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Abstract—Wireless networks have long treated propagation
as a condition to adapt to rather than something to control.
Intelligent metasurfaces change that view by making part of
the radio environment programmable. However, many reported
gains rely on idealized link-level assumptions that may not hold in
realistic cellular operation. This dissertation develops a tractable
analysis to answer the following question: when do intelligent
metasurfaces improve performance in cellular networks? The
framework combines stochastic-geometry models of irregular
deployments with physically motivated models for reflected-link
degradation, including bounded phase errors, spatial correlation
across the metasurface aperture, channel dynamics, finite control
resolution, and urban-micro propagation. The analysis distin-
guishes between a beamforming-dominant regime and a diffuse
regime. In the first case, reflected contributions add constructively
and the useful reflected power can scale quadratically with
the number of elements. In the second case, the reflected field
is mainly diffuse and the average reflected power grows only
linearly. Embedding this degradation into a cellular model shows
under which conditions metasurfaces strengthen and stabilize
the useful signal, under which conditions the improvement is
limited, and how reflected energy contributes to useful signal
and interference.

Index Terms—Intelligent metasurfaces, reconfigurable intelli-
gent surfaces, stochastic geometry, cellular networks.

I. INTRODUCTION AND SCOPE

Intelligent metasurfaces, also called reconfigurable intelli-
gent surfaces (RIS), aim to make part of the radio environment
programmable [1]-[4]. Their reported gains are often derived
under favorable assumptions: accurate channel knowledge,
stable phase control, and nearly ideal reflection. These as-
sumptions are fragile in cellular operation. The reflected path
is two-hop. The surface is not ideal. The effective aperture
depends on geometry. Control quality degrades under mobility
and delay.

A metasurface is a compelling solution for cellular networks
only if three conditions hold. First, the serving reflected link
must be strong enough to produce a useful signal gain. Second,
this gain must remain meaningful at network level, despite in-
terference, spatial randomness, and signal fluctuations. Third,
the overall benefit must remain positive after accounting for
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signaling overhead, hardware losses, deployment constraints,
and comparison with competing solutions such as repeaters or
denser infrastructure. This document addresses the first two
conditions. It does not yet resolve the third.

The literature can be grouped into three main lines: network-
level studies of smart radio environments and cellular per-
formance [1]-[7], link-level analyses of passive beamforming
[8], and physically grounded propagation models for recon-
figurable surfaces [9]-[13]. What remains missing is a study
that carries reflected-link degradation to the cellular level. This
document addresses that gap.

The analysis focuses on factors that act directly on the
reflected signal: bounded phase mismatch, spatial correlation,
channel aging, estimation quality, phase quantization, and
propagation geometry. These factors determine whether the
serving reflected link remains coherent enough to yield a
meaningful network-level gain. If this condition is not met,
further implementation and deployment constraints can only
reinforce that conclusion. Beam management, protocol signal-
ing, deployment cost, insertion loss, calibration drift, grating
lobes, near-field effects, interoperability, and regulation are
therefore left aside. These factors may further reduce the gain,
shift the regime boundary, or narrow the operating range. The
present work should thus be read as a first-order viability
analysis rather than a deployment verdict.

This scope is consistent with recent deployment-oriented
discussions [14]. Network-controlled repeaters (NCRs) and
integrated access and backhaul (IAB) pursue related coverage
goals through more established active mechanisms. Metasur-
faces instead act through reconfiguration of the propagation
environment, and their benefit depends strongly on reflection
efficiency, geometry, control quality, and overhead. 3GPP
Release-18 and Release-19 did not continue metasurfaces as
a study item, whereas 3GPP has concrete work on NCRs and
mobile IAB. In parallel, ITU-R identifies metasurfaces as a
potential IMT-2030 technology, and ITU-T has an active work
item [15]-[19].

Figure 1 shows the two deployment baselines used in this
work. The left panel is a Poisson deployment of base stations.
The right panel is a density-matched hexagonal deployment.
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Fig. 1. Deployment baselines used in the analysis. (a) Poisson base-station
layout. (b) density-matched hexagonal layout. RIS locations are modeled by
a Poisson process in both cases.

The base-station density corresponds to the average density
in Paris, France. The Poisson model captures macroscopic
irregularity and preserves its effect on received signal quality
and interference [20]. The hexagonal model is retained as a
regular reference for planned deployments. Using both models
helps separate deployment-geometry effects from metasurface-
model effects. Metasurfaces are deployed according to a
Poisson distribution.

The document makes three contributions. First, it character-
izes the transition between beamforming-dominant and diffuse
reflected operation under realistic reflected-link degradation.
Second, it introduces a compact link model that carries this
transition into a tractable cellular model and separates useful
reflected energy from metasurface-induced interference. Third,
it links the resulting useful-link statistics to deployment-
oriented metrics and interprets the results through operating-
regime maps rather than idealized reflected-power gains alone.

II. METHODOLOGY

This document studies the downlink of a metasurface-
assisted cellular network through stochastic geometry. Base
stations, users, and metasurfaces are modeled as homogeneous
Poisson point processes on R2, with densities A\gs, Ay, and
Am. The analysis is performed from the viewpoint of the
representative user at the origin, served by its nearest base
station xg. Each base station controls metasurfaces only inside
a disk of radius R4.

Two analytical choices are made explicit. First, the metasur-
faces over the network are approximated by a Poisson field.
Second, conditioned on the serving distance, the useful re-
ceived power is approximated by a moment-matched Gamma

law. These are tractable approximations, not exact physical
laws. They preserve the dominant geometry, interference, and
fluctuation structure while keeping the framework analyzable.

Large-scale attenuation is written as ((r; H) = (r? +
H?)=%/2 for a > 2, where r is the horizontal distance
and H is the effective height difference. Specific cases are
denoted by fpy(r) = 4(r; Hgy), fBMm(r) = £(r; Hem), and
Ovu(r) = €(r; Hyy). For numerical evaluation, these links
are instantiated with the 3GPP TR 38.901 UMi-LOS model.

The central distinction is between a beamforming-dominant
regime and a diffuse regime. For a single metasurface, when
the residual phase mismatch remains bounded, the received
field satisfies
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so that |y O(n) and |y|*> = O(n?). Here, y is the
received field, n is the number of reflecting elements, €y,ax
is the maximum residual phase error, and @ is the asymptotic
average cascaded amplitude per element. In contrast, when the
reflected field is diffuse, the average received power satisfies
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which implies E[|y|?] = O(n), where R(u) = E[XoX] is the
covariance at spatial offset u, and X, is the contribution of the
reflecting element at w. If the inter-element spacing remains on
the order of \/2, then n is proportional to physical aperture
area. Under this condition, beamforming-dominant reflected
power is quadratic in area, whereas diffuse reflected power is
linear in area.

To carry these two behaviors into the network model, the
serving reflected contribution is summarized by an effective
quality factor p € [0, 1]. It captures channel aging, imperfect
channel estimation, and finite phase resolution, which have
each been studied in the literature [12], [13]. A convenient
first-order representation is
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where fp is the Doppler frequency, At is the control delay,
~ is the pilot SNR, ¢ is the number of metasurface control
bits, and ¥, ¢ are effective estimation parameters. The product
form is an analytical separation of impairments, not an exact
independence statement. It defines a compact operating param-
eter. Its accuracy should be checked by sensitivity analysis
or simulation when several impairments are simultaneously
strong.

The serving reflected gain contributed by a metasurface at
z is modeled as

G0 = T2 [pn® + (1= p)n] Lon(||= — ol Enru(]12]),
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where I' € [0,1] is the reflection efficiency, (;, € [0,1] is a
residual implementation-loss factor not already absorbed into
p, and 1 € [0, 1] is a projected-aperture factor.



Let Ry = ||| be the serving distance and let @5@) denote

the metasurfaces associated with base station x. All base
stations transmit with power Py, s, denotes the unit-power
symbol sent by base station x, and w ~ CAN(0,0?) is the
additive noise. The direct-link fading coefficients are h,, for
the serving base station and h, for interfering base stations.
The terms v?"”"o) and viﬁao) denote the metasurface-assisted
contributions from the serving and interfering links, respec-
tively. Conditioned on the geometry, the received baseband
signal is
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where the first line is the useful signal, the second is direct

interference, and the third is metasurface-induced interference.
Let
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denote the two-hop attenuation through a metasurface at z.
The geometry of the serving metasurface region then enters

through
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Conditioned on the serving distance Ry = r, the use-
ful signal power is approximated by S|Ry = r ~

Gamma(kg(r),0s(r)), where kg(r) and 65(r) are obtained
by moment matching. Similar Gamma-based approximations
have been used in tractable analyses of multi-antenna and
metasurface-assisted networks [21], [22]. A dedicated Monte
Carlo validation is left to the full manuscript.

The link model is then carried to the network level through
the coverage probability

pel(r) = / TP | ) fg (1) dr, ®)

where fr,(r) = 2mAps re=~™es™” for 1 > 0. To evaluate
P(7 | r), define
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If the derivative expansion is written with an integer-valued
Gamma shape, let kg(r) denote the integer shape used in that
expansion, and let f5(r) be the associated scale parameter
chosen to preserve the conditional mean. The conditional
success probability is obtained in tractable form as
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Fig. 2. Beamforming—diffuse regime map. Larger n (reflecting elements per
surface), Aps (surface density), or p (link-quality factor) favor beamforming.
The black contour marks the approximate boundary.

Once p.(7) is available, the same framework yields spectral

efficiency, average user rate, area spectral efficiency, area

energy efficiency, and retransmission-sensitive performance.
A beamforming-dominance heuristic is

MyT2¢Gm pn? 2 (r) > Leu(r) + AT (1 — p) n I (r).
(10)
This inequality identifies the region in which the aligned re-
flected term dominates the direct link and the diffuse baseline.
Outside that region, larger surfaces or denser RIS deployments
do not improve network performance.

We also consider the area spectral efficiency, which mea-
sures how much data the network delivers per unit bandwidth
and per unit area. Here S € [0,1) denotes the resource
overhead.

ASE(7) = As(1 — ) pe(7) logy(1 4 7).

III. RESULTS

Y

The results show that metasurfaces improve performance
when the serving reflected link remains beamforming-
dominant. In that regime, the reflected term is strong enough
to increase the useful signal and reduce its variability. Un-
less stated otherwise, the figures are obtained by numerical
evaluation of the analytical expressions under the 3GPP TR
38.901 UMi-LOS model at 3.5 GHz. When the operating point
moves toward the diffuse regime, the average reflected power
grows only linearly. Higher Doppler, larger control delay,
or lower phase resolution reduce p and move the operating
point toward the diffuse regime. Figure 2 summarizes this
effect as a design map: larger n, larger p, or larger \y; favor
beamforming-dominant operation, while the black contour
marks an approximate regime boundary.

Figure 3 shows the corresponding network-level effect. The
hexagonal deployment curves lie above the Poisson curves as
regular geometry suppresses the strongest irregular interferers.
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Fig. 3. Coverage probability p.(7) and area spectral efficiency ASE(7) for
Poisson and density-matched hexagonal deployments, with SINR threshold 7
and kg(r) € {1,4}. Larger kg(r) indicates a more stable serving link.

ks(r) measures signal-power stability. Small kg(r) means
strong fading. Large kg(r) means channel hardening. The gain
is therefore not only a mean-power gain. It is also a stability
induced by metasurfaces and captured by the Gamma model.

IV. CONCLUSION

This document describes a tractable analysis to identify
when intelligent metasurfaces can improve cellular perfor-
mance under realistic degradation. The main result is regime-
dependent. Performance gains arise when the serving reflected
term remains sufficiently coherent to strengthen and stabilize
the useful signal without being offset by diffuse behavior
and additional reflected interference. The analysis links this
condition to coverage and area spectral efficiency. It therefore
provides a first-order basis for judging when metasurface
assistance is promising and when it is not. The contribution
is deliberately limited in scope. Further work is needed on
models for beam management, protocol signaling, insertion
loss, calibration drift, grating lobes, near-field effects, in-
teroperability, regulation, hardware validation, and techno-
economic assessment. The present contribution focuses instead
on the operating conditions that should inform those later
stages.
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