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What has George Bernard Shaw told us? 

1G-5G: Adapt to Environment

We can ñadapt to the channelsò from 1G to 5G, so does 6G

1G
ÅCellular technology

2G
ÅDigital modulation

3G
ÅCDMA power control

4G
ÅOFDM adaptive coding and 

modulation

5G
ÅeMBB/mMTC /uRLLC

üBritish dramatist

üNobel Prizein Literature 

Channel adaption for 1G-5G

Bernard Shaw

ÅReasonablemen 

adapt themselves to 

their environment; 

unreasonablemen try 

to adapt their 

environment to 

themselves. 



3/108Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development

Contents

¸ Chapter 1: Introduction

i. Background of RIS

ii. RIS fundamentals

iii. Hardware design and prototypes

¸ Chapter 2: Advanced algorithms for RIS

i. Compressed sensing based channel estimation

ii. Two-timescale channel estimation

iii. Non-stationary channel estimation

iv.Near-field beam training

v. RIS beamforming design

¸ Chapter 3: Advanced architectures for RIS

i. Active RIS

ii. Transmissive RIS

iii. User-centric RIS

iv.Wideband RIS

v. Holographic RIS

¸ Chapter 4: System-level simulation of RIS 

i. System-level simulation setup

ii. Performance evaluation results

iii. Three operation modes for RIS

iv.RIS vs. network-controlled repeater (NCR) 

v. Preliminary Exploration of Small Scale Channel Models

¸ Chapter 5: Trial tests of RIS

i. Trials in sub-6 GHz commercial networks

ii. Prototype systems testing in IMT-2030 

iii. Test specifications for microwave anechoic chamber

¸ Chapter 6: Standardization of RIS

i. Precedence in 4G LTE era

ii. Possible strategy for RIS

¸ Chapter 7: Future trends of RIS 

¸ Conclusions



4/108Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development

ITU-R WP 5D, Draft Recommendation, ñFramework and overall objectives of the future development of IMT for 2030 and beyond,ò Jun. 2023.

6G Applications and KPIs

¸From 5G to 6G, emergingapplications (holographic Video, extendedreality, etc.) will

drive the iterative upgradeof mobile communications

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

performance indicators (KPIs) for 6G communications

Extended Reality

Holographic Video Digital Replica

Intelligent Transport Key performance indicators for 6G 
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¸Reconfigurable Intelligent Surface (RIS) is an array composed of a large number of 

reconfigurable sub-wavelength elements

¸Each element can adjust the electromagnetic properties of incident waves, so as to 

intelligently reconfigure the wireless environment

Background of RIS

RIS is a potential key technology for 6G communications

RIS

RIS

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



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

¸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/magnetic/thermal/light -sensitive

History of RIS

[1] N. F. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso, and Z. Gaburro, ñLight propagation with phase discontinuities:  Generalized laws of 

reflection and refraction,ò Science, 334(6054), pp. 333ï337, Oct. 2011.

[2] T. Cui, M. Qi, X. Wan, J. Zhao, and Q. Cheng, ñCoding metamaterials, digital metamaterials and programmable metamaterials,ò Light: Science & Applications, 

vol. 3, p. 218, Oct. 2014.

[3] H. Yang, X. Cao, F. Yang, J. Gao, S. Xu, M. Li, X. Chen, Y. Zhao, Y. Zheng, and S. Li, ñA programmable metasurfacewith dynamic polarization, scattering and 

focusing control,ò Scientific Reports, vol. 6, p. 35692 EP, Oct. 2016.

PIN diode

Capasso, 2011 Cui, 2014 Yang, 2016
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RIS Fundamentals

¸RIS can be viewed as a reflective array composed of a large number of sub-wavelength 
programmable elements

input

output

patch

Phase

-shift 

circui

t
Passive element

60- ¯ +60̄

30- ¯ +30̄
0¯

ώ ἰὀ ἰz ὲ•ὲἑὲȟȡὀ ὲ

Direct link RIS-aided link

C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen, ñReconfigurable intelligent surfaces for energy efficiency in wireless communication,ò 

IEEE Trans. Wireless Commun., vol. 18, no. 8, pp. 4157-4170, Aug. 2019. (2021 IEEE Marconi Prize Paper Award)
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¸3200-element reconfigurable wall (MIT, Feb. 2020)

¸Transmissive dynamic metasurfaces(Japan NTT and American AGC, Jan. 2020)

¸Reconfigurable paintings (Southeast University, Apr. 2021)

¸256-element RIS@2.3 GHz communication prototype (Tsinghua University, Mar. 2020)

RIS Prototypes

Transmissive 
metasurfaces

Reconfigurable 

paintings 
On - Reflective

Off - Transparent

3200 

elements

Reconfigurable wall

L. Dai* , B. Wang, et al, ñReconfigurable intelligent surface-based wireless communication: Antenna design, prototyping and experimental results,ò IEEE Access, 

vol. 8, pp. 45913-45923, Mar. 2020. (2020 IEEE Access Best Multimedia Award)

256-element RIS@2.3 GHzReconfigurable 

paintings 
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¸Overcome the blockage; provide additional communication links

¸Enhance the signal quality; increase the spectrum efficiency

¸Save the power consumption; increase the energy efficiency

RIS-Aided Wireless Communications

Z. Zhang and L. Dai*, ñReconfigurable intelligent surfaces for 6G: Nine fundamental issues and one critical problem,ò Tsinghua Sci. Technol., vol. 28, no. 5, pp. 

929-939, Oct. 2023. (Invited Paper)

Transmitter

User

User

User
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RIS vs. Massive MIMO

Massive MIMO RIS

Hardwarestructure

Beamforming ability Yes Yes

Operating mechanism Transmit/Receive signals Re-radiate signals

RF chains Yes No

Baseband processing Yes No

Cost High Low

Power consumption Very high Low

digital baseband 

processing

RF chain

RF chain

RF chain

micro 

controller
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RIS vs. Relays

¸Decode-and-forward (DF) relays decode signals and then regenerate the signals to 
serve users

¸Amplify -and-forward (AF) relays amplify signals and forward to users, while RIS only 
reflects signals passively

No noise

S D

R

RIS do not demodulate or amplify signals, which has negligible 

noise, real-time processing, and very low power consumption

Timeslot 2

ὖί ὋὋ Ὤί ὲ

S D

R
ὖί Ὃί

Array gain Power gain

Array gain

Amplified noise

Timeslot 1
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¸High-dimensional cascaded channel of the RIS-assisted communication systems 

requires a large pilot overhead

Challenge of Channel Estimation

CascadedChannel

ἒ ḯἑÄÉÁÇἰȟ

M

M

increase     times

(e.g., 256)

Without RIS With RIS

N

NMN

(M¦N)

Unaffordable pilot overhead!
Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, ñIntelligent reflecting surface-aided wireless communications: A tutorial,ò IEEE Trans. Commun., vol. 69, no. 5, 

pp. 3313-3351, May 2021. 
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¸All users share the common ἑ: All non-zero elements are in the same rows

¸All users share partially common scatterers between the RIS and UE: Partial non-zero 

elements are in the same columns

Channel Property: Double-structured sparsity

X. Wei, D. Shen,andL. Dai* , ñChannelestimationfor RIS assistedwirelesscommunications: PartII - An improvedsolutionbasedon double-structuredsparsity,ò
IEEECommun. Lett., vol. 25, no. 5, pp. 1398-1402, May 2021. (Invited Paper)

Partially common columns

User1 User 2

BS

user 1

user 2

G
,1rh

,2rh

RIS

C
o

m
m

o
n

 r
o

w
s



15/108Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development

¸Estimate the common row support

ü The common support set of ἑis determined

¸Estimate the partially common column support

ü The partially common support set of ἰ is determined

¸Estimate the individual column support

ü The individual support sets of different users are determined

Key Idea

X. Wei, D. Shen,andL. Dai* , ñChannelestimationfor RIS assistedwirelesscommunications: PartII - An improvedsolutionbasedon double-structuredsparsity,ò
IEEECommun. Lett., vol. 25, no. 5, pp. 1398-1402, May 2021. (Invited Paper)

Partially common columns
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Number of shared paths among different users

Simulation Results

X. Wei, D. Shen,andL. Dai* , ñChannelestimationfor RIS assistedwirelesscommunications: PartII - An improvedsolutionbasedon double-structuredsparsity,ò
IEEECommun. Lett., vol. 25, no. 5, pp. 1398-1402, May 2021. (Invited Paper)

¸Comparison of the NMSE performance

The channel estimation accuracy outperforms existing schemes

Our method

Our method
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¸Compressed sensing based channel estimation schemes cannotbe utilized in non-sparse

scenarios, which will result in a large pilot overhead

C. Hu, L. Dai* , S. Han, and X. Wang,ñTwo-timescalechannelestimationfor reconfigurableintelligent surfaceaidedwirelesscommunications,òIEEE Trans.

Commun., vol. 69, no. 11, pp. 7736-7747, Nov. 2021.

Challenge of Compressed Sensing

UE

BS
(M antennas)

ἰ

RIS
(N elements)

ἰ

ἑ

How to reduce the pilot overhead for non-sparsechannels

non-sparse channel
N

M
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¸BS-RIS channel: High-dimensional, but quasi-stationary

¸BS-UE, RIS-UE channels: Fast-varying, but low-dimensional

C. Hu, L. Dai* , S. Han, and X. Wang,ñTwo-timescalechannelestimationfor reconfigurableintelligent surfaceaidedwirelesscommunications,òIEEE Trans.

Commun., vol. 69, no. 11, pp. 7736-7747, Nov. 2021.

Two-Timescale Channel Property

UE

BS
(M antennas) ἰ

(M¦1)

fast-varying

RIS
(N elements)

ἰ
(N¦1)

fast-varying

ἑ
(M¦N)

quasi-stationary
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¸Estimate the BS-RIS channel in a large timescale 

ü The pilot overhead can be neglectedfrom a long-term perspective

¸Estimate the BS-UE/RIS-UE channels in a small timescale 

ü The pilot overhead is small thanks to the low dimension 

Key Idea

ἰ

ἰ

ἑ

C. Hu, L. Dai* , S. Han, and X. Wang,ñTwo-timescalechannelestimationfor reconfigurableintelligent surfaceaidedwirelesscommunications,òIEEE Trans.

Commun., vol. 69, no. 11, pp. 7736-7747, Nov. 2021.
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¸The pilot overheadsignificantly reducedby exploiting the two-timescale property

Simulation Results

[5] T. L. JensenandE. De Carvalho,ñAn optimalchannelestimationschemefor intelligentreflectingsurfacesbasedonaminimumvarianceunbiasedestimator,ò

in Proc. 2020IEEEInt. Conf. Acoust., SpeechSignalProcess. (ICASSPô20), Barcelona,Spain,May 2020, pp. 5000-5004.

[14] Z. Wang,L. Liu, andS. Cui,ñChannelestimationfor intelligentreflectingsurfaceassistedmultiusercommunications: Framework,algorithms,andanalysis,ò

IEEETrans. WirelessCommun., vol. 19, no. 10, pp. 6607-6620, Oct. 2020.

Our method

Our method
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¸The channel estimation accuracy of the proposed scheme outperforms [14]

Simulation Results

Our method
Our method

[5] T. L. JensenandE. De Carvalho,ñAn optimalchannelestimationschemefor intelligentreflectingsurfacesbasedonaminimumvarianceunbiasedestimator,ò

in Proc. 2020IEEEInt. Conf. Acoust., SpeechSignalProcess. (ICASSPô20), Barcelona,Spain,May 2020, pp. 5000-5004.

[14] Z. Wang,L. Liu, andS. Cui,ñChannelestimationfor intelligentreflectingsurfaceassistedmultiusercommunications: Framework,algorithms,andanalysis,ò

IEEETrans. WirelessCommun., vol. 19, no. 10, pp. 6607-6620, Oct. 2020.
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¸Challenge: The spatial non-stationary effect makes different parts of the antenna array 

see different scatterers/users

Challenge of XL-RIS Channel Estimation

RIS: samescatterers/users for the entire array XL -RIS: different scatterers/users for different parts

Existing schemes cannot estimate spatial non-stationary channel accurately

Z. Yuan,J. Zhang,Y. Ji, G. F. Pedersen,andW. Fan,ñSpatialnon-stationarynear-field channelmodelingandvalidationfor massiveMIMO systems,òIEEE Trans.

AntennasPropag., 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

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

Key Idea

Å SameXL -RIS configuration in different time slots

Å Cannot extract signals of different sub-arrays

Å Change the configuration of XL-RIS by sub-array

Å Can extract signals of different sub-arrays

◄

◄

◄

◄

Alamouti STBC

for sub-arrays

1 1

1 -1

Convert non-stationary channel to stationary channel to improve accuracy
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¸Comparison of the NMSE performance

Simulation Results

The NMSE performance improves significantly

3dB

Proposed scheme

Traditional scheme

Pilot overhead

Y. ChenandL. Dai* , ñNon-StationaryChannelEstimationfor ExtremelyLarge-ScaleMIMO,òIEEETrans. WirelessCommun., Dec. 2023.
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¸From RIS to extremely large-scaleRIS (XL -RIS)

ü The fundamental changeof electromagneticfield structure in the XL -RIS assistedcommunication

systemslead to the mismatch between the traditional planar-wave codewordsand the spherical-

wavechannels

Challenge of Near-Field Beam Training

How to conduct accuratebeam training in the near-field

28 GHz XL -RIS with 2304 elements

X. Wei, L. Dai* , Y. Zhao, G. Yu, and X. Duan, ñCodebook design and beam training for extremely large-scale RIS: Far-field or near-field?ò China Commun., vol. 

19, no. 6, pp. 193-204, Jun. 2022. (Invited Paper)
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¸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

Near-Field XL -RIS Channel

XL -RIS
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Near-field: related to the location

Far-field: related to the angle

X. Wei, L. Dai* , Y. Zhao, G. Yu, and X. Duan, ñCodebook design and beam training for extremely large-scale RIS: Far-field or near-field?ò China Commun., vol. 

19, no. 6, pp. 193-204, Jun. 2022. (Invited Paper)
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¸Construct the near-field XL -RIS codebookbasedon near-field array responsevector

ü Eachcodewordis decidedby a pair of samplingpoints in space

Near-field Codebook Design

x

y

z

Generate new 

codewords

Delete repeated 

codewords

Output the near-

field codebook

Transmitter location

Receiver location

X. Wei, L. Dai* , Y. Zhao, G. Yu, and X. Duan, ñCodebook design and beam training for extremely large-scale RIS: Far-field or near-field?ò China Commun., vol. 

19, no. 6, pp. 193-204, Jun. 2022. (Invited Paper)
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¸To reducethe beamtraining overhead, a hierarchical near-field XL -RIS codebookcan

be further constructedbasedon the near-field array responsevector

Hierarchical Near-Field Beam Training

ᾀ

ὼ

ώ

Transmitter location

Receiver location

Exhaustive search

é

1st layer

2nd layer

K th layer

Sampling range

Sampling step

Hierarchical search

X. Wei, L. Dai* , Y. Zhao, G. Yu, and X. Duan, ñCodebook design and beam training for extremely large-scale RIS: Far-field or near-field?ò China Commun., vol. 

19, no. 6, pp. 193-204, Jun. 2022. (Invited Paper)
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¸Comparison of the achievablerate performanceand the beamtraining overhead

Simulation Results

10% improvement

The beam training accuracy improves significantly
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¸Challenge: How to significantly improve the capacity of cell-free network with power 

constraint?

¸Solution: Introduce low-power RISs to serve multiple users cooperatively with multiple 

APs

Challenge of RIS-aided cell-free beamforming

CPU

How to design the RIS beamforming in cell-free network
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¸System model: The superposition of BS signals and RIS signals

Joint BS-RIS Beamforming Design

. .

RIS r RIS R

user 1

user k

. .

RIS 1

user K

ἑȟȟ
ἐȟȟ

ȟȟ

ώȟ ἒȟȟ ἐȟȟ ἑȟȟ Ἷ ȟȟίȟ

RIS precoding

BS precodingReceived signal on 

subcarrier p at user k

BS 1

BS B

BS b

Z. ZhangandL. Dai* ,ñA joint precodingframeworkfor widebandreconfigurableintelligentsurface-aidedcell-freenetwork,òIEEETrans. SignalProcess., vol. 69,

pp. 4085-4101, Aug. 2021.
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¸Joint precoding problem: Maximize the weighted sum rate

Joint BS-RIS Beamforming Design
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Z. ZhangandL. Dai* ,ñA joint precodingframeworkfor widebandreconfigurableintelligentsurface-aidedcell-freenetwork,òIEEETrans. SignalProcess., vol. 69,

pp. 4085-4101, Aug. 2021.

Update 

beamforming 

design at BSs 

and RISs 

alternatingly
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¸Simulation parameters

ü2 BSs (each is equipped with 8 antennas)

ü2 RISs (each is equipped with 32 elements)

ü4 users

ü6 subcarriers

Simulation Setup

(0,0)

(0 m,-20 m) (80 m,-20 m)

(30 m, 3 m) (50 m, 3 m)

X

Y

AP 1 AP 2

RIS 1 RIS 2

user 1

user 2

user 3

user 4

Z. ZhangandL. Dai* ,ñA joint precodingframeworkfor widebandreconfigurableintelligentsurface-aidedcell-freenetwork,òIEEETrans. SignalProcess., vol. 69,

pp. 4085-4101, Aug. 2021.
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¸Comparison of the weighted sum-rate performance

Simulation Results

RIS-aided

Ideal RC

Continuous phase shifter

No RIS

1-bit phase shifter

2-bit phase shifter

The channel capacity of RIS-aided cell-free network increases significantly

Z. ZhangandL. Dai* ,ñA joint precodingframeworkfor widebandreconfigurableintelligentsurface-aidedcell-freenetwork,òIEEETrans. SignalProcess., vol. 69,

pp. 4085-4101, Aug. 2021.



35/108Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development

Contents

¸ Chapter 1: Introduction

i. Background of RIS

ii. RIS fundamentals

iii. Hardware design and prototypes

¸ Chapter 2: Advanced algorithms for RIS

i. Compressed sensing based channel estimation

ii. Two-timescale channel estimation

iii. Non-stationary channel estimation

iv.Near-field beam training

v. RIS beamforming design

¸ Chapter 3: Advanced architectures for RIS

i. Active RIS

ii. Transmissive RIS

iii. User-centric RIS

iv.Wideband RIS

v. Holographic RIS

¸ Chapter 4: System-level simulation of RIS 

i. System-level simulation setup

ii. Performance evaluation results

iii. Three operation modes for RIS

iv.RIS vs. network-controlled repeater (NCR) 

v. Preliminary Exploration of Small Scale Channel Models

¸ Chapter 5: Trial tests of RIS

i. Trials in sub-6 GHz commercial networks

ii. Prototype systems testing in IMT-2030 

iii. Test specifications for microwave anechoic chamber

¸ Chapter 6: Standardization of RIS

i. Precedence in 4G LTE era

ii. Possible strategy for RIS

¸ Chapter 7: Future trends of RIS 

¸ Conclusions



36/108Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development

¸The RIS-aided reflection link suffers large-scale fading twice

W. Tang,M. Chen,X. Chen,J. Dai, Y. Han,M. Di Renzo,Y. Zeng,S. Jin, Q. Cheng,andT. J. Cui, ñWirelesscommunicationswith reconfigurableintelligent

surface: Pathlossmodelingandexperimentalmeasurement,òIEEETrans. WirelessCommun., vol. 20, no. 1, pp. 421-439, Jan. 2021.

Passive RIS

BS User

Passive RIS

User

(a) Atypical scenario 

with strong direct link

(b) Typical scenario 

with weak direct link

ώ ἰ ÄÉÁÇἮ ἑἿί ᾀSignal modelЕ

Product instead of summation

BS

ἑ

Ἦ

ἰ

ἑ

Ἦ

ἰ

Limit of RIS: ñMultiplicative Fadingò Effect
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üBS (equipped with 4 antennas,transmit power 10 mW)

üRIS (equipped with 256elements)

ü4 User (equipped with 1 antennas)

(0 m, 0 m)

(0 m, -40 m)

(200 m, 30 m)

x

BS

Passive RIS

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

y

user 1

user 2

user 3

user 4

¸System parameters

Example
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¸Passive RIS canonly achieve negligiblecapacity gain in typical scenarios with strong 

direct link

Z. Zhang, L. Dai*, X. Chen, C. Liu, F. Yang, R. Schober, and H. V. Poor, ñActive RIS vs. passive RIS: Which will prevail in 6G?,ò IEEE Trans. Commun., vol. 71, no. 3, 

pp. 1707-1725, Mar. 2023. 

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

Obvious 65% 
capacity gain

Negligible3%

capacity gain

How to overcome the ñmultiplicative fadingò effect?

Example
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¸Passive RIS: Reflect signals directionally without amplification

¸Active RIS: Amplify the reflected signals using power amplifiers

Transmitter

Receiver

incident 

signal

reflected signal

with amplification 

input

output

input

output

patch

phase-

shift

circuit

Receiver

incident 

signal

reflected signal 

without amplification

Transmitter

power

supply

patch

phase-

shift

circuit

reflection-type 
amplifier

Concept of Active RIS
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¸Feasible realizations of active reflection-type power amplifier

[1] J. Bousquet, S. Magierowskiand G. G. Messier, ñA 4-GHz active scatterer in 130-nm CMOS for phase sweep amplify-and-forward,ò IEEE Trans. Circuits Sys. I, vol. 59, no. 3,

pp. 529-540, Mar. 2012.

[2] J. Kimionis, A. Georgiadis, A. Colladoand M. M. Tentzeris, ñEnhancement of RF tag backscatter efficiency with low-power reflection amplifiers,ò IEEE Trans. Micro. Theory 

Tech., vol. 62, no. 12, pp. 3562-3571, Dec. 2014.

[3] F. Farzami, S. Khaledian, B. Smidaand D. Erricolo, ñReconfigurable dual-band bidirectional reflection amplifier with applications in Van Atta array,ò IEEE Trans. Micro.

Theory Tech., vol. 65, no. 11, pp. 4198-4207, Nov. 2017.

[4] P. Keshavarzian, M. Okoniewskiand J. Nielsen, ñActive phase-conjugating Rotmanlens with reflection amplifiers for backscattering enhancement,ò IEEE Trans. Micro. Theory

Tech., vol. 68, no. 1, pp. 405-413, Jan. 2020.

[1] 

[3] [4] 

[2] 

Realization of Active RIS
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¸Different signal models of passive RISand active RIS:

(a) Passive RIS (b) Active RIS

ἑ

Ἦ

ἰ

ώ ἰ Ἦ ἑἿί ᾀ ώ ἰ ἮἜ ἑἿί ἮἜἶ ᾀ

user

Amplification matrix Additional noise introduced 

by active components

patch

phase-

shift

circuit

Phase shift matrix

phase-

shift

circuit

reflection-type 
amplifier

patch

BS

user

BS ἑ

Ἦ

ἰ

Signal Model of Active RIS
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¸Experimental measurementsof a fabricated active RIS element
power
supply

patch

A fabricated active RIS element

Device Under Test 

active RIS 

element

DC source power supply

circulator

vector 

network 

analyzer

spectrum 

analyzer

LNA

vector network 

analyzer

DC source

active RIS

element
circulator

pump

source

noise source

Validation Platform for Signal Model
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¸Measurement results

25 dB reflection gain

Thermal noise

is also amplified

(a) Reflection gain vs. frequency (b) Noise power vs. reflection gain

Verify the correctnessof the proposed signal model

Validation Results

Z. Zhang, L. Dai*, X. Chen, C. Liu, F. Yang, R. Schober, and H. V. Poor, ñActive RIS vs. passive RIS: Which will prevail in 6G?,ò IEEE Trans. Commun., vol. 71, no. 3, 

pp. 1707-1725, Mar. 2023. 
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¸Three variables: BS precoding vector    , phase shift matrix    , and amplification 

matrix     of active RIS

Ἷ
Ἔ

Ἷ ὖ

maximize
wŪP

subject to

SINR of user k

Ἔ ἑἿ Ἔ „ ὖ

‎
ἰ ἮἜ ἑἿ

В ȟ ἰ ἮἜ ἑἿ ἮἜ „ „

BS power constraint

RIS power constraint

, , 

Ὑ ÌÏÇρ ‎

Capacity Maximization of Active RIS
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¸Optimizing Ἷ, , and Ἔalternatingly

Lagrangian dual reformulation

IterationDerivation

Fractional programming

Fractional programming

optimize

‗

optimize

Ἷ

optimize

ȟἜ

optimize

ἿȟȟἜ

Ἷ

‗

ȟ
Ἔ

Proposed Joint Precoding Algorithm
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üBS (equipped with 4 antennas, transmit power 10 mW)

üActive RIS (equipped with 256elements, reflect power 10 mW)

ü4 User (equipped with 1 antennas)

(0 m, 0 m)

(0 m, -40 m)

(200 m, 30 m)

x

BS

Active RIS

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

y

user 1

user 2

user 3

user 4

¸Simulation parameters

Simulation for Joint Precoding Design
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¸Active RIS can achieve noticeablecapacity gain in typical communication scenarios 

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

1325% 

129% 

Active RIS can overcome the ñmultiplicative fadingò effect !

Simulation Results

Z. Zhang, L. Dai*, X. Chen, C. Liu, F. Yang, R. Schober, and H. V. Poor, ñActive RIS vs. passive RIS: Which will prevail in 6G?,ò IEEE Trans. Commun., vol. 71, no. 3, 

pp. 1707-1725, Mar. 2023. 
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¸Experimental measurementsbased on a 8¦8 active RIS 

Parameter Setting

Frequency 3.55 GHz

Bandwidth 40 MHz

Polarization
Vertical (BS) 

Horizontal (user)

BS-RIS distance 2 m

RIS-user distance 3.5 m

AoA 0Á

Active 
RIS

BS
user

Device
Reflection

AoD

Received 

Power
Throughput

Metal    

plate
15Á

-110 dBm 1.2 MHz

Active 

RIS
-100 dBm 28.5 MHz

Metal 

plate
45Á

-105 dBm 1.5 MHz

Active 

RIS
-95 dBm 30 MHz

8¦8 active RIS

Active RIS: Experimental Measurements 



49/108Reconfigurable Intelligent Surfaces for 6G: From Academic Research to Industry Development

¸Produce the 16¦16 mmWave transmissive RIS systemand test the transmission gain

Transmissive RIS

Indoor test

Parameter Setting

Frequency 27 GHz 

Bandwidth 800 MHz

BS-RISdistance 2 m

RIS-UE distance 0.05 m

Device Throughput Transmit power

No RIS 1024Mbps 13.6 dBm

RIS 1024Mbps 5.4dBm

J. Tang,M. Cui, S. Xu, L. Dai, F. Yang,andM. Li, ñTransmissiveRIS for B5G communications: Design,prototyping,andexperimentaldemonstrations,òIEEE

Trans. Commun., vol. 71, no. 11, pp. 6605-6615, Nov. 2023.

Reflective RIS

Transmissive 

RIS
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Multi -Layer Transmissive RIS

¸Itôs impossible to deploy large-scale RIS at the user-sidedue to the limit of cost and size

¸We propose multi -layer transmissive RIS to realize large-scale array at user-side with 

low cost and small size

BS

User-side

CPE

Router

VR

User-side RIS

UE ἻἼ ■Ἴἰ ╛Ἴἰ

Multi -layer 

transmissive RIS

é é

K. Liu, Z. Zhang, L. Dai* , and L. Hanzo, ñCompact user-specific reconfigurable intelligent surfaces for uplink transmission,ò IEEE Trans. Commun., vol. 70, no. 

1, pp. 680-692, Jan. 2022.


