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Statistical-CSI-Based RIS User Clustering: From
Interference-Free TDMA to Simultaneous Multiuser
Transmission
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Abstract— Reconfigurable intelligent surfaces (RISs) can im-
prove wireless coverage and spectral efficiency, but practical
deployments are limited by channel estimation overhead and
by the number of RIS reconfigurations within a transmis-
sion frame. Statistical channel state information (S-CSI) is a
low-overhead alternative for RIS phase-shift design and user
clustering. Previous work showed that S-CSI-based minimum-
distance (minD) clustering performs close to perfect CSI (P-CSI)-
based methods in interference-free time division multiple access
(TDMA) operation. This paper investigates the extension of that
framework to simultaneous multiuser transmission, where users
assigned to the same cluster are served in the same time slot under
a common RIS configuration. The analysis is reformulated from
signal-to-noise ratio (SNR) to signal-to-interference-plus-noise
ratio (SINR), accounting for multiuser interference and spatial
correlation. Numerical results show that, for the considered setup,
the prelog gain obtained by reducing the number of time slots
does not compensate for the interference penalty. Thus, the
analysis identifies an operational boundary for the S-CSI/minD
framework: it is effective for sharing RIS configurations among
temporally multiplexed users, but serving one user per slot
remains the most effective strategy when multiuser interference
is significant.

Keywords— Reconfigurable intelligent surface, statistical CSI,
user clustering, TDMA, multiuser interference, SINR.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) have emerged
as a promising technology for beyond-fifth-generation (B5SG)
and sixth-generation (6G) wireless networks, since they can
reshape the wireless propagation environment through nearly
passive reflecting elements [1], [2], [3]. By adjusting their
phase shifts, RISs can enhance coverage and spectral effi-
ciency, especially when the direct link between the base station
(BS) and the users is severely blocked.

Practical RIS-assisted systems are constrained by channel
estimation overhead, hardware limitations, and the finite rate
and latency of the RIS control link. Since instantaneous or
perfect CSI (P-CSI) acquisition becomes increasingly costly
as the number of reflecting elements grows, large-scale RIS
deployments require strategies that reduce channel acquisition
and reconfiguration overhead [4]. In addition, RIS prototypes
show that reconfiguration time and control signaling must be
considered in practical designs [5]. A natural approach is to
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limit the number of RIS configurations within a frame and
group users that can share the same phase shifts [6], [7].

Statistical CSI (S-CSI) provides a low-overhead alternative
for RIS phase-shift design and user clustering, since it relies on
long-term propagation features rather than instantaneous chan-
nel realizations [8], [9]. In [10], an S-CSI-based minimum-
distance (minD) clustering method was proposed for RIS-
assisted TDMA systems with limited RIS reconfiguration. In
that interference-free regime, users sharing the same RIS con-
figuration are still served orthogonally in time, and the method
achieves performance close to P-CSI-based approaches while
reducing CSI acquisition overhead.

Howeyver, the interference-free TDMA formulation also im-
poses a temporal resource penalty, since users are served one at
a time. A natural but nontrivial extension is to serve multiple
users assigned to the same cluster simultaneously under the
same RIS configuration, reducing the number of required time
slots from the number of users to the number of clusters.
In this case, the gain in the prelog factor must be weighed
against the additional multiuser interference introduced by
resource sharing. Therefore, unlike the interference-free for-
mulation in [10], performance must be evaluated through a
signal-to-interference-plus-noise ratio (SINR)-based analysis
that accounts for channel covariance and spatial correlation
among users.

This paper investigates the extension of the S-CSI-based
minD framework of [10] from interference-free TDMA oper-
ation to simultaneous multiuser transmission. The main con-
tribution is to analyze this operational transition by reformu-
lating the SNR-based analysis into an SINR-based framework
that incorporates equivalent channel covariance, intra-cluster
interference, and spatial correlation. The objective is to assess
whether the reduction in the number of transmission time slots
can compensate for the additional interference introduced by
simultaneous service. The results show that, for the considered
setup, the prelog gain obtained from simultaneous transmission
does not compensate for the interference penalty, and serving
one user per time slot remains the most effective strategy. This
analysis identifies an operational boundary for the S-CSI/minD
framework under limited RIS reconfiguration.

II. SYSTEM MODEL

We consider a downlink RIS-assisted wireless communica-
tion system composed of a BS, an RIS, and K single-antenna
users. The BS is equipped with A antennas arranged as a
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uniform linear array (ULA), while the RIS has N = NN,
passive reflecting elements arranged as a uniform planar array
(UPA). The set of users is denoted by K = {1,..., K}.

The direct BS—user links are assumed to be blocked, so
that communication occurs through the RIS-assisted cascaded
channel. Each RIS element applies an independently con-
trollable unit-modulus phase shift. The RIS configuration
associated with the z-th transmission interval is denoted by

. . . T
¢, = [ejgz,l’e]9z27.“763@,1\/] ) (1)

Let H, € CM*N denote the BS-RIS channel matrix and
h,, € CN*1 denote the RIS—user channel vector of user k.
When user £ is served under the RIS configuration ¢, the
equivalent cascaded channel is

heq,k(¢z) = Hr diag(¢z>hr,k~ (2)

The received baseband signal at user k in an interference-
free transmission interval is

yr = /pr (Hy diag(p)h,. )" wizy + 1y, 3)

where pj, is the downlink transmit power, w;, € CM*1 is the
BS precoding vector with |wg|| = 1, x is the transmitted
symbol with E{|z;|?} = 1, and nj ~ CN(0,02) is additive
white Gaussian noise.

A. Channel Model
The BS—-RIS link is modeled as a Rician fading channel,

H.= 531{ aTBR HLOS+ 1 HNLOS
PV T aBRE T4apior |

“)
where 5% is the large-scale fading coefficient, a2t is the
BS-RIS Rician factor, and HN™°S is the random scattering
component with independent entries distributed as CN (0, 1).

The deterministic LoS component of the BS-RIS channel
is
H % = ap (97 )ar(9), o), )

T

where 92 is the azimuth angle of departure from the BS
toward the RIS, while 9% and ¢f are the azimuth and
elevation angles of arrival at the RIS, respectively.

The RIS—user channel also follows a Rician fading model,

h.. — ./BRU otV hLoS 4 1 hNLoS
rk — k 1+ oRU k 14+ oRU k ’

(6)
where 35U is the large-scale fading coefficient, U is the
RIS-user Rician factor, and h}™°5 ~ CA/(On, Ix).

The deterministic LoS component of the RIS—user channel
is
hi*® = ar(0f, of), (7)
where ¥F and ¢F are the azimuth and elevation angles of
departure from the RIS toward user k, respectively.
The vectors ap(-) and agr(-,-) denote the standard ULA
and UPA array responses, respectively. The large-scale fading
coefficients follow the power-law model 5 = [od~ ", with

link-dependent distance d, path loss exponent x, and path loss
at a reference distance of Im [g.

Given the downlink signal model in (3), the SNR of user k£
under RIS configuration ¢y is

2
Ye(Pr) = % (H, diag(dp) b, x) " wi| . 8

B. Limited RIS Reconfiguration

We assume that only Z distinct RIS configurations are
available within a transmission frame, with Z < K. The users
are divided into Z disjoint clusters U, . ..,Uz, such that

Z
U=k,  unt;=0, i#j )
z=1

Each cluster U, is associated with a single RIS configuration
@*, which remains fixed during the corresponding transmis-
sion interval. Thus, ¢ = ¢~ for all k € U,.

In the strict TDMA formulation, each user is served indi-
vidually in time. The sum spectral efficiency is

Z

SErpaa = -2 DD logy (1+(¢%)),

KT
¢ z=1kel,

(10)

where 7. is the channel coherence block and 7, is the pilot
sequence length.

III. S-CSI-BASED RIS CONFIGURATION AND USER
CLUSTERING

The S-CSI-based RIS phase-shift design and minD user
clustering method adopted in this paper were originally pro-
posed in [10] for RIS-assisted TDMA systems with a lim-
ited number of RIS reconfigurations. In that interference-free
regime, users sharing the same RIS configuration are still
served orthogonally in time. Here, we use this method as a
starting point to investigate whether users assigned to the same
cluster can be served simultaneously under a common RIS
configuration, making better use of temporal resources.

A. S-CSI-Based RIS Phase-Shift Design

The use of P-CSI for RIS phase-shift design requires
estimating the BS-RIS and RIS—user channels, which leads
to high overhead and frequent updates. To reduce this burden,
the S-CSI-based design in [10] relies on long-term propagation
features, especially the deterministic LoS components of the
cascaded channel.

For user k, the RIS configuration is obtained by aligning the
LoS components of the BS-RIS and RIS—user links. Thus, the
RIS phase-shift vector and the BS precoder are selected as

ap(¥F)
VM (11)

¢k = aR(ﬁkRa gpk:R)* O] 33(1971«%, pri)a Wi =

where © denotes the Hadamard product.
Substituting this LoS-based design into the received signal
model and retaining the deterministic components yields

Yr ~ /PrCe VM Ny, (12)
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where

G =y BERERT S O
TPk 14 aBR1 4RV

To isolate the maximum coherent gain provided by the S-
CSI phase alignment, consider the pure LoS condition, i.e.,

13)

aBE oRU — oo. The resulting SNR is
BTBRﬂRUMNQ
() = oL —— (14)

When NLoS components are present, this S-CSI-based
design may suffer some degradation compared with P-CSI-
based methods. Nevertheless, it avoids the overhead associ-
ated with instantaneous channel acquisition and frequent RIS
reconfiguration.

B. Minimum-Distance User Clustering

Since only Z RIS configurations are available within a
frame, with Z < K, multiple users must share the same RIS
phase-shift vector. Following the minD criterion in [10], the
Z users with the highest individual S-CSI-based SNRs are
first selected as cluster representatives. Their individual RIS
configurations define the initial set

C={o" ¢ ....07}. (15)

Each remaining user k is assigned to the cluster whose
representative RIS configuration is closest to its individual S-
CSI-based configuration:

Y =arg min |¢r — 7. (16)
ze{l,....2}

After the user assignment, the RIS configuration of each
cluster is updated by averaging the individual RIS configu-
rations of its users and projecting the result onto the unit-
modulus constraint:

o —exp (/[ S o) ).
28 keu,

IV. EXTENSION TO SIMULTANEOUS MULTIUSER
TRANSMISSION

a7

In the strict TDMA regime, users are served orthogonally
in time and no multiuser interference is observed. However,
the prelog factor is penalized by the total number of users
K. To reduce this temporal resource penalty, we consider a
simultaneous multiuser regime in which all users assigned to
the same cluster U/, are served in the same time slot under the
same RIS configuration ¢..

In this case, the transmission frame is divided into Z time
slots instead of K individual user slots. Since Z < K, simul-
taneous transmission improves the prelog factor. Nevertheless,
users sharing the same RIS configuration interfere with each
other, and the system performance must be evaluated through
SINR rather than SNR.

A. Equivalent RIS-Assisted Channel

Using the Rician decompositions in (4) and (6), the equiv-
alent channel in (2) can be characterized through its first-
and second-order moments. Although the S-CSI phase-shift
design relies on the dominant LoS components, the Rician
characterization accounts for the random scattering compo-
nents that affect the equivalent channel covariance and the
resulting multiuser interference.

The mean equivalent channel is

hy, = E[h,, 1] = (.HS diag(¢, )h}°S. (18)

The covariance matrix of the equivalent channel is defined
as

Rk; =K |:(heq,k - flk) (heq,k - flk>H:| .

The closed-form covariance follows from the LoS/NLoS
decomposition of the cascaded Rician channel. Using the inde-
pendence and zero-mean properties of the NLoS components,
the covariance can be written as

19)

ofF
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N
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B. SINR-Based Spectral Efficiency

In the simultaneous multiuser regime, the interference gen-
erated among users sharing the same time slot becomes one of
the main performance-limiting factors. Therefore, the SNR is
no longer representative, and the SINR must be used instead.

Following the downlink formulation with LS channel esti-
mation [11] and adapting it to the considered single-cell RIS-
assisted scenario, define

- 2
A = [tr(Ry) + ||y ||| 1)
and
Dy, = 1ptr (T 1) + ||lyh|%. (22)
For user k € U, the SINR is then given by
2
PrPeTy Ak /Dy,
Mk = 2 Tk 2 23)
Z PiTp Xy kapAk g
- Pi Dz Pk Dk
i€U.
In (22),
U, = ppr,Ry + 0?1y (24)

is the matrix associated with the channel estimation precision,
while

v = /Prerphy (25)

represents the deterministic contribution of the received pilot
signal. The term X?l’ls accounts for the residual downlink
interference associated with LS channel estimation and the
corresponding precoding vector.
The sum spectral efficiency in the simultaneous multiuser
regime is
z

Te =T,
SEnur = 7 £ Z Z log, (14 1) -
¢ z=1kel.

(26)
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Compared with strict TDMA, the prelog factor in (26) is
improved because it depends on the number of clusters Z
instead of the total number of users K. However, this gain is
counterbalanced by the interference terms included in 7.

C. Spatial Correlation Among Users

Since the spatial correlation among users in the same cluster
directly affects multiuser interference, we use the average
intra-cluster correlation to interpret the limits of simultaneous
service. For each pair of users k,l € U, define

H
’heq,khe%l

g kllTheq. I

Clusters with higher correlation tend to present stronger in-
terference, which may reduce the gains obtained from simulta-
neous transmission. Thus, the average intra-cluster correlation
is defined as

C,l (27

1
z e cr1, if Ul > 1,
Corr= L3~ ) REIT =T P
A k#l

=1 o, if U] = 1.
(28)
This metric helps explain why a clustering strategy that is
suitable for sharing RIS configurations in strict TDMA may
not be equally effective when users are served simultaneously.

V. NUMERICAL RESULTS

This section evaluates the S-CSI-based minD framework in
the simultaneous multiuser regime and compares it with the
strict interference-free TDMA operation previously considered
in [10]. The objective is to determine whether the prelog
gain obtained by serving multiple users in the same time
slot compensates for the multiuser interference introduced by
resource sharing, and thus identify the best approach to serve
multiple users in an RIS-assisted cellular network.

A. Simulation Setup

The numerical results consider a single-cell RIS-assisted
downlink scenario with blocked direct BS—user links. Unless
otherwise stated, the main simulation parameters are summa-
rized in Table I. The RIS is positioned at a distance d2F =
0.7d. from the BS, with BS-RIS azimuth angle of departure
YP = 0 and azimuth angle of arrival at the RIS 9% = 7 /4.
The BS, RIS, and users are assumed to be at the same height;
hence, the elevation angles are set to pf = ga,f‘ = 0. The
users are distributed over an annular circular sector centered at
the RIS, with aperture 120° and RIS—user distances uniformly
distributed in d®Y ~ 1/[0.1d,., 0.4d.]. The results are averaged
over 100 independent Monte Carlo realizations.

B. Simultaneous Multiuser Transmission and Correlation
Analysis

In [10], the S-CSI-based minD strategy was evaluated
under a strict TDMA regime, where users sharing the same
RIS configuration are still served orthogonally in time. In

that interference-free case, the method achieved performance
close to P-CSI-based approaches while avoiding the overhead
associated with instantaneous CSI acquisition. Here, we use
that regime as a reference and focus on the simultaneous
multiuser extension, in which all users assigned to the same
cluster are served in the same time slot under a common RIS
configuration.

Fig. 1a shows the sum spectral efficiency versus the number
of RIS configurations Z for the S-CSI- and P-CSI-based minD
methods and random user clustering (Random). Increasing Z
improves performance because fewer users share the same
RIS configuration and time slot, reducing intra-cluster inter-
ference. Nevertheless, the spectral efficiency remains strongly
interference-limited for smaller Z, where more users coexist
under the same RIS state.

An important observation is that the S-CSI-based minD
strategy may outperform its P-CSI-based counterpart in this
interference-limited regime. This suggests that P-CSI-based
clustering, by favoring instantaneous channel gain, may group
users with overly similar spatial signatures, increasing intra-
cluster correlation and, consequently, multiuser interference.

To support this interpretation, Fig. 1b shows the average
intra-cluster channel correlation, which is directly related to
the interference experienced by users sharing the same RIS
configuration. The results indicate that strategies with higher
intra-cluster correlation tend to be more interference-limited,
explaining why maximizing instantaneous channel gain does
not necessarily yield the highest spectral efficiency under
simultaneous transmission. Since correlated equivalent chan-
nels are harder to separate spatially, the resulting interference
reduces the benefits expected from the improved prelog factor.

C. TDMA versus Simultaneous Multiuser Transmission

Fig. 1c directly compares the strict TDMA reference and
the simultaneous multiuser regime. The simultaneous regime
reduces the number of required transmission intervals from K
user slots to Z cluster slots, which improves the prelog factor
and partially mitigates the temporal penalty associated with
limited RIS reconfiguration. However, this gain is outweighed
by the additional intra-cluster interference introduced when

TABLE I
SIMULATION PARAMETERS

Parameter Value

Users K =100

BS antennas M =128

RIS elements N = 256 (16 x 16)
Carrier frequency fe =3 GHz
Bandwidth B =10 MHz
Cell radius de. = 150 m
BS-RIS distance dBE =0.7d,
Transmit power p=2W

Path loss at 1 m Bo = —35.3 dB

Path loss exponents
Rician factors
Noise PSD / noise figure

KBR = Kru = 2.30
aBR = oV =5 dB
—174 dBm/Hz / 10 dB

Coherence block 7. = 200
Pilot length 7p = 100
Monte Carlo realizations 100
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(a) Simultaneous multiuser transmission perfor-
mance.

Fig. 1.
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(b) Average intra-cluster channel correlation.

Number of RIS reconfigurations

(c) Strict TDMA versus simultaneous multiuser
transmission.

Performance analysis under limited RIS reconfiguration: (a) sum spectral efficiency in the simultaneous multiuser regime; (b) average intra-cluster

channel correlation; and (c) comparison between strict interference-free TDMA and simultaneous multiuser transmission.
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Fig. 2. RIS-assisted downlink simulation scenario with blocked direct BS—
user links and users distributed in a circular sector around the RIS.

multiple users are served under the same RIS configura-
tion. Therefore, for the adopted S-CSI/minD framework and
simulation setup, the prelog improvement from reducing K
user slots to Z cluster slots does not compensate for the
increased interference, and serving one user per slot remains
the most effective operating strategy. This result establishes
an operational boundary for the statistical clustering method
proposed in [10].

VI. CONCLUSION

This paper investigated the extension of the S-CSI-based
minD RIS phase-shift design and user clustering framework
from strict interference-free TDMA to simultaneous multiuser
transmission under limited RIS reconfiguration constraints.
The analysis was reformulated from SNR to SINR, accounting
for equivalent channel covariance, intra-cluster interference,
and spatial correlation among users sharing the same RIS
configuration.

The results show that S-CSI/minD remains effective for
sharing RIS configurations among temporally multiplexed
users. However, when users in the same cluster are served
simultaneously, the prelog improvement from reducing K

user slots to Z cluster slots does not compensate for the
increased intra-cluster interference. Thus, for the considered
setup, serving one user per slot remains the most effective
strategy, suggesting that simultaneous transmission requires
interference-aware clustering and joint BS-RIS beamforming.
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