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Outline

- MARIE: Collaborative Research Center (CRC) / Transregio (TRR) 196

- Vision for future mobile THz imaging and sensing applications
- Marie challanges

- Research questions
- Outlook for 2024

- Mobile Circuits and Systems Examples
1. Wideband THz spectroscopy system a chip

2. Compact THz cameras and sources in silicon technologies
3. Mobile bio-medical applications

- Summary
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MARIE Project Overview
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MARIE Project Overview

Facts Sheet:
= 2017 — 2024 (2028)

" [Measurements = Simulation

(] S|gnatures = 20 PrOjeCtS, 26 Pls

= Characterization

= 83 Journal Papers

= Beamforming = 226 Conference Papers

= Electronic Transceivers

= 1stPeriod: 12.8 M€
= ntegrated in CO9 = Sparsity
: = 2nd Period: 13.7 M€
= MEMS ] = Intelligent = Funded by the German
Surfaces Research Foundation

= jntegrated in CO2
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MARIE Vision

-
Power cable 1kV,
Nylon protected
inflammable

l MARIE Robot 1
PERSON DETECTED!

87% Wood
13% Composite

Highly inflammable
Status: CRITICAL

Turbo compressor
Palette ware

Partly inflammable
Status: OK

Power Unit
Cast Iron, Electronics
inflammable

Status: CRITICAL

Male, Age ~35
Heart rate: 70/min
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What comes next for “Mobile Sensors” ?

1) Get Mobile!

2) In-room
challenges

Challenge 2 ... Mobile Transceivers

= microsystems (light-weight)

= fully-integrated (all the system needs)
= efficient (battery-operated)

Challenge 3 ... Mobile Material Characterization
= sensitivity

= operation frequency

= bandwidth

Challenge 4 ... Sub-mm Accurate Localization
= Precision

= Scanning

= use natural environment, sensor fusion
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“Static Labs: Chips from Technologies”

Initial Questions Static Lab Highlights

¥ YIG-on-chip 20-48 GHz
4 -70dBc/Hz@1kHz

Can we synthesize, clean,
Y stable, and highly tunable (linear)
reference signals for THz?

Injection locked osc. putaCRCRTR

i Can we generate THz on chip INP 0.56THZz RTDS [t
and lock it to a reference signal? InP 0.49THz HBT
- | ~i
R Can we efficiently radiate THz & (,|l ~| Design recipes &
signals? ~ 2|  physicalinsights.
el Can we realize advanced THz Photonic s
passives for localization? crystal gns 0

Luneburg lens -6
-60 -40 _Zoanglue(“)zo 40 60 |5, (dB)

<l Can we localize objects in 3-D
with a compact fully integrated
MIMO radar?

240GHz MIMO
radar
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Initial Questions

Can we realize photonic
integrated circuits for 1-D
imaging?

Can we invent novel photonic
THz spectroscopy systems
without mechanical delay lines?

Can narrow-band electronics
measure broad

band spectral fingerprints of
materials?

Can we steer a THz beam
passively?

Is there a chance to see the
natural THz radiation with a
silicon THz camera and read a
spectral fingerprint?

© 2021 U. Pfeiffer

“Static Labs: Chips from Technologies”

Static Lab Highlights

Heterointegrated antenna
arrays for beam steering
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Frequency-Domain THz ;« D :ID
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reflector

NEP:
1.9pW/Hz
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Static Lab “Models from Measurement”

Initial Questions Static Lab Highlights

Novel GO & PO sim. engines
How to exploit the THz range by
propagation measurements and
modeling?

How to cover the different scales
in simulating THz propagation?

How to set up an efficient
multiscale EM model for complex
surface systems?

How obtain spatial information on
the EM material properties by
MIMO radar?
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characterize materials?
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01

02

03

04

05

How to extend Beamforming
Concepts to THz Frequencies ?

How to model and compensate
MIMO THz System Imperfections ?

How to design Space Time
Signaling for MIMO THz Radar ?

How to design a Sub-mm
Accurate Localization System ?

How to realize a Real-Time
Computing Platform for THz
Algorithms?

ZA
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Static Lab “Systems from Concepts”
Initial Questions

Static Lab Highlights
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What comes next for “Mobile Sensors” ?

Challenge 1 ... Mobile Beamforming up to 5 THz Bandwidth

Challenge 2 ...

Challenge 3 ...

Challenge 4 ... Proof: Sub-mm Accurate Localization




1/19/2021 © 2021 U. Pfeiffer

Example 1.
THz Spectroscopy
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How about hyper spectral imaging and sensing?

Wanted: Materials spectral fingerprint
+
Polarization-diversity for ellipsometry

| >
gl —( ~/ 100GHz 1THz

sweeper at least a decade of bandwidth!

Can we do this in a compact silicon-based coherent imager?
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Hyper Spectral Imaging
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160-GHz to 1-THz Multi-Color SiGe Chip-Set

164GHz  Harmonic 2x2 Ring Harmonic ~ 164GHz o Diﬁerential 825-

X9 Multiplier  Multiplier Antenna Array Muitiplier  x9 Multiplier

Sk e . GHz RF mixes with

the 5th harmonic of
|- X XN :‘Fg) (E% xN x9 —’

a 162GHz LO

- CG=-15dB
- 4 freg. mult. Stages

Multi-Color Spatial
Power-Combining Transmitter Chip

Splitter )
-------------- B - 4 ring antennas for
Harm. Mixer Spatlal pOWGF
(xN) Array 2x2 Ring 164GHz 18GHz L
o IFlge l':_%_Pin_t?rlrl"‘lffrf@___X?_'fﬂgﬂipﬁ?r__l:g_lgeet COmbInIng
(EE(}% | - 4.0x0.8mm?
< 4-Way Power l
gi Spylitter X9 b
E l

[1] K. Statnikov et.al. 160-GHz to 1-THz Multi-Color Active Imaging
With a Lens-Coupled SiGe HBT Chip-Set, TMTT 2015
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Imaging Results
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Coherent System: High imaging SNR even at 1THz possible!

How about in-coherent imager?
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Example 2:
THz Imaging
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Past work on THz incoherent detectors and THz sources

NEP IMPROVED BY 2 ORDERS OF MAGNITUDE IN 10 YEARS!

1024 pix THz Camera (a)
(2-D video)
SoC — [14] 262 pW/vHz
130 nmSiGe HBT
— [15], [12] 1.9 pW/VHz
130nmSiGe HBT

2021 — [11] 12pW/VHz
22 nmFDSOI CMOS

2019 — (8] 14PWVHz
2018 , 65 nmbulk CMOS

— [6] 100 pW/VHz
2012 65nmbulk CMOS
2013 e 65 nmbulk CMOS
2018 —_— [5] 17 pW/\/HZ

65nmS0OI CMOS
2011
. 65nmSO0I 50 pW/vHz
2011 == — 2] 300pW/iHz
2009 Tele 250 nmbulk
— [1] 400 pW/vHz

2008 250 nmbulk CMOS

(b)

RADIATED POWER INCREASED BY 2 ORDERS OF MAGNITUDE IN 10 YEARS!

64 pix THz Source

5 — [13] 10dBm, 420 GHz
: 130 nmSiGe

— [10] -6.3dBm, 430 GHz
130 nmSiGe HBT

— [9] 0dBm, 530 GHz
130nmSiGe

L& — [7] -1.5dBm, 288 GHz
65 nmbluk CMOS

o — [3] -8dBm 325GHz

130nmSiGe HBT

T =
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Commercial THz CMOS USB Camera
1 THz real-time demo at VDI both at IMS 2017

External Mini Frame
trigger input  USB port  trigger output

‘/Pl:ne

ST 65nm bulk CMOS Courtesy TicWave (Camera) and VDI (1THz Source)
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1. Improve performance (Devices to Components)
ST 65nm bulk CMOS

[IC \/\/

‘S 10 (CMOS/SiGe)
the next generation of terahertz m
. S ol
e 3-push ring OSC —
T -4dBm @288GHz 2 10!
Battery operated (default) | | PN @10'\/' HZ: _93d BC/HZDO-
i (S DC to RF: 0.15% - ~207
=
| | | | | | | | | | | | | | | m _3{] B
IHP 130nm SlGe = v
B VCO+doubler T _4 - T T T
6 2dBm@az0cHs 0.2 04 06 08 101214
£ PN@10MHz: -89dBc/Hz Frequency
0 _ 0 m  CMOS Osc.(on-chip) m  SiGe Osc.(on-chip)
. DC to RF: 0.14% A CMOS Osc.(radiating) A SiGe Osc.(radiating)
[1] P. Hilger, A Lens-Integrated 430 GHz ® CMOS Osc.(rad. array) ® 5iGe Osc.(rad. array)
SiGe HBT éource With Up to -6.3 dBm + CMOS Mul.(on-chip) + SiGe Mul.(on-chip)
Radiated Power, RFIC 2017 Y CMOS Mul.(radiating) Y SiGe Mul.(radiating)
X  CMOS Mul.(rad. array) X  SiGe Mul.(rad. array)
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Silicon Source Arrays (Coherent vs. Incoherent)

Coherent Radiators Incoherent Radiators
8 of @ a [ Simulated 0
% I“Ei —s=— Measured
£ 10 7 ) -10
é 2 J \ —20§
© 30 3 . E.
5 \z -30 3
% -40 4 | f " wl ? '
5-50..:1...‘. N — —40

Theta (Degree)

-20-15-10-5 0 5 10 15 20

-20
91 elements 16 elements -15

-10
OSC 4-push OSC 3-push 5
-10.9dBm @ 1.01 0dBm@530GHz (5)
Thz : DC to RF: 0.04% s
DC to RF:0.0073% IHP 130 nm SiGe
IHP 130nm SiGe 20-15-10 -5 0 5 10 15 20
[1] Zhi Hu et.al., High-Power Radiation at 1 THz in [1] U. Pfeiffer, etal., A 0.53 THz reconfigurable source
Silicon: A Fully Scalable Array Using a Multi- module with up to 1 mW radiated power for diffuse

Functional Radiating Mesh Structure, JSSC 2018 illumination in terahertz imaging applications, JSSC 2014
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Diffused lllumination

1mW Y2 THz diffuse d=150mm d=50mm

- — l ! |
illumination | O—50mm  Objectplane  _sp o

T mW THz ool

-

source -

-

<F10° fov  fe=1

-

20-15-10 -5 0 5 10 15 20 two plano-convex two plano-convex

PTFE lenses PTFE lenses

[1] D. Headland et.al., Diffuse beam with electronic
terahertz source array, IRmmW-THz 2018



1/19/2021

© 2021 U. Pfeiffer

Computational Imaging and Diffused Illlumination

1mW %2 THz digital
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Example 3:
THz Near-Field Imaging
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However, resolution is diffraction limited. ..

Feature sizes of THz imaging/sensing objects

Biomedical Applications

THz Solvation Cemistry  Solid State Physics

Nondistructive Testing

THz SNOM THz farfield imager

www.witec.de

http://ticwave.com

weapons

viruses
\ 4 B
:
fingerprint 8_ EN
proteins, @) '

antibodies i
Eo

-

DNA bases
W‘WXMW‘?&’ fresco -
éff; G ~ chromosomes pasiacing
lorlm | LI lilaonrlrl LI l]l-llllm I UL l]l-léprr; LILIL II]-I(I)I(|)11rr|l L |]l-lr|nml UL l]il(;m | LI I | l]l-az:m

27

far-field

not
resolved
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SoA Near-Field Imaging
Near-Field Scanning Source or detector placed remotely

Optical Microscopy (NSOM) - Poor power coupling efficiency
- High-power sources & cooled

vibratio detectors
- Low dynamic range & contrast in far-
1Hz field clutter
source

$

Lm/nm-range resolution Laboratory technique
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Sensing Mechanism

Split-ring resonator (SRR)
B

L C

ﬁk
shield magnetic field localized field * expose to chip
from chip top surface enhancement top surface
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Resonator Design
source SRR detector
(: ) /—~ 2 | Free-running oscillator and
) L _fAV power detector
fosc | ~

magnetic
coupling

area

[1] Janusz Grzyb et.al. A 0.55 THz Near-Field Sensor With a um-Range Lateral Resolution
Fully Integrated in 130 nm SiGe BiCMOS, JSSC 2016
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128-pixel Near-field Imager (THz SoC)

I — 14 power feees i o] over D IHP 0.13pm SiGe-BICMOS
felon] splitter [0t = 2225 detector _001l3=él fT/fmax=300/450GHz
E—=——
row|1 SRR . . .
cho[ﬂj TPO 1:4 power =2t g +*e3 - power il row]I] Each row divided into 16 sub-
Tyefosc splitter [Foees ::2] detector |l arrays of 4 pixels
T T power e i et pover [l Driven from single triple-push
Trefosc splitter [Foees 222 detector |[IOB oscillator
$C108C) .
ASIC — =| |-#| - Connected by 4-way power
row[31:0] LIgain|6:0] f Splltter
detbias|5:0] ) 4 ©
o—pcol[3:0]  pp ain|[5:0] ]j _ = } . .
el | G0t N Lodeln ! Sequential operation
ISPI[4:0]  adcout(5:0] L ¢ / ampb L
D_é_ 6| =17 / / :
refetrl[43:0] E :; E aE active
Zo o ‘;’L reference il = load
E generator| JTP2 I'P1 chip boundary

[1] P. Hillger et.al. , A 128-pixel 0.56THz sensing array for real-time near-field
imaging in 0.13 pm SiGe BICMOS, ISSCC 2018
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Chip Micrograph and Packaging

2.5mm 110
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Imaging Results

Main Challenge: Mechanical stability / accuracy

z translation
granite

stage
FPGA ¥ / boulder

|

Senso

33
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. THz Image

3
2.5
Séannin‘g
I 2 " direction
S = i unte s
= 20 = translation stag '
= 1.5 Q
S O
1 40 1 — 15pm edge width
9 9y b T\ (10%-90% rising/....
0.5 PHORS BN f O§ 20 | IO KR g edgecrlt)
bar width=50pm , | ) : 1
pitchizsop"n] < 10 e A e A NN SR B Al R S S S NiR S8,
0
O i i i i
X [mm] image 0.91 0.92 0.93 0.94 0.95
travel distance [mm]

128x1500 pixel (1-D scan, 1um step)
Tscan=6min 45 sec !
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Real-time Near-field Imaging

NFimager Desktop Verston: 14.47 fps, ver: 0.23

oy et

© 2021 U. Pfeiffer

3.2 mm

12 mm

842x128 pixel Tscan=30 sec !
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Outlook — Biomedical Applications

Microscopic Image THz NF Image _
- Direct contact

%) 3.2 = : - . b) 3.2 A.Z_: 0 pm - Image size

B 142 x 128 pixels
2.4 1 2.4F - Pixel pitch
=i T B 22 ym x 25 um
_31 6 E 1.6f - Tstep/Tdwell
0.8l 0.8 2s/2.5s
0 08 16 24 0 08 16 24
x [mml x [mml

More results to come...
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Summary

- THz imaging and sensing applications addressed by large-scale
collaborative research projects, 26M€ funded just by the DFG!

- Sensitivity and output power of compact THz cameras and sources
have improved by 2 orders of magnitude over the last 10 years!

- Fully integrated THz systems on a chip are feasible today!

Outlook and discussion:

- Imaging and sensing as add on to mobile communications?
- Spectrum sharing with communications?
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2021 Fourth International Workshopn on Mohile Terahertz Systems (IWMTS), 5-6 July 2021
Hybrid Workshop taking place in Duishurg, Germany and online

Deadline Paper submission: February 15th
» Confirmed Key Note Speakers

» lan F. Akyildiz, Georgia Institute of Technology, USA
» Joseph R. Demers, Bakman Technologies, USA
» Theodore Rappaport, NYU Tandon School of Engineering, USA
» Mats Pettersson, Blekinge Institute of Technology, Sweden
Title: THz SAR - a New Way to Monitor the World
» Panel Session: Will Mobily push THz to Mass Markets?

» TalentTravel Program: Travel Grants available
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