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6G ï How we should understand it?  

ÁSomething that is totally new?

ÁEverything that we couldnôt make in 5G with itôs evolution?

ÁNext scheduled major milestone in 3GPP roadmap?

ÁRevolution in communications? 

ÁNatural evolution of technologies towards the next generation of 

communications (and sensing)?

ÁRadio or System?



Evolution of 6G  

1st global 6G program

6G study and specification in 3GPP

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Global interest and regional programs in academia and in industry

EU flagships

6G Bridge

1st 6G Summit, Levi, Finland
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Chicken or the egg?

ÁTechnology or use case driven market?

target Killer app? RF Technology

2G Voice call Voice, sms BiCMOS

3G Internet Office in pocket BiCMOS/CMOS

4G Improved 

Internet

Personal video 

distribution

CMOS

5G Capacity

& scalability

Verticals? CMOS/BiCMOS

6G Improved 

Capacity 

and 

scalability ?

Wireless sensing, 

metaverse, 

holographic 

imaging, é ?

Exist but what 

and how ?



Industrial visions and targets

Á6G key technologies by Nokia

ñ6G must be designed to provide, 

at minimum, 20 times more wide-

area capacity than 5G.ò
Nokia Bell Labs, ñEnvisioning a 6G futureò

https://d1p0gxnqcu0lvz.cloudfront.net/documents/Nokia_Bell_Labs_Envisio

ning_a_6G_future_eBook_EN.pdf 

https://d1p0gxnqcu0lvz.cloudfront.net/documents/Nokia_Bell_Labs_Envisioning_a_6G_future_eBook_EN.pdf
https://d1p0gxnqcu0lvz.cloudfront.net/documents/Nokia_Bell_Labs_Envisioning_a_6G_future_eBook_EN.pdf


Hexa-x   Radio performance towards 6G

- seemingly infinite capacity and data rate
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Initial Requirements for 6G Radio

Parameter First wave 6G radio requirement Long-term vision for 6G radio

Data rate (R) 100 Gbps 1 Tbps

Operational/carrier frequency (f c) 100 ð 200 GHz range Up to 300 GHz range

Radio link range (d) 100 ð 200 meters 10 ð 100 meters

Duplex method Time Division Duplexing (TDD) TDD

Initial device class targets
Device to infrastructure, mobile 

backhaul/fronthaul

Infrastructure backhaul/front 

haul, local fixed links, and 

interfaces (data centres, robots, 

sensors, etc.)

Source: EU H2020 Hexa-x project



Bandwidth for 1Tbps
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What about realism?

ÁMost challenging use cases in ~100 Mbpsé10 Gbps range

ÁMany of those within the same cell

ÁSpectrum?

Nokia Bell Labs, ñEnvisioning a 6G futureò

https://d1p0gxnqcu0lvz.cloudfront.net/documents/Nokia_Bell_Labs_Envisioning_a_6G_future_eBook_EN.pdf 

https://d1p0gxnqcu0lvz.cloudfront.net/documents/Nokia_Bell_Labs_Envisioning_a_6G_future_eBook_EN.pdf


Do we finally need Tbps?

credit to Keysight

With 30GHz available spectral BW, 

using 16QAM waveform and 4 

spatial streams, the max data rate 

we can achieve is (ignoring spectral 

efficiency etc):

30GHz x 4bits/Hz x 4 = 

480Gbps (over the air)

Å3ò high 3D object (150M pixels), color, full parallax, 60 fps = 

10Gbps*

Å10ò high object, color, full parallax, 60fps = 60Gbps*

Å6ô high full-size human = up to 4.3Tbps

Size of object + resolution
bǳƳōŜǊ ƻŦ ΨǇƛȄŜƭǎΩ ǊŜǉǳƛǊŜŘ ƛƴ ƻŎŎǳǇƛŜŘ ǾƻƭǳƳŜ

Block size of hologram after 
processing scan

In Mbits or Gbits ŘŜǇŜƴŘƛƴƎ ƻƴ ŀƭƎƻǊƛǘƘƳΦ ΨCǳƭƭ ǇŀǊŀƭƭŀȄΩ ǊŜǉǳƛǊŜǎ ƳǳŎƘ ƭŀǊƎŜǊ ōƭƻŎƪǎ

Color depth required

Say 24-bit color

Frames per second (fps)

60 fps for smooth movement

+ measures to reduce 
speckle

24 frames with random phase offset

Raw Data Rata before any 
compression

=
06/11/2023 WW01 Technologies for 6G Front End Modules* X. Xu, Y. Pan, P. P. M. Y. Lwin and X. Liang, "3D holographic display and its data 

transmission requirement", Proc. Int. Conf. Inf. Photon. Opt. Commun., pp. 1-4, 2011.



What about realism?

ÁExtreme speed and capacity?

ÁMinimalism?

ÁUltimate scalability?

ÁWith minimal complexity, power consumption and price?

ALL OF THAT, THANK YOU!



Enablers for wireless era

ÁCMOS and other 

semiconductors

ÁLaser based optics

ÁInformation theory



Semiconductor scaling not anymore generally granted 

[Wakayama, IEDM 2013]
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More data ï higher frequency ï less power ï shorter range

[H. Wang, et al., "Power Amplifiers Performance Survey 2000-Present," online]

Available: https://gems.ece.gatech.edu/PA_survey.html

https://gems.ece.gatech.edu/PA_survey.html


More data ï higher frequency ï less power ï shorter range

[H. Wang, et al., "Power Amplifiers Performance Survey 2000-Present," online]

Available: https://gems.ece.gatech.edu/PA_survey.html

2/3G

4G 5G 6G

https://gems.ece.gatech.edu/PA_survey.html


Output power ς silicon

22

[H. Wang, et al., "Power AmplifiersPerformance Survey2000-Present," online]
Available: https://gems.ece.gatech.edu/PA_survey.html

https://gems.ece.gatech.edu/PA_survey.html


Performance Limits of LNAs

23

[EU H2020 Hexa-x project, devirableD2.2, "Initial radio models and analysis towards ultra-high data rate links in 6G," 
online], available: https://hexa-x.eu
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Minimum  noise of a single transistor

https://hexa-x.eu/


ADCs for 6G signals

ADC dynamic  range and sampling 
rate  requirements  for  various  
combinations  resulting  to  100Gbps 
data rate

Hexa-X D2.3 Radio models and enabling techniques towards ultra -high data rate  links and capacity  in 6G

ADC dynamic  range (SNDR) and power  
consumption  (P) is compared  to  ADC 
dynamic  range requirements  for  the  OFDM 
and CW waveforms

1-10W per ADC with SoA products



From 36Mbps (4G) to 40Gbps (6G)

25

Parameter Unit LTE 20M 5G NR 200M 6G 20G?

Occupied BW MHz 18.015 200 20000

Nth dBm -101 -91 -71

Modulation 64-QAM 64-QAM 64-QAM

Coding 1/3 1/3 1/3

Data Rate Gbps 0.036 0.4 40

RX, SNRmin (with coding gain) dB 19.2 19.2 19.2

Carrier Frequency (DL) GHz 2.65 28 200

MI (DSP margin) - assumption dB 1.0 1.0 1.0

NF (RX) - assumption dB 9.0 12 16

Sensitivity, 64-QAM (FDD) dBm -73.2 -59.7 -35.7

Link Distance (line-of-sight) m 411 3.3 0.013



Simple (?) solution ς increase antenna gain

MIMO

ÅFull Flexibility

ÅRF & digital 
parallelism

26
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Phased array

ÅSteerability

ÅRF parallelism per 
data stream

Directive antenna

ÅLarge gain

ÅNo parallelism

ÅLimited or no 
steering



Link budget for phased arrays

ÅConstant antenna aperture removes frequency dependency

27
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Impact of carrier frequency to radio performance with 

technology constraints

100 Gbps, 16QAM, 300 m distance,  S-o-A SiGe

Hexa-X D2.3 Radio models and enabling techniques towards ultra -high data rate  links and capacity  in 6G

Number  of  antennas,  EIRP and relative  bandwidth  as a function  of  frequency  
for  100 Gbps target  data rate  using single carrier  or  OFDM



Choice of semiconductor technology?

ÁWe know the technology baseline of semiconductors towards 2030

ÁBeing even close to 5G in 6G data rates requires 

Áradical changes in our thinking

Áunderstanding of the semiconductors from transistors to complete wireless systems

CMOS

0.35x

SiGe

1x

InP

5.6x

SiGe @28GHz

8.9x

@200GHz



How Many Beams Does Sub-THz Channel Support?

Â Three Methods to Evaluate the Number of Beams

V Using ray-tracing assisted measurement data from Aalto Univ.

V Method 1: Number of local maxima

V Method 2: Number of uncorrelated beams

V Method 3: Minimum number of beams for X% power

Pekka Kyösti, M. F. De Guzman, K. Haneda, N. Tervo and A. Pärssinen, 

ñHow Many Beams Does Sub-THz Channel Support?ò IEEE Antennas 

Wireless Propag. Lett., vol. 21, no. 1, pp. 74-78, Jan. 2022

N vs. link index

CDF of N

N<4 for 50% cases

Filtered PDP using 

3GPP beam pattern



D-Band (140GHz) Human Body Shadowing

Â Results of Single-Person Human Blockage Effect

V Reference measurement results using standard cylinder

V Characterization of human body shadowing with volunteer A/B/C

Reference measurement with metallic cylinder

Deep fading duration vs. fading 

depth

Comparison of D-band human blockage 

attenuation from measurement and 

theoretical models

Case 1

B

Case 2

C

Peize Zhang, Pekka Kyösti, Mikkel Bengtson, Veikko 

Hovinen, Klaus Nevala, Joonas Kokkoniemi, and 

Aarno Pªrssinen, ñExperimental Characterization of D-

Band Human Body Shadowing,ò EuCAP 2023.



Impact of NLOS to HW complexity

ÁCompensating multipath, blockage or any other fading when PAs on their limit 

Ὃ ςπÌÏÇὲ ȟ ρπÌÏÇὲ ȟ

Additional path 

loss

[dB]

Antenna increase

(equal in TX&RX)

# of antennas 

with LOS 

(ref # 1000)

5 1,47x 1470

10 2,15x 2150

20 4,64x 4640

30 10x 10000

40 21,5x 21500

Increase in antenna area and ~power consumption 

& near field limit gets farther



Dynamic range evolution

2G 3G 4G 5G 6G?

ICP1 (dBm) -60 -50 -40 -30 -20

EVM, flat (%) 2 2 2 2 2

NF (dB) 5 5 5 7 16

BW (MHz) 0,135 3,84 18,1 400 20000

Linearity will be a 

bottleneck with large 

antenna gains!



Form factor

ÅArea for antenna at ˂/2 distance

34

3GHz 30GHz 300GHz

10X
10X



Form factor

ÅArea for antenna at ˂ κн ŘƛǎǘŀƴŎŜ ǾǎΦ IC

35

3GHz 30GHz 300GHz

100X

10X
10X

2 channels
(McLaurin, ISSCC2018)

2x4 channels
(Sethi, JSSC, Jul2023) <1 channel

(Rasilainen,
TMTT2023)



Hardware enabling 
communications and sensing



Mountains of 
Radio HW / 
RFIC



Mountains of 
Radio HW / 
RFIC

1-2 GHz

90ôs feasibility

00ôs large scale 

integration

10ôs+ maturity and 

advances

Lower mmW

00ôs feasibility

10ôs large scale 

integration

20ôs+ maturity and 

advances

Sub-THz?

10ôs feasibility

20ôs large scale 

integration

30ôs+ maturity and 

advances

possibility

commodity

maturity

complexity



Advances in 5G at lower mmW region

Case examples



Spatial Interference Reduction by Subarray Stacking

ÅMulti-beam transceivers and inter-beam 
interference (IBI)

ÅInterference reduction techniques for known 
and unknown interferers: amplitude tapering, 
thinning, spatial tapering, null forming

ÅArbitrary directions

6GFLAGSHIP.COM, #6GFLAGSHIP

Javed et al., Spatial Interference Reduction by 

Subarray Stacking in Large Two-Dimensional 

Antenna Arrays," in IEEE Transactions on Antennas 

and Propagation, July 2021.

https://www.linkedin.com/posts/ieee -tap_ieeeaps-ieeetap-

antenna-activity-6843420320896970752-nDTq 

https://www.linkedin.com/posts/ieee-tap_ieeeaps-ieeetap-antenna-activity-6843420320896970752-nDTq
https://www.linkedin.com/posts/ieee-tap_ieeeaps-ieeetap-antenna-activity-6843420320896970752-nDTq


Large-Scale Highly Conþgurable mmWave  Phased Arrays

ÅScalable phased array with flexible 
configurability for large scale arrays @28GHz

ÅHybrid beamforming, several beams per panel

ÅGlobalFoundries 45nm RFSOI

Sethi, et al., òChip-to-Chip Interfaces for Large-scale Highly 

Conþgurable mmWave Phased Arrays,ó JSSC, Jul 2023.

8 x 4.4 mm2

64/256 QAM

Tested up to 

800MHz 5GNR 

signal



Large-Scale Highly Conþgurable mmWave  Phased Arrays

ÅExperimental results

Sethi, et al., òChip-to-Chip Interfaces for Large-scale Highly 

Conþgurable mmWave Phased Arrays,ó JSSC, Jul 2023.



Large-Scale Highly Conþgurable mmWave  Phased Arrays

ÅEnabling non-uniform antenna array shapes

Sethi, et al., òChip-to-Chip Interfaces for Large-scale Highly 

Conþgurable mmWave Phased Arrays,ó JSSC, Jul 2023.



IF Receiver for mmWave  Sub-array Interference Rejection

ÅAnalog interference canceller 
over 5G signals

ÅGlobalFoundries 45nm RFSOI

R. Akbar, et al., òA Wideband IF Receiver Chip for 

Flexibly Scalable mmWave Sub-array Combining and 

Interference Rejection,ó IEEE Trans. Microwave 

Theory and Tech., 2023.



IF Receiver for mmWave  Sub-array Interference Rejection

ÅSpatial filter + IBIC

Å34-37dB 
interference 
rejection

R. Akbar, et al., òA Wideband IF Receiver 

Chip for Flexibly Scalable mmWave Sub-

array Combining and Interference 

Rejection,ó IEEE Trans. Microwave Theory 

and Tech., 2023.



IF Receiver for mmWave  Sub-array Interference Rejection

ÅTBD

R. Akbar, et al., òA Wideband IF Receiver 

Chip for Flexibly Scalable mmWave Sub-

array Combining and Interference 

Rejection,ó IEEE Trans. Microwave Theory 

and Tech., 2023.



Circuits for 6G at upper mmW region

Case examples



LNA design with limited gain

48

ÅTypical target ~ 20dB

ÅGain per stage

ÅNoise
Input device
Loss in matching
Loss in interconnects

ÅExample uses library 
models but ignores layout 
parasitics and EM effects

[Hietanen et. al, EuCNC/6G Summit 2021]

CS amplifier with 
matching networks



LNA design with limited gain

49

ÅLNA design tuned and 
optimized for various 
frequencies

ÅInput device the same

Å22nm CMOS SOI

ÅBandwidth vs. gain

ÅDeclining gain per stage
More stages @freq
More power consumption

[Hietanen et. al, EuCNC/6G Summit 2021]


