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Reconfigurable Intelligent Surface 

1

 Reconfigurable intelligent surface (RIS) is powerful technique 
to wireless systems
 Via properly designing RIS scattering strategy, user rates can 
be significantly improved
 Limitation: each RIS atom can merely affect its own signals

 Can we have more design freedom

𝜱𝜱 =
𝜙𝜙1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜙𝜙𝑀𝑀

,  𝜙𝜙𝑚𝑚 2= 1,𝑚𝑚 = 1, … ,𝑀𝑀



 RIS 2.0: Beyond diagonal RIS (BD-RIS)
 RIS atoms are connected via circuits
 Signals received by one atom will flow to other atoms and 

affect their scattered signals
 Non-diagonal scattering matrix

2

[1] H. Li, M. Nerini, S. Shen, and B. Clerckx, “A tutorial on beyond-diagonal reconfigurable intelligent 
surfaces: Modeling, architectures, system design and optimization, and applications”. [Online] 
https://arxiv.org/abs/2505.16504 

Beyond Diagonal RIS

𝜱𝜱 =
𝜙𝜙1,1 ⋯ 𝜙𝜙1,𝑀𝑀
⋮ ⋱ ⋮

𝜙𝜙𝑀𝑀,1 ⋯ 𝜙𝜙𝑀𝑀,𝑀𝑀

,  𝜱𝜱𝐻𝐻𝜱𝜱 = 𝑰𝑰
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Beyond Diagonal RIS Prototypes
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 Scattering matrix of conventional RIS

 Scattering matrix of fully connected BD-RIS

 More design freedom for BD-RIS
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Beyond Diagonal RIS

𝜱𝜱 =
𝜙𝜙1,1 ⋯ 𝜙𝜙1,𝑀𝑀
⋮ ⋱ ⋮

𝜙𝜙𝑀𝑀,1 ⋯ 𝜙𝜙𝑀𝑀,𝑀𝑀

,  𝜱𝜱𝐻𝐻𝜱𝜱 = 𝑰𝑰

BD-RIS > conventional RIS? Not necessarily

𝜱𝜱 =
𝜙𝜙1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜙𝜙𝑀𝑀

,  𝜙𝜙𝑚𝑚 2= 1,𝑚𝑚 = 1, … ,𝑀𝑀
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Challenge of BD-RIS: Channel Estimation

 How much data can be transmitted depends on
 Data transmission rate (bits/second)
 Data transmission duration (second)
 There are many lessions about channel estimation overhead
 Downlink massive MIMO in FDD systems
 Pros and cons of BD-RIS v.s. conventional RIS
 Higher beamforming gain
 Higher channel estimation overhead

Channel 
Estimation Data Transmission

𝑇𝑇

𝜏𝜏 𝑇𝑇 − 𝜏𝜏
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Example on Channel Estimation Overhead

 Consider RIS-aided single-user uplink communication
 One BS with 𝑁𝑁 antennas
 One single-antenna user 
 One RIS with 𝑀𝑀 atoms

𝑁𝑁-antenna BS

Single-Antenna User

𝑀𝑀-atom RISthe 𝑚𝑚-th element

𝑮𝑮 = 𝒈𝒈1, … ,𝒈𝒈𝑀𝑀 ∈ 𝐶𝐶𝑁𝑁×𝑀𝑀

𝑟𝑟𝑚𝑚

𝒓𝒓 = 𝑟𝑟1, … , 𝑟𝑟𝑀𝑀 𝑇𝑇 ∈ 𝐶𝐶𝑀𝑀×1

𝒈𝒈𝑚𝑚 ∈ 𝐶𝐶𝑁𝑁×𝟏𝟏
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Channel Estimation with Conventional RIS

 Received signals

𝒚𝒚𝑡𝑡 = 𝑮𝑮𝜱𝜱𝑡𝑡𝒓𝒓 𝑝𝑝𝑎𝑎𝑡𝑡 + 𝒛𝒛𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑡𝑡 + 𝒛𝒛𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

 𝒉𝒉𝑚𝑚 = 𝑟𝑟𝑚𝑚𝒈𝒈𝑚𝑚 ∈ 𝐶𝐶𝑁𝑁×1,𝑚𝑚 = 1, … ,𝑀𝑀
 Channels that are needed for beamforming design

𝒉𝒉1 = 𝑟𝑟1𝒈𝒈1, … ,𝒉𝒉𝑀𝑀 = 𝑟𝑟𝑀𝑀𝒈𝒈𝑀𝑀
 Number of unknowns in these channels: 𝑀𝑀𝑀𝑀
 Number of linear equations: 𝑁𝑁𝑁𝑁
Minimum overhead to estimate channels without noise

𝑇𝑇 = 𝑀𝑀
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Channel Estimation with Fully Connected BD-RIS

 Received signals

𝒚𝒚𝑡𝑡 = 𝑮𝑮𝜱𝜱𝑡𝑡𝒓𝒓 𝑝𝑝𝑎𝑎𝑡𝑡 + 𝒛𝒛𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 + 𝒛𝒛𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

 𝑸𝑸𝑚𝑚 = 𝑟𝑟𝑚𝑚𝑮𝑮 ∈ 𝐶𝐶𝑁𝑁×𝑀𝑀,𝑚𝑚 = 1, … ,𝑀𝑀, and 𝜱𝜱𝑡𝑡 = 𝝓𝝓𝑡𝑡,1, … ,𝝓𝝓𝑡𝑡,𝑀𝑀  

Need to estimate 𝑟𝑟𝑚𝑚𝒈𝒈𝑚𝑚−1 …
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Channel Estimation with Fully Connected BD-RIS

 Received signals

𝒚𝒚𝑡𝑡 = 𝑮𝑮𝜱𝜱𝑡𝑡𝒓𝒓 𝑝𝑝𝑎𝑎𝑡𝑡 + 𝒛𝒛𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 + 𝒛𝒛𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

 𝑸𝑸𝑚𝑚 = 𝑟𝑟𝑚𝑚𝑮𝑮 ∈ 𝐶𝐶𝑁𝑁×𝑀𝑀,𝑚𝑚 = 1, … ,𝑀𝑀, and 𝜱𝜱𝑡𝑡 = 𝝓𝝓𝑡𝑡,1, … ,𝝓𝝓𝑡𝑡,𝑀𝑀  
 Channels that are needed for beamforming design

𝑸𝑸1 = 𝑟𝑟1𝑮𝑮, … ,𝑸𝑸𝑀𝑀 = 𝑟𝑟𝑀𝑀𝑮𝑮
 Number of unknowns in these channels: 𝑁𝑁𝑀𝑀2

 Number of linear equations: 𝑁𝑁𝑁𝑁
 Overhead to estimate channels without noise [4]

𝑇𝑇 = 𝑀𝑀2 ≫ 𝑀𝑀
Is this the best we can do?

[4] H. Li, S. Shen, Y. Zhang, and B. Clerckx, “Channel estimation and beamforming for beyond diagonal 
reconfigurable intelligent surfaces,” IEEE Trans. Signal Process., vol. 72, pp. 3318–3332, Jul. 2024.
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Objective of Our Talk

 Numbers of RIS atoms and BS antennas: 𝑀𝑀 and 𝑁𝑁
 Numbers of users and antennas at each user: 𝐾𝐾 and 𝑈𝑈
 Rank of BS-RIS channel: 𝑞𝑞 = rank 𝑮𝑮  (to be estimated)

Types of RISs Channel Estimation Overhead
BD-RIS 2𝑀𝑀 + ⁄𝑀𝑀 𝐾𝐾𝐾𝐾 − 1 𝑞𝑞  [5]
BD-RIS 𝐾𝐾𝐾𝐾𝑀𝑀2 [4]

Conventional RIS 𝑀𝑀 + ⁄𝑀𝑀 𝐾𝐾𝐾𝐾 − 1 𝑞𝑞  [6]

[5] R. Wang, S. Zhang, B. Clerckx, and L. Liu, “Low-overhead channel estimation framework for beyond 
diagonal reconfigurable intelligent surface assisted multi-user MIMO communication,” under major 
revision, IEEE Trans. Signal Process., 2025. [Online] Available: https://arxiv.org/abs/2504.10911 
[6] Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent reflecting surface assisted multiuser 
communications: Framework, algorithms, and analysis,” IEEE Trans. Wireless Commun., vol. 19, no. 10, 
pp. 6607-6620, Oct. 2020.

𝑮𝑮 = 𝒈𝒈1, … ,𝒈𝒈𝑀𝑀

BD-RIS > conventional RIS? Yes 

https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
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Outline

 Part I: Conventional RIS [6] (Brief Overview)

 Part II: Fully Connected BD-RIS [5]

[5] R. Wang, S. Zhang, B. Clerckx, and L. Liu, “Low-overhead channel estimation framework for beyond 
diagonal reconfigurable intelligent surface assisted multi-user MIMO communication,” under major 
revision, IEEE Trans. Signal Process., 2025. [Online] Available: https://arxiv.org/abs/2504.10911 
[6] Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent reflecting surface assisted multiuser 
communications: Framework, algorithms, and analysis,” IEEE Trans. Wireless Commun., vol. 19, no. 10, 
pp. 6607-6620, Oct. 2020.

https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
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Signal Model in Channel Estimation Phase

 Pilot signal received by BS at time instant 𝑡𝑡 (ignore noise)

𝒚𝒚𝑡𝑡 = �
𝑘𝑘=1

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑘𝑘,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇.

             𝒉𝒉𝑘𝑘,𝑚𝑚 = 𝑟𝑟𝑘𝑘,𝑚𝑚𝒈𝒈𝑚𝑚 ∈ 𝐶𝐶𝑁𝑁×1, ∀𝑘𝑘,𝑚𝑚 

𝑁𝑁-antenna BS

User 𝑖𝑖

User 𝑘𝑘

𝑀𝑀-atom RIS
the 𝑚𝑚-th element

…

…

𝒈𝒈𝑚𝑚
𝑟𝑟𝑘𝑘,𝑚𝑚

𝑟𝑟𝑖𝑖,𝑚𝑚

𝐾𝐾 single-antenna users



13

Discussion on Channel Estimation Overhead

 Channel estimation overhead under conventional method

𝒚𝒚𝑡𝑡 = �
𝑘𝑘=1

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑘𝑘,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡 ∈ 𝐶𝐶𝑁𝑁×1, 𝑡𝑡 = 1, … ,𝑇𝑇.

 Number of linear equations: 𝑁𝑁𝑁𝑁
 Number of unknowns in 𝒉𝒉𝑘𝑘,𝑚𝑚 ∈  𝐶𝐶𝑁𝑁×1,∀𝑘𝑘,𝑚𝑚 : 𝐾𝐾𝐾𝐾𝐾𝐾
 Minimum overhead: 𝑇𝑇 = 𝑀𝑀𝑀𝑀 

What is missing here?

𝒉𝒉1,𝑚𝑚 = 𝑟𝑟1,𝑚𝑚𝒈𝒈𝑚𝑚, … ,𝒉𝒉𝐾𝐾,𝑚𝑚 = 𝑟𝑟𝐾𝐾,𝑚𝑚𝒈𝒈𝑚𝑚 are correlated over 𝑘𝑘
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Signal Model in Channel Estimation Phase

 Relation among cascaded channels

 Independent channel coefficients to be estimated

 Number of unknowns

𝒉𝒉1,𝑚𝑚 = 𝑟𝑟1,𝑚𝑚𝒈𝒈𝑚𝑚,∀𝑚𝑚 

𝒉𝒉𝑘𝑘,𝑚𝑚 = 𝑟𝑟𝑘𝑘,𝑚𝑚𝒈𝒈𝑚𝑚,∀𝑘𝑘 ≥ 2,∀𝑚𝑚 

𝒉𝒉𝑘𝑘,𝑚𝑚 = 𝛽𝛽𝑘𝑘,𝑚𝑚𝒉𝒉1,𝑚𝑚,∀𝑘𝑘 ≥ 2,∀𝑚𝑚 

where 𝛽𝛽𝑘𝑘,𝑚𝑚 = 𝑟𝑟𝑘𝑘,𝑚𝑚
𝑟𝑟1,𝑚𝑚

,∀𝑘𝑘 ≥ 2,∀𝑚𝑚 

𝐾𝐾𝐾𝐾𝐾𝐾 𝑀𝑀𝑀𝑀 + 𝐾𝐾 − 1 𝑀𝑀 

𝒉𝒉1,𝑚𝑚,𝑚𝑚 = 1, … ,𝑀𝑀
𝛽𝛽𝑘𝑘,𝑚𝑚,𝑘𝑘 = 2, … ,𝐾𝐾,𝑚𝑚 = 1, … ,𝑀𝑀

𝒉𝒉1,𝑚𝑚,𝑚𝑚 = 1, … ,𝑀𝑀, 
𝒉𝒉𝑘𝑘,𝑚𝑚,𝑘𝑘 = 2, … ,𝐾𝐾,∀𝑚𝑚 
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A New Look at Received Pilot Signals

 Received pilot signals

 Goal: estimate channels with minimum number of equations
 Pathway: design RIS scattering and user pilot
 Challenge: non-linear functions

= �
𝑚𝑚=1

𝑀𝑀

𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎1,𝑡𝑡 + �
𝑘𝑘=2

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝛽𝛽𝑘𝑘,𝑚𝑚𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

𝒚𝒚𝑡𝑡 = �
𝑘𝑘=1

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑘𝑘,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡
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A New Look at Received Pilot Signals

 Received pilot signals

 Our approach: sequential estimation

= �
𝑚𝑚=1

𝑀𝑀

𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎1,𝑡𝑡 + �
𝑘𝑘=2

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝛽𝛽𝑘𝑘,𝑚𝑚𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

𝒚𝒚𝑡𝑡 = �
𝑘𝑘=1

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑘𝑘,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡
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A New Look at Received Pilot Signals

 Received pilot signals

 Our approach: sequential estimation
 Phase 1: only user one transmits (linear in 𝒉𝒉1,𝑚𝑚)

= �
𝑚𝑚=1

𝑀𝑀

𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎1,𝑡𝑡 + �
𝑘𝑘=2

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝛽𝛽𝑘𝑘,𝑚𝑚𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

𝒚𝒚𝑡𝑡 = �
𝑘𝑘=1

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑘𝑘,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡
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A New Look at Received Pilot Signals

 Received pilot signals

 Our approach: sequential estimation
 Phase 1: only user one transmits (linear in 𝒉𝒉1,𝑚𝑚)
 Phase 2: other users transmit (linear in 𝛽𝛽𝑘𝑘,𝑚𝑚 given 𝒉𝒉1,𝑚𝑚) 

= �
𝑚𝑚=1

𝑀𝑀

𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎1,𝑡𝑡 + �
𝑘𝑘=2

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝛽𝛽𝑘𝑘,𝑚𝑚𝒉𝒉1,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

𝒚𝒚𝑡𝑡 = �
𝑘𝑘=1

𝐾𝐾

�
𝑚𝑚=1

𝑀𝑀

𝒉𝒉𝑘𝑘,𝑚𝑚𝜙𝜙𝑚𝑚,𝑡𝑡 𝑝𝑝𝑎𝑎𝑘𝑘,𝑡𝑡
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Main Result

 Under our approach, channel estimation overhead is

 Generalization: 𝑈𝑈-antenna users

𝑀𝑀 +
𝑀𝑀 𝐾𝐾𝐾𝐾 − 1

𝑞𝑞
 

𝑀𝑀 +
𝑀𝑀 𝐾𝐾 − 1

𝑞𝑞
≪ 𝐾𝐾𝐾𝐾, 𝑞𝑞 = rank( 𝒈𝒈1, … ,𝒈𝒈𝑀𝑀 )

[6] Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent reflecting surface 
assisted multiuser communications: Framework, algorithms, and analysis,” IEEE 
Trans. Wireless Commun., vol. 19, no. 10, pp. 6607-6620, Oct. 2020.
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Outline

 Part I: Conventional RIS [6] (Brief Overview)

 Part II: Fully Connected BD-RIS [5]

[5] R. Wang, S. Zhang, B. Clerckx, and L. Liu, “Low-overhead channel estimation framework for beyond 
diagonal reconfigurable intelligent surface assisted multi-user MIMO communication,” under major 
revision, IEEE Trans. Signal Process., 2025. [Online] Available: https://arxiv.org/abs/2504.10911 
[6] Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent reflecting surface assisted multiuser 
communications: Framework, algorithms, and analysis,” IEEE Trans. Wireless Commun., vol. 19, no. 10, 
pp. 6607-6620, Oct. 2020.

https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
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One Single-Antenna User Case

 Received signals with a single-antenna user

𝒚𝒚𝑡𝑡 = 𝑮𝑮𝜱𝜱𝑡𝑡𝒓𝒓 𝑝𝑝𝑎𝑎𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

 𝑸𝑸𝑚𝑚 = 𝑟𝑟𝑚𝑚𝑮𝑮 ∈ 𝐶𝐶𝑁𝑁×𝑀𝑀,𝑚𝑚 = 1, … ,𝑀𝑀, and 𝜱𝜱𝑡𝑡 = 𝝓𝝓𝑡𝑡,1, … ,𝝓𝝓𝑡𝑡,𝑀𝑀  
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One Single-Antenna User Case

 Received signals with a single-antenna user

𝒚𝒚𝑡𝑡 = 𝑮𝑮𝜱𝜱𝑡𝑡𝒓𝒓 𝑝𝑝𝑎𝑎𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑇𝑇

 𝑸𝑸𝑚𝑚 = 𝑟𝑟𝑚𝑚𝑮𝑮 ∈ 𝐶𝐶𝑁𝑁×𝑀𝑀,𝑚𝑚 = 1, … ,𝑀𝑀, and 𝜱𝜱𝑡𝑡 = 𝝓𝝓𝑡𝑡,1, … ,𝝓𝝓𝑡𝑡,𝑀𝑀  
 Channels that are needed for beamforming design

𝑸𝑸1 = 𝑟𝑟1𝑮𝑮, … ,𝑸𝑸𝑀𝑀 = 𝑟𝑟𝑀𝑀𝑮𝑮
 Number of unknowns in these channels: 𝑁𝑁𝑀𝑀2

 Number of linear equations: 𝑁𝑁𝑁𝑁
Minimum overhead to directly estimate 𝑸𝑸𝑚𝑚,𝑚𝑚 = 1, … ,𝑀𝑀 

𝑇𝑇 = 𝑀𝑀2 ≫ 𝑀𝑀
Is this the best we can do?
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Signal Model in Channel Estimation Phase

 Relation among cascaded channels

 Independent channel coefficients to be estimated

 Number of unknowns

𝑸𝑸1 = 𝑟𝑟1𝑮𝑮 

𝑸𝑸𝑚𝑚 = 𝑟𝑟𝑚𝑚𝑮𝑮,∀𝑚𝑚 ≥ 2 

𝑸𝑸𝑚𝑚 = 𝛽𝛽𝑚𝑚𝑸𝑸1,∀𝑚𝑚 ≥ 2 

where 𝛽𝛽𝑚𝑚 = 𝑟𝑟𝑚𝑚
𝑟𝑟1

,∀𝑚𝑚 ≥ 2 

𝑁𝑁𝑀𝑀2 𝑀𝑀𝑀𝑀 + 𝑀𝑀 − 1

𝑸𝑸1
𝛽𝛽𝑚𝑚,𝑚𝑚 = 2, … ,𝑀𝑀

𝑸𝑸1
𝑸𝑸𝑚𝑚 ,𝑚𝑚 = 2, … ,𝑀𝑀
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Similarity Between Conventional and BD RIS

Multi-user communication with conventional RIS
 𝒈𝒈𝑚𝑚 common in estimating 𝒉𝒉1,𝑚𝑚 = 𝑟𝑟1,𝑚𝑚𝒈𝒈𝑚𝑚, … ,𝒉𝒉𝐾𝐾,𝑚𝑚 = 𝑟𝑟𝐾𝐾,𝑚𝑚𝒈𝒈𝑚𝑚
 Single-user communication with BD-RIS
 𝑮𝑮 common in estimating 𝑸𝑸1 = 𝑟𝑟1𝑮𝑮, … ,𝑸𝑸𝑀𝑀 = 𝑟𝑟𝑀𝑀𝑮𝑮

(a) Conventional RIS (b) BD-RIS
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A New Look at Received Pilot Signals

 Received pilot signals

 Goal: estimate channels with minimum number of equations
 Pathway: design RIS scattering and user pilot
 Challenge 1: non-linear functions
 Challenge 2: 𝜱𝜱𝐻𝐻𝜱𝜱 = 𝑰𝑰 (new challenge)

𝒚𝒚𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 = 𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡
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A New Look at Received Pilot Signals

 Received pilot signals

 Dose the following sequential estimation approach work?
 Phase 1: 𝝓𝝓𝑡𝑡,1 ≠ 𝟎𝟎,𝝓𝝓𝑡𝑡,2 = ⋯ = 𝝓𝝓𝑡𝑡,𝑀𝑀 = 𝟎𝟎 (linear in 𝑸𝑸1)
 Signals of atoms 2 −𝑀𝑀 are not reflected

 Phase 2: signals of all atoms are reflected (linear in 𝛽𝛽𝑚𝑚 
given 𝑸𝑸1) 

𝒚𝒚𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 = 𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡

 𝝓𝝓𝑡𝑡,1,𝟎𝟎, … ,𝟎𝟎  is not unitary matrix
 No BD-RIS circuit can achieve this 
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Our Approach

Main result: 𝑇𝑇 = 2𝑀𝑀 time slots are sufficient
 Divide into two blocks, each with 𝑀𝑀 time slots
 Block 1: at each time slot 𝑡𝑡 = 1, … ,𝑀𝑀 
 User pilot: arbitrary 𝑎𝑎𝑡𝑡 with 𝑎𝑎𝑡𝑡 = 1
 RIS scattering: 𝝓𝝓𝑡𝑡,𝑚𝑚 = 𝒑𝒑 𝑚𝑚+𝑡𝑡−1  mod 𝑀𝑀 +1,𝑚𝑚 = 1, … ,𝑀𝑀

𝜱𝜱1 = 𝒑𝒑1, … ,𝒑𝒑𝑀𝑀 ,𝜱𝜱2 = 𝒑𝒑2, … ,𝒑𝒑𝑀𝑀,𝒑𝒑1 , … ,𝜱𝜱𝑀𝑀 = 𝒑𝒑𝑀𝑀,𝒑𝒑1, … ,𝒑𝒑𝑀𝑀−1

where 𝑷𝑷 = 𝒑𝒑1, … ,𝒑𝒑𝑀𝑀 ∈ 𝐶𝐶𝑀𝑀×𝑀𝑀 is an arbitrary unitary matrix

𝜱𝜱1
𝐻𝐻𝜱𝜱1 = 𝑰𝑰, … ,𝜱𝜱𝑀𝑀

𝐻𝐻𝜱𝜱𝑀𝑀 = 𝑰𝑰

𝑡𝑡 = 1 𝑡𝑡 = 2 𝑡𝑡 = 𝑀𝑀 
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Our Approach

Main result: 𝑇𝑇 = 2𝑀𝑀 time slots are sufficient
 Divide into two blocks, each with 𝑀𝑀 time slots
 Block 2: at each time slot 𝑡𝑡 = 𝑀𝑀 + 1, … , 2𝑀𝑀
 User pilot: 𝑎𝑎𝑡𝑡 = 𝑎𝑎𝑡𝑡−𝑀𝑀
 RIS scattering:

𝝓𝝓𝑡𝑡,𝑚𝑚 = �𝑒𝑒
𝑗𝑗𝜃𝜃𝝓𝝓𝑡𝑡−𝑀𝑀,1 𝑚𝑚 = 1 
𝝓𝝓𝑡𝑡−𝑀𝑀,𝑚𝑚 𝑚𝑚 = 2, … ,𝑀𝑀

where 𝜃𝜃 ∈ 0,2𝜋𝜋

𝜱𝜱𝑀𝑀+1 = 𝑒𝑒𝑗𝑗𝜃𝜃𝒑𝒑1, … ,𝒑𝒑𝑀𝑀 , … ,𝜱𝜱2𝑀𝑀 = 𝑒𝑒𝑗𝑗𝜃𝜃𝒑𝒑𝑀𝑀,𝒑𝒑1, … ,𝒑𝒑𝑀𝑀−1

𝜱𝜱𝑀𝑀+1
𝐻𝐻 𝜱𝜱𝑀𝑀+1 = 𝑰𝑰, … ,𝜱𝜱2𝑀𝑀

𝐻𝐻 𝜱𝜱𝟐𝟐𝑀𝑀 = 𝑰𝑰

𝑡𝑡 = 𝑀𝑀 + 1 𝑡𝑡 = 2𝑀𝑀 
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Our Approach

Main result: 𝑇𝑇 = 2𝑀𝑀 time slots are sufficient
 Divide into two blocks, each with 𝑀𝑀 time slots
 Received signals at Block 1

 Received signals at Block 2

𝒚𝒚𝑡𝑡 = 𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑀𝑀

𝒚𝒚𝑀𝑀+𝑡𝑡 = 𝑸𝑸1𝝓𝝓𝑀𝑀+𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑀𝑀+𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑀𝑀+𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑀𝑀+𝑡𝑡 , 

= 𝑒𝑒𝑗𝑗𝜃𝜃𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑀𝑀
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Estimation of 𝑸𝑸1

Main result: 𝑇𝑇 = 2𝑀𝑀 time slots are sufficient
 Difference between 𝒚𝒚𝑡𝑡 and 𝒚𝒚𝑀𝑀+𝑡𝑡

Δ𝒚𝒚𝑡𝑡 = 𝒚𝒚𝑀𝑀+𝑡𝑡 − 𝒚𝒚𝑡𝑡 = 𝑒𝑒𝑗𝑗𝜃𝜃 − 1 𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 , 𝑡𝑡 = 1, … ,𝑀𝑀

Δ𝒚𝒚1, … ,Δ𝒚𝒚𝑀𝑀 = 𝑒𝑒𝑗𝑗𝜃𝜃 − 1 𝑸𝑸1 𝑎𝑎1𝝓𝝓1,1, …𝑎𝑎𝑀𝑀𝝓𝝓𝑀𝑀,1 𝑝𝑝

= 𝑒𝑒𝑗𝑗𝜃𝜃 − 1 𝑸𝑸1 𝑎𝑎1𝒑𝒑1, …𝑎𝑎𝑀𝑀𝒑𝒑𝑀𝑀 𝑝𝑝

𝜱𝜱1 = 𝒑𝒑1, … ,𝒑𝒑𝑀𝑀 , … ,𝜱𝜱𝑀𝑀 = 𝒑𝒑𝑀𝑀,𝒑𝒑1, … ,𝒑𝒑𝑀𝑀−1

rank 𝑎𝑎1𝒑𝒑1, … 𝑎𝑎𝑀𝑀𝒑𝒑𝑀𝑀 = 𝑀𝑀 and we can estimate 𝑸𝑸1 
and 𝑞𝑞 = rank 𝑸𝑸1 = rank(𝑮𝑮) 𝑸𝑸1 = 𝑟𝑟1𝑮𝑮 = 𝑟𝑟1 𝒈𝒈1, … ,𝒈𝒈𝑀𝑀
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Estimation of 𝑸𝑸1

 If we know 𝑞𝑞 = rank(𝑮𝑮) ahead of time, it is possible to use 
𝑇𝑇 < 2𝑀𝑀 time slots to estimate 𝑸𝑸1 when 𝑞𝑞 < 𝑁𝑁

 But before we estimate 𝑸𝑸1, we do not know its rank
We need to estimate 𝑸𝑸1 no matter what its rank is 

 After we perfectly estimate 𝑸𝑸1, we estimate its rank 

Δ𝒚𝒚1, … ,Δ𝒚𝒚𝑡𝑡 = 𝑒𝑒𝑗𝑗𝜃𝜃 − 1 𝑸𝑸1 𝑎𝑎1𝒑𝒑1, … 𝑎𝑎𝑡𝑡𝒑𝒑𝑡𝑡 𝑝𝑝

Δ𝒚𝒚1, … ,Δ𝒚𝒚𝑀𝑀 = 𝑒𝑒𝑗𝑗𝜃𝜃 − 1 𝑸𝑸1 𝑎𝑎1𝒑𝒑1, …𝑎𝑎𝑀𝑀𝒑𝒑𝑀𝑀 𝑝𝑝
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Estimation of 𝛽𝛽2, … ,𝛽𝛽𝑀𝑀

Main result: 𝑇𝑇 = 2𝑀𝑀 time slots are sufficient
 Remove effect of RIS atom 1 on 𝒚𝒚𝑡𝑡 

�𝒚𝒚𝑡𝑡 = 𝒚𝒚𝑡𝑡 − 𝑒𝑒𝑗𝑗𝜃𝜃 − 1 𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 = �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡

We can show rank 𝑭𝑭1𝑇𝑇 , … ,𝑭𝑭𝑀𝑀𝑇𝑇 𝑇𝑇 = 𝑀𝑀 − 1 and we can estimate 𝜷𝜷

𝑭𝑭𝑡𝑡 = 𝑸𝑸1 𝝓𝝓𝑡𝑡,2, … ,𝝓𝝓𝑡𝑡,𝑀𝑀 𝑝𝑝𝑎𝑎𝑡𝑡 ∈ 𝐶𝐶𝑁𝑁× 𝑀𝑀−1 ,𝜷𝜷 = 𝛽𝛽2, … ,𝛽𝛽𝑀𝑀 𝑇𝑇

= 𝑭𝑭𝑡𝑡𝜷𝜷, 𝑡𝑡 = 1, … ,𝑀𝑀

�𝒚𝒚1𝑇𝑇 , … , �𝒚𝒚𝑀𝑀𝑇𝑇 𝑇𝑇 = 𝑭𝑭1𝑇𝑇 , … ,𝑭𝑭𝑀𝑀𝑇𝑇 𝑇𝑇𝜷𝜷, where 𝑭𝑭1𝑇𝑇 , … ,𝑭𝑭𝑀𝑀𝑇𝑇 𝑇𝑇 ∈ 𝐶𝐶𝑀𝑀𝑀𝑀× 𝑀𝑀−1
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Impact of Unitary Matrix Constraint

 Received pilot signals

 Suppose there is no unitary matrix constraint on 𝜱𝜱
 Phase 1: 𝝓𝝓𝑡𝑡,1 ≠ 𝟎𝟎,𝝓𝝓𝑡𝑡,2 = ⋯ = 𝝓𝝓𝑡𝑡,𝑀𝑀 = 𝟎𝟎 (linear in 𝑸𝑸1)
 Overhead to estimate 𝑸𝑸1 (also 𝑞𝑞): 𝑀𝑀

 Phase 2: 𝝓𝝓𝑡𝑡,1 ≠ 𝟎𝟎,𝑚𝑚 = 2, … ,𝑀𝑀 (linear in 𝛽𝛽𝑚𝑚 given 𝑸𝑸1) 
 Overhead to estimate 𝛽𝛽2, … ,𝛽𝛽𝑀𝑀 given 𝑸𝑸1: ⁄𝑀𝑀 − 1 𝑞𝑞

 Overall overhead: 𝑀𝑀 + ⁄𝑀𝑀 − 1 𝑞𝑞
 Overhead with unitary matrix constraint: 2𝑀𝑀 

𝒚𝒚𝑡𝑡 = �
𝑚𝑚=1

𝑀𝑀

𝑸𝑸𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡 = 𝑸𝑸1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽𝑚𝑚𝑸𝑸1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑡𝑡

𝑞𝑞 = rank(𝐺𝐺) ≤ min 𝑀𝑀,𝑁𝑁

𝑁𝑁 equations, but 𝑞𝑞 
independent ones
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Multiple Multi-Antenna Users Case

 Received pilot signals

 Two-phase approach
 Phase 1: only antenna 1 of user 1 transmits
 2𝑀𝑀 time slots to estimate 𝑸𝑸1,1,1 and 𝛽𝛽1,1,𝑚𝑚,𝑚𝑚 = 2, . . ,𝑀𝑀
 𝑞𝑞 = rank 𝐺𝐺  is also estimated

𝒚𝒚𝑡𝑡 = �
𝑘𝑘,𝑢𝑢,𝑚𝑚

𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑘𝑘,𝑢𝑢,𝑡𝑡

= 𝑸𝑸1,1,1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎1,1,𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽1,1,𝑚𝑚𝑸𝑸1,1,1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎1,1,𝑡𝑡

𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚 = 𝑟𝑟𝑘𝑘,𝑢𝑢,𝑚𝑚𝑮𝑮

+ �
𝑘𝑘,𝑢𝑢 ≠(1,1)

�
𝑚𝑚=1

𝑀𝑀

𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚𝑸𝑸1,1,1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑘𝑘,𝑢𝑢,𝑡𝑡

𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚 = 𝛽𝛽1,1,1𝑸𝑸1,1,1

𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚 = ⁄𝑟𝑟𝑘𝑘,𝑢𝑢,𝑚𝑚 𝑟𝑟1,1,1
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Multiple Multi-Antenna Users Case

 Received pilot signals

 Two-phase approach
 Phase 2: all other antennas transmit
 ⁄𝑀𝑀 𝐾𝐾𝐾𝐾 − 1 𝑞𝑞  time slots to estimate 𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚,∀ 𝑘𝑘,𝑢𝑢 ≠

(1,1)

𝒚𝒚𝑡𝑡 = �
𝑘𝑘,𝑢𝑢,𝑚𝑚

𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑘𝑘,𝑢𝑢,𝑡𝑡

= 𝑸𝑸1,1,1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎1,1,𝑡𝑡 + �
𝑚𝑚=2

𝑀𝑀

𝛽𝛽1,1,𝑚𝑚𝑸𝑸1,1,1𝝓𝝓𝑡𝑡,1 𝑝𝑝𝑎𝑎1,1,𝑡𝑡

𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚 = 𝑟𝑟𝑘𝑘,𝑢𝑢,𝑚𝑚𝑮𝑮

+ �
𝑘𝑘,𝑢𝑢 ≠(1,1)

�
𝑚𝑚=1

𝑀𝑀

𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚𝑸𝑸1,1,1𝝓𝝓𝑡𝑡,𝑚𝑚 𝑝𝑝𝑎𝑎𝑘𝑘,𝑢𝑢,𝑡𝑡

𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚 = 𝛽𝛽1,1,1𝑸𝑸1,1,1

𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚 = ⁄𝑟𝑟𝑘𝑘,𝑢𝑢,𝑚𝑚 𝑟𝑟1,1,1

𝑁𝑁 equations, but 𝑞𝑞 
independent ones
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Main Result

 One single-antenna case: channel estimation overhead is
                              2𝑀𝑀
 Generalization: 𝐾𝐾 𝑈𝑈-antenna users [5]

                        2𝑀𝑀 + 𝑀𝑀 𝐾𝐾𝐾𝐾−1
𝑞𝑞

 Overhead with conventional RIS [6]

                        𝑀𝑀 + 𝑀𝑀 𝐾𝐾𝐾𝐾−1
𝑞𝑞

 Remark: we also have efficient algorithms to estimate 
channels in noisy systems

 Surprisingly, same order
 The cost is from 𝑀𝑀 to 2𝑀𝑀

[5] R. Wang, S. Zhang, B. Clerckx, and L. Liu, “Low-overhead channel estimation framework for beyond 
diagonal reconfigurable intelligent surface assisted multi-user MIMO communication,” under major 
revision, IEEE Trans. Signal Process., 2025. [Online] Available: https://arxiv.org/abs/2504.10911  
[6] Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent reflecting surface assisted multiuser 
communications: Framework, algorithms, and analysis,” IEEE Trans. Wireless Commun., vol. 19, no. 10, 
pp. 6607-6620, Oct. 2020.

https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911
https://arxiv.org/abs/2504.10911


37

Numerical Results

 Our scheme: LMMSE to 𝑸𝑸1,1,1 and 𝛽𝛽𝑘𝑘,𝑢𝑢,𝑚𝑚,∀ 𝑘𝑘,𝑢𝑢 ≠ 1,1 ,∀𝑚𝑚 
 Benchmark Scheme I: LS algorithm [4] to 𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚,∀𝑘𝑘,𝑚𝑚 
 Benchmark Scheme II: BTKF algorithm [7] to 𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚,∀𝑘𝑘,𝑚𝑚 
 Benchmark Scheme III: BTALS algorithm [7] to 𝑸𝑸𝑘𝑘,𝑢𝑢,𝑚𝑚,∀𝑘𝑘,𝑚𝑚 

[4] H. Li, S. Shen, Y. Zhang, and B. Clerckx, 
“Channel estimation and beamforming for beyond 
diagonal reconfigurable intelligent surfaces,” IEEE 
Trans. Signal Process., vol. 72, pp. 3318–3332, Jul. 
2024.
[5] R. Wang, S. Zhang, B. Clerckx, and L. Liu, “Low-
overhead channel estimation framework for beyond 
diagonal reconfigurable intelligent surface assisted 
multi-user MIMO communication,” under major 
revision, IEEE Trans. Signal Process., 2025.
[7] A. L. F. de Almeida, B. Sokal, H. Li, and B. 
Clerckx, “Channel estimation for beyond diagonal 
RIS via tensor decomposition,” IEEE Trans. Signal 
Process., early access, 2025.
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Conclusions

We characterize channel estimation overhead with BD-RIS
 # of independent unknowns is far fewer than we expect
 Challenges: non-linear equations and unitary matrix 
Main message: 
       overhead with BD-RIS ≈ overhead with conventional RIS
     throughput with BD-RIS > throughput with conventional RIS

Types of RISs Channel Estimation Overhead
BD-RIS 2𝑀𝑀 + ⁄𝑀𝑀 𝐾𝐾𝐾𝐾 − 1 𝑞𝑞  [5]
BD-RIS 𝐾𝐾𝐾𝐾𝑀𝑀2 [4]

Conventional RIS 𝑀𝑀 + ⁄𝑀𝑀 𝐾𝐾𝐾𝐾 − 1 𝑞𝑞  [6]
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Thank You!
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