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INTRODUCTION

Report's Objectives

Overview of the significant research in the area of Metamaterials (MM) and Metasurfaces
(MS)

Statistics on currently funded projects and recently submitted patents
Key players description

Revenue of the Metamaterials and Metasurfaces markets at the level of components and
modules

Market forecasts up to 2029

Comprehensive overview of Metamaterial and Metasurface products at the component and
module level

Review of currently tested or potentially attractive applications based on Metamaterials
and Metasurfaces

Identification of challenges and bottlenecks for the broader adoption of MMs and MSs in
large volume applications




/Jl INTRODUCTION

INTRODUCTION

Information sources and methodology

> Tematys’ in-house knowledge 2 Interviews with key O Attendance at international
of Metamaterials technology manufacturers of MMs and MSs. conferences in the field of
and players. Metamaterials.

Qa0
S Financial and business ‘74'.}‘__,
information on over 30 “ili,
commercial companies of the

Metamaterials market.

\ematys

Exploration of photonics markets
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O Bibliographic research.
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What you will FIND and NOT FIND in this report )

@  INCLUDED [),__NoTINcLupED
@D In the report D '~ the report
Photonic and RF Metamaterials and - Detailed analysis of Metamaterials and

Metasurfaces technology analysis. Metasurfaces for ACOUSTICS, MAGNETICS and

MECHANICS markets.

Detailed market data and forecasts on

Metamaterials and Metasurfaces. - Detailed description of RESEARCH, SPACE and
MILITARY applications.

Description of products based on

Metamaterials and Metasurfaces designed - Detailed description of competitive
for OPTICAL and RF applications. technologies.

Review of the concepts for future - Detailed description of MM and MS
Metamaterial usage. manufacturing processes

\Jematys ®
© 2023 copyright TEMATYS SARL, All rights reserved



/JI INTRODUCTION

INTRODUCTION

List of abbreviations

5G Fifth Generation loT Internet of Things
6G Sixth Generation IR Infrared
ADAS Advanced Driver Assistance System IRS Intelligent Reflective Surface
Al Artificial Intelligence ITU International Telecommunication Union
AR Augmented Reality LED Light Emitting Diode
BA Beamforming Antenna LiDAR Light Detection and Ranging
BS Base Station MCU Microcontroller Unit
CAGR Compound Annual Growth Rate MIMO Multiple-Input Multiple-Output
CMOS Complementary Metal Oxide MM Metamaterial
Semiconductor mmWave Millimeter wave
DPS Double Positive Material MR Mixed Reality
eMBB Enhanced Mobile Broadband MS Metasurface
EM Electromagnetic RF Radio Frequency
ENG Epsilon Negative (material) RIS Reconfigurable Intelligent Surface
ENZ Epsilon Near Zero (material) THz Terahertz
EO Electro-Optic VR Virtual Reality
FDD Frequency Division Duplex XR Extended Reality
GPS Global Positioning System
\Jematys 7
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INTRODUCTION

Definitions

Metamaterial (MM)
for Optics and RF

Metasurface (MS)
for Optics and RF

Metalens

Metamaterial antenna

Beamforming
Beam steering

Beam switching

Reconfigurable
Intelligent Surface (RIS)

6G

AR/VR/MR/XR

Tematys

Bulk (3D) nanostructured material with unusual electromagnetic properties which
unit cell size a is smaller than the wavelength A (a < A)

Surface (2D) nanostructured material with unusual electromagnetic properties
which unit cell size a is smaller than the wavelength A (a < A)

Flat lens that uses metasurface to focus light like a lens

Type of antenna which uses metamaterials to increase performance or miniaturize
a typical radio waves emitter/receiver

Focusing the radiated energy on separate targets without illuminating adjacent
users

Changing the direction of the main lobe of a radiation pattern

Effective user tracking by switching to different beams while endpoint moves
Programmable structure that can be used to control the propagation of radio
waves, mainly intended to extend the range of antennas at lower cost

Sixth generation communication standard, planned successor to 5G, likely to be
significantly faster and to support applications beyond current mobile use scenarios

All real-and-virtual combined environments and human-machine interactions
generated by computer technology and wearables
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List of Companies mentioned in the report 7

Metamaterials and Metasurfaces manufacturers: Anywaves, Carillon Technologies,
Echodyne, Evolv Technology, Gapwaves AB, Greenerwave, Huawei Technologies,
Kuang-Chi Group, Kymeta Corporation, Lumotive, Metalenz, MetaPower, Metawave
Corporation, NIL Technology (NILT), Pivotal Commware, Acree Technologies
Incorporated, Antrum Ltd, appliedEM innovations, BlueHalo, Fractal Antenna
Systems, Isotropic Systems, JEM Engineering, LongWave Photonics, Meta Material
Inc., Metaboards, Metacept, Metamagnetics Inc., Moxtek, Multiwave Technologies
AG, Nano-Meta Technologies, Nanohmics, Notch Inc., Phoebus Optoelectronics,
Physical Sciences Inc., Plasmonics Inc., Radi-Cool, Sensormetrix, SI2 Technologies,
TeraView, Tesla Dynamic Coils BV, Tunoptix, Ultimetas, Vadient Optics, Wave Up

Companies conducting research on Metamaterials and Metasurfaces: 3M, Alcatel-
Lucent, Analog Devices, Applied Materials, BOE Technology Group, Brainware
Terahertz Information Tech, Brelyon Inc., Chengdu XPHASED Technology, China
Electronics Technology Group Corporation, Denki Kogyo Co., Ltd. (DKK), Ericsson ,
Essilor International, Facebook Tech, Globalfoundries, Goodix Technologies,
Halliburton, Hangzhou Leon Dongxin Microelectronics, Hamamatsu Photonics, IBM,
IEE SA, Infineon Technologies, Intel Corporation, iRay Technology, KT Corporation,
LG Electronics, Lockheed Martin, Magic Leap, Microsoft, Mitsubishi, Northrop
Grumman, PSA Automobiles, Qualcomm, SAMSUNG, Samtec, Saudi Aramco, Seagate
Technology, Seeing Machine, Sensirion AG, Shenzhen Lochn Optics Technology,
Shenzhen Xinfeng Wei Ye Technology, Shenzhen Sunway Communication, Skyworks
Solutions, Speedylink Technology, STMicroelectronics, Sunny Optical Technology,
Suzhou Maswell Communication Technology, Swiftlink Technologies, THALES, Wuhan
Mindsemi Co Ltd, Xerox PARC, Ziva Corporation etc.
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Introduction
> Metamaterials for Optics and RF - what does it mean?

2. From “invisible cloak” _
CONCEPTS to first real > Abundance of ideas and research
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METAMATERIALS FOR OPTICS AND RF - WHAT DOES IT MEAN?

Beyond the natural limits

Metamaterials or Metasurfaces use fine structural patterning to enable unusual optical, acoustic, mechanical or
RF properties. They are made by combining and patterning standard materials. They can offer properties that do
not exist in any bulk material or are unachievable in other ways, including, for example:

Ll Zero or negative refractive index,

0 Extremely high reflectivity or absorption of specific frequencies,

U Highly directional absorption or reflection spectra.

Highly remarkable properties of some metamaterials (“acoustic cloaking”, “invisibility”) have caught the

attention of mainstream media and many research centres around the world. The pursuit of designing and
manufacturing such materials began in the 2000s and continues to the present.

In the case of Metamaterials for Optics and RF, patterns manipulating the waves require structures that are
generally smaller than the wavelength (size of nanostructures). This condition might become a challenge when
designing meta-structures for VIS wavelengths, then they need to be the size of hundreds of nanometers or
lower.

ADVANTAGES CHALLENGES
. New functionalities . Design & simulation
. System simplification, performance . Low industrial maturity
enhancement and miniaturization
(e.g. by using flat optics) . Size of structures for short wavelengths
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DEFINITIONS
Definition of Metamaterials & Metasurfaces
[ o T ] MICRO/NANOSTRUCTURED MATERIALS (For Photonics & RF)
A - GUIDED a<a
WAVELENGTH azai
Examples in Photonics: Examples in Photonics:
» Paints with micro/ nano » Photonic Crystals
pigments 3D diffusers
3D METAMATERIALS - Ortically dense composites
Examples in RF:
* Radar absorbing composites
©Qmatgs
Bl it Examples in Photonics: Examples in Photonics:
 Dielectric mirrors » 2D Diffusers
* A/2 or A/4 plates * Fresnel lenses
2D * AR coatings + Diffraction gratings
Examples in RF: Examples in RF:
« Reflective grids in the front * Frequency selective
door of a microwave surfaces
1D METAWAVEGUIDES - -
Tematys

y
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ABUNDANCE OF IDEAS AND RESEARCH

Publications

> The rapid progress in the field of metamaterials
and metasurfaces has excited researchers far and
wide. Indeed, metamaterials is a dynamic,
worldwide research topic with over 25000
publications in the last two decades.

> The greatest metamaterial research growth is
outside Europe, with 80% of publications coming
from China since 2015.

D China is pursuing a substantial research and
development (R&D) effort in metamaterials.

> Functional nanomaterials and metamaterials
were identified as priority areas of advanced
materials in China’s 13t 5-year plan, which calls
for breakthroughs in core technologies, including
new materials.

D> This plan explicitly identifies metamaterials
research, development, and application as a key
area for science and technology innovation.

e

Number of Articles

Number of Articles

Number of articles per year since 2010 on
metamaterials OR metasurfaces (Science Direct)

3500 3010
3000 -
2500 @ EmEtl
E !nra(:nncj’ photonics markets
2000 " 1935
1500
1000
0
2010 2012 2014 2016 2018 2020 2022
Number of articles per year since 2010 on
metamaterials OR metasurfaces (PubMed)
2000
1627
1500 1314
o \ematys 1015 o0
1000 Expfwatianofphatm:smrkm 798 908
403
500 206 252 286 353

0

2010 2012 2014 2016 2018 2020 2022

Year
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FROM DEFENSE, THROUGH RF TO PHOTONICS

Important role of defence applications

Some prospects of metamaterial technology, such as invisibility cloaks or unprecedented vibration control, are
very attractive to military customers (see the following table on the useful applications for defense).

In fact, the development of metamaterials and metasurfaces is widely funded by EU, US and Chinese
governments in numerous research programs (see slide 24). The innovations in defense and space drive the
development of civil products. Also, many engineers working primarily for the military bring their experience
to the civil market at a later stage of their careers (analysis of the engineers’ career path).

TYPE OF LOW ENERGY
MMs  OBSERVABILITY SENSING AND IMAGING MANAGEMENT
'
[ ]
- - ©\T\e_rnatl_.js

Exploration of photonics markets
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FROM DEFENSE, THROUGH RF TO PHOTONICS

First civil applications
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Optical filters,
polarizers and

combiners
Metalenses
%"‘e Qoé-
/7)¢ % Active beamforming/
META “QA. beam steering
MATERIALS ~ © components
(0
Civil
appllcqtlons o5 Active beamforming/
(functions) N beam switching
QS ‘&(\ components
g
Xxo
“\e
Metamaterial
antennas
Passive
transmitters/
reflectors © @@

Exploration of photonics markets
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MARKET

From Components to Systems

Metamaterial/
Metasurface

COMPONENTS

Market (optics+RF)

Ex: metalens, optical filter,
fractal antenna etc.

Metamaterial - Fractal Antenna
Systems Inc.

PLAYERS

Component manufacturers

CLIENTS

Modules manufacturers/
Systems integrators

@atgs
Il

Some of the components are
manufactured directly by system
manufacturers for their own purposes

Metamaterial/ Metasurface

MODULES Market (optics+RF)

Electronics
Components Mechanics
Software
Ex: metamaterial based receiver,
beamforming module etc.

GNSS L1/ E1
Band Antenna -
ANYWAVES

RESEARCH

(no conversion
into systems)

Metamaterial/ Metasurface
SYSTEMS Market (Optics+RF)

Electronics Other parts
Mechanics Package
Software Application

Components

Ex: RADAR, LIDAR, smartphone camera etc.

Evolv Express, a people
screening system -

© @a tg?\

Exploration of photonics markets

Evolv Technology
PLAYERS CLIENTS
Systems integrators End-users

© 2023 copyright TEMATYS SARL, All rights reserved

https://www.fractenna.com/our/our.html#fractalmetamaterials

https://anywaves eu/[ﬁroducts/gnss 1-e1-band-antenna/
https://www.evolvtechnology.com/products/evolv-express
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MARKET DATA

Worldwide market of Metamaterials & Metasurfaces 2022

GENERAL
@ ANALYSS
In the report

Metamaterial/ Metasurface
COMPONENTS Market (Optics+RF)

S XXXM
$ XXXM $ XXXM

Optics ‘ Radio frequency
I
I
1

Metalenses, NIL Technology

DETAILED
ANALYSIS
In the report

Metamaterial/ Metasurface
MODULES Market (Optics+RF)

S XXXM

Radio frequency
$ XXXM

u8 Terminal, Kymeta

LIDAR module, Lumotive

GENERAL
ANALYSIS
In the report

Metamaterial/ Metasurface
SYSTEMS Market (optics+RF)

S XXX M

©@atgs\

Exploration of photenics markets

MESA Radar, Echodyne

© 2023 copyright TEMATYS SARL, All rights reserved

https://www.kymetacorp.com/products/kymeta-u8-terminal/

https://www.linkedin.com/company/nil-technology
https://www.echodyne.com/documents/

https://www.lumotive.com/technology
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Key manufacturers of Metamaterials & Metasurfaces for Optics & RF*

Large businesses Medium businesses Small businesses
Revenue > $50M $50M > Revenue > $5M Revenue < $5M

COMPONENTS F

- s »
. _s G

® Temam}

Exploration of photonics markets - '
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MARKET DATA

Metamaterials & Metasurfaces applications - Market in 2022

Since this Report is focused on Optic and RF component and module markets, the FUNCTION of the device is
taken into account when describing the applications. An in-depth analysis of the MMs and MSs functions can be
found in Chapter 4.

END USER SM 2022

SEGMENT FUNCTION COMPANIES

APPLICATION MODULES

©\'[ematgs

Expl

loration of photonics markets
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FUNDRAISING AND KEY PARTNERSHIPS

Key partnerships: big players are showing up

MM or MS STRATEGIC

COMPANY PARTNER BEGINNING

®

»

\Tematys"

AIM OF THE STRATEGIC COOPERATION

© 2023 copyright TEMATYS SARL, All rights reserved

https://www.crunchbase.com/home

https://tracxn.com/
https://corp.owler.com/
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Forecast for the market of Metamaterials & Metasurfaces 2022-2029 \-;‘L’j '

Market of Metamaterials and Metasurfaces for Optics & RF - modules level
(including components, Optics and RF combined, 2022-2029)

Tematys™
© m}w};h«mm makets \LO/O
=YK

pGR w21

2022 2023 2024 2025 2026 2027 2028 2029

Revenue ($M)

\Jematys @
© 2023 copyright TEMATYS SARL, All rights reserved
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FORECASTS

Conclusions - Optical MMs/MSs will surpass RF counterparts in 2028
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TECHNOLOGY
Current functions of Metamaterials and Metasurfaces

©Q_r|i|atgs

Exploration of photonics markets

APPLICATION SUB-SEGMENTS
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TECHNOLOGY ‘g}x\
Optical filters, polarizers and combiners - description 1‘ i
END USER
SEGMENT FUNCTION MARKET NEEDS APPLICATION MANUFACTURERS
- - - .- META
— ’N' NANOHMICS edgehog

TARGETED MARKET

i ALL OPTICAL COMPONENTS $ B
o \Tematys® WITHOUT LENSES (2022) XXX

xploration of photanics markets 0/0
= wt
pGR 02 R&D ON MMs/MSs IN THIS FIELD

BRELYON @“ APPLIED

MATERIALS «

Lochn Optics @LG .

ESSILOR MagicLeap,k

MIEUX VOIR LE MONDE

\Jematys @
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TECHNOLOGY

ey

OPTICS - PHOTONICS

Optical filters, polarizers and combiners - example of manufacturer 1/2
(META)

INTRODUCTION

BATES W Tus

© 2023 copyright TEMATYS SARL, All rights reserved

https://shop.metamaterial.com/products/metaair%C2%AE-aviation-laser-glare-protection-

https://shop.metamaterial.com/products/holooptix%E2%84%A2-flex-holographic-decal-notch-
eyewear

filter-635nm-120mm-x-70mm
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TECHNOLOGY

2023 Metamaterials & Metasurfaces Technology - Challenges

Fabrication Varying
complexity and material losses
cost and absorption
Complex and MM/MS e mTlt u;ity
often immature technology Speacéét‘ivi or
design tools challenges metasurfaces

Practical low- © \Tematys Limited
wavelength bxtomenaf st awareness of

limit for Optics the
(due to a<aA technology’s
condition) potential

‘\T\gfnatgs
Il
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EMERGING PRODUCTS

Current functions of Metamaterials and Metasurfaces - Conclusions ék\"
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FUTURE TRENDS

Main upcoming applications and related technologies

MAIN UPCOMING APPLICATIONS OF METAMATERIALS AND METASURFACES

© \T\Eﬁ!‘ﬂ at ys
Explorati

jon of photonics markets

*RIS: Reconfigurable
Intelligent Surfaces

JTematys
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Tematys is a team of highly
qualified experts, committed
to provide the most accurate
and updated information on
markets and applications of
photonic technologies.

www.tematys.com - info@tematys.com

LABORATORIES

Companies

OPTICS
Photonics
IMAGING
Lighting

Sensors

MARKET STUDIES
Technology TRANSFER Sourcing

Strategy
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