
Instructions to Antennas: 
6G on the back of an envelope (or napkin)

Prof. Dr. Ir. Michael Peeters —VP R&D Connectivity — 20210519
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ORGANISMS COMMUNICATE TO IMPROVE THEIR CHANCES OF 
ACHIEVING THEIR GOALS 
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Communication saturation

communication 
at a distance

People Pretend-People Machines

People voice, video calls entertainment, 
gaming, Xbots

body-machine 
interfaces

XR

Pretend-People conversation bots, 
training

neural network 
training

Machines automation

agent-2-agent
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Usecases that will (always) drive the market

5G 6G
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1 cm
20x70 micron
960 sensors
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Zhuwei Qin, Fuxun Yu, Chenchen Liu, Xiang Chen, “How convolutional neural networks see the world --- A survey of convolutional neural network visualization methods”, Mathematical Foundations of Computing, 2018-5-3
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The continuing thirst for sharing

22

5 key assumptions

1. More non-people than people connected.
2. Human bandwidth needs will no longer be the driver in access networks.
3. Symmetry needs will increase and break economics.
4. (Energy cost) of displaying information will eventually disappear
5. Cost of processing locally vs. cost of transmitting will not be clear-cut.
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Does a shift make sense?
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Current paradigm: data-center-centric.

Datacenter
“Compute Fabric”

Processing
Node

Router

Edge

End User

Core Access

“Value”



CONFIDENTIAL

Does a shift make sense?
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Future paradigm: agent-centric

Datacenter
“Compute Fabric”

Processing
Node

Router

Edge

End Agent

Core Access

“Value”

Distributed
“Compute Fabric”
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Time sensitive networking
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Scheduling for industrial & meshed applications

+ =

Jetmir Haxhibeqiri et al.,“Enabling TSN over IEEE 802.11: Low-over head Time Synchronization for Wi-Fi Clients”, the 22nd International Conference on Industrial Technology (ICIT2021).
Jetmir Haxhibeqiri et al.,“In-band Network Monitoring Technique to support SDN-based Wireless Networks”, IEEE Transactions on Network and Service Management
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Location sensitive networking
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Orchestration for mobile applications

Nina Slamnik-Kriještorac, Steven Latré, and Johann M. Marquez-Barja , "An optimized application-context relocation approach for Connected and Automated Mobility (CAM)", IEEE 5G for Connected and Automated Mobility (CAM). May, 2021. 
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Graph Neural Networks
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Naturally suited for performance prediction in dense shared networks

Paola Soto et al. “ATARI: A Graph Convolutional Neural Network Approach for Performance Prediction in Next-Generation WLANs”, Sensors 2021.
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Terahertz
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Rounding up

Communication 
perspective

sub 7 cmWave mmWave
unlicensed 
mmWave

beyond 100,
subTHz

THz

Typical carrier frequency 3.5 GHz 11 GHz 28 GHz 60 GHz 140 GHz >500 GHz

Typical bandwidth 100 MHz 200 MHz 400 MHz 2 GHz 10 GHz >10 GHz

Wavelength 8.6 cm 3 cm 1 cm 5 mm 2.1 mm < 1mm

Antennas on 1.5 x 1.5 cm 0 1 9 36 196 oodles

RF sampling
(m)MIMO

GaN

No man’s land
(for mobile)

Beamforming
CMOS

Hybrid BF
Pout, PAE drops

Baseband ≡ RF
Packaging

III-V
Pout, NF

M. Peeters et al., “FR 1,2,3,4,… PA & FEM Technology approaches for 5G and beyond”, IMS 5G Summit 2020.
Brecht De Beelde et al. ,“Directional Sub-THz Antenna-Channel Modelling for Indoor Scenarios”, 15th European Conference on Antennas and Propagation (EuCAP)

Do not distribute – Access restricted to BWRC members and retreat attendees
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The next generation of wireless communications

x10 Higher throughputs 
By exploiting wide bandwidths > 100GHz

x2 Higher energy efficiency significantly below 1nJ/bit 
By exploiting wide channel bandwidths > 5GHz
Using III-V/III-N combined with advanced CMOS

x2 Smaller footprint
Following l/2 antenna pitch (1.1mm)
Enabled by novel 2.5D/3D heterogeneous integration

Low-cost and path to mass-production
High speed III-V/III-N RF devices using low-cost, high-volume Si compatible processes, modules and toolsets
New low-cost integration approaches

Scalable / Modular beamforming
Addressing mobile and infrastructure applications
Addressing short (<5m) and longer range (>100m)applications

29
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Achievable power and form factor

30

System study shows:
§ Power and form factor 

constraints for user equipment 
>100GHz only achievable with 
InP

But requires:
§ The need for a mature and cost-

efficient InP technology to cope 
with mass-market demands

§ Requires integration with CMOS 
– InP can not do it alone!
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Achievable power and form factor
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System study shows:
§ Power and form factor 

constraints for user equipment 
>100GHz only achievable with 
InP

But requires:
§ The need for a mature and cost-

efficient InP technology to cope 
with mass-market demands

§ Requires integration with CMOS 
– InP can not do it alone!
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Achievable power and form factor
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System study shows:
§ Power and form factor 

constraints for user equipment 
>100GHz only achievable with 
InP

But requires:
§ The need for a mature and cost-

efficient InP technology to cope 
with mass-market demands

§ Requires integration with CMOS 
– InP can not do it alone!
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Mature and cost-efficient InP technology
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Nano-ridge engineering: 
§ Direct selective growth of InP on Si
§ Nano-ridge engineering for defect reduction

Wafer reconstitution: 
§ InP tile reconstitution on 200/300mm Si wafer
§ Starting from small size InP substrates

Donor wafer

III-V III-VIII-V

GaAs HBT demonstration: A. Vais et al, IEDM 2019.
Courtesy: G. Karve & P. Soussan
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InP + CMOS heterogeneous integration
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Wafer-level integration

RF interposer

Several InP/CMOS integration options
under investigation

State-of-the-art PCB (reference)

Dj

Dj

Dj

splitter

upconversion

PLL

PA

PA

PA

>100GHz beamforming transmitter

CMOS InP
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At higher frequencies 

Technology Type Waferscale RF-
Interposer

IC Substrate 
(“scaled PCB”)

Standard PCB Standard PCB + 
dielectric “cavity”

Standard PCB + 
cavity

Line Type Microstrip, 
Stripline

Microstrip, 
Stripline

Microstrip, 
Stripline, CPW

Substrate 
Integrated 
Waveguide

Air-Filled Substrate 
Integrated 
Waveguide

Typical Trace 5 µm 20 um 100 µm 1000 µm 1600 µm

Line Loss @ 150 
GHz

0.5 – 1 dB/mm 0.3 – 0.5 dB/mm 0.2 – 0.3 dB/mm 0.15 dB/mm 0.03 – 0.05 dB/mm

35

Everything becomes a trade-off

Reference
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ADC State of the art – what can we expect?
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Old and New
Usecases

Hotspot FWA xHaul D2D XR Edge AI2AI
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Other Applications
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Convergence of communication and sensing

C. De Lima et al., "Convergent Communication, Sensing and Localization in 6G Systems: An Overview of Technologies, Opportunities and Challenges," in IEEE Access, vol. 9, pp. 26902-26925, 2021.

Macro Micro

C
om
m
s. High Capacity 

Wireless

“6G” (“5.5G”)

Nanonetworking

Se
ns
in
g Radar

Non-destructive 
testing

Spectroscopy

Molecular analysis

Filip Lemic et al., Survey on Terahertz Nanocommunication and Networking: A Top-Down Perspective. IEEE Journal on Selected Areas in Communications 2021.

2026

2023

>2030

2026

in-market
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Blocked Beams
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Already in use today

https://www.eetasia.com/5g-antenna-designs-coping-with-human-blockage/
Imgage by SystemPlus Consulting
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The medium is the message
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I apologize…

CHANNEL

ENCODER
↑

M. McLuhan, “Understanding Media: The Extensions of Man”, MIT Press, 1994.

sensing

ILLUMINATOR

PMCW radar equivalence: with r=recevieved, s=sent, we see that we can  either estimate s if the 
channel H is known (comms) or estimate h if the waveform matrix S is known (sense).

𝑟 = 𝐻!𝑠 = 𝑆!ℎ

C.E. Shannon, The Bell System Technical Journal, Vol. 27, pp. 379–423, 623–656, July, October, 1948.



public

Can we do better?
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Opportunistic use of remainder after full-duplex cancellation

S. A. Hassani, B. van Liempd, A. Bourdoux, F. Horlin and S. Pollin, "Adaptive Filter Design for Simultaneous In-band Full-duplex Communication and Radar," 2020 17th European Radar Conference (EuRAD), Utrecht, Netherlands, 2021, pp. 5-8

Experimental results
• 20MHz OFDM Communication signal
• Electrical balance duplexer for Tx-Rx isolation; 44 dB
• Single target at 15 m
• Offline radar processing by a 15-tap adaptive filter
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How does this translate to “sensing”
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Raw numbers
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Compute
From Design-Technology to System-Technology CO-optimization
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Communications
From Design-Technology to System-Technology CO-optimization
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DEVICE

CIRCUIT

MODULE

PHY

NETWORK

PLANAR CMOS FinFET/FDSOI

DISCRETE III-V CO-INTEGRATED III-V

CLASS A-B-AB ADVANCED TOPOLOGIES

NRE

CDMA OFDMA WB SC

CENTRALIZED VIRTUALIZED DISTRIBUTED

Do not distribute – Access restricted to BWRC members and retreat attendees

SPATIAL BEAMS

mmWAVE CMOS

MESHED

HBT
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≡ Call to Collaborate
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≡ Call to Collaborate
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multiplex

All errors are mine, all credit goes to the great work of the teams 
from imec Leuven, imec Florida, imec Eindhoven, IDLab UAntwerpen, 
IDLab UGent, ESAT KUL and ETRO VUB 


