 2
0 |7 O
= n
THz-FPA 320x240, pixel pitch 23.5um
Field of view (FOV) 15.5° x11.5°
Focal length and F number 28.2 mm: F/0.8
cRSpIvEHAlS Instantaneous field of view (IFOV) 0.83 mrad
DAA7N3P 15 kY x2.88K IS.Psm Fraunhofer diffraction limit 1.36 mrad @40 um
1st floor (Fill factor : 60%) (1.27/D) 1.6 x 1.6 pixels

The number of pixels
corresponding to IFOV

http://www.nec.co.jp/geo/en/products/hx3100.html
S. Tohyama et al. : Optical Engineering vol.45(2006)014001
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Real—-time image(30Hz) Lock—=in image

Lock-in: %L Lock—in/& &%t : 3.75Hz
IJL—LEH EL IJL—LFIEH:16
Spatial filter: Z&L Spatial filter: 3x3
SNR~3.4 SNR~47
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HBEREK (TSR BHICHT 5=—X QBBEEERR NicP
KIOSK down-loadin
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1.6G 6G 24Gbit/s
(Dual Green)
%2D- 3D

vv'ﬁaéﬁ i
-Display Port?*
‘Light Peak???

Display : HD, 4K, 16,,,, 3D
Processing : multi-core GPU(Cell, NVDIZ,,,), 1 T Flops
Storage : SSD, 3D, Capacity :10-100TB, RW; few tenth of Gbit/s

Transferring : THz WL Comm. !!
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IMS2012 International Microwave Symposium [Z# [T ATHzH fiT NICP

/& IEEE MTT-S. H¥E:17-22 JUNE 2012. B : MONTREAL, QUEBEC, CANADA

THzF AT IZBEL TIX. Plenary, /A3 JLETER. Workshop D, v a2 8L,
REBRATHYEFICSEIN W ANIGDT=,
1) Plenary Talk (RFID) Terahertz Electronics: The Last Frontier,

Thomas H. Lee (Director of the Microsystems Technology Office at DARPA)
2) Workshop:

WFC Emerging Technology of Terahertz Imaging Systems, Devices, and Algorithms
3) Panel Session : THz Integrated Circuits:

Do Future Markets Support Highly Integrated Silicon-Based IC Development?
4) Focus Session TU4D: Terahertz Imaging
5) Focus Session WE3F: Advances in Silicon-based Millimeter-wave and Terahertz
Integrated Circuits and Systems
6) Technical Session WE4A: Terahertz Communication Technology
7) Technical Session TH1F: Biomedical Imaging (L D THz A A—T 5 14 E)
8) Technical Session RMO3D: Terahertz Technology

SETRKEDTHz T NA ZANDORYMEADBN SN (EEDOTOT S LIZIXEEHE) .
S#HSELLEMNFTT, ZAYHHDARPA, Air Force, NSF DT E A KIREIZIHRELTTH:
TINARFAREITOIEDZE, THZOTEREIFIH T K (300GHzEE) T, 2 REIFXBAREIC
XA HEDE, Plenary Talk [ZTEBHEDARPAT /NARAD BAZ(X1THzT10W L E, 7 A
DADEMAETE—ILTBF5THS,
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IEEE 2013 Radio and Wireless Week (Austin, TX, Jan 20-23, 2013) Nﬁ

Radlo erel;ess Week

“ IEEE
lE E E ' B A& commumcmmns
MTT-8" = SOCIETY

WORKSHOP (2) Towards THz Communications Systems and Applications
Chairs: Peter Siegel, Caltech, USA and Karl Varian, Raytheon, USA
Speakers
Is THz a Communication Wasteland or a Vibrant Frontier?
Frank Chang, University of California at Los Angeles, USA
Enabling Technologies for THz communications: Electronics vs. Photonics
Tadao Nagatsuma, Osaka University, Japan
Opportunities for THz Communication Links in the Atmosphere
Dan Grischkowsky, Oklahoma State University, USA
Multi-Gigabit Transmission Based on All-active 200-280 GHz MMIC Chip Set
Ingmar Kallfass, Fraunhofer Institute for Applied Solid State Physics, Freiburg, Germany
SiGe and CMOS Integration for >100 GHz Applications
Gabriel Rebeiz, University of California at San Diego, USA
Silicon RF front end components for THz/sub-THz communication systems

Ullrich Pfeiffer and Neelanjan Sarmah, University of Wuppertal, Germany




@ THz Electronics NICT

DARPA http://www.darpa.mil/Our_Work/MTO/Programs/THz_Electronics.aspx

THz Electronics

The objective of the Terahertz (THz) Electronics program is to develop the critical device
and integration technologies necessary to realize compact, high-performance electronic
circuits that operate at center frequencies exceeding 1.0 THz. The program will focus on
the developments of two critical THz technical areas.

Terahertz Transistor Electronics. The program will aggressively develop multi-THz InP
HBT and InP HEMT transistor technologies to enable TMICs. In addition, THz low-loss
inter-element interconnect and integration technologies will also be developed to build
compact THz transmitter and receiver modules.

Terahertz High Power Amplifier Modules. Compact, micromachined vacuum electronics
devices will be developed to produce a significant increase of output power at
frequencies beyond 1.0 THz and to radiate this energy at an antenna.

The success of the THz Electronics program will lead to revolutionary applications by
enabling coherent THz processing techniques such as THz imaging systems, sub-MMW,
ultra-wideband, ultra-high-capacity communication links and sub-MMW), single-chip
widely-tunable synthesizers for explosive detection spectroscopy.

National Institute of Information and Communications Technology
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@ DARPA’s Video Synthetic Aperture Radar (ViSAR) program Nﬁ

DARPA’s Video Synthetic Aperture Radar
(ViSAR) program seeks to develop and
demonstrate an Extremely High Frequency
(EHF) targeting sensor which operates through
clouds as effectively as today’s infrared (IR)
sensors operate in clear weather.

http://www.darpa.mil/NewsEvents/Releases/2012/05/01.aspx

DARPA researchers have created the world’s first solid state
receiver to demonstrate gain at 0.85 terahertz (THz). This is
the latest breakthrough in the DARPA THz Electronics
program in its quest for transistor-based electronics that will
enable electronic capabilities at THz frequencies. This
represents progress toward the second major technical
milestone on the way to 1.03 THz integrated circuits. Previous
milestones included demonstrations at 0.67 THz. Operating at
these high frequencies enables a host of DoD electronics
capabilities such as advanced communication and sensor
systems.

http://www.darpa.mil/NewsEvents/Releases/2012/07/31.aspx




D) 100GbpsD R/ v HR— HiTBASE B #59 DARPA NICP

[ArsTechnica, 2012/12/17]

FEARBERMIIELLI=DN., TOREREITELZLTI7ANEES>FREBIEICIHIES
RIEHU, ST A BB TIEME T 7AN\ZEERTESh ITELL\O T, Bfbies
Elh S EMITETER (DARPA) &, T7A /N 1\ IR—2 EFEEE. 100GbpsTEE D&
1%;%%%%0%%;?/ \WOR— Bl ERRET AT SLEFLL T, COHBER
(2T,
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@D 100G vision: fiber-optics-equivalent RF Backbone Lo

—

M
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60,000 ft
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Free-Space Optical (FS0) 3 i ! 23
— 100 Link ' c o “
B o S e AN o, Broad Agency Announcement, “100 Gb/s

L Vi s RF Backbone (100G),” DARPA-BAA-13-15,
Jan. 2013. &Y

Develop point-to-point link that uses high-order modulation and spatial multiplexing to achieve a
high capacity (100Gb/s) RF backb{me wﬂh tachca!ly relevant ranges

DARPA: 100 Gb/s RI; Backbone (100G) Proposers’ Day Brleflngﬁ*-lJ:U 78
K77/ BIERZEDH L - ~MERBORBEET —2 5%
IREGEF : B RZERBE(FSO)IZTYVUwlREE
WX BRE SURERANE f251$18.3M
(FY2013-2017)
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e« MANETS(E/NAMJLTRARYINW)



AFOSR, and NSF N(’57'

community.apan.org/afosr/w/researchareas/7671.ghz-thz-electronics.aspx

GHz-THz Electronics

This program seeks scientific breakthroughs in solid-state materials and device that are
vital for game-changing capabilities in sub-millimeter-wave radar, ultra-wideband
communications, chemical/biological/nuclear remote sensing, and ultra-high-speed on-
board and front-end data processing.

#&%: National Science Foundation www.nsf.gov/funding/pem summ.isp?pims id=13381
‘N’ WHERE DISCOVERIES BEGIN - =

- .
= X

CCSS: Communications, Circuits, and Sensing-Systems

CCSS also supports integration technologies at both intra-and inter-chip levels, new and
advanced radio frequency (RF), millimeter wave and optical wireless and hybrid
communications systems architectures, and sensing and imaging at terahertz (THz)
frequencies.

3D Terahertz Synthetic Imaging and Reflection Spectroscopy
http://www.nsf.gov/awardsearch/showAward.do?AwardNumber=1231783&WT.z pims id=13381

Integrated CMOS terahertz spectroscopy of biomolecules
http://www.nsf.gov/awardsearch/showAward.do?AwardNumber=1202488&WT.z_pims_id=13381

Wireless Chip-to-Chip Communication: Terahertz Short Range
http://www.nsf.gov/awardsearch/showAward.do?AwardNumber=1201755&WT.z pims id=13381

25
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EU FP-7 PROJECTS

http://cordis.europa.eu/projects/home en.html

NI?T?

—

TERATOP

NINFA

AAATSI

THZ RADIATION

COSIT

MONTES

TERAGAN

PERTPROTONDYN

POLATER

TERA

ULTRAPHASE

TERACOMB

Terahertz Photonic Imager on Chip

Nanostructure Injected Lasers for Ultra-High
Frequency Applications

Advanced Antenna Architecture for THZ Sensing
Instruments

Controlling terahertz radiation using layered
superconductors

Compact High Brilliance Single Frequency Terahertz

Source
Molecular Networks with precision Terahertz
Spectroscopy

GaN Quantum Devices for T-Ray Sources

Aqueous Proton Mobility near lons and in Nano-
Confined Geometries

Polaritonic TeraHertz Devices

Novel Compact Terahertz source based on Dual
Wavelength Lasers and Photomixers

Ultrafast Quantum Physics in Amplitude and Phase

Quantum Cascade Lasers Based TERAhertz
Frequency COMB

2011/10/1
2011/10/1
2011/11/1
2011/11/20
2012/1/1
2012/1/1
2012/1/1
2012/3/1

2012/3/1

2012/3/1

2012/4/1

2012/6/1

2014/9/30

2014/9/30

2016/10/31

2013/11/19
2013/12/31
2016/12/31
2016/12/31
2014/2/28
2015/6/30
2016/2/29

2017/3/31

2015/5/31

36

36

60

24

24

60

60

24

40

48

60

36

€ 3,154,060

€ 239,221

€ 1,499,487

€179,603

€1,279,982

€1,471,200

€1,627,236

€ 191,675

€ 374,300

€1,104,208

€ 2,490,000

€2,867,584

€ 1,051,353

€79,740

€ 299,897

€ 89,802

€639,991

€ 294,240

€ 325,447

€ 95,838

€112,290

€ 276,052

€ 498,000

€ 955,861

National Institute of Information and Communications Technology
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EU FP-5~7 R&D Budget NC’Q?

SEVENTH FRAMEWORK
PROGRAMME

€25,000,000
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€0

http://cordis.europa.eu/projects/home en.html
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National Institute of Information and Communications Technology
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FP6-IPHOBAC / FP7-IPHOS NCI§7?

@ YPHOS

IPHOBAC

e European commission Framework Program 6/70)—Iz
 |IPHOBAC (2006-2009): 11M€
e IPHOS(2010-2013): 4.48M€ [IPHOBAC# ]

o FHEZAL-60GHzE{R(PHOBAC). BLUIKR(7T0GHz~)E R
(IPHOS)mZ7Oo ok

o HIFPANIZEDIEIBRESIEE

e LEEN-BRESLERIZLIN-BHFEEELTIR

- B -
o EFEMENA(ETAUIEE e —
o SUFTHER(EMEADATATIEIE) o

http://www.iphos-project.eu/ &V



MILLILINK (K1) NCI§7?

L4 |

KAV E BT A (BMBF)IZL S Next-generation broadband

access networks | ZEEMEN—IR

#85t2ME€~2.41E M (20084 3H ~20134%2A)

SE
— Fraunhofer IAF

— Karlsruher Institute of Technology
IN—hF—

— Siemens AG

— Kathrein KG

— Radiometer Physics GmbH

220~280GHz2 )AL -EBE R EHFECEB MO R

KIT Press Release 062/2013&Y

National Institute of Information and Communications Technology



MILLILINK (K1*Y) 20Gb/s{tiX @ 220GHz

MEHEE: 75V FR—T7—BEE(AF), A—IILRIIL—ZTFEKX(KIT)

IFI 0,2 40 GHz AWG Scope
: | 40 m
RF o _
200 - 280 D110 - 130 | Q Er \i WR-3 Att | Q
GHz GHz — ‘ —
LO ek LO
x6-(\) back-to-back (\)—x6)

20 GHz 20 GHz

IFQ 0 - 40 GHz

"Transmission of an 8-PSK Modulated 30 Gbit/s Signal Using an MMIC-Based 240 GHz Wireless
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0
Push-push [10
L it L] Tripler [15]
-5 m O - v
(18] ‘e
-10 < Doubler (quasi-optic) [14]
IE -15 STripler (18] C[17]
2 . L
- 20 +Fush—push 9]
g 25 O InP HEMT
2 x InP HBT
5 -30 + SiGe
o
- & CMOS
= -
3 35
-40 4-th order linear
Superposition [12]
-435 < & Push-push [11]
-50

250 300 350 400 450 500 550 600
Oscillation frequency (GHz)

[UCSB] M. Seo et al., IEEE J. Solid-State Circ. 46, 2203 (2011)

o FI100GHzD HFHiRFZMNT TIZHETE
o 300GHzFIEmE:s (F]#F20dB) LA A F [ EE



CSW2012& %% (by W. Deal) NicP

670 GHzEN{E 105&“1&%&%%@%% (LNA) 650 GHzENME = tH 1 1EME RS (PA)

[

E=_-ﬂ

"r'u-f:lmﬁ ‘| ﬂsz | .
= R h
EZ y\UNV%ﬂﬂ% n\/ﬁ\m‘ M
: VIR

Fig. 3 Microphotograph of 10-Stage 670 GHz low noise 530' - Imal ; Iszﬂ 640 660 680 700 720
amplifier. Frequency [GHz)
50 796K 30 Fig. 7 Measured S-Parameters of PA module
40 —_ J0K
. R - Gain — JDK! 5 10 40
& 52 = 3 g — L as
% . V.,..-»-" \‘“"\*\ i 25 20 & _
.qét:l a8 > 30
T 4 w - 125 15:5:I “'\_‘- / :
E i @ 7 F2s &
& 0%—= 0 0= ) Ty F S
& 10 5 2 = E ¢ F20 3
] 125 5 3 )
i By AV VLI 5 i 152
500 550 600 650 700 750 25 . . . T 0 a F 1o
Frequency [GHz] 600 620 640 BB0  BBO0 70O / E
. RF Frequency [GHz] 3 ("_._-r'"l L E 0.5
Fig. 4 Measured on-wafer S-Parameters of 10-stage LNA. s F
12 casured onwale °Is 0 age Fig. 5 Measured noise performance as a function of 2 Fr AT 00
temperature for packaged low noise amplifier 5 20 A5 10 5 o 5
Pin{dBm)

Fig. 3 Measured power and power gain of amplifier
module at 650 GHz.

620 GHzZ{E 8%

Fig. 4 Microphotograph of integrated receiver chup. RF input 15 fo
the dipole on left to electromagnetically couple to the infegrated
circut.



M-HEMT Frauhofer IAF (IEEE 802.15 WPAN IGTHz doc.:IEEE 802.15-12-0323)

NCI§7?

July 2012 doc.: IEEE 802.15 DCN 15-12-0323-00-0thz

480 GHz Frequency Quadrupler

Doubler ¢ Amplifier i Doubler _
balanced (Marchand) i Cascode FETs single-ended class-B FET:
class-B cascode FETs i M4 fund. suppression

Van
Vb2
-
2x30 =
2x10
= four
wla
@2f,
HH 230 [
+
Van Ve
Submission Slide 20 Ingmar Kallfass, Fraunhofer [AF
July 2012 doc.: TEEE 802.15 DCN 15-12-0323-00-0thz

480 GHz Frequency Quadrupler

Qutput power:

35 nm mHEMT (fT/fmax 515/900)

-14.3 dBm
Bandwidth:
>45 GHz — ( :
input frequency P4
435...>480 GHz 405 110 115 120 125
14 -4 T T T e
c% 16 = GEJ 164
) 8 3 H
i =3 .
g -18{ g g -18 i
(=] =] &
E‘. 20 2 E- 20 %é
3 7 —— 460 GHz ! = == s
g £ g p,=scBm B2
© .2 . ‘ : : v , ) : : !
6 2 4 6 8 10 12 420 440 460 480 500

input power (dBm)
Submission Slide 22

output frequency (GHz)
Ingmar Kallfass. Fraunhofer IAF

Poytf dBm
I I~ I TR
4
(S
~
output power [dBim]
8

L PpcS0mW(w/Py) i

July 2012 doc.: IEEE 802.15 DCN 15-12-0323-00-0thz

480 GHz Frequency Quadrupler

Doubler ¢ Amplifier Doubler i
balanced (Marchand) Cascode FETs single-ended class-B FET:
class-B cascode FETs i M4 fund. suppression

ca. 2 dBm Psat

£ GHE
a5 100 105 110
0 ii Input power

100 nm Py, 18.dBm

P e T4 i backoff

o
s

3

420 GHz 400GHz 7

3

B

AN i reduced
i load/source )
0 100 210 220 E! - HH 6 5 4 3 2 4 0 1 2
fout! GHE i pulling inpst power 48]

Poc 0mW i\ Ppo 1l mW (w/Py)

Submission Slide 21 Ingmar Kallfass, Fraunhofer IAF

July 2012 doc.: TEEE 802.15 DCN 15-12-0323-00-0thz

Four-Stage 480 GHz Amplifier S-MMIC

UD GND UG

S—Parameters [dB]
S

.
400 420 4-40 460 480 500
Frequency [GHz]

0.61 x0.37 mm?2
35 nm mHEMT

* reactively matched e 134dB @ 476 GHz
common source stages e >10.5dB @ 440...481 GHz
¢ gate width: 2 x5 um o 32mW (Vd=1.2V, 1d=27 mA)
¢ simulated NF =9.9 dB @ 480 GHz
Submission Slide 23 Ingmar Kalifass. Fraunhofer IAF
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o RBRERFEIRZTI(BWO), & %’iérllm%%(TWTA)na

TWT Output Power

-

Power (mW)
caB8&s833888

640 645 650 655 660 B65 670 675 680 665
Frequency (GHz)

Top view of 650GHz BWO:
[CalCreek] R. Lawrence lves
et al., IEEE TST 4, 230 (2011).

Figure 1. THz Power Module breadboard test.

670GHz 100mW Oscillator based on VE-PA and SS-
PA: [NGC] J. C. Tucek et al., IVEC2012, 31 (2012).

220 GHz TWT amplifier with output >30 W: [NGC] J. C. Tucek et al., IVEC2012, 553 (2012)
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. KII'IEEE International Vacuum Electronics ﬁllllfl!l‘llll}ﬂ
R‘P’UEEE IVEC-2011, February 21 - 24, 2011

JN Tata Auditorium, Mational Sclence Seminar Complex, IISc Campu5 C V Raman Avenue
Bangalore, India
Hosted by Microwave Tube Research & Development Centre (MTRDC), Bangalore, India

Advancing Technology for Humanity

0.1m 10 cm 1.0em 1. ;
Plenary Talk: Dr. John Booske (Univ. Wisconsin- 10" L LRSS

Madison, USA
“Vacuum Electronics Sources for High Power
Terahertz-Regime Radiation”

Vacuum
Devices
{Avgl

Programs in USA
+ Darpa: HiFIVE (EIK, BWO, TWT, Gyrotron,
FEL)

Power (W)
(Single Devices)

Elemental Technologies

+ MEMS

X-ray LIGA, UV-LIGA, DRIE, EDM, Laser Ablation
+ High Current Density Cathode

Dispenser, Reservoir, CNT, Spindt FEA,

Solid State
Devices

10 100

- TWT AMP @220 GHz (NRL, USA) Feasible: Watt-class output power around 300 GHz wnth TWT '
-TWT AMP @220 GHz (UCD, USA)

. ‘Pass Port’-size volume within 3-5 years
- BWO @700 GHz(Istok, Russia) ->>> Good for WLAN application!
- THz AMP@0.3-2THz (FP7 OPTHER) e

(Gain 10-20d B’ Output: 10d Bm) 14th TIEEE International Vacuum Electronics Conf

Paris, 21-23 May 2013 http//WW
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{a) TWT circuit Microscope (¢ TWTG“E‘{\ using
SUkB mold ~

Ny =%
TWTEFEEEREL.
WEMEELeE
FE WA i 7 9 R
EFétrcbahit-BFE— o
FEAABEERICEVEERETS

(b) TWT fully metalized

(d) TWT circuit using

http://www.netcomsec.co.jp/product/twt/index.html pesined KMPR mold
copper circuit
AR EE R 27.5-30.0GHz . L .
UCD LIGA fabricated 220 GHz TWTA circuit in a single layer ~
EAEH 120W/150W/175W 400 pum process (a) Microscope image (b) Fully metalized copper
e 5B circuit (c) TWT circuit using SU-8 mold (d) TWT metalized circuit using

KMPR mold http://tempest.das.ucdavis.edu/vacuum/
AM-PM ZH5EL CEREH I ) | Sdegrees/dB

3TORZH (2 AERH 115w ) | -30dBce

ES 40%

WA & =EAH

BFE—LERAE BEER

RF #&& B AF BRE
A48l BRE

B8 3.5kg

~HiE 400X70X70mm

http://www.netcomsec.co.jp/product/twt/Id7280.html
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Si-CMOS M E B E R £ 2 FBI(ITRS2012&Y)

- 2012 2013 2015 2018 2021

Ja+&x
—JL 32nm 27nm 21nm 15nm

Em/NILY 396 GHz 445 GHz 578 GHz

UTB FD 447 GHz 614GHz 889 GHz

RIVFT—k 620 GHz 890 GHz

Power [dBm]

ISSCC 2013 Trends&kY

ISSCC
5 : 2013
53 65nm =
45nm 85nm 2 65nm
ol InP 45nm -
- 130nm " InP
=20} 1§0nm 45nm
a0l 130nm SiGe
i s0hm 45nm
-50
200 300 400 500
Frequency [GHZ]

Figure 2: Qutput power versus frequency for mm-wave and sub-mm-wave sources.

10.6nm

1281GHz

2020412 (F300GHzMDCMOS
FyTWNHEASNDATREED !



Cornel Univ. RF-CMOS (IEEE 802.15 WAN IGTHz doc.:IEEE 802.15-12-0621) Ncla

260-GHz Broadband Array 260-GHz Broadband Array

1
signal source
(Agilent E8257D) |

spectrum [ ] ]==
Digital Pulse analyzer (HP) I—_I i

Generator

@ Varactor-

Based Switch

Quadrature
Oscillator

High-Power

260-GHz Broadband Array 65-nm CMOS 260GHz 0.5mW source

] : i 4+ i
= i ; i i
o i i
£ 04 i | — I . -
g é ]
2 ; : : simuiation
£ : i ] (Tputse=45ps)
1 T 1 e N .
& e self-feeding
T o | N [equipment i
3 | i :
= : ‘ : i i
200 250 260 270 260 slot
Radiation Frequency (GHz) antenna
155€C 2012 1] I55CC 2012 2] VLS 2011 3] This Work
Frequency (Gl17) 290 280 380 260
Randwidth (%) 13 32 1 05
FIRP (dRm) NIA 94 EE 57
Total Output Power 12 22 NA 05
(#Bm) . 1.5 mm >
| Phase Noise -78dBe/Hz @ 1MHz NA NIA -78.3dBe/Hz @ IMHz
| DC Power (W) 032 0.8 0.36 [i]
| Technology 65nm Bulk CMOS 45nm SOl CMOS | 130m SiGe BICMOS | 65nm Bulk CMOS

[Cornel Univ.] ISSCC2013, paper 8.2
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Design and Fabrication of Double-Layer Waveguide Slot Array Antennas using
Diffusion Bonding of Laminated Thin Plate for 350 GHz-band

NCI§7?

Microwave Conference Proceedings (APMC), 2011 Asia-Pacific

Radiating Slot

Cavity

Coupling Slot

H-junction

Feeding
Networ

RRIXKF KRrRKF

A 11.2 mm

o
-l

ol - - NN -N-F-F-F- ¥

N T P o o e oD oo /

W o8 E85E8 Y

x2-alement
Array Unit

R IFNT o oo

”4’!1& -

Fig. 1 Antenna Configuration

Gain [dBi]

Fig. 3 Picture of the Fabricated Antenna

34 Lt
Simulation e
32 — g i S0
30 —— s - 4.‘:-:
"y s '/‘. ’ - "
) .' \‘ K ‘."r‘{ A e o - . - 300
28 - Cod AN e X
w/i; M AW A Antenna efficiency:
A R ;"‘ e \ . .

2N A rivioutntiomsiat /L7 Simulation: 70% (340-365GHz)
.. ‘ p ¥ R ; \
=15 ! .‘.', F (- ' ‘. . . 0,
20 ‘ Fabricated in Rt.":'ll‘?ill' Size ‘,“ i ‘,‘ 3 1 Expe rrme nt * 50 A) (3 3OG H z)
18 1Fabricated in +10um bl;ql j N
16 - . ~ - - ‘

320 330 340 350 360 370 380

Frequency [GHz]

Fig. 4 Gain and Efficiency of Antenna




Waveguide IEEE P1785 NCI§7?

July 2012 doc.: IEEE 802.15-15-12-0351-00-0thz

July 2012 doc.: IEEE 802.15-15-12-0351-00-0thz

IEEE P1785.1™/D3 Part 2: IEEE P1785.2

Table 1—Waveguide sizes and frequency ranges

R Width Height Cut-off frequency ! . R
(ha) (v s @y () » P1785.2: Define one or more THz waveguide
waase | 250 1270 901 ”* 1o interfaces for use in the standard
WM-2032 2032 1016 TAT6E 90 140 - . .
WM-1651 1651 8155 40,791 110 170 * Key DeSIgn Crlterla
ww20s | 1293 5475 11575 140 20 — Backward compatibility with existing interfaces and
WM-1002 | 1092 545 137.27 170 260 Waveguides
WM-B64 864 432 173.49 220 330 _ Ease Of maCh inin
WM7L0 710 355 21112 260 A0 ) 9
wiso | s 285 26298 330 500 — Asexual, to avoid the need for male and female
waan | a0 215 31893 a0 60 flanges.
mm = - o = = - Anticocking
WM-310 ito 155 483.54 00 900 . . .
T 7 i e T — Repeatable operation to =1 THz with low reflection
Subassion Shide 31 “TL. Hester, Visginia Diodes
July 2012 doc.: TEEE 802.15-15-12-0351-00-0thz July 2012 doc.: TEEE 802.15-15-12-0351-00-0thz
Candidate THz Waveguide Interfaces - Examples Candidate THz Waveguide Interfaces
A, | Kerr et al. Ring-Centered Interface /:/7—6;\\\\ ! T-—_
Hesler et al modified UG-387 type o 2N | it [ﬁ@ (=g D ! Kerr, Proc. ISSTT, 2009
« Amri cocking version of UG-387 with |@ f\f} ’5:,) — Hesler et al, Proc. = Gomtptinle withi G140 N ‘}_;’ o) { —
nﬂ’:;?;ﬂ:jl\mjm VDI Componeats \\\\L@ ). | | ISIEL 2007, o
Modified UG-387 with Inner Dowels
- Commonly used in industry
Honibe et al. modified Oshima type
- Similar to ring fange, but alignment using Horibe, 79% ARFTG,
Lau & Denning boss and socket mierface outer ring Montreal, 2012
- Potentially has the most pracise sligmment Lau et al, 69%
- Sexed ierfaces ) A ARFTG, 2007.
+ New unpublished veriant is stated to be compatible .
with UG-387 (uo RF testing)
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The Absorption Chasm Between The Optical And Radio Electromagnetic Spe/vclgﬂ

122 GH 3 GH
1.0 — | 15 ¥ro z
I I
- Scattering Losses : | |
S ||
4 Absorption losses ||
T occur below the ||
n s cattering loss " line. * :
S |
-
RS J\V
>
©
@
o
Y WJ\/\J
L] | . lll L = i & L. Jllll' ] i 5 & snan 5
0.1u 10 ia 107 104 107

| :Wavelength - Micrometers :
[ [

ws: IR | FarIR | ExtremeR | MM |
| | | |

uv Microwave

-EL2U-REL (~10m) ., B/ME (10mm BLA) . BILFE (~100Gbit/s) DESRT VAR E
REEETESHAREM

s TINIIVY B BHRIIEXRDE RO EEBRARWICELIMEZEL . GIRIEEANKIIRIRTEE
U, RRIRIAIEEIZKELY,
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ITU-R WRC 2012 (2012.1) (2§17 5 El R & iR # 53BE O Rl 3£ (5.565) D TET Nﬁ

i

ﬁﬁf World Radiocommunication Conference 2012 ﬁﬁﬁE

«f't
a (WRC-12)
4 (Geneva, Switzerland, 23 January-17 February 2012) 4

5.565
275-1000GHz D ERHMEEE D55 ., LT O REHF L. REIEHFOT7 IV r—a>nt-
HIZEETICKYERNMFEIN TS,

— EBIR R ETE:275-323GHz,, 327-371GHz. 388-424GHz. 426-442GHz, 453-510GHz. 623-
711GHz. 795-909GHz &% 1}926-945GHz

— MIKIFEFEXHR(ZE)RUVFERERIF(ZE)): 275-286GHz, 296-306GHz, 313-
356GHz. 361-365GHz. 369-392GHz. 397-399GHz. 409-411GHz. 416-434GHz. 439-467GHz.
477-502GHz. 523-527GHz. 538-581GHz. 611-630GHz. 634-654GHz., 657-692GHz. 713-
718GHz. 729-733GHz. 750-754GHz. 771-776GHz. 823-846GHz. 850-854GHz. 857-862GHz.
866-882GHz. 905-928GHz. 951-956GHz. 968-973GHz & ()985-990GHz

S ENEFFZK5275-1000GHz: DEEBFEDFERIL., eI EFICKSDERMFDEA
T TIEESAEY,

275-1000GHz O B R EFEREBIEFED =D IZFIALLSIETHEETIE. 275-1000GHz
DERBEFE DN EENRESNEIBET. I NODZEEHKLZEELREINORETS
=8, RITAREGETHDREZTHOI_ETEF NS, 1000-3000GHz D FREEH (ZH 1T
S5ETCORBRBI. Bk EFBRUVZEEFONAIZFERTHIEMNTES,

o ETHIT: 275-1000GHz D &R H T, EETICKA R RGN EFRRUZENEFDEER
RUBERICERAETHS,

http://www.soumu.go.ip/menu news/s-news/01kiban09 02000074.html 48




Spectrum available for active services without sharing with passive services

NCI§7?

Frequency
Bands

286-294 GHz*
307-313 GHz
356-361 GHz
366-369 GHz
392-397 GHz
399-409 GHz
411-416 GHz
434-439 GHz
467-477 GHz
502-523 GHz
527-538 GHz
581-611 GHz
629-634 GHz

Total available
Bandwidth

8 GHz
6 GHz
5 GHz
3 GHz
5 GHz
10 GHz
5 GHz
5 GHz
10 GHz
21 GHz
11 GHz
30 GHz
5 GHz

Maximum
Attenuation

within the Band
at10m

101,8 dB
102,4 dB
103,7 dB
103,9dB
104,5 dB
104,8 dB
104,9 dB
105,8 dB
106,5 dB
107,7 dB
109,9 dB
110,0 dB
108,9 dB

Frequency
Bands

692-713 GHz
718-729 GHz
733-750 GHz
755-771 GHz
776-823 GHz
846-850 GHz
854-857 GHz
862-866 GHz
882-905 GHz
928-951 GHz
956-968 GHz
973-985 GHz
990-1000 GHz

Total available
Bandwidth

21 GHz/19 GHz
11 GHz
17 GHz
16 GHz
47 GHz/28 GHz
4 GHz
3 GHz
4 GHz
13 GHz
23 GHz
12 GHz
12 GHz
10 GHz

Maximum
Attenuation

within the Band

at10 m

110,1 dB
111,1dB
> 145 dB
> 145 dB
111,9 dB
111,4 dB
111,5dB
111,6 dB
112,2 dB
112,9dB
115,6 dB
123,3 dB
141,8 dB
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ERRXEHFEDT#H Minimum Separation Distance (@heigt=3km) NICP

—
November 2012 doc.: IEEE 802.15-12-0619-00-0000-THz Spectrum
Interference with Radio Astronomy
« Studies available by the National Science Foundation
« Distance of THz transmitter from telescope for interference-free
conditions in accordance with ITU protection criteria RA.769:
« Worst case: TX pointed directly in direction of telescope at same altitude
50 %
? &
T = g
. 2
o . @
Several km E = ’ §
height i = V 8
\E,r o | . [\Fw\ /‘fﬂ_\ m- E %

Frequeney (GHE)

= Interference in practice extremely unlikely due high telescope
locations on mountains

13.11.2012 Shide 6 Thomas Kirner, TU Braunschweig
Source: https://mentor.ieee.org/802.15/den/12/15-12-0320-02-0thz-what-s-next-wireless-commumnication-beyond-60-ghz-tutorial-1g-thz pdf
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November 2012 doc.: IEEE 802.15-12-0619-00-0000-THz Spectrum

Interference with Earth Exploration (1)

« THz transmitters operated outdoor may be pointed skyward:

Reflection
~— at rooftop

1.) Nomadic 2.) Fixed 3.) Airborne 4.) Multiple
devices links systems transmitters

- Which is the maximum tolerable interference power?
- How much power will be received by the satellite in the worst case?

13.11.2012 Shde 7 Thomas Kiirner, TU Braunschweig
Source: https://mentor 1eee.org/802.15/den/12/15-12-0320-02-0thz-what-s-next-wireless-communication-beyond-60-ghz-tutorial-ig-thz pdf
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November 2012 doc.: IEEE §02.15-12-0619-00-0000-THz Spectium

Interference Mitigation Concepts

||

,_
i

1. Transmit power masks
- TX power control

2. Automatic shutdown in case of TX mispointing
- Sensor data usage (e.qg. orientation and position)

:
g
E i
]
R
5
3-

3. Electrically steerable antennas
- Automatic precise beam pointing

4. Environment control
Fixed links
Airborne systems

- Careful TX placement
= Absorbing materials

- Avoidance of interference in any case with interference mitigation

13.112012 Shide 10 Thomas Kiimer. TU Braunschweig
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1 Thit/s

1 Gbit/s

1 Mbit/s

1 kbit/s

1 bit/s

1970

TbE?

802.3ae
802.3ab

802.15.30.

_ o 3Com card
First Ethernet 8029

802.11n

BifR

LTE-A

02.3u@®  go2

° / HSDPA
/ /GPRS
9600 modem GSM
. 56k m
1200 modem 28k modem

-~
Wide-area paging

- N —

1980

1990 2000 2010 2020

o ZI)K 7Gb/simiE XERIZHR#&1E (IEEE802.11ad)
o 2020%E(ZI1X100Gh/sEE A H E S TR

T. Kurner, “IEEE 802.15-13-0130-01-0thz Launching”&Y
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Comparison with recent WLAN standards
11n 11ac 11ad

mandatory optional mandatory optional mandatory optional

Band 2.4/5 GHz 5 GHz 60 GHz

Band 20 40 80 160 Max.9
Width MHz MHz MHz MHz GHz
72.2 600 290 6.9 4.6 6.8

Data Rate Mb/s Mb/s Mb/s Gb/s Gb/s Gb/s

How much data can be transferred in 1 sec?

Run time of
Data Rate Size of Data 1080p24
video
10 Gb/s 1.25 GB 4 min
40 Gb/s 5.5GB 17 min
100 Gb/s 12.5GB 42 min

1,000 Gb/s 125 GB 420 min

THz

Beyond
275GHz

50 GHz

~100 Gb/s
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Power Consumption/bit v.s. Bit rate Nﬁ

Fitted by Zigbee, Bluetooth, 802.11b(GainSpan), 802.11g, 802.11n, WirelessHD

— _ — 0.613
5 1_. luetooth y=248%
S o] 290ee ®302.11b
g 100 - '
S : 802.11b ©®
= - (GainSpan) 802:
2 . THz WL Comm.
] o
= ] 802.11n ¢
g 1- Uws WirelessHD ?
O ; w0
&) \/
2 014
@) 10GbE e =
o P
L) L) L L L ! )
0.1 1 10 100 1000 10000

Bitrate [Mbps]
By Dr. Tetsuya Kawanishi of NICT
http://www.soumu.go.jp/soutsu/kinki/studygroup/2010/THz/index.html

60



TINIVYEEBEODIL—RT5—X

/vgé?

November 2012

doc.: IEEE 802.15-12-0619-00-0000-THz Spectrum

Possible Applications and Complexity of
the Techncial Solutions

Fixed Wireless Links

THz MNano Cells

WLAN/WPAN

Kiosk Downloading

Connecting Devices on
Short Ranges

Board-to-Board
Communication

Links of the backbone
network; static use;
outdoor

Part of a hierarchical
cellular network;
potentially mobile users;
indoor as well as
outdoor

Connection to access
points; nomadic users;
mainly indoor

indoor, nomadic use

indoor (typically on a
desktop), nomadic use

inside computers, fixed
use

A few hundred meters
up to several kilometers

< 100m

< 100m (mostly < 10m)

A few meters (a few cm)

a few cm

a few cm

LOS; Atmospheric
attenuation becomes
important

LOS/NLOS: dynamically
changing conditions

LOS/NLOS: dynamically
changing conditions

LOS. multiple reflections
from Tx and Rx

LOS, multipaths from
nearby objects and
multiple reflections from
Tx and Rx

LOS/NLOS, potentially
strong multipaths

Highly directive
antennas; alignment
during the installation
process by radio
engineers

automatic beam
steering required

automatic beam
steering required

automatic beam steering
(manual alignment
may be possible)
ideally by automatic
beam steering, but
manual alignment may
be possible

fixed alignment during
design process possible
(automatic beam
steering as an option)

Source: based on hitps://mentor ieee org/802.15/den/11/15-11-0749-00-0thz-scenarios-for-the-application-of-thz-commumications pdf

13.11.2012

Slide 3

Thomas Kiirner, TU Braunschweig



Possible Usage Models for THz Communications NICy

IEEE802.15 WPAN IGTHz : doc.:IEEE 802.15-12-0652-00-0thz

e  Fixed” THz WLANS with limited e  Mobile”“ THz WLANs with full

beamsteering active beamsteering and phase
— Server farms control
— In-room multi user WLANS — Pedestrian plazas in buildings
— Multi-processor gaming — Broadband stadium access
stations — Automotive
— 4kx4k TV/in-room — [Rail, Airplane]

entertainment WLANS

— Business kiosk video
download

November 2012 Thomas Kiirner (TU Braunschweig) et. al. Slide 62
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July, 2012 Doc.: IELE 802.15-12-0321-00-0thz

3D-Aerial Conduit

mimWawve, THz , FEOC

Inter-Small cell Back hat
T T

frequsncy reuso

e

llll(!"-‘f//

Submission Slide 10 D Britz. AT&T Shannom Labs
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Integrated end-to-end transport management

Service

Service Edge IP/MPLS
Aggregation Core
mE Access
N Core Zero Touch Photonics
Residential Metro Optical
Broadband Ethernet Optical Transport
GPON, xDSL Transport
Packet Optical Transport
Ethernet EoS, Integrated
EoMPLS, xDSL hand-off between
optics and

service layer

Packet Optical fansport and
Managed uch Photonics

Networks Packet
Optical
Transport
ernet, TDM EoS,
/ MPLS, xDSL, GPON
Industry from Carrier Ethernet Framework, Alcatel-Lucent.
Public Sector
Mobile
Broadband

KT VR -y T—DIZEFELz/ NI R—)LE#R
IMT-advanced, IEEE802.11ac/ad: >1 Gb/s
> 7T —,32:5>>1Gb/s

20165 121F$9BDY— Y&
FERBEE>2% (from Dell'Ollo Group)
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D/INVRBENREDRRE

BEERHEEZEEDLGVDIVR -TINILYEREDENEELXERLMEB AL THAEL TS, H24FEEIC
(X, HRIZHEERIFT TI70GHETHDENRIEV AT LETER LIz, H2SEEIZIX, BEEDHEETIEE LR
FEL, BSHREMEZEDFHIFED T —ITHIBNITORIEEZIZONT, ERFTEEZEELEDIN —HE
)T 4% HERTHFETHD,

K. Shimaoka, M. Kinoshita, K. Fujii, T. Tosaka, "Design of a Broadband Calorimeter for mm-Wave Power Standard in the
Frequency Range from 110 GHz to 170 GHz", The 37" IRMMW-THz, No. Tue-C-3-3, 2012

EEQRE D/\2 k(110 GHz~170GHz) A
BEAREVATLERAEEREEY
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THz Frequency Counter
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electronics
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fs pulse 4.5GHz
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