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Emerging Applications for 6G Communications

Fifth -Generation (5G) has withessedenlarged communication scalefrom within humansto
amongcountlesshuman beings,machines,and things

The involving from 5G to 6G will further fusethe digital worlds and real worlds

Intelligent Transport
and Logistics

Extended Reality Holographic Video Digital Replica

[1] ITU FG-NET-2030 Neiwork 2030A Blueprint of Technology, Applications and Market Drivers towards the Year 2030 and Belttpd://www.itu.int/en/ITUTiocusgroupéet2030/Documents/
White_Paper.pdfdocument ITUT FG-NET-2030, ITU, Geneva, Switzerland, May 2019.
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Key Performance Indicators (KPI) of 6G

To support emerging applications, KPIs in 6G should be much superior to those in 5G

E]

Peak data rate:1Tbps Spectral efficiency:Kbps/Hz

\\\ 1 // H
20Gbps O,Qb/S/ “\6G

Access density100 users/ Coverage:90%

Low latency: 500

[1] ITU FG-NET-2030 Neiwork 2030A Blueprint of Technology, Applications and Market Drivers towards the Year 2030 and Belttpd://www.itu.int/en/ITUTiocusgroupéet2030/Documents/
White_Paper.pdfdocument ITUT FG-NET-2030, ITU, Geneva, Switzerland, May 2019.
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KPI 1: Spectral Efficiency

6G is expectedto achievelOtimes higher spectral efficiency comparedwith 5G
The higher spectral efficiency can be achievedexploiting spatial multiplexing, which requires
significantly increasednumber of antennas
U 4G: 2-8 antennas A 5G: 64-256antennas
U 6G: 1024+ antennaswith ultra-massiveMIMO (UM-MIMO) and cell-free massiveMIMO
(CF-MIMO)

1024

Number of antennas

128
2-8
-
4G 5G 6G UM-MIMO CF-MIMO

[1] W. Jiang, B. Han, M. A. Habibi and H. Bchotten Th& Road Towards 6G: A Comprehensive SurvlBBEE Open JCommun Soc, vol. 2, pp. 334366, Feb. 2021.
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KPI 2: Peak Data Rate

100 peak data rate improvement for 6G
U UsingmmWave and THz can achieve thigmprovement with the abundant spectral resources

U Very large antenna arrayis required to counteract the seriougpath loss in highfrequency band

E]

Ground plane
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h . ! : 1-10 mm
1024 1024 elements for

THz band (0.0610THz) [t

Yy .

[1] I. F. Akyildiz, andJ. M. Jornet Rdalizing ultramassive MIMO (1024 1024) communication in the (0.080) terahertz bandBanoCommunNetw, vol. 8, pp. 4664, Jun. 2016.

NearField MIMO Communications for 6G: Fundamentals, Challenges, Potentials, and Future Directions 7/145



KPI 3: Coverage

By dynamically manipulating the transmission environmentyeconfigurable intelligent
surface (RIS)brings new possibilities for capacity and coverage enhancement
Thousands ofantennasr e usually employed to over

effect of RIS

RIS

DAgdint pre@ioding framework for wideband reconfigurable intelligent susééded celifree network BEEE Trans. Signal Proceswyol. 69, pp. 40881101, Aug. 2021.

[1] Z. Zhang and. .
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Extremely Large Antenna Arrays (ELAA)

ELAA is the common feature for the above technologies

Spectral efficiency
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Massive MIMO vs. ELAA

Massive MIMO ELAA

Architecture

Number of antennas 1000+
Array aperture Bigger
Beam gain High Higher
Precoding complexity High Higher
Beam management Difficult Very difficult
Power consumption High Higher

Is there any fundamental change between the massive MIMO and ELAA”
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Electromagnetic Propagation: Nearfield vs. Far-field

Electromagnetic (EM) propagation can be divided intdar-field and near-field regions
U Boundary of these regions is th&®ayleigh distance

U In far-field, EM propagation can be approximately modeled by thelanar wave
U In near-field, EM propagation has to be accurately modeled by thgpherical wave

Near-field Far-filed
e ———

O
Y Spherical wave f Planar wave
Y

‘\'\‘\‘\"\X B Rayleigh distance E E

-
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. \ \ \
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4 <4 <

It has acritical difference of the EM characteristics between the neatfield and far-field

[ 1] M. Cui, Z. Wu, NearfitldiMIMOXcommieidations &on6ds: FundamPBrdais,, chafienges, potentials, and future dirediE&E CommunMag, vol. 61, no. 1,
pp. 4046, Jan. 2023.
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Near-field for ELAA

5G with massiveMIMO : Users are located in théar-field region
6G with ELAA: Users are more likely located in thenear-field region

5

5

Table I. Rayleigh distancelm]

; Rayleigh dist
N 0.1m 0.5m 1m 3m ayIelgh distance
2.6 GHz 0.18 4.3 17 156
28 GHz 1.9 47 187 \
100 GHz 6.7 167 667 \ Array
142 GHz 9.5 237 947 \ aperture

Evolution from massive MIMO to ELAA results in thefundamental changefor EM propagation
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Examples for ELAA Near-field Communications

Outdoor (MIT): Rayleigh distance 600 m, bigger than a 5G outdoor cell
Indoor (Tsinghua): Rayleigh distance25 m, dominates the indoor environments

5

5

oo s
.- B

3200elementELAA @ 2.4 GHz by MIT [1] 2304element ELAA @ 28GHzby Tsinghua [2]

[1] M. Uusitalg P. RugelandM. Boldi, E. C. Strinati andY. Zou, iRFocus Beamformingusingthousandef passiveantennas i Proc. 17th USENIXSymposiunon NetworkedSystem®esignand
Implementation(NSDI&0), Feh 202Q
[2] M. Cui,Z. Wu,Y. Chen,S. Xu, F. Yang,andL. Dai, iDema Low-powercommunication®asedn RIS andAl for 6G, i Proc. IEEE ICC, May 2022 (IEEECC20220utstandingDemoAward)
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Far-Field vs. NeakrField

Far-field: the EM wavesimpinging on the antennaarray can be approximately modeledas
planar waves where the phaseof the EM waveis a linear function of the antennaindex
Near-field: the EM waves have to be accurately modeled as spherical waves where the
phaseof the EM waveis a non-linear function of the antennaindex

Far-field Near-field

0 — Qe S L
\AAAA4 4
(0 0 A rrrrrrrrr o
|| | | | | | || | | | | | | | | | | | | | | |
nE——q g
Distance:Q  £€Q—.! Linear Distance:i Vi € 'Q  ¢g'Qi —  Nondinear
Phase:%o — —&Q— Phase:%o ( ) (Vi £€Q ¢Qi )

Antenna index:¢ ¥ OFE hfE A Antennanumber: 0 ¢ O p
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Definition of Rayleigh Distance

The metric to determine the boundary betweenthe far-field and near-field regionsis the Rayleigh distance

Rayleigh distance The planar wavesare a long-distanceapproximation of the spherical waves When the
largest phaseerror 3 |%o %0 | betweenthe accurate phase%o. and the approximated phase%. Is
| A® “ Ty thenthe Tx-Rx distanceis the Rayleigh distance(RD), satisfying

2% —,

where O denotesthe array aperture, and _ is the wavelength

Near-field Far-filed
-

O
v Spherical wave f -

Planar wave
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| |
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Derivation of Rayleigh Distance

. To derive the Rayleigh distance,it is essentialto derive the specificvalue of phaseerror

3  |% %o |,where% —(vi € Q ¢& Qi —)and%o —& Q—
%o —I (\/p p) —1 (p () é(—) p)
—to—tQ £(-
C (), ¥ Phaseerrora —“& Q
|
Far-field phase%o Phase errors

. %o Is the approximation of %o through first-order Taylor expansion Therefore, the
phaseerror 3 is mainly determined by the secondorder Taylor expansion
. By maximizing the phaseerror 3= acrossthe entire array

— 1T
{ H& —“0Q — - »‘l » 2% —
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Near-Field Ranges for Typical Scenarios

The near-field range of SIMO/MISO is exactly determined by the classicalRayleigh distance—

For the MIMO scenario,both the BS array aperture O and the UE array aperture O contribute to
( )

the Rayleighdistance

For the RIS scenario,the near-field range is determined by the harmonic meanof the BS-RIS distance
| and RIS-UE distancel

SIMO/MISO MIMO RIS
/ Hoooa00
| i Ceeeae
Communication EEEEDSQ HQHQEEH 21\ | QRAREN OOooooo
. I NN Ao NNRORRN oooooog| o
scenario M R Jbod QN oooooog| [ o
-3 N P NN
0 b \y J NN - (]
Near-field range | — | ( )
[ 1] M. Cui, Z. Wu, NearfitldiMIMOXcommieidations &on6ds: FundamPBrdais,, chafienges, potentials, and future dirediE&E CommunMag, vol. 61, no. 1,

pp. 4046, Jan. 2023.
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Near-Field LoS Channel Model

Base station (BS) antennanumber 0 ¢0  p, antenna spacing Q _1¢, array aperture
O 0 p Qthelocation of the €-th antennais T Q wheree N 0 hE hihE h)

The channelbetweenthe ¢ -th antennaand the userlocatedat (i A It DO E J is

5

o e — () = ()
Q QQ QIQ
Complex gain 0O Q0 Near-field phasefo
Generally, the complexgainsare very similar wheni  p&0O £Q

WM E Q E QO Q
Therefore, the LoS channelis
e s s Q[ (0 Y s —( O )]
| [Q FE RQRE RQ] Q hE hQ
“E* | ﬁ— Near-field array response vector

000000ogoooooog) g

E. Bjgnson, O. T. Demir, and L. SanguinettifiA primeron nearfield beamformingfor arraysandreconfigurablentelligentsurfaces @ Proc. 202155th Asilomar Conferenceon
Signals,Systemsand Computerspp. 105112 Oct 2021
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Near-Field Multl -Path Channel Model

The multi -path channelcan be representedasthe sum of U near-field array response
vectors

Scatter p distancebetween the BS and the&th scatter

| Qi b " E
user

== \ ) \

______ Y |
"""" LoS path NLoS paths \

anglebetween the BS and théth scatter

Scatter0 p

X.Yin, S. Wang, N. Zhang and B. AiScatterettocalization using largecale antenna arrays based on a spherical-fsaneparametric modg@ IEEE Trans Wireless Communvol. 16,
no. 10, pp. 6548556, Oct. 2017.
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Far-Field Beamsteering vs. NeafField Beamfocusing

Far-field beamsteering(Far-field beamforming): the transmitter can only steer the
radiated signal energytowards a specificangle

Near-field beamfocusing (near-field beamfocusing) the spherical wave is able to
focusthe radiated signal energyin a specificspatial location

|

[0 User location

[0 User location

Far-Field Beamsteering
—— Near-Field Beamfocusing

y-axis[m]

-30 r

0 1'0 20 3‘0 46 50 o 5 1‘0 15
. . Focused
x-axis [m] x-axis[m] " point | | | |
10 20 30 40 50 60 70 80

Distance r [m]

15U

Far-Field Beamsteering Near-Field Beamfocusing
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Array Gain of Near-field Beamfocusing (1)

Array gain provided by beamfocusingon the sameangle but different distances
U Assumea userislocatedat iR—, thenthe correspondingLoS channelis

lifi- o do (7 JEm (T JEaq (F 7]

whered ¢ pandQ ¢“7_denotethe wavenumber.
U The purposeof beamfocusingis to compensateor the phasevariation betweenantennas,
therefore, the beamfocusingvector aligned with the location if— is

A 4

P 1:. P
o(fy =Fif —=[e (T JiEf (T JiEo (T 7]

U Then, the normalized array gain achievedby < = (i[5 at any other user located at
i h—is
Ny IR R ” I( F]) O ﬁ || . B ; F)
SR LT ST | 2 |
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Array Gain of Near-field Beamfocusing (2)

Lemma 1. the normalized array gain achievedby :: =|=Z (i at the user location ih— is obtained
through Fresnelapproximation as

oy PR ‘ ) = () ()

@hfpy -8 o & | @) | |

where] \/ ( )‘— —[L 6G) . Al (G')c‘) )A(‘)and f) . O E(J?O )N)are Fresnelfunctions.

Proof:
U Basedon the secondorder Tayler expansion,if) andi  canbeapproximated as

i Vi CEQIEQ i t0Q ¢ if) i EQ——t 0
0 Thenwehave@i () 1) @) i) =&g — )(_r —) “& oy therefore
~ s \/_
@Whfy -8B | —| Q & [—=

M. Cui andL . DCannel etimation for extremely largeale MIMO: Faifield or neasf i e IIHEE TramsCommun vol. 70, no. 4, pp. 2663677, Apr. 2022.

() ()‘
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Array Gain of Near-field Beamfocusing (3)

Near-field array gain of planar arrays and RIS
U A similar result with that of the linear arrays

E 1 dB
o P ki P T r T e s
[=TH N / A Y i
= ~f—dt K dlq 2\ —j3rz I (L) 2
= ol AN : _ Gantenna ~ — e I e I3 \2z2T2z2 )y dy
@ oo ;\' b D A
@ ! h
E aI B > - 2 2 D/\/g 2 4
€ 05} / Bt -5 &
3 i = | — e N dx
= F [roeenees Maximum gain D? —-D/ NG
E | Focus at z = dp
N 0.25 ; ;*' - = Focus at z = dp/10|7 3 2 d d 2
TE I —--—=-Focus at z = 0 _ _Z 02 r _|_SQ _F (9)
5 'y - \d 8z 8z
E’ U ...... e e i PR ——— T = F
Z  10dp 102d 103dp 10%dp 10°d -
Propagation distance (z) /

Fresnel functions

E. Bjanson, O. T. Demir, and L. SanguinettifiA primer on nearfield beamformingfor arraysandreconfigurablentelligent surfaces i Proc. 202155th Asilomar Conferenceon
Signals,Systemsand Computerspp. 105112 Oct 2021
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Characteristics of NearField Beamfocusing

The beamfocusinggain dependson the function '@ ) |--—-|and the parameter]

4 )

WHES  a) |() ()|

Distancewindow

U |"df )| showsa significant downward trend

C
U To guaranteethe array gainis larger than 3, we have L ! \] |' 'l J
()l s =1 —S2 o ra )l s '
\ 4 ool \!
%os ---------------------

distancewindow i N [ (r () ) lh (r () ) ] _
Limit performance analysis
U Array gainatzerodistance | B'Qf )| '@ H)| m 2 s 4 g e T 5 e
U Array gainatinfinite distance | EI'Gf )| |['dy0 Qe —)T ¢l
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Simulation Results

Limit performance analysis
U Array gainatzerodistance | B'Qf )| '@ H)| m

U Array gainatinfinite distance | EI'G )| [|[dy0 Q( —)T ¢l

. Distancewindow - - N i Aljmy'%aig - G >
. 'l— ~ r I | ! :_—_ (E)C[:S(;lei’icz rray Gain
l N [ qu ] 0.8 : : : -— -?he lov(ie}:s)t ditstance with I' = 0.5 | 7|
Paramete rS ( ) ( ) I 1 1 = = = .The largest distance with I' = 0.5
b g os { | Array gain floor |
Parameters Values > ' - y9 —
@ ' "
Carrier 30 GHz 204t — : ‘ O(\l r )‘ ]
Array structure 256-ULA | : \D
— Z7 A : "
ir 15 meters ; L :
@ 1“0 ' 2|o I3|0 4|o 5|0 6I0 7|0
E 0.5 Distance 7 [m]

[1] M. Cui andL. Dai, iChannelestimationfor extremelylargescaleMIMO : Farfield or nearf i e [IEEE Trams Commun vol. 70, no. 4, pp. 26632677, Apr. 2022
[2] E. Bjagnson, O. T. Demir, and L. Sanguinetti,fiA primer on nearfield beamformingfor arraysand reconfigurableintelligent surfaces & Proc. 2021 55th Asilomar Conferenceon
Signals,Systemsand Computerspp. 105112, Oct 2021
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Outline of Part 3

The polar domain representation
T T T T

A Near-Field Channel State Information Acquisition

Y (meters)

U Near-field MISO channel estimation

U Near-field MIMO channel estimation

U Near-field beam training

A Near-Field Beam Split

U Phasedelay beam focusing

U Nearfield rainbow-based beam training
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Challengeof Near-Field Channel Estimation

Existing far-field channel estimation relies on the angledomain sparsity exploited by the
orthogonal angleedomain codebook i.e., the DFT codebook
. The near-field angledomain channelssuffer from a severeenergyspreadingproblem

Channel Received signal  Sparse representation . S
I « — I . « — I+ . I+ I I+ [ — — — -Far-field channel
L L 09 r : Near-field channel | |
' Sensing * Angle-domain ﬁ Sparse signal q Angle-domain ﬁ I [
matrix codebook reconstruction codebook z: E aréfi eld spar} e
1
—— ﬁ Angle-domain §°'6 I | i )
- ‘ : =05~ | . |
. . codebook §°'5 i Near-fieJd non-sparse
04+ :: :1 |
03+t :: / |: ::
I i i
0.2t
| | - | | 7‘ . 01 i
Far-field Far-field . AN | L=,
: - 4 08 -06 04 02 0 02 04 06 08 1
antennadomain angle-domain Direetion

The angledomain codebookis not appropriate for near-field channel estimation
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Near-Field Codebook Design

Far-field codebook samplesmultiple anglegrids in the angledomain
Near-field codebook samplesmultiple nangle-distanceo grids in the polar domain

Angle-domain codeword H— [A ] Polar-domain codeword H-H ) [A v ]

The angular domain representation
T T T T

The polar domain representation
T T T T

6

N
T

Y (meters)
o
Y (meters)

X (meters) X (meters)
How to design the distancesampling criterion for the polar-domain codebook {4
M. Cui andL . DCannel etimation for extremely largeale MIMO: Faifield or neasf i e IIHEE TramsCommun vol. 70, no. 4, pp. 2663677, Apr. 2022.
30/145
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The DistanceSampling Criterion

With the decreaseof distance, the near-field effect becomesobvious and the distance
iInformation gradually becomessignificant

To exploit the near-field information, the grids can be sampled sparsely far away from
ELAA, but shouldbe sampleddenselynearthe ELAA

Near-field Far-filed

L ——————

Y 4 yolitii
L\'Q/K ‘\"\,‘\:\ Rayleigh distance T
s ST e R T
FYH/ ;n/ ) (R

— <
3

N - ~

A

A non-uniform distance-sampling criterion is preferred

M. Cui andL . DCannel etimation for extremely largeale MIMO: Faifield or neasf i e IIHEE TramsCommun vol. 70, no. 4, pp. 2663677, Apr. 2022.
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Polar-Domain Codebook Based Channel Estimation

Codebookdesignmethod: minimizing the maximum coherenceof the polar-domain codebook
Basedon the Fresnelapproximation, we prove the following sampling criteria

5

N7 oY N% N7 o

Uniform anglesamplingg — D — & O FE It 1)

Non-uniform distancesampling. | ; - (p —)®hi {plthE AI¥hd ——

_ The number of sampled distances
The polar-domain codebookcan be constructedas Threshold

I H—h f)H—h 5)E R —h 5 I | REnR}rE R}

Polar-domain codebookbasednear-field channelestimation

5

Channel Received signal Sparse representation
I « =1- « =H- - L I L
‘ Sensing * Polar-domain ﬁ Sparse signal ﬁ Polar-domain R
matrix codebook reconstruction codebook

M. Cui andL . DCannel etimation for extremely largeale MIMO: Faifield or neasf i e IIHEE TramsCommun vol. 70, no. 4, pp. 2663677, Apr. 2022.
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Simulation Results

The proposed schemes can accurately estimate the ndild channel

0 I I | | T I I I ! ' I

—Oo—SWOMP[8] Parameters Value
—{— SS-SIGW-0OLS [17]

~—O—— Proposed P-SOMP . .
~{>— Proposed P-SIGW Carrier 100 GHz
Subarray-wise method [23]

LS Bandwidth 400 MHz

- = = -Genie-aided LS

(dB)

w Numper of G
= carriers
=z
/ Array Aperture 0.4 m
-20 &
/
Proposed schemes ! SNR 10 dB
25 F Rayleigh distance —» : :
: Pilot compression 0.5

| | i 1 i I I I Ly ] ratlo
10 20 30 40 50 60 70 80 90 100 110 120

Distance (meters)

Polar-domain codebooknaturally decayto the angle-domain codebookin far field

M. Cui andL . DCannel etimation for extremely largeale MIMO: Faifield or neasf i e IIHEE TramsCommun vol. 70, no. 4, pp. 2663677, Apr. 2022.
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Outline of Part 3

The polar domain representation
T T T T

A Near-Field Channel State Information Acquisition

Y (meters)

U Near-field MISO channel estimation

U Near-field MIMO channel estimation

U Near-field beam training

A Near-Field Beam Split

U Phasedelay beam focusing

U Nearfield rainbow-based beam training
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Near-Field Scenario;: From MISO to MIMO

MISO: Only the BSis equippedwith ELAA
MIMO : Both the BS and the userare equippedwith ELAA
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Near field region of user

Near field region of BS

Near field region of BS

MISO MIMO
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Near-Field MIMO Channel Model

Similar to far-field MIMO channel model, the existing near-field MIMO channel model is
basedon the near-field array responsevector
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- Far-field LoS Near-field LoS

The existing model cannot accurately describethe characteristic of near-field LoS path
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Near-Field MIMO Channel Model

The LoS and NLoS paths are modeledseparately

LoS: Free space propagation assumption

Transmitter antenna array

‘0 ]
LoS path EDDDD%IDDDDDDDDDDDD . ‘
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Receiver antenna array Proposed neatfield MIMO channel model: €
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Near-Field MIMO Channel Estimation

The proposedchannelestimation schemebasedon near-field MIMO channelmodel

Received pilot Transmitted pilot Noise
g & |E "E
¥
. i € € . . .
Maximum likelihood | Utilize polar-domain sparsity

[ EA B ihD TBr Removet  "Hi T 11 T: "Hi "l
hh N n € 'E

BB (Ih+ )N R Estimate & withfy  and P:
h  (hP)s n ¢ 'EE

pfi ph "QTI pjv(:,J ‘ler 17(l Vectorize the equation and formulate assparse signal
h w-H hr— 0N reconstruction problem with sparse channel
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Simulation Results

The proposed schemes can accurately estimate the ndi@d MIMO channel.

NMSE (dB)
N

Proposed schem

T T T

1 B—

50 100

—6— Farfield OMP Parameters Value
—P— Exsiting near-field OMP i
=—H8— Proposed DS-NF algorithm Carrier 10 GHZ
Element number of 128
: transmit antenna array
| Element number of 64
receiver antenna array
o o ©
- Number of NLoS Paths 5
SNR 5dB
Pilot compression ratio 0.5

150 200 250
distance(m)

Y. Lu andL . D\eearfield éhannel estimation in mixdcS/NLoS environments for extremely largeale MIMO systems tEEE TransCommun, 2023.
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Outline of Part 3

The polar domain representation
T T T T

A Near-Field Channel State Information Acquisition

Y (meters)

U Near-field MISO channel estimation

U Near-field MIMO channel estimation

U Near-field beam training

A Near-Field Beam Split

U Phasedelay beam focusing

U Nearfield rainbow-based beam training
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The Challenge of NeatField Beam Training

Beamtraining is an essentialmethod is acquire the channelstateinformation (CSI)

However, since the near-field codebookrequires extra grids on the distance domain, its
codebooksizeis much larger than that of the far-field codebook

Parameters Far-field codebook Near-field codebook
Number of 512 512
antennas
Carriers 100 GHz 100 GHz
Number_of 512 512
angle grids
Number of
distance grids 1 20
Codebooksize 512 10240

Exhaustive search
The overheadof near-field exhaustive beam training isunaffordable
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Near-Field Hierarchical Beam Training

Low-resolution beam covers a wider range of angle and distance, and each layer of
codebooknarrows the searchrange gradually

Perform binary searchon both angleand distancesimultaneously

U E number of angle grids
“E number of distance grids

near-field v )Y

far-field vl (I 117

Near-Field Hierarchical Beam Training
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Near-Field Multi -Resolution Codeword Design

The aim to designa codeword | is to approach the ideal beam pattern after beamforming
with |
codewordneeded to be designed ideal beam pattern
7”1; : FE)AVEA T e AT VO [H—h )FE iH—h )]

st. 'l pN | additional.phase:
Increase design freedom

~

(s sa-H)sQ (M

‘ )

----

==== 5 5 beamforming gains in target
ideal - Target Vvéh —H N 6 j coverageare flattened
beam ====---- coverage |C(_E| |
pattern EEEENINEENE 0 p mh —H © 0 j beamforming gains outside

HEEREEEEEN target coverageare zero
W

NearField MIMO Communications for 6G: Fundamentals, Challenges, Potentials, and Future Directions 43/145



GS Gerchberg-Saxton€ Algorithm

Phaserecoveryin holographicimagingi designingnear-field wide beamcodewords
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Simulation Results

The proposed scheme provides a tradeoff between the performance and overhead

1 O T T T T T T T T T

Near-field exhaustive search

ol 97% 1 . 8192
PP e beam training

Proposed neatfield 2D

= . . . 268

T 7t hierarchical beam training

A

S 6f

[0

5 5l Parameters Value
<@

o]

S 4 Number of antennas 512

5 3t

< Carrier 60GHz

—+H>— Far-field hierarchical beam training -
—4A—— Far-field exhaustive search beam training

—%— Near-field exhaustive search beam training i Number of angle gl‘idS 512
—<— Proposed near-field 2D hierarchical beam training

1 1 1 1 1 1 1 1

6 100 200 300 400 500 600 700 800 900 1000
Beam training overhead

Number of distance grids 16

Y. Lu andL. Dai, iHierarchicalBeamTrainingfor ExtremelyLarge ScaleMIMO : FromFarField to NearField, arXiv preprintarXiv:221214705 Dec 2022
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Outline of Part 3

The polar domain representation
T T T T

A Near-Field Channel State Information Acquisition
U Near-field MISO channel estimation

U Near-field MIMO channel estimation

U Near-field beam training

A Near-Field Beam Split

U Phasedelay beam focusing

U Nearfield rainbow-based beam training
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Far-Field Beam Split Effect

Beamsplit effectinduced in wideband ELAA systems

U For narrowband, beamforming is generally designedaccording to the central carrier "Q

U In wideband systems,the beams at different frequencies will split towards different
angles where QO E+ "D E+

Prism
Carrier 30 GHz, bandwidth2 GHz, 11.2F 26%
Antenna array 16 16
Carrier 30 GHz, bandwidth 2 GHz, 0
Antennaarray 60} 60 &2 & L
dlsper3|on of ||ght Carrier 100 GHz, bandw:dth 20 GHz, 11 2% of 80%
antenna array 16, 16
-1 o) Carrier 100 GHz, bandwidth 20 GHz, 0
Beam squint! === Beam split?! antennaarray 60} 60 % % 300%

ELAA introduces a severebeam spliteffect in far field

[1] X. Gao,L. Dai, S. Zhou,A. SayeedandL. Hanzq fiBeamspacehannelestimationfor widebandmillimeter-wave MIMO with lensantennaarray, i Proc. IEEE Int. Conf Commun(IEEE| C C8j Kansas,
US,May 2018 (IEEE ICC 2018BestPaperAward)
[2] L. Dai,J. Tan,Z. Chen,andH. VincentPoor,fiDelay-phaserecodingor widebandTHz massiveMIMO, HEEE Trans WirelessCommunvol. 21, no. 9, pp. 72717286 Sep 2022
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Near-Field Beam Split Effect

In the near-field region, the near-field beam split effect inducesthe beamsat different
frequenmeswﬂl split towards different locations

09
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Far-field _} Near-field
beam split beam split

0] 20 40

40
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Far-field 5> Near-field Electromagnetic field

The near-field beam spliteffect has not been well studied
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Challenge In Neafrfield Wideband Systems

Existing transmission technologies suffer from a severe performance loss in ndaald
wideband systems due to the nedreld beam split effect

4 T T T T T T T T T
35 =] —> Upper bound
3 _="" -
251 oo loss> 50% - .
- Near-field narrowband method!

—_—
(]
T

7
/ Far-field wideband method?!

Average Rate (bit/s/Hz)
N

—
T

= == Upper bound

= DPP-TTD

—{— Optimization-based method
= Narrowband beamforming

Far-field narrowband method3!

©
(]
T
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[1] N. J. MyersandR. W. Heath,finFocus A spatialcodingtechniqueo mitigatemisfocusin nearfield LoS beamforming BEEE Trans WirelessCommun, vol. 21, no. 4, pp. 21932209 Apr, 2022
[2] X. Yu, J. ShenJ. Zhang,andK. B. Letaief fiAlternatingminimizationalgorithmsfor hybrid precodingn millimeter waveMIMO systems BEEE J. Sel TopicsSignalProcess vol. 10, no. 3, pp. 485500, Mar. 2016
[3] L. Dai, J. Tan,Z. Chen,andH. VincentPoor,fiDelay-phaseprecodingor widebandTHz massiveMIMO, BEEE Trans WirelessCommunvol. 21, no. 9, pp. 72717286 Sep 2022
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PhaseDelay Focusing (PDF)

The partitioned-far-field approximation of the nearfield channel
i The entire large array is partitioned into 0 small sub-arrays

@ Far-field @ Near-field @ Partitioned-far-field
U The user is located in the faifield region of each small subarray :
A For the f)-th antenna of therj-th subarray : st et e
. () \ - _“Z’L nl ’.’ —+— Partitioned-far-field channel \\‘ |
D Istan Ce . l l r] Q— = /' —&E&— Far-field channel \‘\
1+ 4
Phase: %0 1O —NQ— o o o

0

1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500

Antenna Index

Subarray-wise nearfield phase  Antenna-wise far-field phase

The complicated nearfield channel isdecoupledto multiple far-field channels across different subarrays
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PhaseDelay Focusing (PDF)

A very large phaseshift network to compensatehe antennawise phase

A small time-delaylayer to compensatehe subarray-wise phase

%o — 1 —NQ— Phaseshift $ 00 Phaseshift
_ﬁ'_y LI Time-delay =i Y
Subarray-wise  Antenna-wise 9. Y ol Y
phase variation = phase variation [rRF —-—¢ Y |?|-<.>-|D—.yr{
RF chain )g‘_ RFE chain ﬂ‘_j
Y O O
v v = 7
& ~{_Delay H
Compensated by  Compensated by ﬁ'—j { —--- Y
time-delay phaseshift
I a€ Beamsteering [ b€ Phasedelay focusing

Overcome the neatfield beam split effect withmuch reducedtime-delay elements
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Simulation Results (1)

5

Achievable average rate vs. distance

U Near-optimal average rate is realized

I
25 |
|
A A A A O —8—0 o » =>Proposed method
— 2 [ - a
£ : Rayleigh
= : distance
e |
— 15}
o |
o 1
5 |
21 l
4 1
< = ===:]deal case
A—| —0— Proposed PDF DDA
0.5F DPP-TTD T
Optimation-based method
=\ Narrowband focusing
0 1 1 I

M. Cui, L. Dai, R. SchoberandL. Hanzq fiNearfield widebandoeamformingor extremelylargeantennarray, arXiv preprintarXiv:210910054 Sep 2021

500 450 400 350 300 250 200 150 100 50 0
Distance (m)

Parameters Values
Carrier 100 GHz
Bandwidth 5 GHz
Numbe_r of 1024
subcarriers
Number of 512
antennas
nglelgh 400meters
distance
SNR 20 dB
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Proposed Effective Rayleigh Distance

Derive the effective Rayleigh distance from the view afrray gain loss

~

C I aSS I Cal Rayl e I g h d IStan Ce (R D) 300 _-’- Eft"(;(:ti\f'reI Raylleigh (glistan‘ce

----=-Classical Rayleigh distance
. Sk

U Definition: When the largest phase error between the
planar wave and spherical wave is “ T, the Tx-Rx

200 -

distanceis 100 |
2% — . C
Effective Rayleigh distance (ERD)

U Definition: When the array gain lossof the far-field beam
In the near-field regionis vbP , the Tx-Rx distanceis

-200 -
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z-axis [m]
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Simulation Results (2)

Achievable average rate vs. distance

| Parameters Values
1
Carrier 100 GHz
— I Bandwidth 5 GHz
£ : ~ I
= RD ' Number of
i I : subcarriers e
?q_; 15 I /y I
= ) ERD 1 Number of
) | | 512
D 4L : , antennas
s [ |
2 = ===:]deal case I SNR 20 dB
05 === Proposed PDF A A | A A 5
: DPP-TTD ]
Optimation-based method : RD 400 meters
=A== Narrowband focusing
ob—— o . ERD 125meters
500 450 400 350 300 250 200 150 100 50 0

Distance (m)

The proposedERD is more accuratefor near-field communications

M. Cui, L. Dai, R. SchoberandL. Hanzq fiNearfield widebandbeamformindor extremelylargeantennaarray, arXiv preprintarXiv:210910054 Sep 2021
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Outline of Part 3

The polar domain representation
T T T T

A Near-Field Channel State Information Acquisition

Y (meters)

U Near-field MISO channel estimation

U Near-field MIMO channel estimation

U Near-field beam training

A Near-Field Beam Split

U Phasedelay beam focusing

U Nearfield rainbow-based beam training
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The Challenge of NeatField Beam Training

Beamtraining is an essentialmethod is acquire the channelstateinformation (CSI)

However, since the near-field codebookrequires extra grids on the distance domain, its
codebooksizeis much larger than that of the far-field codebook

The polar domain representation
T T T T

Y (meters)

A L 1 1 L 1 1
0 1 2 3 4 L
X (meters)

Exhaustive search

6 7

Parameters Far-field codebook Near-field codebook
Number of 512 512
antennas
Carriers 100 GHz 100 GHz
Number_of 512 512
angle grids
Number of
distance grids 1 20
Codebooksize 512 10240

The overheadof near-field exhaustive beam training isunaffordable
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Near-fleld Rainbow based Beam Training

Time-delay circuits are able to control the degreeof the near-field beamsplit effect
U The optimal distanceis searchedin a time division manner
U The optimal angleis searchedin a frequency division manner

. ' 1]'16 polar domain represemation/ P rIS m T T1he polar domain representation C ar rl er
| .. me
z Q

Q
» - Q

0 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
X (meters) X (meters)

Exhaustive search Near-field rainbow based search

The pilot overhead is determined by the search of distanct

NearField MIMO Communications for 6G: Fundamentals, Challenges, Potentials, and Future Directions 57/145



Simulation Results

The proposed scheme is able to achieve the neaptimal average rate performance
with a very low training overhead

5

Proposed method Parameter Value
Carrier 60 GHz
5 ~ 1 Bandwidth 3 GHz
= = o -
Z £ -
E 2 25k Subcarrier 4096
> > number
E - = = .Perfect CSI E ? | Antenna
& 15k —O— Proposed beam training 1 L 15 - - - .Perfect CSI | 256
- Far-field rainbow based training < 0— Proposed beam training number
4 1k Near-field hierarchical tr.ai.ning ] g 1L Far-field rainbow based training| |
< —D—Far—ﬁeld. hlerar.ch.lcal training < Near-field hierarchical training SN R 20 d B
05 L Exhaustive training 05 —p— Far-field hierarchical training |
' ' Exhaustive training . " o~ Y
0 ' B L T T T T T Distance = 1 h i
5 10 15 20 25 500 1000 1500 2000 2500 3000 3500 4000
Training overhead Training overhead S Z v Z
Angle = Ti—+hl 1+

M. Cui, L. Dai, Z. Wang,S. Zhou,andN. Ge, iNearfield rainbow Widebandbeamtrainingfor XL-MIMO, EEEE Trans WirelessCommun 2023
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Outline of Part 4

Near-Field SingleUserMIMO Capacity Enhancement
Near-Field Location Division Multiple Access
Near-Field Multi -User Interference Management
Near-Field Wireless Power Transfer

Near-Field SphericatWaveform-Assisted Channel Estimation

Do I Po I»  Po  I»

Near-Field SphericatWaveform-Assisted Channel Localization

A Enlarging Near-Field Region with Circular Arrays
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Limited DoFsfor Far-Field LoS Channel

Based on planar wave assumptions,degreesof freedom (DoF) are limited in line-of-sight
(LoS) far-field channel

Distance: Q £ Q —

c o Phase:%o S— — 0 —

o LoS

% LoS path ’E A Far-field steering vector '

‘. j’i"“;/ Hibo —pi0—  fEflo  —

: t VO

= 9Los i ! ‘

g Receiver € | :'ti— )H (— )’
Transmitter _ Y _

Far-field channel Rank-one matrix

The rank-oneLoS channelcan only support one data stream

[1] O. Ayach S. RajagopalS. Abu-Surrg Z. Pi,andR. W. Heath,ASpatiallysparseprecodingn millimeterwave MIMO systems EEE Trans WirelessCommun vol. 13, no. 3, pp. 1499 1513 Jan 2014
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From rank-one channel to highly ranked channel

The rank-onefar-field LoS channelis not valid any more in the near-field region
Basedon spherical waves the near-field LoS channelbecomesighly ranked

Phase:%o . (Vi Qi —=Q i)

O 2%
—¢ ’Q—x Not valid in near-field region
Y J

Far-field phase%o

\

‘ Near-field LoS channel

|l rQ A 88 | pQ A
£ é | E é |
J HII HJ EBB | Z) h J |

¢

DDDDDDDDDDDDDDDDDDDDDDDDDDDﬂ

= Receiver
Transmitter | |

Near-field channel |
Significantly increased rank
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IncreasedDoFsfor Near-Field LoS Channel

The DoFs can significantly increasein the near-field region when both BS and UE are
equippedwith ELAAS

108

Near-Field

p1t DoFsin the
near-field region

T

prt DoFsin the

3,

Rayleigh distance —>

Degrees of Freedom
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|
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- |—&— Accurate channel DoFs J far -fleld reglon
| |—e—DoF's estimated in [13] \”:\n\x\_’
I Receiver - |—*—DoF's estimated in [12] I 1
. -1 1 1 1 1 1 1 1 1 1 1
Transmitter 0 50 100 150 200 250 300 350 400 450 500

Near-field LoS channel Distance between BS and UE [m]

The capacity is expected to bsignificantly enhancedwith increasedDoFs

[12] D. A. Miller, iWaves modescommunicationsandoptics A tutorial, Adv. in Opt. andPhoton, vol. 11, no. 3, pp. 679 825, Sep 2019
[13] N. DecarliandD. Dardari iCommunicatiormodeswith largeintelligentsurfacesn thenearfield, KEEE Accessvol. 9, pp. 165648 165666, Sep 2021
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Limitation of hybrid precoding architecture

However, limited by the small number of RF chains the classicalhybrid precoding can not
efficiently utilize the increasedDoFsto enhancethe capacity

pmmmmm———— ~\ (==

] |
! : i HE :
> Le RF Chains —-®— : |
] ] Hall
Baseband | |! - : . b
. | Processing : . : . : . :
] |
: . ! r>lof !
> Lo RF Chains —®— ! |
| | gl
‘\ ———————— f’ ‘-—_—II
Digital Precoding Analog Precoding Array
Precoding Region Spatial DoFs RF chains Spectral Efficiency
: Far-Field Low RF Chains DoFs Near Optimal
Hybrid g .t ! |
. i |
Precoding Near-Field ! High RF ChainsL DistanceRelated DoFs Far From Optimal !
{ : ,'

How to efficiently utilize the significantly increasedDoFsin near field ?
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Distance Aware Precoding Architecture

Basedon the distancerelated DoFs in the near-field region, the distanceaware precoding
architecture is proposed
The number of activated RF chains can be configured to match the increasedDoFs in the

near-field region - —— = \ (mmmmm=- \ B
| |
I 1y I
@' alS I : I I
—{ » RF Chains —»® 7 1 g N EEinE ii }Qg_—‘ : @1_’?
»l0 l | 7 :
] 1y | RF Chains E: K || E @L*O
Baseband : . : » : | Baseband i : : : bl
Processing . . . | Processing| |i - C.hains :i }§ P e
T [ 'y ] @
g »0 I I I
. | I |
—t » RF Chains &) @, o —I > | RF Chains :I X : @L*O
I I 1
I 1y I
| I II 1 |
. . . ! Scalable 1! Selection}
Digital P Analog P A ' ! Arra
igital Precoding nalog Precoding Array I\, RE Chains ,:l Circuit ) y
Hybrid Precoding Distance-Aware Precoding

Z. Wu, M. Cui, Z. Zhang,andL. Dai, fiDistanceawareprecodingfor nearfield capacityimprovementin XL-MIMO, @n Proc. IEEE 95th Veh Technol Conf (IEEEV T Q&Spring)
Helsinki, Finland,Jun 2022
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Simulation Results

In the distanceaware precoding architecture, the number of RF chains can be flexibly
adjustedto match the spatial DoFs

. The spectral efficiency can be significantly enhancedin the near-field region
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[1] X. Gao, L. Dai, S. Han, €. .
pp.998 1009, Apr. 2016.

20 25 30 35 40 45
Distance (m)

50

Parameters Values
Carrier 100 GHz
BS antennas 256
MS antennas 256
SNR 30 dB

and Hergyafficienthgbad ahalog @nhd digital precoding fomwaveMIMO systems with large antenna arrayeEE J. Sel. Area€ommun, vol. 34, no. 4,

[2] X. Yu, J. Z. J. Shen, and K. Betaief Alt@rnating minimization algorithms for hybrid precoding in millimeter wave MIMO sysfel®&E J. Sel. Area€ommun, vol. 10, no. 3, pp. 48500, Apr. 2016.
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Outline of Part 4

Near-Field SingleUser MIMO Capacity Enhancement
Near-Field Location Division Multiple Access
Near-Field Multi -User Interference Management
Near-Field Wireless Power Transfer

Near-Field SphericatWaveform-Assisted Channel Estimation

Do I Po I»  Po  I»

Near-Field SphericatWaveform-Assisted Localization

A Enlarging Near-Field Region with Circular Arrays
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Challenge of SDMA for Far-Field Communication

Spatial division multiple accesYSDMA) is employedby massiveMIMO to multiplex
data streamsto different usersfor improving spectral efficiency

In massive MIMO systems far-field beamsteeringvectors only focus on specific
angles,which enablesthe multiple accesdor usersat different angles

---------------------------------------------------------------------------
. .
. O

30 - - - 30 v ; ; 30

|:| @ 201 20 20
O] UE2 UE4 ol 0 10
o <) ) ) 0
O
I:I @ 10} -10 -10
UE3 20 -20 20
SDMA for far -field

-30 : : : -30 3 g — -30

communications

Users at thesame anglecannotbe simultaneously served bynassive MIMO with SDMA
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Mitigated Interference with Near-Field Beamfocusing

Far-field beamsteeringvectorsfocuson specificspatial angle
Near-field beamfocusingis capable to focus on specific location, which could be
leveragedto mitigate inter-userinterferences
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Near-field beamfocusinghas the potential to serve users at theamespatial angle
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