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Abstract

Millimeter wave (mmWave) networks offer multi-gigabit data rates
but suffer from severe path loss and blockage, resulting in spotty
coverage. Emerging reconfigurable intelligent surfaces (RIS) can
mitigate these challenges, but their reliance on active control chan-
nels, power sources, and complex runtime coordination imposes
significant hardware and deployment overhead. This paper intro-
duces FLowFoRM, a system that expands mmWave coverage using
networks of passive metasurfaces that require no power, control, or
runtime coordination. FLowForM’s key innovation is a hierarchi-
cal flow topology that organizes passive metasurfaces into major
flows (directional relay chains using near-field focusing) and minor
flows (wide-area fan beams), enabling multi-hop passive routing
and over-the-air combination of analog signals. We develop a the-
oretical framework establishing the optimality of this topology
and a hierarchical optimization algorithm that jointly determines
metasurface placement and beam configurations. FLowForm op-
erates transparently with standard mmWave network protocols,
managing channel dynamics and multi-user interference through
diversity-aware design rather than runtime reconfiguration. Our
experimental evaluation across five indoor environments demon-
strates up to 94% average rate improvement and 114% coverage
expansion using low-cost 3D-printed metasurfaces ($2 per unit),
achieving performance comparable to active RIS at orders of mag-
nitude lower cost.
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1 Introduction

Millimeter wave (mmWave) communication is fundamental to 5G
and beyond, offering multi-gigabit data rates through wide available
bandwidth [56]. However, the high-frequency mmWave signals suf-
fer from severe path loss and susceptibility to blockages [27, 55].
While directional beamforming with large phased array antennas
can extend communication range [67, 68], the fundamental prob-
lem of spotty coverage persists—slight movements or obstructions
cause dramatic signal degradation. Traditional solutions like infras-
tructure densification or active relays remain difficult to scale, as
they incur high deployment costs and require complex, low-latency
control channels to manage dynamic beam steering.

Metasurfaces, consisting of massive arrays of subwavelength
electromagnetic elements, present a promising alternative [54].
By strategically attaching metasurfaces to ambient surfaces like
walls and ceilings, signals can be redirected toward previously
unreachable blind spots, effectively “programming the wireless en-
vironment” [36]. Active metasurfaces, also known as reconfigurable
intelligent surfaces (RIS), can adapt their reflection beam patterns
in real-time [22, 31]. However, RIS require control circuits, power
sources, and sophisticated coordination protocols [31]. In contrast,
passive metasurfaces eliminate such needs, and can be fabricated
through low-cost 3D-printing or hot-stamping [41, 53]. However,
prior work primarily focused on standalone metasurfaces used in
isolation. It remains an open question whether such passive meta-
surfaces can provide robust coverage in moderate to large-scale
deployment, especially considering the fundamental limitation of
fixed reflecting beams determined at design time.

In this paper, we introduce FLowFORM, a system that creates
scalable passive metasurface networks to provide low-cost and
transparent coverage expansion. Our key research question is: How
can we effectively expand mmWave network coverage through a co-
ordinated network of passive metasurfaces that efficiently propagate
signals between each other toward target regions? This question
breaks down into three key challenges.
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Figure 1: FLowForm passive metasurface (MTS) network il-
lustration: Major flows dominate spatial coverage, minor
flows fill in orientational blockage, users with merged flow
experience boosted throughput.

(i) Network topology design for passive metasurfaces. The pas-
sive metasurface network requires a principled topology design that
can easily scale while remaining tractable to optimize. Traditional
relay network topologies do not account for the analog signal degra-
dation or combination along a chain of passive reflectors. Moreover,
passive metasurfaces have fixed reflection beam patterns deter-
mined at design time, making classical adaptive routing protocols
inapplicable.

To overcome this challenge, FLowForM organizes the metasur-
faces into a hierarchical flow topology. The key insight is that pas-
sive metasurfaces face a fundamental gain-coverage tradeoff: long-
range relay requires narrow, high-gain beams, whereas broad local
coverage requires wide fan beams with inherently lower directional
gain. Analogous to how tributaries merge into rivers, FLowForm
creates communication flows at two scales (Fig. 1). Major flows
are highly directional relay paths serving as the communication
backbone. They pass the analog signals along a chain of reflection
surfaces, while using near-field beam focusing to overcome path
loss. Minor flows are wide-angle fan beams from metasurfaces di-
rectly to target receiver locations, filling in coverage gaps while
providing diverse signal paths towards target locations. We develop
a theoretical framework that establishes the optimality of the major-
minor flow topology, which emerges from the physics of passive
relaying and power splitting in metasurface networks.

(ii) Scalable optimization of metasurface placement and beam
configuration. For a given deployment site, we must jointly de-
termine the metasurface placement and unit-cell configurations
(thousands of elements per metasurface), which creates a mixed
discrete-continuous problem with exponential complexity.

We address this challenge through two key techniques. First, we
develop a metasurface abstraction framework that reduces dimen-
sionality by using a compact parametric form. Second, we design
a hierarchical optimization framework to decompose the problem
into sequential stages: major flow design identifies critical relay bot-
tlenecks through topology analysis and near-field beam optimiza-
tion; then minor flow design completes coverage through a novel
annealed passive routing optimization algorithm. This hierarchical
approach reduces complexity from exponential to approximately
linear in the number of metasurfaces.

(iii) Handling channel dynamics and interference without meta-
surface reconfiguration. How can a static metasurface network
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provide robust coverage under receiver mobility, time-varying fad-
ing, and multi-user interference?

We answer this question by designing for diversity rather than
adaptation, and by leveraging the active radios’ beam steering ca-
pability. With this design, the metasurface network can operate
transparently to standard mmWave radios, without modification to
the hardware or network protocols. Our optimization framework ex-
plicitly creates diverse signal arrival angles towards target locations.
Standard beam scanning procedures at the transceivers dynamically
select among these pre-engineered paths to ensure robustness. For
multi-user scenarios, we introduce interference-aware optimization
that preconfigures metasurface patterns to favor spatial sharing.

We implement FLowForMm using low-cost 3D-printed metasur-
faces and validate it through extensive experiments in 5 diverse
environments. FLowForwm achieves up to 94% average link capacity
improvement and 114% network coverage expansion compared
to state-of-the-art baselines. Compared to active RIS, FLowForm
achieves comparable coverage at orders of magnitude lower cost.
FLowForM maintains stable coverage as user devices move and
rotate, which also indirectly reduces the beam scanning overhead of
the access point (AP). Moreover, by optimizing for spatial reuse op-
portunities, FLowFoRrm achieves an additional 43% throughput gain
in a multi-AP multi-user network, given the same coverage area.
The system tolerates environment modeling errors and placement
inaccuracies, thus enabling simple and practical deployment.

This work makes the following contributions:

(i) We introduce the major-minor flow topology for passive
metasurface networks and prove its optimality, providing a princi-
pled decomposition that enables scalable optimization.

(ii) We propose metasurface abstraction and hierarchical opti-
mization techniques, including annealed passive routing optimiza-
tion (APRO) that jointly optimize the placement and design-time
configuration of the metasurface network for maximum coverage.

(iii) Through a path diversity-aware design, we demonstrate
FLowForM’s robustness to network dynamics and seamless inte-
gration with standard protocols.

(iv) We implement FLowForwm and validate its performance
through extensive real-world deployments.

2 Related Work

Active relays have been widely studied for wireless coverage expan-
sion [2, 6,7, 21, 37, 49, 66]. At mmWave frequencies, relay networks
face unique challenges from highly directional links and the need
for sophisticated protocols to coordinate the directional relays and
base stations [7, 66, 70]. Consequently, active relay deployment
remains constrained by cost and complexity, and can hardly scale
to larger networks.

Active RIS offer dynamic beam steering by adjusting element
phase shifts in real-time [12, 16, 17, 22, 31, 33-35, 39]. However,
reconfigurability incurs substantial drawbacks: (i) control channels
for run-time coordination which requires a separate radio on each
RIS, bringing complexity comparable to active relays; (ii) power
supplies and control circuits that increase deployment complex-
ity; and (iii) continuous joint optimization requiring full channel
state information. These drawbacks are further exacerbated by the
prohibitive cost scaling of active components at higher operating



FLowFoRrMm: Scalable Passive Metasurface Network for mmWave Coverage Expansion

. == .
offline e ~ — site-specific channel confluence (§ 7) g o runtime
7 (§52) ' 2 | S| transparent ¢
// . w «© ransparen o
. . 2L | = | existi
2 env. model 8 g Hierarchical Topology (§ 4) s + | existing mmWave
3 2 S 3 | protocols (§ 6)
L3 MTS config.| 5 S . . = | @
? coverage § 2 = Major Flow Minor Flow 'E > g dynamics (§6.2)
targets £g opt: §5.3 opt: §5.4 & s interference (§6.3)

Figure 2: FLOWFORM system overview.

frequencies. REMagus [34] coordinates multiple RIS to form relay
paths, but inherits these fundamental limitations of active RIS.

Passive metasurfaces eliminate these constraints through low-
cost fabrication such as 3D-printed dielectrics [53, 65], split-ring
resonator (SRR)-based reflectarrays on paper substrates [41, 52],
or building material diffraction/reflection [40, 51]. However, prior
work focuses on standalone hardware design without consider-
ing network-level coordination, channel dynamics or interference.
AuTOMS [41] represents the closest prior work. It optimizes place-
ment for a single metasurface and beam patterns for up to three
metasurfaces. However, this approach does not scale to network-
level deployments because independent optimization of metasur-
faces prevents coordinated signal reflection and relaying, preclud-
ing spatial reuse and interference-aware design for multiple users.

FLowForMm combines the best of both worlds: low fabrication
cost, minimal deployment complexity, and zero runtime overhead of
passive metasurfaces with network-level performance comparable
to active RIS, as we will demonstrate through experiments.

3 System Overview

FLowForwm targets indoor environments, where sophisticated ge-
ometries and obstacles create NLoS blockage challenges for mmWave
connectivity. The FLOwFORM passive metasurfaces (MTS) can be
strategically attached to walls and ceilings to redirect signals around
these blockages. Fig. 2 illustrates FLowFoRrM’s major components
and workflow.

FLowFoRM operates in two phases. During the offline phase, given
a deployment site with known AP locations, candidate metasur-
face mounting locations, and target user coverage areas, FLow-
ForM determines the optimal metasurface placement and beam
pattern configuration for each metasurface. These inputs are stan-
dard for commercial wireless network deployment and are typi-
cally obtained from architectural floor plans and a brief site survey
[1, 23, 28, 30, 50, 63]. The optimization follows three key stages: (i)
Metasurface abstraction (§ 5.2) reduces the parameter space from
thousands of element-wise phase shifts to a compact parametric
representation. (ii) Major flow design (§ 5.3) establishes directional
relay chains through beamforming-aware path planning and near-
field focusing optimization. (iii) Minor flow design (§ 5.4) completes
spatial coverage through annealed passive routing optimization
(APRO), which optimizes the metasurfaces to provide wide cover-
age while minimizing redundancy. Throughout this process, the
optimization accounts for practical fabrication constraints (§ 7),
including phase quantization and efficiency limitations.

At runtime, FLOWFORM metasurfaces operate transparently to
standard mmWave protocols. From the active radios’ perspectives,
metasurfaces behave like natural reflectors which simply redirect
signals according to preconfigured beam patterns. Users maintain
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Figure 3: Illustration of FLowFoRM’s proposed major-minor
flow topology.

direct communication with APs using standard protocols [24, 25],
including beam scanning and MAC coordination. For multi-AP,
multi-user scenarios, FLOWFORM’s offline optimization explicitly
accounts for interference (§ 6.3), by optimizing the metasurface
patterns to encourage spatial sharing opportunities across possible
user locations while minimizing interference. Without loss of gener-
ality, our design and experimental validation employ the mmWave
network protocol defined in IEEE 802.11ad [24] and 802.11ay [25].

4 Topology Design for Networked Metasurfaces

4.1 Can Passive Metasurface Relays Beat the
Path Loss?

Passive metasurfaces do not amplify signals—they only redistribute
incident energy. Therefore, end-to-end performance is ultimately
constrained by free-space path loss. Increasing the metasurface
size helps capture more energy from the transmitter, yet it cannot
surpass the fundamental performance bound. However, multiple
distributed metasurfaces can maintain the link budget from trans-
mitter to receiver by forming coherent multi-hop passive relay
paths.

This approach provides three key advantages. First, it enables sig-
nals to be steered around obstacles and into otherwise unreachable
areas. Second, multi-hop relaying replaces one long lossy link with
several short links, where each metasurface’s near-field focusing
gain can be effectively exploited to overcome the far-field multi-
plicative path loss. Suppose d; is the distance of the i-th link along
a K-hop path, near-field focusing can approximately transition the
link budget from a product of distances o (d; - d, -~ dg)? to an
additive distance loss o (d; + dy + - + d)? [29]. This allows the
multi-hop passive relays to mimic the performance of a continuous
LoS path. Third, as we will show in § 6.3, distributed metasurfaces
can improve the path diversity, which is essential to improve robust
coverage and spatial multiplexing.

Notably, these benefits arise only when metasurfaces are ju-
diciously designed and deployed. FLowForm explicitly optimizes
metasurface placement and reflection beam patterns to create such
multihop paths that relay and combine the analog signals over the
air.

4.2 Major-Minor Flow Topology

Major flows vs. minor flows. Designing an effective relay net-
work topology for passive metasurfaces presents unique challenges.
Traditional relay network designs are typically optimized for active
radios, which can amplify and regenerate signals. In contrast, the
performance of FLowForMm is dominated by cumulative path loss
and the collective gain of the coordinated metasurfaces. In addi-
tion, traditional network topology design does not account for the
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unique physics of passive reflections, such as the near-field (NF) fo-
cusing. Moreover, passive metasurfaces cannot perform multi-user
coordination, requiring explicit offline network topology design to
enable spatial reuse through beam steering at active transmitters
and receivers.

To address these challenges, we propose the major-minor flow
topology, as illustrated in Fig. 3. This topology organizes metasur-
faces into two functional categories.

Major flows are highly directional, focused beams established
between the access point (AP) and metasurfaces (MTS), or between
metasurfaces themselves. They serve as the “backbone” of the net-
work, relaying signals across long distances while exploiting near-
field focusing to overcome path loss.

Minor flows are fan beams that provide wide-area coverage from
metasurfaces directly to user locations. These flows prioritize an-
gular coverage over directional gain, ensuring that end users can
access the network from diverse positions and orientations. They
essentially fill in the coverage gaps left by the major flows, partic-
ularly in regions beyond the AP’s direct reach where major flow
relay chains terminate.

Optimality of the major-minor flow topology. We now es-
tablish a theoretical model showing that optimal solutions naturally
exhibit the major-minor flow structure.

Without loss of generality, we consider the downlink case here.
Consider a network with a single AP as transmitter (Tx), a set M
of candidate metasurface locations, and a set X of receiver (Rx)
locations. We model the reflection beam pattern of a metasurface
by the relative power of signals along each discretized angle within
the metasurface’s field of view (FoV). Specifically, denote by S;[k] €
[0, 1] the relative signal power distributed along angular direction
k at metasurface i. Our goal is to maximize the sum rate % (-) across
all Rx locations (with SNR, for receiver r) subject to the power
distribution constraints, i.e.,

%(S) = ), log(1+ SNR,(S)),
reR

st.S[k] >0, Y Slkl<1, Vie{ojuM.
k

(P) max%(S),
{s3
(1)

While (P) maximizes aggregate capacity, coverage and fairness
across receiver locations are achieved through the diversity scoring
mechanism in § 6.2, which weights the objective to encourage
multiple paths serving diverse locations and orientations.

We show that optimal power allocations exhibit major-minor
flow structure through two steps. First, we derive first-order opti-
mality conditions using Gateaux derivatives (Lemma 4.1), which
characterize the directional scores that guide optimal power al-
location. Second, we show that under typical indoor propagation
conditions, these directional scores favor the major-minor flow
structure (Proposition 4.2). The proofs leverage convex optimiza-
tion techniques (KKT conditions) and the physical properties of
mmWave propagation.

Let ;(S) denote the outgoing power at i under S. Using Gateaux
derivative [38], we have

oU

A[k] = Ri[k] + D[kl @
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where A;[k] is the directional score, which models the sum of di-
rection power projected to other metasurfaces (i.e,, R;[k]) and to
the receivers (i.e., D;[k]). With this setup, we have:

LEMMA 4.1 (FIRST-ORDER OPTIMALITY). At any local/global opti-
mizer S* of (P), if S/ [k] > 0 then AT [k] = sup,, A} [k’], where A;[k]
is the directional score. (Proof in § B.2).

This lemma formalizes a waterfilling principle for passive meta-
surface networks. Optimal power allocation should focus energy on
the directions with highest directional scores providing maximum
marginal utility. The major-minor flow structure emerges when,
for upstream metasurfaces, the relay value R;[k] dominates the
direct coverage D;[k]; while for downstream, the reverse is true.
The sufficient condition for major flow behavior at metasurface i is:

max Ar[k] > max D} [k], (3)
meaning that the best directional choice involves relaying rather
than direct coverage.

In typical indoor geometries, each angular bin k has a dominant
first-interaction class: distant metasurfaces have high path loss but
subtend larger user regions (receiver-facing bins), while nearby
metasurfaces have low path loss but cover fewer users (MTS-facing
bins). We formalize this as condition G, (angular separability) in
Appendix B.3.

PROPOSITION 4.2 (MAJOR-MINOR FLOW OPTIMALITY). Under G,
any optimizer of (P) allocates power exclusively to either MTS-facing
or receiver-facing angular bins at each node, yielding the major—
minor flow topology; when G, holds approximately (as in typical
indoor environments), this structure remains near-optimal. (Proof in

§B.3).

This separation yields the major-minor topology: upstream meta-
surfaces concentrate power into high-gain relay chains, while down-
stream nodes fan out for broad coverage, maximizing both reach
and diversity. In practice, this separation may not be strict at every
node, which our optimization accounts for (§ 5.4).

5 Major-Minor Flow Optimization

5.1 Optimization Overview

Designing a network of passive metasurfaces requires solving a
challenging joint optimization problem: (i) selecting the location
of metasurfaces and (ii) determining the reflection beam pattern
of each. The beam pattern of a passive metasurface is in turn de-
termined by the phase shift configurations of thousands of unit-
cell elements. Jointly optimizing the metasurfaces’ locations and
the element-wise phase configurations entails a mixed discrete-
continuous problem with exponential complexity.

FLowForMm addresses this complexity by sparsifying the param-
eter space, and by leveraging the decomposed major—-minor flow
structure established in Proposition 4.2.

Optimization parameters. The joint placement and phase op-
timization operates on the parameters:

placement

Y= (o, ...,y Prs -

patterns

. Pml>

4)
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where M is the number of candidate locations, ¢, € {0, 1} indi-
cates whether a metasurface is placed at location m, and p,, is the
reflection beam pattern of metasurface m.

To reduce the dimensionality of the parameter space, we em-
ploy a metasurface abstraction framework (§ 5.2), which represents
metasurfaces’ configuration parameters in a compact, physically-
motivated parameter space rather than optimizing individual phase
elements directly.

Optimization objectives and constraints. FLowFORM maxi-
mizes the average physical rate across all target locations, which
inherently balances coverage (sufficient SNR across locations) and
capacity (maximizing throughput where coverage exists). Addition-
ally, we optimize for multiple strong paths to diversify the signal in-
cidental angles at each location, thus providing robustness against
receiver orientation and user mobility. The underlying channel
model is multipath- and beamforming-aware through site-specific
ray tracing (§ 7).

The optimization operates under several practical constraints: (i)
Environmental constraints: metasurface placements are restricted
to viable mounting surfaces (walls, ceilings) and cannot overlap
(Eq. (4)); (ii) Metasurface constraints: large incident or reflection
angles degrade modeling accuracy and reflection efficiency of meta-
surfaces [45], so we intentionally constrain the reflection beam’s
pointing angles (§ 5.2); (iii) Fabrication constraints: phase patterns
must be realizable with quantized phase shifts and account for
manufacturing tolerances (§ 5.2, § 7).

Optimization workflow. Decoupling the placement and config-
urations of metasurfaces is sub-optimal and can lead to poor local
minima. AUTOMS employs gradient-free optimization for place-
ment [41], yet it does not scale well due to high complexity. Al-
ternatively, one may exhaustively search for the placement with
best possible patterns, and greedily add more metasurfaces. This
forms a strong yet computationally inhibitive and sub-optimal (not
scalable) baseline that we call FLowForm Greedy-Exhaustive (FF
GrEx).

In contrast, we propose a hierarchical major-minor optimization
method which decomposes the problem into two sequential stages:
major flow design optimizes critical long relay paths leveraging
near-field beam focusing, while minor flow design completes spatial
coverage by optimizing fan beams from the major flows’ terminat-
ing points (referred to as interface metasurfaces). We summarize
the optimization workflow in Alg. 1 and provide more details below.

5.2 Metasurface Abstraction

Parameterizing reflection beam patterns. Per Lemma 4.1, op-
timal metasurface patterns concentrate power in a sparse set of
directions. We exploit this structure by representing each metasur-
face’s reflection beam pattern as a sum of parametric “beam arms,”
each defined by just four parameters: steering angle, beamwidth
(quadratic coefficient), amplitude, and phase. This representation
maintains physical realizability, i.e., these beams can be synthesized
even though the metasurface elements can only change the phase
and not the magnitude of incidental signals. Meanwhile, it reduces
the parameter count from thousands (for element-wise phases) to
typically 8-16 (for 2—4 beam arms).
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Algorithm 1 FLowForwm Optimization Workflow

Require: Scene & AP info, candidate MTS positions, budget
Ensure: Placement {a,,}, fabrication-ready patterns {p,,}
1: Preparation
2. Build site-specific channel confluence model
3. Abstract MTS patterns as beam arms
4 Major Flow
5. Identify coverage bottlenecks; plan relay paths
6:  Optimize NF focused beams along relay chains
7
8
9

§7
§5.2
§5.3

Select interface MTSs via greedy maximum coverage
: Minor Flow (APRO)
Pre-prune candidates; warm-start patterns
for temperature f in annealing schedule do
Compute routing weights W[m,r]
Update selection {a,,} via contribution ranking
Update patterns {p,,} via gradient descent:
w/ diversity scoring
w/ interference-aware objective
Refine selection via swap evaluation
Joint phase finetuning
18: Fabrication
Map to element phases; optimize for fabrication

§5.4

§6.2
§6.3

§7

Mathematically, each beam arm is characterized by a quadratic
phase profile in the angular domain [18], which produces a focused
beam at a target direction with controlled beamwidth. The quadrat-
ic coefficient controls beam focusing: larger coefficients produce
narrower beams suitable for major flows, while smaller coefficients
produce wider beams for minor flow coverage.

This representation provides 3 key advantages: (i) It dramatically
reduces optimization space; (ii) The structured representation pre-
vents overfitting to discretized user locations and produces beam
patterns that generalize better to actual deployments; (iii) The pa-
rameters directly correspond to physical beam characteristics (e.g.,
direction, width) that eventually map to metasurfaces’ fabrication
parameters.

Handling non-ideal effects. Real metasurfaces exhibit imper-
fections: phase quantization from limited fabrication resolution,
amplitude variations across elements, coupling effects, and grating
lobes. We account for these systematically through an efficiency
parameter 1y € (0, 1] that scales the ideal beam pattern, combined
with explicit modeling of dominant artifacts (e.g., grating lobes).
Specifically, for common passive metasurfaces that form beams
through element-wise phase shifts [13], grating lobes appear at
angles 0, satisfying d(sin 0 — sin 0) = £nA, where d is the element
spacing, 0 is the designed main beam angle, and n is the grating
order [8, 61] due to unwanted periodic amplitude variations. For re-
liability, we do not count the grating lobe for coverage during minor
flow optimization; but consider it during the physical fabrication
parameter optimization stage (§ 7).

5.3 Near-Field Major Flow Design

Unlike minor flows, which can be optimized through gradient-
based techniques, major flow design requires strategic placement
decisions informed by network topology analysis.
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Identifying coverage bottlenecks. We begin by analyzing the
baseline coverage, i.e., areas reachable by the AP’s direct beams
without metasurface assistance. Critical bottlenecks are regions
that: (i) are severely blocked from LoS, thus creating coverage
holes; (ii) require paths through multiple turns or obstacles; or (iii)
are geometrically positioned such that no single metasurface can
bridge the gap between AP and target region.

For each bottleneck, we compute the link budget deficit, i.e., the
gap between required SNR for reliable communication and the best
achievable SNR using direct paths or single-hop metasurface relays.
Bottlenecks with large deficits are prioritized for multi-hop major flow
construction. In practice, 1-3 hops are typical since cumulative path
loss and efficiency degradation quickly outweigh the focusing gain
at longer chains.

Beamforming-aware relay path planning. We propose a
passive relay path planning method to identify the candidate meta-
surface locations that form a major flow. Note that each major flow
should originate from the AP, and is limited by the AP’s steerable
beams (e.g., 8 sectors). For each such beam, we estimate the furthest
point reachable with sufficient signal strength, accounting for beam-
forming gain and free-space path loss (FSPL). From these reachable
points, we compute relay paths to the bottleneck regions using
a modified shortest-path algorithm, in which the candidate node
locations are constrained by available mounting locations of the
metasurfaces, and the connectivity between nodes are constrained
by the angular FoV of each metasurface.

The link metric is approximated by the FSPL between locations,
additionally scaled by (i) the far-field reflection beamforming gain,
or near-field focusing gain (when metasurfaces are placed at mod-
erate distances); (ii) metasurface efficiency factor 7. This reduces
to finding paths that minimize cumulative distance, transforming
multiplicative relay loss into additive distance loss, as discussed in
§4.1.

Near-field focusing optimization. Once major flow paths
are identified, we optimize the near-field beam pattern of each
metasurface in the relay chain.

For a metasurface positioned at distance d; from the AP and
distance d, from the next relay or interface point, we apply near-
field spherical wavefront compensation to focus the reflected beam,
where the focal distance is calculated with the focal length equation.
The key insight is that the incident wave from a transmitter arrives
as a spherical wavefront (not a plane wave) within near-field. To
focus the reflection at the next relay point, we compensate for both
the spherical incident wavefront and create a converging spherical
reflected wavefront. Specifically, the phase at element position r is
adjusted by [17]: A®(r) = k0(||r_rsrc||+ "r_rnext”_(dl +d,)), where
Tere 18 the AP position, 7., is the next relay point, and ky = 27/
is the wavenumber. This compensation transforms the incident
spherical wave into a focused spherical wave converging at the
next relay point, realizing the “concentration gain” that combats
spreading loss.

We optimize this focal distance through gradient descent, which
maximizes the rate towards downstream metasurfaces or user loca-
tions. Empirically, we find that focusing directly at the next meta-
surface location yields near-optimal performance for most indoor
scenarios. This is because: (i) it maximizes power delivery to the
relay point, and (ii) the next metasurface can then re-focus for its
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subsequent hop. Fig. 10 validates this finding, showing reduced
gain from intermediate focal points.

Interface metasurface selection. The final step of major flow
design selects which metasurfaces will serve as interfaces between
major and minor flows. These interface metasurfaces must: (i) re-
ceive strong signals from the major flow relay chain, and (ii) be
well-positioned to fan out coverage to many receiver locations.

We formulate this as a maximum coverage problem. Given the
signal strength estimation at each candidate interface location (com-
puted from the major flow paths), we need to select a subset that
maximizes the total area coverable with sufficient SNR. We solve
this subproblem using a greedy algorithm, which iteratively selects
the interface metasurface with highest marginal coverage benefit.
(i) For each candidate interface location i, estimate the received
signal strength RSS; from the major flow chain (using the optimized
near-field focused beams). (ii) For each interface candidate i, com-
pute its coverage set G, i.e., all receiver locations that can achieve
SNR > receiver sensitivity threshold when served by a fan beam
from i with power RSS;. (iii) Greedily select interface metasurfaces
which achieves a (1 — 1/e) = 0.63 lower bound to the maximum
coverage solution [46].
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Unlike major flows, which are sparse and highly directional, mi-
nor flows must balance beam spread (for angular diversity) with
sufficient gain (for adequate SNR).

Pre-pruning and initialization. Before optimization, we apply
physics-informed pruning to eliminate unsuitable minor flow meta-
surface locations that (i) cannot receive strong signals from any
interface metasurface or Tx; (ii) are geometrically unfavorable (e.g.,
facing away from uncovered receiver areas); (iii) create excessive
interference to existing major flows. Note that additional implicit
pruning occurs during the actual gradient-based optimization pro-
cess, since metasurfaces that provide negligible coverage benefit
naturally receive selection weights near zero.

In addition, we perform initialization based on each candidate’s
marginal contribution to coverage, given the already-optimized
major flows, which approximates the metasurface’s value in com-
pleting coverage, and is used to initialize both selection probabili-
ties (higher-scoring locations start with higher selection weights)
and beam patterns (initially pointed toward high-value uncovered
regions). This warm start helps improve convergence speed and
solution quality.

Annealed passive routing optimization (APRO). The core
challenge in minor flow optimization is coordinating metasurfaces
to cover different regions, avoiding redundant coverage while main-
taining sufficient angular robustness. We address this through
APRO (Fig. 4), which follows a 4-step iterative optimization process.
For each iteration t, APRO (i) computes adaptive routing weights

Minor Flow Design and Optimization

w® [m, r]; (ii) evaluates objective using annealed path combina-
tion; (iii) updates metasurface patterns; (iv) updates marginal con-
tribution scores and selection weights a,,. For each component:
(i) Adaptive passive routing. We maintain a routing weight ma-
trix W[m, r] specifying how much metasurface m should prioritize
covering user location r. These weights are adapted during opti-
mization to encourage specialization: if metasurface m provides
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Figure 4: Illustration of annealed passive routing optimiza-
tion (APRO) for coordinated specialization.

strong coverage to region A while metasurface m” covers region B,
their routing weights are adjusted to reinforce this specialization.
The routing weights are computed via a soft assignment based on
each source’s signal contribution:

Wlm,r] = xrl’{nﬂ/zjxrljﬁ, (5)

where x, ,,, is the signal contribution from metasurface m to user
r (or the direct path for m = 0), and € (0, 1] is a temperature
parameter [58]. Initially (small f), the path leans toward a specific
metasurface for coverage. As ff anneals toward 1, routing softens
to true proportional contribution, letting metasurfaces collaborate
for multi-path coverage.

(ii) Path-level annealed combination. When computing SNR at
each receiver, we use annealed weighting across multipaths rather
than simple power summation. Paths with higher gains receive
disproportionately higher weights:

SNR(r) = ( 3 Wm, r] - SNR,, (1)1 F), ©)
m

where SNR,(r) is the contribution from metasurface m. This is gov-
erned by the same temperature f as the routing weights. As ff an-
neals toward 1, the combination transitions from winner-takes-all
to linear summation, allowing constructive multi-path contribu-
tions. This aligns with the path diversity rule: each location should
have a few strong arrival paths rather than many weak ones.

(iii) Pattern update. We update each metasurface’s beam pattern
parameters (§ 5.2) via routing-weighted gradient descent through
the differentiable channel model. As Proposition 4.2 notes, the
relay—coverage separation is not always strict in practice, and there-
fore major flow and interface metasurface patterns are also refined.

(iv) Marginal contribution updates. After each iteration, we
update the metasurface selection parameters by comparing each
metasurface’s marginal contribution to the current set. Specifically,
for each selected metasurface, we compute the coverage loss if
it were removed; and vice versa for unselected candidates. Since
the routing-weighted objective decouples across metasurfaces, and
each ay, is binary, selection under a budget of K reduces to ranking
candidates by marginal contribution and selecting the top K. A di-
versity discount is applied for candidates whose coverage overlaps
with already-selected metasurfaces. A broader pool of unselected
candidates receives lightweight pattern updates to keep their mar-
ginal contribution scores fresh for subsequent iterations.

After convergence of the minor flow metasurface optimization,
we run a final pattern refinement stage by freezing the metasurface
locations. First, swap refinement evaluates a shortlist of candidate
replacements, with dedicated pattern refinement for each candidate
configuration. Then, we optimize only the phase patterns of the
final selected ones.
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Phase finetuning and fabrication optimization. The final
stage maps abstract beam parameters to physical phase patterns
while accounting for fabrication constraints:

(i) Phase finetuning: With placement and beam patterns fixed,
we use gradient descent to optimize the actual phase values of the
elements on all the metasurfaces. This allows us to account for
coherent combination across coordinated metasurfaces inherently
with our wideband site-specific channel confluence model.

(ii) Physical parameter optimization: We map continuous phases
to discrete fabrication parameters (e.g., dielectric thickness for 3D-
printed metasurfaces) accounting for: (1) phase quantization error
from limited resolution; (2) angle- and frequency-dependent unit
cell responses; (3) grating lobes and other non-ideal effects.

This physical optimization uses late acceptance hill-climbing
(LAHC) combined with local search, as gradient information is
no longer reliable due to discrete parameters. Starting from the
quantized version of the optimized continuous phases, LAHC ex-
plores local modifications that improve robustness to fabrication
variations and wideband performance.

Improving scalability utilizing low-rank manifold. The
hierarchical major-minor decomposition is critical for scalability:
major flow optimization runs once to establish the backbone, then
minor flow optimization needs only to complete coverage rather
than solve the full end-to-end problem. This reduces complexity
from exponential to approximately linear in the number of minor
flow metasurfaces.

For very large environments, we additionally employ an adaptive
low-rank manifold grouping method that exploits the inherent
low-rank structure. Our key insight is that candidate metasurface
patterns exhibit strong spatial correlations—nearby metasurfaces
(similarity adaptively calculated based on geometric location and
path information) share similar propagation characteristics and
work toward common coverage objectives, suggesting the true
degrees of freedom are far fewer than the raw parameter count.
Thus, within APRO, we can update the unselected metasurfaces in
batch, as they are correlated for marginal contribution.

6 Handling Network Dynamics and
Interference

The major-minor flow topology and hierarchical optimization frame-
work produce a static passive metasurface network with fixed beam
pattern configurations. A key question remains: how does this static
infrastructure adapt to dynamic environments with mobile users, time-
varying channels, and multi-user interference? We now elaborate on
the solutions.

6.1 Seamless Integration with Standard
Network Stack

FLowForwM passively modifies the RF environment, operating trans-
parently to standard mmWave radios such as IEEE 802.11ad [24] and
802.11ay [25]. To these radios, FLowFoRrRM metasurfaces function as
natural reflectors that redirect and reshape incident beams. Stan-
dard mmWave MAC protocols handle channel adaptation through
beam scanning. For example, 802.11ad AP performs periodic sector-
level sweep (SLS), transmitting training frames across predefined
beam directions (typically 8-32 beams). Mobile devices respond
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with their best received beam, and the AP selects the beam pair that
maximizes SNR [24]. FLowForm enhances this standard process:
the metasurface network creates additional paths between the AP
and users, which manifest as stronger RSS along specific beam
directions. The AP discovers these metasurface-enhanced paths
implicitly through its beam scanning. No explicit knowledge of
the metasurfaces is required. When a mobile user moves, standard
beam scanning automatically selects new AP beam directions that
may leverage different metasurfaces or different paths.

6.2 Robustness to Channel Dynamics

Diversity scoring during major-minor flow optimization.
Standard mmWave radios have limited field-of-view (FoV), typically
120° [64], due to the directional nature of their antenna or phased
array panel. If coverage relies on a single strong path from one
direction, a modest device rotation can completely block the signal.
To ensure robustness, we incorporate diversity scoring into the
optimization objective in § 5, which encourages multiple beams for
the same user location. Specifically, we compute the AP and user
diversity score for each user location:

1
N o \@

: )7 e (0,1
(T 7)) e,
-1 N,

N, “f-(

b szl

where 7; is the normalized rate of sector i (divided by the sum of
all N sector rates, with zero clamped cosine projection represent-
ing the antenna element pattern), ag 3 € (0,1] is the diversity
exponent, with lower values encouraging more diversity, and 7,
is the normalized rate of beam b from the AP (divided by the sum
of all Nj, beam rates), after applying the user diversity score. As
oy decreases, the diversity score increasingly favors scenarios
where multiple sectors provide comparable rates rather than one
dominant sector. In practice, performance is insensitive to moder-
ate variations of o, and we find ag; ,; = 0.8 to be a good tradeoff
between diversity and average rate. Finally, the diversity scores are
incorporated into the optimization objective (§ 5.1) by weighing
the estimated rate at each location by S;,. The diversity scoring
mechanism ensures multiple metasurface relay paths serve users
at diverse locations and orientations. As users move or rotate, the
AP’s periodic beam scanning discovers and switches to the best
beam via a new metasurface relay path.

Long-term environmental changes. Since mmWave propaga-
tion is dominated by LoS and a small number of strong reflectors
[62], minor furniture rearrangement rarely disrupts the dominant
paths. FLowForM further reduces sensitivity to such changes by
relying on engineered metasurface paths rather than ambient back-
ground reflections. For more substantial environmental changes,
such as semi-permanent obstacles, the metasurface network re-
mains effective because the optimization (§ 5) explicitly accounts for
robustness. First, during the design-time optimization (§ 5.4), paths
are weighted by credibility scores based on geometric stability and
likelihood of dynamic blockage. So the metasurface placement nat-
urally favors more stable propagation paths. Second, the minor flow
design creates overlapping coverage from multiple metasurfaces,
which adds to the path diversity. Third, if major environmental

™

1
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Figure 5: Illustration of metasurface-aided spatial sharing by
providing alternative paths.

changes occur (e.g., office reconfiguration), FLowFoRrM optimiza-
tion can be re-run using an updated environment model.

6.3 Multi-User Interference and Spatial Sharing

Multi-AP coordination. FLowForM metasurface network is fully
compatible with standard time-division multiple access (TDMA)-
based interference coordination protocols. Unlike active relays or
RIS, which must be explicitly assigned to serve specific APs, pas-
sive metasurfaces simply reflect incident energy according to their
designed patterns, naturally enhancing active AP’s transmission
without requiring synchronization. For users, mobile devices au-
tomatically associate with the AP providing the highest RSS as in
802.11ad protocol [24], and FLowForM’s RSS enhancement requires
no protocol modifications.

Enhancing spatial sharing. Prior measurement studies demon-
strated that even directional beams create substantial interference
through sidelobes [48]. With metasurfaces, interference can occur
even for spatially-separated Tx—Rx pairs if a metasurface reflects
signals from one pair toward the other pair’s Rx. The standard MAC
protocols define spatial sharing mechanisms to enable concurrent
transmissions [24, 25]. An AP can establish a service period (SP)
for one user while another SP is already active, provided two con-
ditions are met: (i) the candidate SP is strong enough compared
to noise and interference from the existing SP; (ii) the existing SP
receiver is not interfered by the candidate SP.

FLowFoRrM can enhance spatial sharing by providing more beam
options (i.e., different paths through different sequences of meta-
surfaces), which increases the likelihood that spatially-separated
beam pairs can be found, as illustrated in Fig. 5. To maximize such
opportunities, we augment the major-minor flow optimization to
become interference-aware. Consider the downlink case for sim-
plicity (uplink analysis follows similarly). Let RSS;(_, ; denote RSS
from AP i with beam k to user j, and [, ; the aggregate interfer-
ence signal strength at user j. Concurrent SPs can be established
when:

SINR (1) = RSSigtys/ (N + fiy) > v ®)
where N is the noise power and y is an implementation-dependent
threshold.

We update the optimization objective (§ 5.1) by using the SINR in
Eq. (8) instead of the original SNR, across all possible user locations.
The resulting metasurface location and beam configuration will
thus take into account the spatial sharing among the multiple APs
(assuming known locations). Joint optimization of AP placement
and metasurface configuration is a natural extension that plugs
directly into this interference-aware objective.
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Figure 6: Low-cost and scalable metasurface fabrication in
FLowFoRM. (a, c) 3D-printed metasurface [53] with PLA sub-
strate and conductive paint ground. (b, d) SRR-based meta-
surface [41] with hot-stamped aluminum (Al) foil on paper
substrate.

7 Implementation

Site-specific channel confluence model. FLowForM’s optimiza-
tion (§ 5) requires repeatedly evaluating how different metasurface
placements and configurations ¥ affect coverage and throughput.
To meet this requirement, we develop a differentiable ray tracing
model [11] to compute geometric propagation paths between all
nodes (Tx, Rx, and MTS). Each path has a complex path gain, which
is scaled by path loss, Tx/Rx beamforming gain and metasurface
reflection patterns. Our ray tracer extends the open-source Sionna
1.2.1 [4, 20], by modeling the frequency-dependent signal propaga-
tion and multipath across the 2.16 GHz 802.11ad/ay bandwidth.

Ray tracing requires a 3D geometric model of the deployment
environment annotated with electromagnetic material properties.
Since FLowFORM’s optimization framework implicitly constrains
the dominant signal energy within the metasurface network, it is
insensitive to the ambient environmental structures (§ 8.6). There-
fore, we build a simplified workflow to create the environmental
model as an input to the ray tracing model. Specifically, for each
deployment site, we leverage readily-available 2D floor plans with
semantic labels (e.g., walls, doors, windows) to synthesize a 3D
environment, augmented with height information and furniture
to minimize the sim-to-real gap. We then manually annotate the
dominant objects’ electromagnetic properties (based on [26]) to
approximately match the actual environment.

Passive metasurface fabrication. FLowForM metasurfaces are
fabricated using low-cost 3D printing that enables rapid prototyping
and deployment at scale, as shown in Fig. 6. Each metasurface
consists of a dielectric substrate with conductive ground plane
following [53]. Each unit cell is a half-wavelength dielectric cuboid
with height h that determines the phase shift. The phase-shift is
in turn determined by the major-minor flow optimization (§ 5). In
practice, we find that the quality of the fabricated metasurface beam
pattern is impacted by several fabrication artifacts, including (i)
phase quantization error due to limited fabrication resolution; (ii)
amplitude response variation of unit cells; (iii) angle and frequency-
dependent response of unit cells. These non-idealities are partially
accounted for in optimization through the efficiency parameter 5
(§ 5.2). To achieve an even more accurate phase-to-h mapping, we
apply a two-stage physical finetuning.

First, for major flow metasurfaces designed with near-field fo-
cusing (§ 5.3), the beam-level optimization assumes a specific focal
distance dg,.. However, the distribution of target user areas can
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Figure 7: Experimental setup: (a) mmWave software radio for
measurements and validation. (b) Example deployment in a
conference room.

change after joint optimization and the unit-cell non-idealities in-
cluding discrete height quantization may shift the effective focal
point. We thus re-optimize d, via gradient descent, which searches
for the quantized heights h that maximizes average rate across user
locations (Alg. 2 in Appendix C.3). We find this can typically recover
about half of the loss from fabrication artifacts.

Second, we employ late acceptance hill-climbing (LAHC) [9] to
refine the individual element heights. LAHC explores the discrete
solution space through local modifications, accepting improvements
based on a history of recent objective values (Alg. 3 in Appendix C.4).
This optimization further improves wideband performance, with the
combined physical optimization (PO) advantage shown in Fig. 11(a).

mmWave network testbed. FLowForMm is designed to work
with standard, off-the-shelf 802.11ad/ay devices without modifica-
tion, requiring no per-beam or channel state feedback from the AP
at runtime. However, commercial 802.11ad/ay devices do not ex-
pose detailed channel information (e.g., per-beam RSS and wideband
channel impulse response (CIR)) needed for fine-grained validation
of the metasurface network design. We thus build a mmWave soft-
ware defined radio (SDR) testbed (Fig. 7(a)) for measurement and
validation purposes. Our testbed extends the M-Cube SDR [67, 69]
as follows: (i) We implement a real-time CIR estimation module,
using the RFSoC 4x2 FPGA board [57] as baseband processor which
provides 5 GSps sampling rate. (ii) We repurpose the 8 x 8 phased
arrays from 802.11ay standard-compatible Mikrotik Cube 60Pro
routers [44], and use the GPIO on RFSoC for real-time beam con-
figuration. (iii) We implement a remote control server that can
configure the Tx/Rx radios’ beam patterns in real-time and collect
per-beam CIR.

8 Evaluation
8.1 Experimental Setup

We deploy FLowForMm across 5 indoor environments with varying
complexity (Fig. 19). Scene A is a small hallway (69 m?) with mini-
mal obstacles. Scenes B—C are medium-sized office floors (133-325 m?)
with furniture and partitions. Scene D and E are large corridor areas
(383 m? and 462 m?) with severe blockage from columns and walls.

Baselines and metasurface configuration. For system-level
evaluation, we compare FLowForwm against 3 baselines:

(i) No MTS, which employs only direct AP-to-user paths with
standard 802.11ad beamforming;

(ii) AuTOMS+, an extended version of AUTOMS [41] (§ 2), where
we apply the same wideband modeling and receiver FoV constraints
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as in FLowFoRM (§ 5.4), so as to achieve a fair comparison excluding
the hardware artifacts.

(iii) FF GrEx, which exhaustively searches metasurface place-
ments and greedily adds metasurfaces with best marginal coverage.
This represents a strong baseline on what can be achieved with-
out the major—minor hierarchy, though it does not scale to large
deployments.

Unless otherwise specified, we use 80 x 80 element 3D-printed
metasurfaces with wavy ground plane design [53]. Each metasur-
face measures 20 cm x 20 cm with 6400 elements and costs approxi-
mately $2 to fabricate (Appendix C.2).

Measurement methodology. For each test scenario, we mea-
sure: (i) Per-beam CIR, more specifically the 256-tap CIR for all
8 transmit beams at each user location, which provides detailed
multipath information. RSS is then extracted from CIR peak power.
(ii) Physical rate, calculated using the Shannon capacity formula
[60] considering the radio hardware implementation loss. (iii)
Coverage ratio, defined as the percentage of test locations achiev-
ing RSS > —68 dBm (receiver sensitivity for 802.11ad/ay MCS 1,
[24, 25]). We measure 10-25 random uniformly distributed user
locations in each environment, with 3 user orientations per location
(0°, 120°, 240°).

8.2 Micro Benchmarks

We first validate that individual metasurfaces can achieve their
designed beam patterns with minimal hardware artifacts.
Single-beam steering. Fig. 8(a) shows measured beam patterns
with different metasurface sizes. The 80x80 metasurface achieves
~5dB higher peak gain than 32 x 32, confirming the size-gain re-
lationship. Both metasurfaces achieve the designed steering angle
(30°) within 3° error. Fig. 8(b) reveals a non-ideal beamforming ef-
fect. The main lobe (i.e., designed +1 order) contains ~70% of the
reflected power. This efficiency 7 = 0.7 matches the parameter used
in our metasurface abstraction model (§ 5.2). In addition, the 3D-
printed metasurfaces with a wavy ground plane [53] achieves the
highest peak gain with smaller specular reflection (0 order grating)
and conjugate lobe (—1 order grating), in comparison to flat ground
3D-printed metasurfaces [65] and SRR-based metasurfaces [41]. We
thus use the wavy ground design by default in our experiments.
Metasurface beam pattern abstraction. Fig. 9 demonstrates
the multi-arm quadratic beam representation (§ 5.2) working in
practice. We fabricate a 80 x 80 metasurface with 2-arm pattern: a
narrow pencil beam for major flow relay and a wider fan beam for
minor flow coverage. Beam Pattern A emphasizes the fan beam (70%
power), while Pattern B emphasizes the pencil beam (70% power).
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Measured patterns match the design with the relative power distri-
bution preserved. This validates compact parametric representation
captures essential beam characteristics while maintaining physical
practicality.

Near-field focusing validation. To verify the near-field focus-
ing gain (§ 5.3), we place 32 x 32 metasurfaces 2 m from the Tx and
Rx (within near-field region) with various focal distances. When
the metasurface is focused at the designed distance (1 m from the
metasurface), we observe 2.86 dB RSS gain compared to a flat (non-
focused) pattern. Over-focusing (f = +0.5 m) or under-focusing
(f = +2m) both degrade performance, confirming that the focal
distance optimization (§ 5.3) is critical.

8.3 Coverage Expansion

Coverage expansion performance. Fig. 11(a) shows the mea-
sured average rate across user locations and coverage ratio in two
scenes, where error bars indicate standard error across measure-
ments. With 16 metasurfaces (5 major + 11 minor), FLowForM
achieves 75% rate improvement and 67% coverage improvement
over no MTS in scene C. Despite using the same number of meta-
surfaces, FLowForM outperforms AUTOMS+ by 9% even with minor
flow only optimization in a small environment (scene A). In scene
C, FLowForM leverages metasurface coordination to create concen-
trated, specialized patterns, outperforming AUTOMS+ by 41% and
FF GrEx by 15%, demonstrating the major-minor hierarchy is near-
optimal yet far more scalable. The rate gains consistently exceed the
standard error across all scenes, and the CDFs in Fig. 11(b, c) show
that FLowFoRrMm particularly benefits originally poorly covered lo-
cations, lifting the lower tail of the rate distribution, as further
illustrated by the per-location breakdown in Fig. 12.

Scaling with number of metasurfaces. Fig. 13(a) shows per-
formance vs. number of deployed metasurfaces in scene C. With
6 metasurfaces (2 major + 4 minor), average rate improves by 47%
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and coverage by 44%. Increasing to 16 metasurfaces (5 major +
11 minor) provides further gains with diminishing returns: initial
metasurfaces address critical bottlenecks while more additions fill
remaining gaps.

Performance across environments. As shown in Fig. 13(b),
FLowForM’s performance gain initially grows with scene com-
plexity (average rate improved by 35% in A to 75% in C) due to
larger margin for enhancement. However, in very large or geomet-
rically unfavorable scenes (E), FLoWFORM gains are constrained
by propagation loss. Scene D, despite low baseline coverage, bene-
fits significantly from multi-hop relaying that effectively shortens
propagation distance, showing 94% rate and 114% coverage improve-
ment. In general, FLOWFORM’s gain is largest when NLoS regions
dominate and sufficient wall surfaces are available for metasurface
mounting (e.g., scene C and D). Gains are smaller when LoS already
provides adequate coverage (e.g., scenes B and E) or metasurface
deployment is infeasible to improve NLoS due to site limitations.

FoV and orientation robustness. Extending the results in
Fig. 11, we show the measured per-direction rate in Fig. 12. Without
FLowFoRrM, 120° rotation causes rate to drop by 3 bps/Hz (often
causing complete outage). With FLowForw, for those locations the
same rotation causes only 1-2bps/Hz variation because diverse
arrival angles (from different metasurfaces) ensure at least one
strong path remains within the receiver’s FoV. This directly validates
the diversity mechanism in § 6.2.

8.4 Robustness to Dynamics and Interference

Receiver mobility and orientation dynamics. Fig. 14 shows RSS
for 8 AP beams as a user moves through Scene C. Without metasur-
faces, RSS varies ~20 dB with simultaneous dropouts. FLowForm
reduces variation to ~5 dB while maintaining multiple beams above
-50dBm, so that automatic beam selection can maintain stable
connectivity. Fig. 14(b) shows a more challenging scenario: a user
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Figure 14: Channel dynamics w/o and w/ FLowForm. (a) User
trajectory. (b) User rotation with blockage.

rotates with blocked LoS, emulating typical mobile device use. With-
out metasurfaces, the user frequently experiences complete outage
for rotation, whereas FLowFORM maintains a more stable link. In
802.11ad, frequent beam scanning (every 100 ms) is necessary to
track the best beam as channels vary [14]. With FLowForwm’s stable,
diverse coverage, we find that scanning intervals can be extended
to 250-300 ms without performance degradation, which recovers
60% of the scanning overhead for data transmission. This validates
the claim that robust coverage reduces beam management over-
head (§ 6.2). We further interpolate the same trajectory at finer
granularity in simulation to extract link-level metrics: FLowForm
achieves 6.36 bps/Hz mean rate with no blackout and 0.14 bps/Hz
jitter, vs. 3.88 bps/Hz, 18% blackout, and 0.54 bps/Hz jitter without
metasurfaces.

Beyond short-term mobility, we observe across our coverage
experiments that normal furniture movement (e.g., chairs) has neg-
ligible impact on measured RSS, consistent with the sparsity of
mmWave channels dominated by LoS and major reflectors. FLow-
ForM’s reliance on engineered metasurface paths further limits sen-
sitivity to such environmental changes (§ 6.2), and redeployment is
only necessary when multiple major flow paths are permanently
obstructed.

Multi-user interference and spatial sharing. Fig. 15 evaluates
spatial sharing performance with two concurrent AP-receiver pairs
in scene C. We compare against the average throughput (mapped
from RSS [25]) before and after FLowForm deployment over three
scheduling policies: (P1) no spatial sharing (TDMA), (P2) spatial
sharing with one AP priority (maximizing one AP’s throughput),
and (P3) maximum sum throughput. The triangle points for P1 and
P2 denote maximum possible rate without fairness.

Extending coverage with metasurfaces could potentially intro-
duce additional interference, degrading spatial sharing performance.
However, Fig. 15 shows that FLowForm’s SINR-aware optimization
(§ 6.3) avoids this: the spatial sharing gains (P2 and P3) remain
consistent before and after FLowForm deployment (~43% in both
cases compared to no MTS) confirming that coverage extension
does not come at the cost of spatial reuse efficiency. As the number
of users scales, time sharing follows standard 802.11ad/ay MAC
scheduling. FLowForM’s improved spatial sharing enables more
concurrent transmissions, so per-user throughput degrades more
gracefully than without metasurfaces.

8.5 Comparison With Active Metasurfaces

Since real mmWave RIS panels are cost prohibitive, we simulate
RIS performance using our ray tracing framework (§ 7). For each
user location and orientation, we optimize the RIS’ element-wise
phase reconfiguration via gradient descent to maximize SNR. This
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Figure 17: Sensitivity analysis of FLowFoRM in simulation.
(a) Sensitivity to environmental modeling. (b, ¢) Sensitivity
to metasurface placement.

represents an optimistic upper bound on RIS performance, as prac-
tical RIS would additionally suffer from hardware imperfections
and control overhead. We call this baseline RFMagus+ because it
extends RFMagus [34] with joint optimization across multiple RIS
surfaces rather than alternating optimization. We compare RIS with
two hardware efficiency levels: = 0.72 (matching our passive
metasurfaces) and n = 0.25 (realistic for 60 GHz RIS [47, 59], which
suffer from high insertion loss).

Fig. 16 shows the results in scene C. Compared with the RIS
with a realistic hardware efficiency (7 = 0.25), FLowFoRM needs
only 2.7x more metasurface units (16 vs. 6) for equivalent coverage.
Yet, the cost of the RIS deployment at 60 GHz band amounts to
$6k+ minimum, in contrast to only $32 for FLowForm (~200x cost
reduction even excluding the cost of deployment, power, control
channel, etc.).

8.6 Sensitivity Analysis

Sensitivity to environmental modeling. We proceed to evalu-
ate robustness to modeling errors and deployment imperfections.
Fig. 17(a) compares performance when the test environment differs
from the optimization environment. We create two scenarios: (i)
Normal: Environment model matches the actual deployment. (ii)
Worst case: All objects modeled as perfect absorbers (no environ-
mental reflection), representing severe modeling errors.
FLowForM performance degrades only ~11% in the worst-case
scenario. When optimized in the “normal” environment but de-
ployed in “worst,” the average rates are still more than 70% better
than no MTS. When optimized in the “worst” environment but de-
ployed in “normal,” it performs nearly as well. This robustness stems
from FLowForMm’s design philosophy (§ 4): the major-minor flow
topology prioritizes strong, stable LoS and single-reflection paths
over weak multi-bounce paths that heavily depend on environmen-
tal modeling. Because the dominant LoS propagation mechanisms
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are captured even in simplified models, errors in environment mod-
eling have limited impact on performance.

Sensitivity to metasurface placement. Fig. 17(b, c¢) evaluates
sensitivity to metasurface placement errors. We simulate deploy-
ing metasurfaces with random offsets from their optimized posi-
tions and measure resulting rate degradation. FLowForwM tolerates
+10 cm horizontal offset with < 1% rate degradation. Vertical off-
set is more sensitive due to narrow beamwidth: +3 cm causes ~1%
degradation, while +10 cm causes ~8% loss. Yaw (horizontal rota-
tion) is tolerant due to wider beamwidth, while pitch (vertical tilt)
is most sensitive (+3° causes ~10% degradation). Roll has minimal
impact due to metasurface symmetry. Since typical wall construc-
tion tolerances are within 0.5° [3, 15], mounting errors within this
range would not exhibit noticeable performance loss, confirming
that manual installation using measured floor plans is practical.

8.7 Complexity Analysis

FLowForM’s computational workload occurs only during major—
minor flow optimization (§ 5) before deployment. With an Nvidia
A6000 GPU, optimization takes 10 minutes for simple scenes (scene
A) and up to 1 hour for complex ones (scene E). The metasurface ab-
straction framework and major-minor decomposition significantly
reduce complexity compared to AuToMS [41] (~8 hours for scene
E with worse performance) and FF GrEx (multiplied in time usage).

9 Conclusion

This work introduces FLOwFORM, a system designed to achieve
scalable passive metasurface networking for mmWave communi-
cations. Our approach addresses critical challenges in 60 GHz cov-
erage expansion through a sophisticated optimization framework
that jointly manages metasurface placement and phase design. By
leveraging a reliability-aware differentiable ray tracer, our system
explicitly accounts for real-world factors like multi-AP interference
and channel dynamics, creating a robust and transparent solution.
Experiments across five indoor environments validate substantial
gains at orders of magnitude lower cost than active RIS alternatives.
Ultimately, FLowFoRrM provides a practical pathway to engineer-
ing the radio environment itself, transforming unreliable mmWave
links into a dense and resilient communication network.
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No human subject is involved.
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Appendices are supporting material that has not been peer-reviewed.

A Notation

Table 1 summarizes the key notation used in the paper.

Table 1: Table of notation.

Symbol  Description
M, R, K Sets of MTS locations, Rx locations, angular grid
S;[k] Relative signal power at angular direction k of MTS i
¥=[a,,p,,] Optimization parameters (placement & patterns)
U(S) Sum-rate objective function
SNR Signal-to-noise ratio (SNR) at receiver r
W, ][k] Directional gain from emitter i to target j at angular bin k
Efficiency of MTS j
Ai[k] Directional score (= R;[k] + D,[k]) at MTS i, bin k
Ri[k], Di[k] Relay (MTS-facing) & direct (user-facing) score components
Sap Sqy  Receiver and transmitter diversity scores
N,, N, Number of receiver sectors and transmitter beams
7 Ty Normalized sector/beam rates (Zi r=1, Zb 7 =1)
RSS;x)—;  RSS from AP i with beam k to user j
Lg—; Aggregate interference at user j from AP i, beam k
Ay Diversity exponent (€ (0, 1]; lower — more diversity)
%(S) Outgoing power at node i under pattern S
W([m,r]  Routing weight from MTS m to user r (APRO)
Xp.m Signal contribution from MTS m to user r
B Temperature parameter for APRO annealing

B Proof for Major-Minor Flow Topology

The following proofs assume a 2D angular space for simplicity,
which can be easily extended to 3D.

B.1 Definitions and Assumptions

For notational simplicity without loss of generality, we also assume
the same size for all MTSs. Define the angular grid X', which is
proportional to the MTS size. To easily represent the beam reso-
lution limit, let |X’| equal the number of MTS unit cells. For any
emitter i € {0} U M and any target j € M U R, let W,_,,[k] € [0, 1)
denote the directional gain from i to t at angular grid k € X, which
involves the channel loss and Tx/MTS element pattern gain, and

follows
>

teMUR

Wikl <1, Vie{ojuM. 9)

Specially, for i = 0 (the Tx), W,_,[k] = SUPpess, W()(Qt[k] is the
Tx beam pattern envelope over codebook B, a simplified model
of the directional Tx. Following the principle in § 4.1, we assume
coherent combination within each MTS, but non-coherent power
combination across MTSs. We further relax the MTS beam pattern
as a power constraint over the angular grid. The incoming power
at MTS jis

=7 Z Yi Z WijlklSi[kl, Vje M,
iefojuM ke

Yj (10)
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where 7); is the efficiency of MTS j. Define the linear operator T(S)
RIVHMT
+ y

TS =n; Y, Wi jlkIS[k

kex
Then, Eq. (10) can be written as yyr = T(S)yy, + b with b =
(1 X WoS0)jens- Thus we have

y(8) =T -T(S)™? (12)

where ¢, ejects the Tx’s power. Eq. (12) holds with Lemma B.1.

(11)

LEMMA B.1 (STABILITY VIA PASSIVITY). Let fp,, = max;7; < 1.
Then |T(S)|; < Nax < 1, and thus the spectral radius p(T(S)) < 1.
Consequently, (I — T(S))™! exists, is non-negative, and

¥(8) = ) T(S)e,.

=0

(13)

Proor. Using Eq. (9) and the constraints of S[k] in Eq. (1 z

Zj qumliajsi < Umaxzsi < Nmax> SO ”T(S)Hl < Mmax < L POSI_
tivity and the Neumann series [19] follow. a

Using power combination across MTSs, the received SNR at
reRis

Silk], (14)

SNR(S) =k D 3(S) Y., Wi, [kl

ie{0}uM keX

where k = Py/N,, and P and N}, are the constant Tx and noise
power. The first-order optimality is based on the optimization prob-
lem in Eq. (1), with recursion in Eq. (12).

B.2 First-Order Optimality

Proor oF LEMMA 4.1. The user marginal slope

oU
%% - K 5 (15)
ap,  1+SNR,
where p, is the received power at r. Define vector ¢ with
g2 ), ® ), Wi lkIS[k]l vje . (16)
rer  kex
Let the adjoint (downstream value) vector A € ]REV[| solve
A=(I-T(S)") 9. (17)

Since p(T) < 1 from Lemma B.1, Eq. (17) has a unique non-negative
solution. Gateaux derivative (directional score) yields Eq. (2), where

2N W[kl =3 Ay

reR jeM

Using the Karush-Kuhn-Tucker (KKT) stationarity [32], let g > 0
be the multiplier of the constraint Zk S[k] < 1in Eq. (1), and
v;[k] be the multiplier of the non-negativity constraint S;[k] > 0.
Stationarity and complementary slackness give

Skl >0 = A[k] = sup A[K'],
kl

Di[k] (18)

l—>]

Slkl=0 — A[K] < sup AK']. (19)
k/
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Define the optimal slopes and scores at $*:

* _ K
& = 1+ SNR,(S*)’
A = (I =TSN, (20)

A[K] = R [k] + Dy [K].

Let the maximizer set be 4; = argmax A/[k]. Using the KKT
support characterization at optimum S*, we have, if S*[k] > 0 then
Ar[k] = sup,, Ar[k’]. Equivalently, supp(S)) C A;". O

B.3 Networked Metasurfaces Topology

Angular separability condition G. As introduced in the main
text, we formalize the angular separability condition. In many room-
and-corridor layouts, and for sufficiently fine angular grids X,
each bin k for W,_,,[k] has a dominant “first interaction” class: it
primarily points to (i) a boundary patch supporting a metasurface
hop, or (ii) open-space user directions. This motivates the following
separability condition, which is exact in the idealized case and
approximately true in practice. For each emitter i € {0} U M and
angular bin k € X,

(> winitkl)- (Y wisdkl) = o.
jeEM reR

Equivalently, each bin k is either MTS-facing (W;_,;[k] > 0 for
some j € M but W, [k] = 0 for all r € R), or receiver-facing
(Wi,[k] > 0 for some r € R but W;_,;[k] = 0 for all j € M), (or
neither, in which case both sums are zero).

(21)

ProoF oF ProposITION 4.2. Fix any node i € {0} U M and con-
sider an optimizer S* of (P). By Lemma 4.1, the KKT support char-
acterization gives

STkl >0 = Ar[k]

1

sup AF[K’].
krex
Under G, each bin is either MTS-facing or user-facing. Hence,
for any k:
(MTS-facing) = D;[k] = 0 and A}[k] = R[k],
(user-facing) = R[k] = 0 and A [k] = D;[k].

(22)

(23)

Therefore, if the major condition Eq. (3) holds at node , i.e., maxy A’ [k
max;. D7 [k], then no user-facing bin can maximize A;[-] since

on those bins A’[k] = D;[k] < maxy Df[k] < max; Af[k]. By

Eq. (22), S can only place positive mass on metasurface-facing

bins, i.e., node i acts as a major-flow node (relaying to other meta-

surfaces).

1>

Similarly, if maxy. D} [k] > maxy R} [k] at node i, then no metasurface-

facing bin can maximize A;[-] since on those bins A7 [k] = Rf[k] <
maxy R [k] < max Dj[k] < maxy Af[k]. Again by Eq. (22), S
allocates only to user-facing bins, so node i acts as a minor-flow
node (fan-out coverage).

Combining the above cases, under exact G, any optimizer S*
of (P) induces a major—minor structure in the following sense: if
max Af[k] > max; Dj[k] (Eq. (3)), then node i allocates only to
MTS-facing bins (major-flow behavior); if max. D} [k] > max;. R[],
then node i allocates only to receiver-facing bins (minor-flow be-
havior). If max;, D' [k] = max;. R [k], then both types of bins may
lie in arg maxy A/ [k], and the optimizer may mix them without
contradicting the major/minor interpretation.
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Figure 18: Unit cell phase profiles of two designs simulated
using HFSS. (a) 3D-printed (wavy ground plane) [53]. (b) SRR-
based [41].

In typical room/corridor indoor geometries with strong blockage,
upstream metasurfaces often have limited visibility to uncovered
user regions, making max;. D} [k] small; moreover, RSS/rate satu-
ration at high SNR reduces the marginal slope @, = /(1 + SNR,)
for already-strong users, further suppressing D;[k]. In contrast,
well-placed downstream metasurfaces can have strong geomet-
ric hops (large W,_, j[k] for some k), and the downstream adjoint
value A; aggregates the marginal utility of reaching many users
through subsequent passive hops, making maxy R} [k] large. Hence,
the score ordering that triggers major vs. minor behavior is typical
in practice, yielding the major—-minor flow topology described in
the proposition.

Near-optimality under approximate G;. In practice, limited
angular resolution and scattering may cause a bin k to weakly couple
to both metasurfaces and users. We model this by an e-overlap: for
all (i, k),

min{ 3> Wikl Y Wikl <e,

JjEM reR

ek 1. (24)
Then each bin still has a dominant first-interaction class, and the
non-dominant term contributes only an O(¢) perturbation to Af [k] =
R} [k]+D; [k] (scaled by the finite multipliers A*, ®*). Consequently,
the KKT maximizer set of Af[-] is unchanged whenever the relay-
vs-direct score gap has a margin larger than O(¢); otherwise both
choices are within O(¢) of optimal, which justifies the near-optimal
statement in typical indoor environments. |

In summary, the major—-minor topology is effective because ma-
jor flows create high-gain relay chains that transport energy around
geometric blockages, while minor flows provide angular diversity
for broad coverage—aligned with FLowFoRM’s coverage expansion
objective.

C Detailed Metasurface Designs
C.1 Unit Cell Models

3D-printed metasurface [53]. Following the transmission line
model in [53] for the metal-backed dielectric cuboid and considering
oblique incidence at angle 8, the reflection coefficient is:

r= e—jZ arctan(%@ tan(ﬁkotd»’ (25)

where kj = 27/ is the free-space wavenumber, €, is the dielectric

permittivity, ¢ is the dielectric thickness, and R = (1—sin® ¢ sin® 6,)/ cos 6;

is an angle-dependent coefficient. The phase profile for different 6,
simulated in HFSS (Fig. 18(a)) matches the model in Eq. (25). The
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dielectric constant of the Bambu PLA Basic filament [5] is measured
as 2.57 at 60 GHz.

SRR-based metasurface [41]. The phase shift with the updated
design (shown in Fig. 6(d)) is simulated using HFSS, where the
opening of the split ring can be either 0° or 90°, with an approximate
phase shift of 180° between them.

Alternative flat-back 3D-printed metasurfaces [65]. Unlike
the wavy ground in [53], [65] has a flat ground, where each unit
cell is a combination of dielectric and air. This makes each unit cell
thicker, increasing the coupling effect (observed in Fig. 8(b)).

C.2 Metasurface Fabrication

FLowForM metasurface’s phased array can be fabricated with both
3D printing [53, 65] and hot-stamping [41] techniques, as shown in
Fig. 6(a). Our technique improves upon [53] by substituting copper
ground with silver ground for better resonance/reflection efficiency,
and enhances [41]’s durability and stability by laminating the hot-
stamped SRR metasurface with a Polyethylene Terephthalate (PET)
film. In both fabrication methods, unit cells are half-wavelength
sized and spaced (2.5 mm at 60 GHz). We choose [53]’s design over
[65], with FLowForM’s frontal view being completely flat, because
it offers a thinner profile, higher efficiency, and a completely flat
frontal surface. The back is painted with water based conductive
silver paint for common ground. Once the water-based paint dries, it
leaves FLowForM metasurface with an ultra low resistance (i.e., less
than 1 Q) ground layer on the uneven side. While other conductive
paints (e.g., copper [10, 53], nickel [42]) are also applicable, silver
offers superior electrical conductance that minimizes reflection loss.
We also identify [10] as a cost-effective alternative. Each 80 x 80
surface costs about $2 USD for the 3D-printed metasurface (about
3 h printing with 45 g PLA filament [5] for $0.5 USD, and conductive
paint [43] for $1.5 USD), and about $0.5 USD for the SRR-based
metasurface.

C.3 Focal Distance Optimization

Algorithm 2 Joint Focal Distance Optimization

Require: Quantized heights {h;, ..., hx} per MTS, initial focal dis-
tances {dy, ..., djg}
Ensure: Optimized focal distances {dy, ..., dy}
1: Initialize focal coefficient ¢,, < 1/(2d,,), LR < 0.5
2. fort =1to T, (e.g., 25) do
3. Apply quadratic phase correction A®, = ky|r,
element n of MTS m
Compute SNR(c) via channel model
Update ¢ « ¢ + 1 - V rate(c) via auto differentiation
end for

return d,, = 1/(2c,,) for each MTS m

|%c,, for each
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C.4 Late Acceptance Hill-Climbing for Refining
Metasurface Unit-Cells

Algorithm 3 LAHC for Discrete Height Optimization

Require: Phase patterns {@;, ..., ¢} for M MTSs
Ensure: Optimized discrete heights {hy, ..., hy;}
1. Initialize h,,; < quantized height to ¢,, ; for each MTS m, ele-
ment i
2: Initialize objective history list L of size K (e.g., 25)
3: L« [J(h)] x Kw/ J(h) £ rate(h) — A - roughness(h)
4: fort =1to N (e.g., 1000) do
5. Select random MTS m & random patch of elements
6:  Propose hy, ; < h,,; + 1 discrete level (e.g., 0.08 mm, in wrap-
around) for each element i in patch
7. Evaluate ], globally with modified heights
8  if Joew > L[t mod K] or Joew > Jourrent then

9: Accept: hm,i - h;n,i’ Jeurrent < Jnew
10:  endif

11:  Update history: L[t mod K] < J.yrent
12: end for

13: return {hy,...,h,z}

Neighborhood structures. We use patch-based moves with vari-
able neighborhood search (VNS): patch sizes escalate from small to
large as the search stagnates, combined with iterated local search
(ILS) perturbations to escape local optima.

D Additional Experiment Results

All the experiment scenes are shown in Table 2, and photos of all
measurement scenes are shown in Fig. 19.

Table 2: All experiment scenes.

Scene Area (m®) Description
A 68.6 L-shaped hallway connecting to a study area
B 133.0 A study area with multiple hallways
C 324.6 T-shaped common area with a long corridor
D 382.9 A multi-arm lobby area with a zigzag shape
E 462.0 A hall connected to corridors with multi arms

Coverage expansion results are shown in Fig. 20 across 5 different
scenes.
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68.6 Iﬁ:

Figure 19: Photos of all 5 scenes with FLowForm metasurfaces deployed.
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Figure 20: Experimental (simulation and measurement) results of coverage expansion.

581



	Abstract
	1 Introduction
	2 Related Work
	3 System Overview
	4 Topology Design for Networked Metasurfaces
	4.1 Can Passive Metasurface Relays Beat the Path Loss?
	4.2 Major–Minor Flow Topology

	5 Major-Minor Flow Optimization
	5.1 Optimization Overview
	5.2 Metasurface Abstraction
	5.3 Near-Field Major Flow Design
	5.4 Minor Flow Design and Optimization

	6 Handling Network Dynamics and Interference
	6.1 Seamless Integration with Standard Network Stack
	6.2 Robustness to Channel Dynamics
	6.3 Multi-User Interference and Spatial Sharing

	7 Implementation
	8 Evaluation
	8.1 Experimental Setup
	8.2 Micro Benchmarks
	8.3 Coverage Expansion
	8.4 Robustness to Dynamics and Interference
	8.5 Comparison With Active Metasurfaces
	8.6 Sensitivity Analysis
	8.7 Complexity Analysis

	9 Conclusion
	Acknowledgments
	References
	A Notation
	B Proof for Major–Minor Flow Topology
	B.1 Definitions and Assumptions
	B.2 First-Order Optimality
	B.3 Networked Metasurfaces Topology

	C Detailed Metasurface Designs
	C.1 Unit Cell Models
	C.2 Metasurface Fabrication
	C.3 Focal Distance Optimization
	C.4 Late Acceptance Hill-Climbing for Refining Metasurface Unit-Cells

	D Additional Experiment Results

