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6G 1 How we should understand 1t?

Something that is totally new?

Everything that we ciotedodtion?t make 1 n

Next scheduled major milestone in 3GPP roadmap?
Revolution in communications?

Natural evolution of technologies towards the next generation of

communications (and sensing)?

Radio or System?



Evolution of 6G

N N
15t global 6G program > > Towards the Next
V
i A
ACADEMY OF FINLAND . @ —-\\\ T
N EU flagships | Hexa-X X4 HEXA-X-1I
T % 15t 6G Summit, Levi, Finland
® Towards 6G
a Global interest and regional programs in academia and in industry Products &
f_: advanced R&D

BUSINESS -
FINLAND 6G Bridge >

6G study and specification in 3GPP




Chicken or the egg?

Technology or use case driven market?

2G
3G
4G

5G

6G

Voice call
Internet

Improved
Internet

Capacity
& scalability

Improved
Capacity
and
scalability ?

Voice, sms
Office in pocket

Personal video
distribution

Verticals?

Wireless sensing,
metaverse,
holographic

| magi ng,

BICMOS
BICMOS/CMOS
CMOS

CMOS/BICMOS

Exist but what
and how ?




Industrial visions and targets

6G key technologies by Nokia

Spectrum
technologies

Security, trust .Illllll Al-native
and privacy air interface

N6G must be desi gn PO |
at minimum, 20 times more wide- ' ()

area capacity than

Noki a Bell Labs, AEnvisioning a 66G


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
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From devices to wireless systems




From devices to wireless systems




From devices to wireless systems

0"
-
» »
. et »
- - »
"t ee 4% »




Initial Requirements for 6G Radio

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

Data rate (R) 100 Gbps 1 Tbhps
Operational/carrier frequency (f ) 100 6200 GHz range Up to 300 GHz range

Radio link range (d) 100 6200 meters 10 100 meters
Duplex method Time Division Duplexing (TDD) TDD

Infrastructure backhaul/front
Device to infrastructure, mobile haul, local fixed links, and
backhaul/fronthaul interfaces (data centres, robots,
sensors, etc.)

Initial device class targets

Source: EU H2020 Hexaroject



Bandwidth for 1Tbhps

Targets for 6G communications range from 0.1 to 1 Tbps
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100
BW gap

Required BW (GHz)
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BPSK QPSK 16QAM  32QAM  64QAM

100 Gbps 500 Gbps 1 Thps



Bandwidth for 1Tbhps

Targets for 6G communications range from 0.1 to 1 Tbps

Required BW (GHz)
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100
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Target
BW gap
BPSK QPSK  16QAM  32QAM  64QAM
100 Gbps 500 Gbps 1 Thps




Bandwidth for 1Tbhps

Targets for 6G communications range from 0.1 to 1 Tbps

Required BW (GHz)

1000

100

10

Target?
BW gap
So-A @200é300GHz
BPSK QPSK  16QAM  32QAM  64QAM

100 Gbps 500 Gbps 1 Thps




Bandwidth for 1Tbps

Targets for 6G communications range from 0.1 to 1 Tbps

Larger bandwidth = Higher radio frequency
6G research mostly in 100-300GHz

Feasibility of MIMO?



What about realism?

Most chall enging use cases I n ~1(
Many of those within the same cell
Spectrum?

The spectrum wedding cake =
JUR
—fl Sonsinge and n
(ﬁ *QEGH{,} SENSINE ard 5N [
Hotspot capacity D et —
? 2% GHE L 26716H2 )
o . b~ Urban extreme capacity
™ . T-20GHz _/
Urban capacity 7| A - L~ L -..:___ —
. 25-4.90 GHz _~ 25.4.90 GHZ _~
Wide area coverage lilp::“ “---_'_UG_---*”K ,-"}"‘“-x__'“'" 4,90 GHZ_
R | {1 — T
R“‘»-.EDU‘EEUG z__a__/f "':L \“-._mn‘zwn HH:.ﬂ--":;rfll Extrerne wide area loT
—— x,__\_____ e |

I

I"‘m . J
~—_5 fﬂ;ﬁgﬂfﬂz.----"" BG spectrum bands l

‘ 5G spectrum bands |

Nokia Bell Labs, AEnvisioning a 6G futureo


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

Size of object + resolution

6’0” tall

Do we finally need Thps?

| bdzYoSNJ 2F WLAEStaQ NBIdANBR Ay 200dzA SR @2¢ dzy

In Mbits or GbitsR S LISY RA y 3

2y FE3IA2NRAGKY® WCdz t | LI

Block size of hologram after
processing scan Say 24pit color ]

ame Color depth required 60 fps for smooth movement ]

+ measures to reduce

[
‘ compression
A30 high 3D object (150M pixe

10Gbps*
A1l0O06 high object, color, full

A6 6 hi esize huradn E up to 4.3Tbhps

*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.

les

Frames per second (fps) 24 frames with random phase offset ]

With 30GHz available spectral BW,
using 16QAM waveform and 4
spatial streams, the max data rate

vge can ac(plgvp '8 anorln[g appcltral

efﬁuency etc):

ar al ax, 60fps -
gGHzx4b|ts/Hzx4—

480Ghbps (over the air)
credit to Keysight



What about realism?

Extreme speed and capacity?
Minimalism?
Ultimate scalability?

ALL OF THAT, THANK YOU!

With minimal complexity, power consumption and price?



Enablers for wireless era

CMOS and other

semiconductors
Laser based optics

Information theory
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Saturated Output Power vs. Frequency (High Frequencies)

70
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60 SiGe
50 GaN
GaAs
40 < LDMOS
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[H. Wang, et al., "Power Amplifiers Performance Survey 2000-Present," online]
Available:


https://gems.ece.gatech.edu/PA_survey.html
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Output power ¢ silicon

Saturated Output Power vs. Frequency (High Frequencies)
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Performance Limits of LNAS

4o GaAs_(p & mHEMT)
2 ® InP_(HEMT & HBT)
5iGe_Measured

175 SiGe_Simulated
e CMOS_std & SOI ./ i i :

. Best NF_SiGe Minimum_noise of a single transistor
ua] —Best NF_InP
E’ 125 — Best NF_GaAs ! _|
2 —— Best NF_CMOS O p U t_\/“Q (‘Y Y ‘Y)
< |
g
=

ol

30 45 60 75 a0 105 120 135 150 1685 180 195 210 225 240 255 270 285 300

Center Frequency (GHz)

[EU H202Mexax project, devirableD2.2 "Initial radio models and analysis towards wingh data rate Imks In 6G
onling], available https://hexa-x.eu



https://hexa-x.eu/
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SNDR ADC/DAC [dB)

10,0 —5C (r=0,35)

0,0
10 100
fs ADC/DAC (GSps)

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

L 5

1-10W per ADC with SoA products ~ Hexa-X

200 1,0E402
180 . , EED 1,0E+01
160 : 1,0E+00
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< Target

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

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



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

Occupied BW Hz 18.015 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 (witoding gain) dB 19.2 19.2 19.2
|Carrier Frequency (DL) GHz 2.65 28 200 |
M, (DSHmargin)- assumption dB 1.0 1.0 1.0

NF (RXJassumption dB 9.0 12 16
Sensitivity, 64QAM (FDD) dBm -73.2 -59.7 -35.7

| Link Distance (linef-sight) m 411 3.3 0.013 |




Simple (?) solutiorg iIncrease antenna gain

MIMO Phased array Directive antenna
AFull Flexibility — ASteerability AlLarge gain
ARF & digital ARF parallelism per ANo parallelism
parallelism data stream Al imited or no
steering

TX digital
including__

digital
antennal—if=
precoder—i=

TX digita TX digita

26



Link budget for phased arrays

AConstant antenna aperture removes frequency dependency

“ 100
80
60

pt I €&

<<

——free space gain @2,5m (dB)

-20
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_60 L
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e @)
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o o

0 100 200 300
Frequency (GHz)
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to radio performance with H S
Hexa-X

100 Gbps, 16QAM, 300 m distance, So0-A SiGe

1400 140
— antennas SC _
1200 ——antennas OFDM 120 &
——EIRP 5C E
o 1000 EIRP OFDM 005G
E 800 —BWrel SC 80 E
= —BWrel OFDM u
= 800 _% 60 ™~
- - E
400 0 3
o
200 ‘ 20 =
a [T9]

0 0
0 50 100 150 200 250 300

frequency (GHz)

Number of antennas, EIRPand relative bandwidth as a function of frequency
for 100 Gbpstarget data rate using single carrier or OFDM

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



Choice of semiconductor technology?

We know the technology baseline of semiconductors towards 2030

Being even close to 5G in 6G data rates requires
radical changes in our thinking
understanding of the semiconductors from transistors to complete wireless systems

_ SiGe @28GHz
= 10 InP 8.9x
v 8
s
© 6
v , CMOS
B 0.35x
S 2
0 e
-10 -5 0 5 10 15 20

Link performance (dB)



Three Methods to Evaluate the Number of Beams

Using ray-tracing assisted measurement data from Aalto Univ.
Method 1: Number of local maxima L\/W\

Method 2: Number of uncorrelated beams

Link 10, LOS link number

Filtered PDP using
3GPP beam pattern |

Pr(#beams < abscissa)

paths

beam power

local maxima 10 dB 10
O uncorrelated beams 10 dB number of beams within DR

beams for 90 % power

150 200 250 300 350
azimuth ange ldeg} Wireless Propag. Lett., vol. 21, no. 1, pp. 74-78, Jan. 2022

‘—M1 beams 10 dB

——M1 beams 20 dB
M2 beams 10 dB

——M2 beams 20 dB
M3 beams 90%
OLOS link

Nvs. link index

-* \
Method 3: Minimum number of beams for X% power /\M\ W

N<4 for 50% case

=M1 beams 10 dB

=M1 beams 20 dB
M2 beams 10 dB

—M2 beams 20 dB
M3 beams 90%

15

Pekka Kyosti, M. F. De Guzman, K. Haneda, N. Tervo and A. Parssinen,
iHow Many Be aHrTsHzD oCehsa nShuebl IEEEWAptenaas t A
Aalto University



D-Band (140GHz) Human Body Shadowing

A Results of Single-Person Human Blockage Effect

v Reference measurement results using standard cylinder

U
-
T

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

Shadowing event duration
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Peize Zhang, Pekka Kydsti, Mikkel Bengtson, Veikko )
Hovinen, Klaus Nevala, Joonas Kokkoniemi, and Comparison of Hand human blockage
Aarno P?rssinen, fNExperidm attenuatior: from measurement and

Band Human BodyEuGAP202 wi ng 0.6 1 1.4

theoretical models ' Relative time [s]




%

Impact of NLOS to HW complexity b6
ACompensating multipath, blockage or any other fading when PAs on their limit
O ¢ril 1 €& 5 ) prl T @ 5 )
Additional path | Antennaincrease | # of antennas
loss (equal in TX&RX) with LOS
[dB] (ref # 1000)

Increase in antenna area and ~power consumption
& near field limit gets farther



Dynamic range evolution

2G
ICP1 (dBm)  -60
EVM, flat (%) 2
NF (dB) 5
BW (MHz) 0,135

3G 4G
-50 -40
2 2
S S
3,84 18,1

oG 6G?
-30 -20
2 2
I 16
400 20000

Pin vs EVM (SNDR)

—2G
3G
4G
5G
6G?

-120 -110 -100 -90

-80

-70 -60
Pin (dBm)

-50

-40

-30

b0

Linearity will be a
bottleneck with large

antenna gains!

-20

-10

0



Form factor

AArea for antenna at/2 distance
SGHz 30GHzZ 300GHz

a3szaage:: 10X o
_, Hifeeniens 10X




Form factor

AArea forantennaat Kk H RA aa |
SGHz 30GHzZ

)

100X

<1 channel
(Rasilainen
TMTT2023
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possibility
& Commodity Mountains of

maturity - Radio HW /
CﬂmpIEXIty RFIC
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SG%\ Spatial Interference Reduction by Subarray Stacking

A Multi-beam transceivers and intddeam

Interference (1BI)
A Interference reduction techniques for

known

and unknown interferers: amplitude tapering,

thinning, spatial tapering, null for
A Arbitrary directions '

dB
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B Active elements
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DAC/
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Planar array panel

|IEEE Transactions on Antennas and Propagation + Follow ==+
2d - @

M. Y. Javed et al. propose a systematic approach for spatial interference reduction

!

g

by subarray stacking in large two-dimensional antenna arrays. Their work received
more than 400 full text views!

https://www.linkedin.com/posts/ieee -tap ieeeapsieeetap-
antenna-activity-6843420320896970752nDTqg

Javed et al., Spatial Interference Reduction by
Subarray Stacking in Large TweDimensional
Antenna Arrays," in IEEE Transactions on Antennas

2 i_s~ 8 1 SH|RNd Propagation, July2021.

Number &f’elements


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

SG;'\\ Large-Scal e Hi ghl y nndWave dhased Arlays

A Scalable phased array with flexible

configurability for large scale arrays @28GH |*
A Hybrid beamforming, several beams per par 4

A GlobalFoundried5nm RFSOI

8 X4.4 mm2
64/256 QAM
Testedup to

800MHz 5GNR
signal

Sethi, et al., 0 C h-to-&hip Interfaces for Large scale Highly
ConpgumaWave has ed 26CJal023. 6
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SGi\\ Large-Scal e Hi ghl y nndWave dhased Arlays

A Experimental results

50 64 QAM 2 CC 64 QAM 1 CC 64 QAM 2 CC
' ‘ ' ' ‘ R A R RN A
i . ¥ » -
40}
+ EVM:29% = ¢ EVM:3.7% *
35} Gain
Dynamic Range * & - -
30 + Noise Figure )
om
© 25
64 QAM 4 CC 256 QAM 2 CC
20 +
15 g » . L
10 + v EVM_45% #» gL EVMZ33% 08
5 ! : ! . /A, i > *® -
-50 -45 -40 -35 -30 -25 -20
IP1dB (dBm) Input power (dBm)
Set hi, e-to-Chip Interfaces@dr Lame scale Highly

ConpgumaWaveee hased Arrays,o0 JSSC, Jul 2023.



SGi\\ Large-Scal e Hi ghl y nndWave dhased Arlays

A Enablinghon-uniform antenna arraghapes
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SGi\\ IF Recelver for mmWave Sub-array Interference Rejection

A Analog interference canceller o DBmstemer iomp
over 5G signals o [ 5D raeasw] TR < =
. O"f::' @3 _: —WRFB St I
AG|Oba|FOundrleQ5nm RFSOI :sin(wﬁ;g g% = CFB;,",CFB SRS IR <
";Afz{ } —>J§§r — _WI_ERFB ool

- m o>l — TIAS
I— I i O - .
N :A1 subarray module operale as vector 1 cos(;)mzt) Qgiice 1 \—I—/ w—Res Q-
: : modulator (VM) only BB. I/Q M Slices, M =15 1a1 Ground * Cra
| 7 R e 0
I | IF-RX M1 —Z)—
i ‘ % User1
BN : IF-RXC1 | (Ny)
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n | BIC x|
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N === — 1 R. Akbaretal,0 A Wi deband | F Rec
I >'| BB,I/Q Flexibly ScalablemmWave Sub-array Combining and

| nt er f er e n cdeEE RangMeowaveo n, 0
Theory and Tech, 2023.



SG;'\\ IF Receiver for mmWave Sub-array Interference Rejection

A Spatial filter + IBIC

/™, ——16QAM signal _60‘ Meas. after inf. rej.
T3 + '\ -+-Interferer - - 1
&3 '\ +-Rejected interferer] c% -80 c% ‘ ‘ ‘ *
o . 0.5
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© ot 11 ﬁ Fil(l',' ; i Ll Model Interferer ) Ly 1 '! ’M'EEB;" .
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> g | s
ey U RN i
o) 5
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R. Akbar, et al ., 0f 2,0 . , . . s L7 : ! ! ,
. . » 40 60 80 40 50 60 70 80
Chip for Flexibly ScalablemmWave Sub- Frequency (MHz) Frequency (MHz)
array Combining and Interference 0] (i)
Rejection, 6 | EEE Trans. Mi crowave Theory

and Tech., 2023.



mmWave Sub-array Interference Rejection

0A Wi
Chip for Flexibly ScalablemmWave Sub-
array Combining and Interference

Re j e c lEEEoTranddicrowave Theory
and Tech, 2023.

R. Akbar,et al., deband
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LNA design with limited gain

g E—-— . - . - - - . . .y

ATypical target ~ 20dB CS amplifier with ,_D_[>_|:|_L
matching networks | !

AGain per stage N )
ANoise ¥
nput device \(/)enrlgll(l)r:] narrowband 0.8V
_0Ss In matching ¥ \
_0ss in interconnects = . C2F L4c ;
AExample uses library N - - T
models but ignores layout %')'1 '
parasiticsand EM effects (DC-block) L3
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LNA design with limited gain

ALNA design tuned and
optimized for various
frequencies

Alnput device the same
A22nm CMOS SOl
ABandwidth vs. gain

ADeclining gain per stage
More stages @freq
More power consumption
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