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6G Applications

Å A. Yastrebova, R. Kirichek, Y. Koucheryavy, A. Borodin and A. Koucheryavy, "Future Networks 2030: Architecture & Requirements," 2018 10th International Congress on Ultra Modern Telecommunications and Control Systems and Workshops (ICUMT), 
Moscow, Russia, 2018, pp. 1-8, doi: 10.1109/ICUMT.2018.8631208.

Å Dang, S., Amin, O., Shihada, B. et al. What should 6G be?. Nat Electron 3, 20ς29 (2020). https://doi.org/10.1038/s41928-019-0355-6

ÅHuman-centric mobile applications

ÅActive indoor positioning

ÅOn-board/underwater communications

ÅWearable devices/implantable sensors

ÅHolographic/Interactive virtual reality

ÅSmart/remote medical service

ÅRobotic/Vehicular communications



....

Å W. Saad, M. Bennis and M. Chen, "A Vision of 6G Wireless Systems: Applications, Trends, Technologies, and Open Research Problems," in 
IEEE Network, vol. 34, no. 3, pp. 134-142, May/June 2020, doi: 10.1109/MNET.001.1900287.

Å K. B. Letaief, W. Chen, Y. Shi, J. Zhang and Y. -J. A. Zhang, "The Roadmap to 6G: AI Empowered Wireless Networks," in IEEE Communications 
Magazine, vol. 57, no. 8, pp. 84-90, August 2019, doi: 10.1109/MCOM.2019.1900271.
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ÅHigh intelligence for human-centric 
applications

ÅHigh security, secrecy and privacy

ÅHigh affordability and full customization

ÅTechnical requirements

ÅTHF (FCC opens 95GHz-3THz)

ÅUltra-wide bandwidth

ÅLow latency (1 ms end-to-end)

ÅWide 3D coverage

ÅVery high data rate (1Tb/s)

ÅHigh energy efficiency (batteryless)

6G Specifications

Å W. Saad, M. Bennis and M. Chen, "A Vision of 6G Wireless Systems: Applications, Trends, Technologies, and Open Research Problems," in 
IEEE Network, vol. 34, no. 3, pp. 134-142, May/June 2020, doi: 10.1109/MNET.001.1900287.

Å K. B. Letaief, W. Chen, Y. Shi, J. Zhang and Y. -J. A. Zhang, "The Roadmap to 6G: AI Empowered Wireless Networks," in IEEE Communications 
Magazine, vol. 57, no. 8, pp. 84-90, August 2019, doi: 10.1109/MCOM.2019.1900271.
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Potential Technologies

Å Terahertz communication with UWB 
operation

Å Machine learning enabled intelligent radio
Å Flexible hybrid electronics for wearables
Å Reconfigurable Intelligent Surface
Å Wireless charging using energy harvesting
Å Additive manufacturing with low cost and 

high customization
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State-of-art Review

Å F. Tariq, M. R. A. Khandaker, K. -K. Wong, M. A. Imran, M. Bennis and M. Debbah, "A Speculative Study on 6G," in IEEE Wireless Communications, vol. 27, no. 4, pp. 118-125, August 2020, doi: 
10.1109/MWC.001.1900488.

[2] Z. Zhang et al., "6G Wireless Networks: Vision Requirements 

Architecture and Key Technologies", IEEE Vehicular Technology 

Mag., vol. 14, no. 3, pp. 28-41, Sept. 2019.

[3] E. CalvaneseStrinatiet al., "6G: The Next Frontier: From 

Holographic Messaging to Artificial Intelligence Using 

Subterahertzand Visible Light Communication", IEEE Vehicular 

Technology Mag., vol. 14, no. 3, pp. 42-50, Sept. 2019.

[4] W. Saad, M. Bennis and M. Chen, "A Vision of 6G Wireless 

Systems: Applications Trends Technologies and Open Research 

Problems", IEEE Network, vol. 34, no. 3, pp. 134-142, May/June 

2020.

[5] M. Giordani et al., Towards 6G Networks: Use Cases and 

Technologies, Mar. 2019

[8] P. Yang et al., "6G Wireless Communications: Vision and 

Potential Techniques", IEEE Network, vol. 33, no. 4, pp. 70-75, 

July 2019.



....

Zero-Power Environmentally-Friendly Self-IŜŀƭƛƴƎ άaƻǊǇƘƛƴƎέ όп5ύ
Fully-Additively Manufactured Antennas, Metasurfacesand Reconfigurable Intelligent Surfaces

tentzeris.ece.gatech.edu

{ŎŀƭŀōƭŜΣ {ǳǎǘŀƛƴŀōƭŜΣ {ǇŜŜŘȅΣ {ŜŎǳǊŜ ŀƴŘ {ƳŀǊǘ όάр{έ ŎƘŀƭƭŜƴƎŜύΦ
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ÅThin, Flexible device: the Skin

ÅUltra-low-power: <20 ɛW

ÅBattery-less: Energy Harvesting

ÅLong-range: 250m+

ÅLocalizable in real time (cm 
accuracy): single-reader 
localization (Angle+range)

ÅMetal-mounting compatible

ÅEnhanced by 5G+/6G.

9

The Internet of  Smart Skins
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Disruptive Wireless Modules Technological Steps
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Additive Manufacturing Technologies: 
A Manufacturing Revolution
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Additive Manufacturing technologies

Inkjet Printing 3D Printing

Metal Trace
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System On Antenna (SOA) 
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Backscattering: A ñZero-Powerò Enabling 
Technology

Å Gigabit/sec backscattering data    
rates

Å <0.15pJ/bit power efficiencies

Å 1km+ interrogation range

Å Fully scalable/ultra-low cost



....
15



....

Artificial Intelligence: the key enabler
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The First Fully Printed Autonomous Wireless 
Modules (IoT/5G) 

17

28GHz Backscatter RFID-enabled Sensing 5G/IoTmodule 

12-18 GHz Tunable System-on-Antenna for IoT

T.-H.Lin, S.N.Daskalakis, A.Georgiadisand M.M.Tentzeris, "Achieving Fully Autonomous System-on-Package Designs: An Embedded-on-Package 5G Energy Harvester within 3D 

Printed Multilayer Flexible Packaging Structures",Proc. of the2019 IEEE IMS Symposium, Boston, MA, June 2019, pp.1375-1378.

https://tentzeris.ece.gatech.edu/ims19_lin.pdf
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Additively Manufactured mm -Xbwf!Nvmujdijq!Npevmft!xjui!Gvmmz!Qsjoufe!ǆTnbsuǇ!
Encapsulation Structures [16]

ÅThe first mm-wave multi-chip module (MCM) with on-ŘŜƳŀƴŘ άǎƳŀǊǘέ ŜƴŎŀǇǎǳƭŀǘƛƻƴΦ

ÅFabricated using inkjet printing and 3D printing.

Å Inkjet printed interconnects exhibited a superior |S21| performance through out the whole 
operation range up to 40GHz with a peak of 3.3dB better gain for a Ka-band LNA.

ÅThe proof-of-concept front-end MCM demonstrates exceptional performance
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5G Broadband and Miniaturized Antenna-in-Package
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3D and inkjet printed SoPDesign

AiPdesign details

Å Fully additive manufacturing (3D and inkjet printing)
Å Broadband 5G package-integrated antenna
Å Flexible materials for resistance to shocks and 

vibrations
Å First to Cover 24.25 GHz ς40 GHz (FBW: 49%)
Å Realized gain > 4 dBi
Å 0.25lox0.45lo element size

T.-H.Lin, K.Kanno, A.O.Watanabe, P.M.Raj, R.R.Tummala, M.Swaminathanand M.M.Tentzeris, "Broadband and Miniaturized Antenna-in-Package (AiP) Design for 5G 

Applications",IEEE Antennas and Wireless Propagation Letters, Vol.19, No.11, pp.1963-1967, November 2020.

https://tentzeris.ece.gatech.edu/mwcl20_tonghong.pdf
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Origami-inspired FSS Using Eggbox Structure

Simulated and measured S21 of horizontal and vertical 
polarizations with different folding angles.

Key Features
- ά9ƎƎōƻȄέ ŜƭŜƳŜƴǘ ǿƛǘƘ ǘǿƻ ǘǳƴŀōƭŜ ŘƛǊŜŎǘƛƻƴǎ

- Cross-shaped conductive pattern with two polarizations

- Much wider tunable range than Miura-based FSS

Design of cross-dipole eggbox FSS 
element: (a) perspective view; (b)
top view; (c) equivalent circuit.

Two tunable directions of eggbox FSS

Fabricated prototype
Performance comparison of different configurations.

(this work)

Y.Cui, R.Bahr, S.VanRijs and M.M.Tentzeris, "A Novel 4-DOF wide-range tunable frequency selective surface using an origami "eggbox" 

structure",International Journal of Microwave and Wireless Technologies, Vol.13, No.7, pp.727-733, September 2021.

https://tentzeris.ece.gatech.edu/IJNM21.pdf
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3D printed Liquid -metal-alloy microfluidics -based 
Psjhbnj![jh{bh!boe!Ifmjdbm!Boufoobt!ǆUsfftǇ

Su, W., Nauroze, S. A., Ryan, B., & Tentzeris, M. M. (2017, June). Novel 3D printed liquid-metal-alloy microfluidics-based zigzag and helical 
ŀƴǘŜƴƴŀǎ ŦƻǊ ƻǊƛƎŀƳƛ ǊŜŎƻƴŦƛƎǳǊŀōƭŜ ŀƴǘŜƴƴŀ άǘǊŜŜǎέΦ Lƴ2017 IEEE MTT-S International Microwave Symposium (IMS)(pp. 1579-1582).

Å ά¢ǊŜŜέ όȊƛƎȊŀƎκƘŜƭƛŎŀƭ ŀƴǘŜƴƴŀύ ǿƛǘƘ Řǳŀƭ-
band (3GHz/5GHz) operability and different 
polarizations (linear/circular).

Å ±ŀǊȅƛƴƎ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴǎ ǿƛǘƘ άǘǊŜŜέ 
compression.

3 GHz

5 GHz

Original 
(5 GHz)

Compressed 
(5 GHz)
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Printed Flexible Electronics

Increasing demand for flexible electronics for:

1. Wearables.

2. Textile electronics.

3. Biomonnitoring and sensing.

4. Low-cost applications.

5. Disposable and environmentally friendly.

6. Light weight and conformal sensors for robots 
and aircrafts.

wŜǎŜŀǊŎƘ ǇǳōƭƛŎŀǘƛƻƴǎ ŦƻǊ ǘƘŜ ǘŜǊƳ άFlexible Electronicsέ
Corzo, et. al. (2020), doi: 10.3389/felec.2020.594003



....

Flexible Tile-Based Phased Array Antennas for 5G Communications

Å Tile-based approach suitable for modular and conformal large-array systems.

Å !ǊǊŀȅ ǘƛƭŜǎ ŀǊŜ ŎƻƴƴŜŎǘŜŘ ǳǎƛƴƎ ŀ άŦƭƛǇ ŎƘƛǇέ ƳƛŎǊƻǎǘǊƛǇ-to-microstrip interconnect.

Å Wideband transmission with insertion loss less than 0.3dB from 10 GHz to 30 GHz.

Å Key features:
Å Greater scalability and flexibility.
Å Array to change dimensions based on the application.
Å Conformally wrap array around curved surfaces.

TX 

RX 
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Fully Printable Phased Array Tiles

ÅIndependent beam-steerableflexible planar TX and RX antenna array systems

ÅFrontend ICs with built-in phase shiftersto steer the array of each tile, with 
individually controlled radiating element

ÅCorporate feed network connects removable tiles to build a larger array

ÅFlexible tiles and feeding network can be conformally wrapped around curved 
surface 

Tx phased array tiles 
connected by corporate feed Simulation results 

of 4 tiles

Rx phased array tile

Beam steering 

Interconnect of microstrip-
to-microstrip transition
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Chiplet-Based B5G Topologies
Å Fully printed next generation chiplet based phased array SoP designs 

with flexible packaging structures (ñpackaged tilesò), that enable 

massively scalable high-performance 5G+/6G/sub-THz flexible 

integrated wireless modules.

Å 3D printed die-to-die and die-to-package interconnection topologies 

that can enable robust fan in/fan out (50-100+) interconnects with 10x-

15x smaller losses and parasitics compared with conventional wire-

bonding and vias up to 70GHz+ frequencies.

Å Integration of microfluidic systems, EMI/EMC suppression structures 

and self-monitoring sensors in fully additively manufactured 

encapsulations.

Å Optimized hybrid additive manufacturing technique with submicron 

printing capability and 3D printed heat-resistant (200C+) and ñgreenò 

biodegradable materials demonstrating very significant benefits for 

future customized and scalable flexible systems operating up to sub-

THz frequency range.

Å Demonstration of fully printed conformal and reconfigurable chiplet

based phased arrays for 6G/sub-THz flexible systems enabling wide-

angle scanning even for extreme radii of curvature.

Å Inkjet/3D printed interconnects with excellent electrical and mechanical 

reliability over monotonic, cyclic bending tests (<0.1dB/mm insertion 

loss during 10000+ bending cycles over <1 inch bending radius).
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Computer Vision Aided Calibration of Foldable PCB Topologies
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Self-Calibrated ñFlex-compensatingò Flexible Arrays

ÅConformal applications of arrays allows 
for superior integration in wearables, 
aerospace and communication 
platforms.

ÅHowever, phase error causes gain 
degradation -> Needs Correcting

Corrected Phase Uncorrected Phase

Requires a way to adaptively 
know the current bending 
condition in order to accurately 
correct for bending
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ÅUtilize inkjet printed resistance sensors -> Resistivity changes with bending

ÅClassification algorithm: Linear Discriminant Analysis to classify bend radius and orientation 
ON THE FLY

ÅUsing LDA: 90% accuracy and only 0.071dB in gain error

Self-Calibrated ñFlex-compensatingò Flexible Arrays


