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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

A Limitation: each RIS atom can merely affect its own signals
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Beyond Diagonal RIS

RIS 2.0: Beyond diagonal RIS (BD-RIS)

1 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 Fully-Connected
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[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 2
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Beyond Diagonal RIS Prototypes
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Beyond Diagonal RIS

 Scattering matrix of conventional RIS
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O Scattering matrix of fully connected BD-RIS
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1 More design freedom for BD-RIS

BD-RIS > conventional RIS?

Not necessarily



Challenge of BD-RIS: Channel Estimation

d How much data can be transmitted depends on

» Data transmission rate (bits/second)
» Data transmission duration (second)

U There are many lessions about channel estimation overhead

» Downlink massive MIMO in FDD systems

1 Pros and cons of BD-RIS v.s. conventional RIS
» Higher beamforming gain

» Higher channel estimation overhead
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Example on Channel Estimation Overhead

the m-th element _ M-atom RIS
gm E CN)i{ ____________________ i=i=1
__________________ Nin L1l \"m
N\
G =gy ... gul €CVM

Single-Antenna User

N-antenna BS

4 Consider RIS-aided single-user uplink communication
» One BS with N antennas
» One single-antenna user
» One RIS with M atoms



Channel Estimation with Conventional RIS

U Received signals

M
Yt =GP r\/pa; = z Ry mvPa t=1,..,T
m=1
> h, =7,9, €EC"V*'m=1,...M
1 Channels that are needed for beamforming design
hy =191, hy =TvGu
d Number of unknowns in these channels: MN
 Number of linear equations: NT

L Minimum overhead to estimate channels without noise
T=M



Channel Estimation with Fully Connected BD-RIS

1 Received signals

M
yt — G¢tr\/ﬁat — z Qm¢t,m @at ,t —_ 1, ,T

m=1
> Qm — TmG (S CNXM,m — 1, ...,M, and ¢t — [¢t,1’ '"'¢t,M]

M-atom RIS Fully-Connected

Single-Antenna User

N-antenna BS

Need to estimate r,,9,,,—1 --.



Channel Estimation with Fully Connected BD-RIS

1 Received signals

yt — G¢tr\/ﬁat — Qm¢t,m \/ﬁat ) t = 1, ,T

m=1
> Qp =TGECY M m=1,.,M and &, = [P;1, .., P: u]
1 Channels that are needed for beamforming design
Q, =naG,..,Qy =1yl
3 Number of unknowns in these channels: NM?
O Number of linear equations: NT
1 Overhead to estimate channels without noise [4]
T=M*>M
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

J Numbers of RIS atoms and BS antennas: M and N
J Numbers of users and antennas at each user: K and U
[ Rank of BS-RIS channel: g = rank(G) (to be estimated)

G=191-,9ul
BD-RIS 2M + [M(KU = 1)/q] [5]
BD-RIS KUM?# [4]
Conventional RIS M+ [M(KU — 1)/q] [6]

BD-RIS > conventional RIS? Yes

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

4 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.
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Signal Model in Channel Estimation Phase

M-atom RIS

the m-th element ~ - [
R B
__________________ Ny L\ Tk,m

\
\

N
v N0
Tim \\ User k

N-antenna BS \ D

User i
K single-antenna users

O Pilot signal received by BS at time instant t (ignore noise)

K M

Yt = z hk,mq')m,t\/ﬁak,t: t=1,..,T.
k=1m=1
Rim = Temdm € CV*Y, Vk,m
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Discussion on Channel Estimation Overhead

[ Channel estimation overhead under conventional method

K M

ye=) z i bm Pt € CV¥L,e = 1,..,T.

k=1m=
» Number of Ilnear equations: NT

» Number of unknowns in hy ,, € C"*1, vk, m: KMN

» Minimum overhead: T = MK E—
g =
"""""""""" \
[ \rkm
\
\ \
v
Tim \ User k
What |S m|SS|ng here’? N-antenna BS \D

h,, = 7”1,m@» v g = rK,m@ are correlated over k
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Signal Model in Channel Estimation Phase

U Relation among cascaded channels

4 )
him = T1,mGm, Ym > him = Bremhim Vk 2 2,Ym
hym = "em9m, Yk = 2,Ym where By ., = X Vk > 2,Ym

\ ’ T1m Y

4 Independent channel coefficients to be estimated

hl,m,m — 1, ...,M, hl,m)m — 1) )M
hk,m’kzz,___’K,Vm ﬁk,m,k=2,...,K,m=1,...,M

J Number of unknowns

KMN m=) MN + (K-1)M

14



A New Look at Received Pilot Signals

d Received pilot signals

z z Ry m®m e VDA ¢

k=1

M K M
Zh1m¢mt\/_a1t zz hlm(pmt\/_akt»t—l T

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

15



A New Look at Received Pilot Signals

d Received pilot signals

z z Ry m®m e VDA ¢

k=1

M K M
Zh1m¢mt\/_a1t zz hlm(pmt\/_akt:t—l T

O Our approach: sequential estimation

16



A New Look at Received Pilot Signals

d Received pilot signals

z z Ry m®m e VDA ¢

k=1m=1

M
Zh1m¢mt\/_a1t ,t=1,...,T

O Our approach: sequential estimation
» Phase 1: only user one transmits (linear in hy ,,)

17



A New Look at Received Pilot Signals

d Received pilot signals

z z Ry m®m e VDA ¢

k=1

M K M
Zh1m¢mt\/_a1t zz hlm(pmt\/_akt:t—l T

O Our approach: sequential estimation
» Phase 1: only user one transmits (linear in hy ,,)
» Phase 2: other users transmit (linear in g ,,, given hy ,,,)

18



U Under our approach, channel estimation overhead is

M(K — 1)‘
q

M + [ & KM, q = rank(|g4, ..., gul)

U Generalization: U-antenna users

M-atom RIS

the m-th element —--—.
g’” E‘i'l
________________________ = - \
J 4mmmmmmmmm T . .

Tim \\ User k
\

N-antenna BS D
User {
[6] Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent reflecting surface K single-antenna users

assisted multiuser communications: Framework, algorithms, and analysis,” IEEE
Trans. Wireless Commun., vol. 19, no. 10, pp. 6607-6620, Oct. 2020.
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4 Part |: Conventional RIS [6] (Brief Overview)

4 Part lI: 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.
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One Single-Antenna User Case

 Received signals with a single-antenna user

M
yt — G¢tr\/ﬁat — z Qm¢t,m @at,t —_ 1, ,T
m=1

> Qm —_ TmG € CNXM,m —_ 1, ...,M, and ¢t — [¢t,1’ '"'¢t,M]

M-atom RIS Fully-Connected

Single-Antenna User

N-antenna BS

21



One Single-Antenna User Case

 Received signals with a single-antenna user

M
yt — G¢tr\/ﬁat — z Qm¢t,m \/ﬁat,t —_ 1, ,T
m=1

> Qp =TGECY M m=1,.,M and &, = [P;1, .., P: u]
O Channels that are needed for beamforming design
Q. =naG,...,Qy =1yl
3 Number of unknowns in these channels: NM?
O Number of linear equations: NT
U Minimum overhead to directly estimate Q,,, m=1,...,M
T=M*>M
Is this the best we can do?
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Signal Model in Channel Estimation Phase

U Relation among cascaded channels

4 )
Q, =nG » Qm = ,qul, vm = 2
Qm = 116G, Vm = 2 where B, = % Vm > 2

\- ik y,

4 Independent channel coefficients to be estimated

Q; | Q.
Qn.m=2,...M B,m=2,..,M
J Number of unknowns
NM? mm) MN+M-1

23



Similarity Between Conventional and BD RIS

O Multi-user communication with conventional RIS

> g9, common in estimating hy ,,, = "\ mGm - Rk m = Tk mGm
U Single-user communication with BD-RIS

» G common in estimating Q; = G, ..., Q, = 1, G

M-atom RIS
the m-th element —--—.
: ’ @\\ Tk,m
VN
£ \ D
Tim \ User k
N-antenna BS \ D N-antenna BS
User i

K single-antenna users

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

U Received pilot signals

M M
Ve = z Qmb:mVra: = Q1@ 1\/pa; + z BmQ1P:mVpa:
m=1 m=2

 Goal: estimate channels with minimum number of equations
O Pathway: design RIS scattering and user pilot

d Challenge 1: non-linear functions
Qd Challenge 2: #"’® = I (new challenge)

Fully-Connected




A New Look at Received Pilot Signals

1 Received pilot signals

M M
Ve = Z Qmb:mVra: = Q1@ 1\/pa; + z BmQ1P:mVpa:
m=1 m=2

1 Dose the following sequential estimation approach work?
» Phase 1: ¢1 #0, ¢, == ¢ =0 (linearin Q,)
= Signals of atoms 2 — M are not reflected
» Phase 2: signals of all atoms are reflected (linear in £,,
given Q,) [ Fully-Connected |

* [¢:1,0,...,0] is not unitary matrix
= No BD-RIS circuit can achieve this

26




Our Approach

d Main result: T = 2M time slots are sufficient
4 Divide into two blocks, each with M time slots
> Block 1: ateach time slott =1,.., M
» User pilot: arbitrary a; with |a;| = 1
" RIS scattering: ¢tm = P(n+t-1) modm)+rm =1, ... M
where P = [p4, ..., py] € CM*M is an arbitrary unitary matrix

\ 4

d)l — [pl; ""pM]»¢2 — [pZJ ""pM'pl]t "'1¢M — [pM'plt ""pM—l]
t=1 t =2 t=M

4
oip, =1, .. 0D, =1

27



Our Approach

O Main result: T = 2M time slots are sufficient
 Divide into two blocks, each with M time slots
» Block 2: ateachtimeslott=M + 1, ...,2M
= User pilot: a; = a;_y,

» RIS scattering:

ej9¢t—M,1 m =1
¢be-vym m=2,...M
J
Dyy1 = [ejepp ---»PM]» v, Poy = [ejQPM»PL ---»PM—1]
t=M+1 t =2M
J

P 1Pysr = 1, ., Py Poy = 1

Ptm = { where 8 € (0,2m)

28



Our Approach

1 Main result: T = 2M time slots are sufficient
M Divide into two blocks, each with M time slots
» Received signals at Block 1

M
Y: = Q19 1+/pa; + Z Q1P mvpact =1,...,.M
m=2

» Received signals at Block 2

M
YM+t = Ql¢M+t,1\/5aM+t + z B Q1P+t mVPAy+¢
m=2

M
— ejGQl¢t,1\/5at + z :Ble¢t,m\/ﬁat' t = 1' 'M
m=2

29



Estimation of Q,

J Main result: T = 2M time slots

are sufficient

O Difference between y, and y,,.;

AY: = Ym+t — Ve = (eje — 1)Q1¢t,1\/5at:t =1,...M

4
Ay, .., Ayy] = (ejg — 1)Q1

= (¢ - 1),

:a1¢1,1» aM¢M,1]\/5

a1, - ayPulP

D, =[py,...oul, .. Py = [PV, P1, -, P1-1]

\ 4

rank([a;p4, ... ayPy]) = M and we can estimate Q,

and g = rank(Q;) = rank(G) 0, =1,G
1=Nn

=1lg1, - 9ul

30



Estimation of Q,

d If we know g = rank(G) ahead of time, it is possible to use
T < 2M time slots to estimate Q; when g < N

[Ayq, ..., Aye] = (ejg — 1)Q1[a1p1, At Pe|\D

 But before we estimate Q,, we do not know its rank
U We need to estimate Q; no matter what its rank is

Ay, .., Ay ] = (3j9 — 1)Q1[a1p1, ayPulNP

O After we perfectly estimate Q,, we estimate its rank

31



Estimation of £5,, ..., By,

O Main result: T = 2M time slots are sufficient
1 Remove effect of RIS atom 1 on y;

M
Ye =Yt — (eje — 1)Q1¢t,1\/5at = z BmQ1P:mpa;
m=2

— Ftﬁ,t = 1,...,M
Ft — Ql [¢t'2' ""¢t»M]\/5at € CNX(M—l),ﬁ — [ﬁZJ ---)ﬁM]T
4
WI» ---»7%]T = [FT, ---,FL]Tﬁ, where [FT, ...,FL]T e CMNx(M-1)
4

We can show rank([F?, ..., F},]T) = M — 1 and we can estimate 8

32



Impact of Unitary Matrix Constraint

N equations, but g

1 Received pilot signals independent ones

M M
Ve = Z Qmb:mVra: = Q1@ 1\/pa; + z BmQ1P:mVDA:
m=1 m=2

1 Suppose there is no unitary matrix constraint on @
» Phase 1: ¢py1 # 0, == ¢y =0 (linearin Q,)
» Overhead to estimate Q4 (also q): M g = rank(G) < min(M, N)
» Phase 2: ¢, # O,m = 2, ..., M (linear in §,,, given Q)
= Overhead to estimate ,, ..., By given Qy: [(M — 1) /4l
» Overall overhead: M + [(M —1)/q]
1 Overhead with unitary matrix constraint: 2M

33



Multiple Multi-Antenna Users Case

1 Received pilot signals Qkum = Tkum@
Yt = z .Bkqukumqbtm\/ﬁakut Qkum:ﬁlllalll
ku,m Brum = Teum/T1,11

= Q111P:1VPA11; T+ Z P11mQ1,1,1Pr1VPA 1 ¢

+ z z Lrum@111Pem VDAt

(k,w)#(1,1) m=1
d Two-phase approach
» Phase 1: only antenna 1 of user 1 transmits
= 2M time slots to estimate @, ;; and ;1 ,, m = 2,.., M
* g = rank(G) is also estimated

34



Multiple Multi-Antenna Users Case

1 Received pilot signals Qkum = Tkum@
Yt = z .Bkqukumqbtm\/ﬁakut Qkum:ﬁlllalll
ku,m Brum = Teum/T1,11

= Q111P:1VPA11; T+ Z P11mQ1,1,1Pr1VPA 1 ¢

M

PR3

(k,u)#(1,1) m=1

:Bk,u,mQ 1,1,1 ¢t,m\/ﬁ Ak ut

N equations, but g
independent ones

d Two-phase approach
» Phase 2: all other antennas transmit

IM(KU — 1) /@] time slots to estimate Sy, m, V(k, u) #
(1,1)

35



1 One single-antenna case: channel estimation overhead is
2M
 Generalization: K U-antenna users [9]

M(KU-1
oM +[ ( )}
q = Surprisingly, same order

d Overhead with conventional RIS [6] |« The costis from M to 2M

o )

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

[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. 36
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Numerical Results

1 Our scheme: LMMSE to Q1 1, and By m, V(k,u) # (1,1),Vm
 Benchmark Scheme I: LS algorithm [4] to Q ,, m, Vk, m
 Benchmark Scheme II: BTKF algorithm [7] to Qy, , m, Yk, m
 Benchmark Scheme llI: BTALS algorithm [7] to Q , m, Yk, m

K=3U=4,N=8 M =16
T T T

[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

100 |

, —&— Proposed Scheme 1 revision, IEEE Trans. Signal Process., 2025.
102 | —g— Benchmark Scheme I 4 . .
) Benchmark Scheme TT | ] [7] A. L. F. de Almeida, B. Sokal, H. Li, and B.
—P— Benchmark Scheme T} | Clerckx, “Channel estimation for beyond diagonal

RIS via tensor decomposition,” IEEE Trans. Signal
Process., early access, 2025.

100 150 200 250 300 350 400
Total Pilot Sequence Length

37



Conclusions

L We characterize channel estimation overhead with BD-RIS
» # of independent unknowns is far fewer than we expect
» Challenges: non-linear equations and unitary matrix
U 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 2M + [M(KU — 1)/q] [5]
BD-RIS KUM? [4]
Conventional RIS M+ [M(KU —1)/q] [6]
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Thank You!
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