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1G-5G: Adapt to Environment

What has George Bernard Shawtold us?

k)
\Bernard Shaw

AReasonablanen
adapt themselves to
their environment;
unreasonablemen try
to adapt their
environment to
themselves.

~

7

U British dramatist (¢
(0 Nobel Prizein Literature

We ¢ adapt td the channels

[ Channel adaption for 1G5G ]
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6G Applications and KPIs

drive the iterative upgrade of mobile communications

performanceindicators (KPIs) for 6G communications

pab\\mts of IMT. 2
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From 5G to 6G, emerging applications (holographic Video, extendedreality, etc.) will

In June 2023 International Telecommunication Union (ITU) has proved key

Extended Reality  Intelligent Transport Key performance indicators for 6G
ITU-R WP 5D, Draft Reazmemnemldadnonqgvdrall objectives of | Gun 2028.t ure devce
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Background of RIS

Reconfigurable Intelligent Surface (RIS)is an array composed of a large number of
reconfigurable subwavelength elements
Each element can adjust the electromagnetic properties of incident waves, so as to

intelligently reconfigure the wireless environment RIS

4 4
: » = ~ RIS

b

Rx

(a) Classical communications (b) RIS-aided communications

RIS is a potentialkey technologyfor 6G communications
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History of RIS

Metamaterial: Artificial material with a structure that exhibits unnatural properties

Metasurface Two-dimensional (2D) structure composed of individual elements to
manipulate signals

Four typical realizations: Electric/magneticthermal/light -sensitive
Capasso, 2011 Cui, 2014 Yang, 2016
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PIN diode

[1] N. F. Yu, P.GenevetM. A. Kats, FAieta, J-P.Tetienne F. Capasspand Z.Gaburrq Light propagation with phase discontinuities: Generalized laws of
reflection and refractiand Sci ence, 33BA40B.2034), pp. 333

[ 2] T. Cui , M. Qi , X. CowagmetandaterialZ, ligital metaanaterialQand prammgble matamatériald. i ght : Sci en.
vol. 3, p. 218, Oct. 2014.

[ 3] H. Yang, X. Cao, F. Yang, J. Ga o, A @ogradmaplendasurfacevith dydamic @diaezation, dtatterihidnaama
focusingcontrgl 6 Sci enti fic Reports, vol. 6, p. 35692 EP, Oct. 2016.
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RIS Fundamentals
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China Mobile

RIS can be viewed as &eflective array composed of a large number of suwavelength
programmable elements
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C. Huang, AZapponeG. C. Alexandropoulos, MDebbah a n d ®econYiguelnle intefiigent surfaces for energy efficiency in wireless communigcadon
IEEE Trans. Wireles€ommun vol. 18, no. 8, pp. 4154170, Aug. 2019.4021IEEE Marconi Prize Paper Award)
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RIS Prototypes

3200elementreconfigurable wall (MIT, Feb. 2020)

Transmissive dynamicmetasurfacegJapan NTT and American AGC, Jan. 2020)
Reconfigurable paintings(Southeast University, Apr. 2021)
. 256-element RIS@2.3 GHZzommunication prototype (Tsmghua UnlverS|ty Mar. 2020)

Reconflgurable WaII

3200

e Reconfigusd
Conventional metasurface e :r:sv:‘ “n: | = ; p al nt] n g S

FE 4 S

T Transmissive | .
metasurfaces

L. Dai*, B. Wang.et al, Rdtonfigurable intelligent surfadesed wireless communication: Antenna design, prototyping and experimenta) résHESAccess
vol. 8, pp. 4591315923, Mar. 20202020 IEEE Access Best Multimedia Awardl
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RIS-Ailded Wireless Communications

Overcome theblockage provide additional communication links
Enhance thesignal quality; increase thespectrum efficiency

Save thepower consumption increase theenergy efficiency

5

5

Z. Zhang and.. Dai*, Re&tonfigurable intelligent surfaces for 6G: Nine fundamental issues and one critical prdisieghua Sci. Technolol. 28, no. 5, pp.
929939, Oct. 2023(Invited Paper)
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RIS vs. Massive MIMO

- Massive MIMO

Hardwarestructure

Beamforming ability
Operating mechanist
RF chains
Baseband processin
Cost
Power consumption

digital basebang
processing

RF chain

RF chain
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RF chain

Yes

Transmit/Receive signals
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Yes
High
Very high

RIS
>/§< e
Yes

Reradiate signals
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Low
Low
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RIS vs. Relays

Decodeand-forward (DF) relays decode signals and then regenerate the signals to

serve users
Amplify -and-forward (AF) relays amplify signals and forward to users, whildRIS only

reflects signals passively

Timeslot 1 Timeslot 2
> ———mm- = OoOd _
JJ1  Array gain

(((1')>> Array gain  Power gain (1]
"Oi

., 00 Qi ¢ .
\ NO noise

N
N

N Amplified noise
) E

B

D
RIS do notdemodulate or amplify signals which has negligible

D
S

noise, reattime processing, and very low power consumption
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Challenge of Channel Estimation

High-dimensional cascaded channaf the RIS-assisted communication systems
requires a large pilot overhead

N A 1 NM
& G /I
A

increaseN times

/
th hr,l‘ oiis hr,K (eg1 256) /
. /
hgy ’
-
M
user 1D . .uéer KB
e 1 €AE @\ G ) Without RIS With RIS

(M} N) cascadedChannel

Unaffordable pilot overhead!

Q. Wu, S. Zhang, B. Z mneliggntrefl€cting ¥YuwfacaideawirelessRcomniirhicatiorg: A tuforidieEE TransCommun vol. 69, no. 5,
pp. 33133351, May 2021.
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Channel Property: Double-structured sparsity ¢/

All users share the commort : All non-zero elementsare in the same rows

All users share partially common scatterers between the RIS and UR.artial non-zero
elementsare in the same columns

Partially common columns
/ /\‘|
o !
e

Userl User?2

Common rows

X. Wei, D. Shen,andL. Dai*, iiChannelestimationfor RIS assistedvirelesscommunicationsPartll - An improvedsolutionbasedon doublestructuredsparsity o
IEEE CommunLett, vol. 25, no. 5, pp. 13981402 May 2021 (Invited Paper)
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Estimate thecommon row support
U The common support set of is determined

Estimate thepartially common column support
U The partially common support set ofi is determined

Estimate theindividual column support
U The individual support sets of different users are determined

5

Partially common columns Partially common columns

T

/

"4

Common rows
Common rows

'

it

Userl User?2 Userl

IEEE CommunLett, vol. 25, no. 5, pp. 13981402 May 2021 (Invited Paper)

User?2

X. Wei, D. Shen,andL. Dai*, iChannelestimationfor RIS assistedvirelesscommunicationsPartll - An improvedsolutionbasedon doublestructuredsparsity 0
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Simulation Results

Comparison of theNMSE performance

-5 T T T T T 10_1 L ] ] |

—Pp— Conventional CS based scheme [3]
—A— Row-structured sparsity based scheme [4]
—&— Proposed DS-OMP based scheme (Lc=0)
—©— Proposed DS-OMP based scheme (Lc=4)
-10¢ —+&— Proposed DS-OMP based scheme (Lc=6) | -
—&— Proposed DS-OMP based scheme (Lc=8)
= = =Oracle LS based scheme

P EHTN

China Mobile

NMSE (dB)
5

Our method

—— Conventional CS based scheme [3]
—A— Row-structured sparsity based scheme [4]
—O— Proposed DS-OMP based scheme

= = =Oracle LS based scheme

Our method

_25 1 1 1 1 1 1 0_3
32 48 64 80 96 112 128 0 2 4 6 8

The pilot overhead Q for the cascaded channel estimation Number of shared paths among different users

The channel estimation accuracyoutperforms existing scheme

X. Wei, D. Shen,andL. Dai*, iChannelestimationfor RIS assistedvirelesscommunicationsPartll - An improvedsolutionbasedon doublestructuredsparsity 0
IEEE CommunLett, vol. 25, no. 5, pp. 13981402 May 2021 (Invited Paper)
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Challenge of Compressed Sensing

Compressed sensing based channel estimation schemasnot be utilized in non-sparse
scenarios, which will result ina large pilot overhead

RIS
(N elements)

BS
(M antennas) :

2
4
6
8

M

C. Hu, L. Dai*, S. Han, and X. Wang, iiTwo-timescalechannelestimationfor reconfigurableintelligent surfaceaided wirelesscommunications €EEE Trans
Commun vol. 69, no. 11, pp. 77367747, Nov. 2021
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Two-Timescale Channel Property

BS-RIS channel:High-dimensional but quastrstationary
BS-UE, RIS-UE channels:Fast-varying, but low-dimensional

: RIS
M N) (N elements)
FStationar ,
BS , (Nll 1)
(M antennas l fast-varying
(! 1)
fast-varying . UE

C. Hu, L. Dai*, S. Han, and X. Wang, iiTwo-timescalechannelestimationfor reconfigurableintelligent surfaceaidedwirelesscommunications ¢EEE Trans
Commun vol. 69, no. 11, pp. 77367747, Nov. 2021
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Estimate the BSRIS channel in a large timescale
U The pilot overhead can baneglectedfrom a long-term perspective

Estimate the BSUE/RIS-UE channels in a small timescale
U The pilot overhead issmall thanks to thelow dimension

Estimate the high-dimensional Estimate the low-dimensional
quasi-static BS-RIS channel mobile BS-UE and RIS-UE channels

7
T time
(N A J\ A J >
Y Y Y Y
Small timescale
Large timescale
B Dual-link pilot Uplink pilot Data transmission

transmission transmission

C. Hu, L. Dai*, S. Han, and X. Wang, iiTwo-timescalechannelestimationfor reconfigurableintelligent surfaceaided wirelesscommunications €EEE Trans
Commun vol. 69, no. 11, pp. 77367747, Nov. 2021
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Simulation Results

The pilot overheadsignificantly reducedby exploiting the two-timescale property

600 T T T ! T 600 T T T !
: : : : : —— Proposed two-timescale channel estimation| -
500_§ D G S S S— ool | —o— VU estimator o
: —O— Multi-user channel estimation [14] /
—7— Proposed two-timescale channel estimation : : : : :
| =—&— MVU estimator [5] : : : E :
. 400+ V- . Multi—user channel estimation [14] . 5 400F - - A ........... ........... SEERE ...........
%300, ) %300_ i
e . . . . : IS | . :
o _ : ; ; : Q ; : :
200 - s z z : 200 s - Our method
100+ - / ¢ ..... ;> 100} - - ........... ........... ........... ........... ..........
. . V .
Our method 1
0 ' ' 0

0 5 10 15 20 25 30 10 20 30 20 50 60 70
number of BS antennas number of RIS elements
[5] T.L.JenserandE. De CarvalhofiAn optimalchannekstimationscheméor intelligentreflectingsurfacesasedn a minimumvarianceunbiasedestimatoy 0
in Proc. 20201EEE Int. Conf Acoust, SpeectSignalProcess( | C A 8K BaelonaSpain,May 202Q pp. 50005004

[14] Z. Wang,L. Liu, andS. Cui, iChannelestimatiorfor intelligentreflectingsurfaceassistednultiusercommunicationsFramework algorithms,andanalysis 0
IEEE Trans WirelessCommun vol. 19, no. 10, pp. 66076620 Oct 2020
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Simulation Results

, : : , , : -20
: —— Proposed two-timescale channel estimation

| =—©— MVU estimator [5] 7 \
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[5] T.L.JenserandE. De CarvalhofiAn optimalchannekstimationschemdor intelligentreflectingsurfacesasedon a minimumyvarianceunbiasecestimatoy 0
in Proc. 20201EEE Int. Conf Acoust, SpeectSignalProcess( | C A 8K BaelonaSpain,May 202Q pp. 50005004
[14] Z. Wang,L. Liu, andS. Cui, iChannelestimatiorfor intelligentreflectingsurfaceassistednultiusercommunicationsFramework algorithms,andanalysis 0

IEEE Trans WirelessCommun vol. 19, no. 10, pp. 66076620 Oct 2020
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Challenge of XL-RIS Channel Estimation

Challenge: Thespatial non-stationary effectmakesdifferent parts of the antenna array
seedifferent scatterers/users
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RIS: samescatterers/users for theentire array XL -RIS: different scatterers/users fordifferent parts

Existing schemes cannot estimatgpatial non-stationary channelaccurately

Z. Yuan,J. Zhang,Y. Ji, G. F. PederserandW. Fan,ASpatialnon-stationarynearfield channeimodelingandvalidationfor massiveMIMO systemg IEEE Trans
AntennadPropag, vol. 71, no, 1, pp. 921-933 Jan 2023
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Divide the XL-RIS into several sub-arrays: from a non-stationary array to several
stationary sub-arrays

U Apply Alamouti STBC to changethe configuration of the XL -RIS by sub-array consistently

Gl (IR RIS
H HE 1 41
\_ H N 1) Alamouti STBC ;L________Ji_ ________ j
< — <
- - .\ for sub-arrays ni'— ———————— ii ———————— T
mOC 1 i -1
- RN AL —
< <
A SameXL -RIS configuration in different time slots A Change the configuration of XL-RIS by sub-array
A Cannot extract signals of different subarrays A Can extract signals of different subarrays

Convert non-stationary channel tostationary channel toimprove accuracy
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Simulation Results

Comparison of the NMSE performance

'1 T T T T T
—A— Proposed scheme]
2k —&— Traditional schemg |

NMSE
&

0 100 200 ann 4n0 500 600
Pilot overhead

The NMSE performanceimproves significantly

Y. ChenandL. Dai*, iNon-StationaryChanneEstimationfor ExtremelyLarge-ScaleMIMO ,0 IEEE Trans WirelessCommun, Dec 2023
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Challenge of NearField Beam Training

From RIS to extremelylarge-scaleRIS (XL -RIS)

U The fundamental changeof electromagneticfield structure in the XL -RIS assistedcommunication
systemslead to the mismatch betweenthe traditional planar-wave codewordsand the spherical
wavechannels

o Near-field Far-field
_
Spherical wave ., , Planar wave
; \ L] Y
—— T~ = Rayleigh distance Lo s
R U e Y U
vy Y —

28 GHz XL -RIS with 2304 elements

X. Wei, L. Dai*, Y. Zhao, G. Yu, and XDuan Cdilebook design and beam training for extremely tamge RIS: Fafield or neasfield?0 ChinaCommun, vol.
19, no. 6, pp. 19204, Jun. 2022lifvited Paper)
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Near-Field XL -RIS Channel

Far-field beamtraining : Apply angular-domain DFT codebookto searchthe bestangle

Near-field XL-RIS channel Related not only to the angle but also to the specific
location (angle & distance)of a certain user

Far-field: related to the angle
- — oo i2p(g+)
a({(q(;r! ./(3r )1( rq r)y_§ 1Pt a I
e'sz(qNZ y’...’ej'z (wl q’ / e]z (Nle '5)8

\ 4

Near-field: related to thelocation

([(XG Y - ZG)()? Y, ZH) geJZ,OD(ll)

e JZpD(lN) eJZ@(Nl 1) erZDJNlN )H

X. Wei, L. Dai*, Y. Zhao, G. Yu, and XDuan Cdilebook design and beam training for extremely tamge RIS: Fafield or neasfield?0 ChinaCommun, vol.
19, no. 6, pp. 19204, Jun. 2022lifvited Paper)
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Near-field Codebook Design

Construct the near-field XL -RIS codebookbasedon near-field array responsevector

U Eachcodewordis decidedby a pair of sampling points in space

Algorithm 1. Near-field codebook design.

Inputs: The two collections of sampled points =&~ B Transmitter location
and =", the number of RIS elements /N; and Ns.
Initialization: W = (), L = 0.

1. for (287, y%", 257) € Z¢ do

2. fc(n' (", y",2") € =" do

B Receiver location

3. (e, = [e 2D . —i2eD.(LNe) 0 Generate new
b 7 ¥ 7 b I

e=32mDa(N1.1) ... o=j2nDs(N1,N2)H codewords B
4. (ifc, ¢ W then |, Delete repeated L
5. (W =IW.& ) codewords _—
6. L=L~+1 X1
7 end if .‘?“;— I
8. end for N
9. end for
[Output: The designed near-field XL-RIS codebook |, Output the near-
W, and the codebook size L. field codebook

X. Wei, L. Dai*, Y. Zhao, G. Yu, and XDuan Cdilebook design and beam training for extremely tamge RIS: Fafield or neasfield?0 ChinaCommun, vol.
19, no. 6, pp. 19204, Jun. 2022lifvited Paper)
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Hierarchical Near-Field Beam Training

To reducethe beamtraining overhead a hierarchical near-field XL -RIS codebookcan
be further constructedbasedon the near-field array responsevector

Exhaustive search

B Transmitter location 4 &

v

Hierarchical search

1stlayer —"~—<> Sampling range

™ Sampling step

nd ——
2" layer

—~

Kth Iayer”]

X. Wei, L. Dai*, Y. Zhao, G. Yu, and XDuan Cdilebook design and beam training for extremely tamge RIS: Fafield or neasfield?0 ChinaCommun, vol.
19, no. 6, pp. 19204, Jun. 2022lifvited Paper)
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Simulation Results

Comparison of the achievablerate performance and the beamtraining overhead

+10°

19 T T | T iz
—&— Far-field beam training [17]

—8B— Proposed near-field beam training
—&— Proposed hierarchical near-field beam training -
= = =Perfect C5l based beamforming

T T T T T T

—+&— Proposed near-field beam training
- —@— Proposed hierarchical near-field beam training

-]
T

10% improvement

Achievable Rate (bit/s/Hz)
o

13

Beamtraining Training Overhead

11 : ! : ! | — ¢ ® e

5 -3 -1 1 3 5 80 90 100 110 120 130 140 150
SNR (dB) Sampling Step

The beam training accuracy improvessignificantly
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Challenge of RISaided cellfree beamforming &)

Challenge: How to significantlyimprove the capacityof cell-free network with power
constraint?

Solution: Introduce |OW-pOW€I;ﬁ#U RISsto serve multiple userscooperativelywith multiple
APSs

]
fom

Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development 30/108



Joint BS-RIS Beamforming Design

System model: The superposition oBS signalsand RIS signals

RIS1 RISt RISR
oogo Dooo oooo
Cogo H|E[R{= oooo
i EZEQ -+ D000
Cogd ooo oooo

BS1

BSb

h h

! userkK

BS precoding
| hRi ﬁ‘

RIS precoding

Received signal on
subcarrier patuserk W R € hh €

¢
¢
m
¢
¢

Z. ZhangandL. Dai*, fA joint precodingframeworkfor widebandreconfigurablentelligentsurfaceaidedcell-free network HEEE Trans SignalProcess vol. 69,
pp. 40854101, Aug. 2021,
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Joint BS-RIS Beamforming Design

Joint precoding problem: Maximize the weighted sum rate

RIS precoding BS precoding The SINR of userk Algorithm 1 Proposed Joint Precoding Framework.
Input:  All channels H; . ,, Gy, and F,. ;. ,, where Vb €
K p B, kEe,peP.
. _ . . Output: Optimized active precoding vector W; Optimized
maxmize f (J W ): a a Iog ( 1 -ng ) passive precoding matrix ©; Weighted sum-rate Ryp,.
u,w k=l D 4 P 1: Initialize W and ©;
=1L p . 2: while no convergence of Ry, do
<« P BS power constraint 3 Update p by (15) Update
. " "a 2 - 4. Update & by (19); beamformin
11 2
subjectto g a‘ Wy kH ¢R. . . b B s: [Update W by solving @] - oo Bg
k=1 4 PRI ’ 6: Update == by (29); €sign a S
=L P 7: | Update ® by solving (35); and RISs
{ T 1 TTR T RIS phase shift constraint  s: end while -
qr’j I C1 r IR y J IN 9: return WeP' @°P' and R . alternatlngly

Z. ZhangandL. Dai*, fA joint precodingframeworkfor widebandreconfigurablentelligentsurfaceaidedcell-free network HEEE Trans SignalProcess vol. 69,
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Simulation Setup

Simulation parameters
U 2 BSs (each is equipped with 8 antennas)
U 2 RISs (each is equipped with 32 elements)

U 4 users
U 6 subcarriers Y RIS1 RIS 2
2228 2e8e
5000 (30 m 3 m) oooo| (50 m 3 m)
0ooo Ooog
| userz
userl user3
00 & "0 X
AP 1
(O m,-20 m) (80 m,-20 m)
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Simulation Results

Comparison of theweighted sumrate performance

200 T T T T

'Ideal RC
180 Continuou$ phase shifter
160 | |
N
T
% 140
2 1-bit phase shijter
o 120 ;
©
£ 100 | _
>
n
}'33. 80 _
S
© 60 |
=
40 — — —Ideal RC
—H&— Continuous phase shifter )
20 | / 2-bit phase shifter RIS'alded
No RIS —A— 1-bit phase shifter
0 I ! | —6—No RIS

The channel capacity of RISaided cellfree network increases significantly
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Limitof RIS nMul t I pl 1 cat i v

The RIS-aided reflection link suffers largescale fadingtwice

Passive RIS Passive RIS

User

(a) Atypical scenario (b) Typical scenario
with strong direct link with weak direct link

P M

—_——— - e ——— e —

Product instead ofsummation

W. Tang,M. Chen,X. Chen,J. Dai, Y. Han,M. Di Renzo,Y. Zeng,S. Jin, Q. Cheng,andT. J. Cui, iWirelesscommunicationsvith reconfigurablentelligent
surface Pathlossmodelingandexperimentameasurement EEEE Trans WirelessCommun vol. 20, no. 1, pp. 421-439, Jan 2021
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Example

System parameters

U BS (equipped with4 antennas,transmit power 10 m\W)
U RIS (equipped with 256 elements)
U 4 User (equipped with1l antennas)

Yt Passive RIS

OO00

EEEE (200 m 30 m)

OO00

“ user2 .,
< userl @ user3™,

(O m, O m)

(0m, 0 m) sl (500 m, 0 m)

(Om,-40 m)
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Example

Passive RIScanonly achievenegligible capacity gain intypical scenarioswith strong

direct link
40 T T T T 40
—6— Passive RIS
35r — — —Without RIS| T 351

Negligible 3%
capacity gain

(O8]
S
T
(U8
(=]

Obvious 65%
15t capacity gain
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o
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[\
o
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Ju—
o
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5 | |—e—Passive RIS
- = =Without RIS

0 . . . F———>0 0 ‘ . . .
0 100 200 300 400 500 0 100 200 300 400 500
Distance L (m) . Dist.ance L (m) . .
(a) Atypical scenario with strong direct link (b) Typical scenario with weak direct link
How to overcomethei mu |l t I pl I cat i?v

Z.Zhangl. Dai*, X. Chen, C. Li u, F. YAactivg RIS \R..pasSve RIS: bWaich will prevall in @GEEBEE. TrarR Goonmun vaél. 71, no. 3
pp. 17071725, Mar. 2023.

Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development 38/108



Concept ofActive RIS

Passive RIS Reflect signals directionallywithout amplification
Active RIS: Amplify the reflected signals usingpower amplifiers

Transmitter

f.

Receiver ﬁ

reflected signal
without amplification

\ reflected signal

in(_:ident with amplification
signal
40,.
patch e \;
: reflectiontype
Input f— inpuf § phase amplifie%lp
L PNASE shift | power
= shift >
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Realization of Active RIS

Feasible realizations ofactive reflection-type power amplifier
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Signal Model ofActive RIS

Different signal models ofpassive RISand active RIS

patch
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Validation Platform for Signal Model

Experimental measurementof afabricated active RIS element
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network
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active RIS
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Validation Results

Measurement results

25 dBreflection gain | 130 , , .
—— P, = 1824 dBm = —e— f =2.3501 GHz
25| —— P, =18.12 dBm | T -135 | |—e—f = 2.3601 GHz
—— P, =17.90 dBm % —b— [ = 2.3607 GHz
20 —F =0 140 -
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Verify the correctnessof the proposedsignal model
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Capacity Maximization of Active RIS

Three variables: BS precoding vectofl , phase shift matrix , and amplification
matrix ~Eof active RIS

SINR of userk

maximize ‘Y [
wU.P
BS power constraint
subject to I 0

M'E€1 1 WeEN, 0O
RIS power constraint

B : [0 ™E &1 |HE|. .
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Proposed Joint Precoding Algorithm

Optimizing *I, , and Ealternatingly
/"Lagrangian dual reformulation

Fractlonal rogrammin
optimize — P g @

~
‘I

7

optimize optimize Derlvatlon
'h RE
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lteration

optimize |
hE {Fractional programming E
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Simulation for Joint Precoding Design

Simulation parameters

U BS (equipped with4 antennas, transmit powerl0 m\W)
U Active RIS (equipped with 256 elements reflect power 10 mW)
U 4 User (equipped withl antennas)

Yt Active RIS

==== (200 m 30 m)

<" user2 .,
< userl @ user3™,

(O m, O m)
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Simulation Results

Active RIS can achievenoticeablecapacity gain intypical communication scenarios
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Active RIS: Experimental Measurements

Experimental measurementdased on a 8 8 active RIS

8 active RIS

Reflection| Received
_ Device Throughput
Parameter Setting AoD Power

Freque