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imperial College Motivations

e Additive manufacturing minimizes material waste
* Polymer-based 3D-printing delivers dramatic mass reduction (saving transportation energy)
* Polylactic acid (PLA) is made from starch and so biodegradable
» Easily accessible technology to the general public (becoming more ubiquitous)
* Replacement part manufacture within isolated/remote communities
* Rapid prototyping and small-batch production saves time and money
* Promotes in-house innovation (securing intellectual property rights)
* Excellent pedagogical tool for hands-on students
* Enables tactile and visual observation of complex 3D geometries
Y

& o4 Ml =

Environmental Social Governance Educational




Imperial College Im pa ct

London

Drones for agricultural monitoring (millimetre-wave radiometric imaging payloads)

Earth observation satellites for pollution monitoring (millimetre-wave spectrometry payloads)
+5G connectivity in remote locations using low-altitude balloons (communications payloads)
Global +6G coverage with mega satellite constellations (communications payloads)

Ubiquitous medical diagnostic equipment in GP surgeries and clinics (radiometric imaging of skin)
Support emergency services using aerial vehicles (imaging and communications payloads)
Ubiquitous security screening for weapons/contraband (radiometric imaging stand-off detection)
Low-cost research infrastructure (avoiding expensive cleanroom facilities)

Innovative technology transfer between academia and industry

World-class research and highly skilled workforce for new spin-out SMEs
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imperial College \otijvations for G-band (140 to 220 GHz)

Changing worlds with you.

docomo NTT to Pilot 6G Network at 2025 Osaka World Expo!

5G NR supporting spectrum up to ~50GHz
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NTT DOCOMO, INC. Coexistence with existing technologies  Possibility to exploit new Exploiting further higher spectrum
January 2022 (Version 4.0) . in lower-frequency spectrum spectrum, e.g., 10-20GHz including above 100GHz (“THz spectrum”)

@ 2022 NTT DOCOMO, INC. All Rights Reserved.
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imperial College Low-cost 3D-printing Facilities

Formlabs Form 3 Laser SLA Raise3D Pro 2 FDM
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imperial College Our MSLA 3D Printers

£280 May 2021 £318 September 2021 £592 January 2022
Elegoo Mars 2 Pro: Phrozen Sonic Mini 4k: Phrozen Sonic Mini 8k:
50 um resolution 35 um resolution 22 um resolution

ELEGCO MARS 2@

Old Workhorse Current Workhorse New Arrival
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3-D Printed Metal-Pipe Rectangular Waveguides

Mario D’ Auria, Student Member, IEEE. William J. Otter, Member, IEEE. Jonathan Hazell,
Brendan T. W. Gillatt, Callum Long-Collins, Nick M. Ridler, Fellow, IEEE,
atd Stepan Lucyszyn, Fellow, IEEE
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3-D Printed Metal-Pipe Rectangular Waveguides
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imperial College - \A\/aveguide Calibration Primary Standards

Pre-university
Apprentice

Measurement 158 (2020) 107682

Contents lists available at ScienceDirect
Measurement

journal homepage: www.elsevier.com/locate/measurement

3-D printed primary standards for calibration of microwave network )
analysers st

Adam Jones %, Stepan Lucyszyn °, Enrique Marquez-Segura ¢, Nick Ridler **, James Skinner?, Daniel Stokes *

#National Physical Laboratory (NPL), Hampton Road, Teddington TW11 OLW, UK
b Imperial College London, Exhibition Road, London SW7 2AZ, UK
“Universidad de Mdlaga, Av. de Cervantes, 2, 29016 Mdlaga, Spain
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Manufacturing Limits
IEEE Access
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3-D Printing Quantization Predistortion Applied
to Sub-THz Chained-Function Filters

LIYAN ZHU"'7, ROSHAN PAYAPULLI', SANG-HEE SHIN"'!, (Member, IEEE),
MANOJ STANLEY'“2, (Member, IEEE), NICK M. RIDLER 2, (Fellow, IEEE),
AND STEPAN LUCYSZYN 1, (Fellow, IEEE)

! Department of Electrical and Electronic Engineering, Imperial College London, London SW7 2AZ, UK.
2Department of Electromagnetic and Electrochemical Technologies, National Physical Laboratory, Teddington TW11 OLW, U.K.

Corresponding author: Stepan Lucyszyn (s.lucyszyn @imperial.ac.uk)

This work was supported by the U.K. Space Agency’s Centre for Earth Observation Instrumentation (CEOI) under Grant RP10G0435A202.




imperial College G-band Manufacturing Limits NPLE

Our masked stereolithography apparatus (MSLA)
Elegoo Mars 2 Pro, with 50 um resolution and
print volume of 80 mm X 129 mm X 160 mm

Ag/2 cavity resonator at 183.3 GHz has 8.5°

change in electrical length from 50 um

cLcacomars 20 quantization error = 3.5% frequency shift Regnstratu?n errors I.oe.tween the
CAD drawing and slicing software
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mperial College G-band Manufacturing Limits - NPL
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3-D Printed ABS With Dielectric-Filled Metal- Plpe
Rectangular Waveguide Spectroscopy

JINGYE SUN!, ATTIQUE DAWOOD', WILLIAM J. OTTER !, ~
NICK M. RIDLER 2, (Fellow, IEEE), AND STEPAN LUCYSZYN"“'!, (Fellow, IEEE =
‘ ’ ( ’ S

Multidisciplinary © Rapid Review ! Open

1EEE Access

n Access Journal

Received August 30, 2021, accepted September 8, 2021, date of publication September 10, 2021, date of current version October 6, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3111959

Parasitic High Q-Factor Open-Box Modes With
3-D Printed Dielectric-Filled Metal Waveguides

ATTIQUE DAWOOD AND STEPAN LUCYSZYN “, (Fellow, IEEE)
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§22 [EEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 26, NO. 10, OCTOBER 2016

3-D Printed Variable Phase Shifter

Brendan T. W. Gillatt, Mario D’ Auria, William J. Otter, Member, IEEE,
Nick M. Ridler, Fellow, IEEE, and Stepan Lucyszyn, Fellow, IEEE
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Polymer-Based 3-D Printed Ku-Band Steerable
Phased-Array Antenna Subsystem Undergraduate
y 4 Project Student

SANG-HEE SHIN', (Student Member, IEEE), DIYAR F. ALYASIRI', MARIO D'AURIA’,
WILLIAM J. OTTER' ®, CONNOR W. MYANT?, DANIEL STOKES3,

ZHENGRONG TIAN3, NICK M. RIDLER3", (Fellow, IEEE),

AND STEPAN LUCYSZYN'®, (Fellow, IEEE)
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Rotary Vane Attenuator (RVA)
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Microwave Characterization of Conductive PLA
and Its Application to a 12 to 18 GHz 3-D
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Polymer-Based 3-D Printed 140-220 GHz
Low-Cost Quasi-Optical Components and
Integrated Subsystem Assembly

SANG-HEE SHIN 1, (Graduate Student Member, IEEE),
XIAOBANG SHANG 2, (Senior Member, IEEE), NICK M. RIDLER 2, (Fellow, IEEE),
AND STEPAN LUCYSZYN™, (Fellow, IEEE)

'Department of Electrical and Electronic Engineering, Imperial College London, London SW7 2AZ, U.K.
National Physical Laboratory, Department of Electromagnetic and Electrochemical Technologies, Teddington TW 11 OLW, U.K.

Corresponding author: Stepan Lucyszyn (s.lucyszyn@imperial.ac.uk)

This work was supported by the U.K. Space Agency’s Centre for Earth Observation Instrumentation (CEOI) under Grant
RP10G0435A202, and in part by the U.K. Space Agency under Grant NSTP3-FT-046.
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3-D Printed Plug and Play Prototyping for
Low-Cost Sub-THz Subsystems

SANG-HEE SHIN", (Member, IEEE), ROSHAN PAYAPULLI', LIYAN ZHU"1,
MANOJ STANLEY“2, (Member, IEEE), XIAOBANG SHANG 2, (Senior Member, IEEE),
NICK M. RIDLER2, (Fellow, IEEE), AND STEPAN LUCYSZYN"", (Fellow, IEEE)

'Department of Electrical and Electronic Engineering, Imperial College London, London SW7 2AZ, U.K.
*Department of Electromagnetic and Electrochemical Technologies, National Physical Laboratory, Teddington TW11 OLW, U.K.

Corresponding author: Stepan Lucyszyn (s.lucyszyn@imperial.ac.uk)

This work was supported by the U.K. Space Agency’s Centre for Earth Observation Instrumentation (CEOI) under Grant RP10G0435A202.
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imperial College  G_hand Multi-channel Front-end NPLE
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pera College W-band 90° Twist with Integrated Filtering

IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 33, NO. 6, JUNE 2023 659

3-D Printed W-Band Waveguide
Twist With Integrated Filtering

Liyan Zhu™, Ian W. Rossuck, Roshan Payapulli, Sang-Hee Shin™, Member, IEEE,
and Stepan Lucyszyn™, Fellow, IEEE
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IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 33, NO. 2, FEBRUARY 2023 157

3-D Printed Rectangular Waveguide 123-129 GHz
Packaging for Commercial CMOS RFICs

Liyan Zhu™, Sang-Hee Shin™, Member, IEEE, Roshan Payapulli, Taiki Machili,
Mizuki Motoyoshi™, Member, IEEE, Noritharu Suematsu, Senior Member, IEEE,
Nick M. Ridler™, Fellow, IEEE, and Stepan Lucyszyn™, Fellow, IEEE

XN

rf% 3 %
g o
b »"‘1;*
Rl

e O
TOHOKU

IIIIIIIIII



LD (Al)

OB (Cu)

OA (Cu)

UA (Cu) s
C1, M1-M3 (Cu) SiIEEELT
45RFSO1
(Option 18)

SOI Substrate

| 10 pm |

1,330 pm
«—>
504 umI Back Short

RFIC
1,630 pm

“$322um

A
v

6,000 pm

M5 = 4.05 ym

D4 =1.10 pm
M4 =2.50 pm
D3 =1.60 pm
M3 =2.20 pm

D2 =1.50 pm
M2 =095 um
D1 =10.80 pm
M1 = 0.95 um

Our
Measurements

(Port 1)

VNA Extension Head

50 Q TFMS Line
(Top Metal Layer)

(Jé&ﬂ;i iéjai/\[ oL)
S[[?)) JI9[[I Awrwn(y

Top Metal Layer
(with Passivation
Layer Removed)

(z1104)
PeIH UOISUIXT VNA

Packaged RFIC integrated
within Rectangular Waveguide

-20 7

&
=1
T

5-Parameter Response (dB)
.
o

Simulated 322
Simulated 821
Measured 322
Measured 521

-50
123

124 125 126 127
Frequency {GHz)

128

129

GlobalFoundries® 45 nm CMOS RFIC: SEM microphotograph and optical microphotograph showing 20-um wide 50 €2 TFMS line



e College Low-cost G-band Waveguides NPLE

National Physical Laboratory

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 16 January 2023, accepted 21 March 2023, date of publication 23 March 2023, date of current version 4 April 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3261241

M RESEARCH ARTICLE

Polymer-Based 3-D Printed 140 to 220 GHz Metal
Waveguide Thru Lines, Twist and Filters

ROSHAN PAYAPULLI', LIYAN ZHU"1, SANG-HEE SHIN“12, (Member, IEEE),
MANOJ STANLEY"“2, (Member, IEEE), NICK M. RIDLER "2, (Fellow, IEEE),
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Corresponding author: Stepan Lucyszyn (s.lucyszyn@imperial.ac.uk)
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