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Abstract—Digital Twins (DTs) are central to the 6G vision,
serving as the definitive proving ground for pervasive network
intelligence. The ultimate value of a DT hinges on closing the sim-
to-real gap, which requires faithfully modeling dynamic, dense
multi-gNB (next-generation Node B)/multi-UE (User Equipment)
behaviors. However, current platforms can emulate high-fidelity
but isolated slices of the protocol stack; scaling this fidelity
horizontally across dense environments encounters prohibitive
computational bottlenecks. This creates a binary trade-off:
scale broadly using abstracted simulators that sacrifice protocol
realism, or achieve genuine protocol execution within the narrow
bounds of costly hardware testbeds. This paper introduces a
Physics-Based Digital Twin (PBDT) architecture that breaks
this deadlock. We deploy a centralized proxy that interconnects
fully 3GPP-compliant OpenAirInterface (OAI) gNB and UE
stack instances, replacing per-node baseband processing with
slot-level message routing. The proxy conditions each gNB-
UE link with channel metrics (SINR, RSS, RSRP) derived
from site-specific ray tracing, so every node perceives a radio
environment shaped by 3-D urban geometry, enabling direct
MAC-to-MAC communication at deployment scale on commod-
ity infrastructure. Experimental validation confirms the physics
fidelity of the ray-traced channel conditioning along a vehicular
mobility trace and demonstrates a 3.4x per-slot cost reduction
over baseband-coupled baselines, extending the feasible real-time
operating range by 3x on commodity hardware. The platform
provides a native environment for training, validating, and stress-
testing AI-driven RAN optimization against real 3GPP protocol
behavior, closing the loop between algorithm development and
deployment-grade network dynamics.

Index Terms—Digital Twin, OpenAirInterface, Ray tracing,
nFAPI, Scalability.

I. INTRODUCTION

Autonomous network intelligence requires training envi-
ronments that reproduce the protocol-state trajectories and
radio conditions it will encounter in production, under load,
mobility, and contention. The 6G roadmap positions Al
across the Radio Access Network (RAN) and designates the
Digital Twin (DT) as the canonical environment in which
these controllers are developed, validated, and stress-tested
before deployment [1], [2]. These dynamics emerge from the
concurrent operation of many gNBs and UEs under correlated
spatial propagation.

The scalability ceiling of existing platforms stems from a
fundamental architectural trade-off between protocol fidelity
and deployment scale. Simulators achieve topological density
by abstracting protocol execution away from 3GPP-compliant

software, a trade-off that enables scale but forfeits the proce-
dural realism. Production-grade open-source stacks eliminate
this compromise, but the real-time constraint of symbol-level
baseband processing, where every scheduled subframe must
be encoded, transmitted, and decoded within strict timing
deadlines, binds per-instance compute to the physical layer
and prevents horizontal scaling. Facility-scale testbeds resolve
this through dedicated RF infrastructure, an investment profile
that places this capability beyond the reach of the broader
research community. Orthogonal to the scaling challenge,
the channel models underlying these platforms limit spatial
realism: statistical models approximate propagation through
parametric distributions, discarding the site-specific geometry
that shapes real deployments. Ray tracing addresses this
by deriving channel conditions directly from the physical
environment. Yet when ray-traced channels are integrated with
protocol stacks at the physical layer, they inherit the full
computational weight of baseband processing while adding
GPU-intensive channel computation on top. Spatial realism
and horizontal scalability remain structurally incompatible.
This paper eliminates this trade-off. We present a Physics-
Based Digital Twin (PBDT)' that deploys a centralized proxy
acting as a virtual physical layer for all gNB and UE instances
in the deployment, fundamentally eliminating the need for
per-instance baseband processing, which is computationally
prohibitive. By replacing this complex and expensive per-
node baseband processing with lightweight slot-level message
routing, our approach establishes direct MAC-to-MAC com-
munication across the network while maintaining full 3GPP
compliance. The proxy employs a Block Error Rate (BLER)-
based PHY abstraction, conditioned on site-specific channel
metrics (SINR, RSS, RSRP) derived from ray tracing over real
3D environmental geometry, to determine link-level behavior
for each gNB-UE pair. The PHY abstraction captures the
channel at the granularity that drives higher-layer protocol
decisions: whether a transport block is successfully decoded,
at what Modulation and Coding Scheme (MCS), and with
what Hybrid Automatic Repeat Request (HARQ) feedback.
This architectural transformation enables horizontal scalabil-
ity by replacing the entire sub-symbol waveform processing
chain, leaving the full protocol stack driven by deterministic

'We release the PBDT implementation as open source. Archive:
https://doi.org/10.5281/zenod0.21915631. Source: https://gitlab.eurecom.fr/
oai/openairinterface5g/-/tree/12-sim-new.



spatial physics at a per-instance cost that scales with upper-
layer processing rather than baseband computation.

Dense multi-gNB/multi-UE topologies that today demand
facility-grade testbed infrastructure become reproducible on
standard research infrastructure, democratizing access to
deployment-scale protocol experimentation. The same archi-
tectural property that enables this scale produces a determin-
istic execution environment: AI/ML agents can train against
real protocol behavior at deployment density in closed loop,
evaluate and iterate on the protocol-level impact of their
actions. The platform delivers what the autonomous, Al-native
networks envisioned for 6G require: 3GPP-compliant protocol
execution at network scale, driven by deterministic spatial
physics.

The core contributions of this work are:

e An architecture that decouples protocol-stack scal-
ing from baseband processing overhead, enabling
deployment-scale populations of independent, 3GPP-
compliant gNB and UE protocol stacks to execute un-
der physics-derived channel conditions through a virtual
PHY with link-level abstraction.

¢ A channel-conditioning methodology that integrates site-
specific, ray-traced propagation directly at the PHY ab-
straction interface, so that real schedulers and mobility
procedures respond to environmental geometry without
waveform synthesis.

o Experimental validation demonstrating that proxy-
mediated multi-gNB/multi-UE topologies produce spa-
tially coherent channel dynamics under urban vehicu-
lar mobility, with a 3.4x per-slot cost reduction and
3x increase in feasible real-time operating range over
baseband-coupled baselines.

The remainder of this paper is organized as follows.
Section II positions the work within the systems landscape.
Section III presents the architecture and channel-integration
methodology. Section IV reports experimental results, and
Section V concludes.

II. RELATED WORK

The systems landscape for 5G digital twinning is organized
by a structural variable: where the channel model meets the
protocol stack, and at what level of fidelity and scalability
each is represented. This boundary determines which proper-
ties a platform can offer and which it precludes. We survey
the limits of existing architectures through the paradigms that
define the design space our work occupies.

Discrete-event simulators such as ns-3 [3] achieve network-
scale topologies by implementing behavioral models of 3GPP
procedures rather than executing 3GPP-compliant protocol
software, and DTs built on these simulators inherit the gap.
Recent work has substantially improved the channel-modeling
half of this paradigm. SioLENA [4] couples Sionna RT [5]
into the ns-3 NR module for site-specific channel evaluation,
replacing statistical 3GPP propagation with geometry-aware
ray-traced channels. These integrations meaningfully advance
spatial realism within the simulator paradigm. However, the

TABLE I
CAPABILITY COMPARISON OF 5G/6G DT PLATFORMS

SioLENA | Colosseum | OWDT
[4] [8] [7]1 |PBDT
Physics fidelity v X v v
Protocol fidelity X v v v
Multi-gNB/multi-UE scalability v v X v
Commodity hardware v X v v

protocol stacks that consume the ray-traced channels remain
behavioral models. Al policies trained in these environments
face a protocol-level gap that compromises their portability to
production deployments.

Production-grade  stacks such as OpenAirlnterface
(OAI) [6] eliminate this abstraction entirely, executing
3GPP-compliant protocol software. The Open Wireless
Digital Twin (OWDT) [7] integrates Sionna RT with OAI
through the rfsimulator, OAI’s built-in RF emulator
that transports 1/Q samples over TCP between gNB and
UE processes, applying pre-computed ray-traced channel
impulse responses to baseband I/Q samples. This achieves
both site-specific channel fidelity and full protocol execution.
However, at this coupling point, per-link baseband processing
must still execute within real-time constraints, a cost inherited
from OAI’s physical layer that scales with every additional
gNB-UE link and prevents horizontal scaling.

Facility-scale testbeds such as Colosseum [8] absorb this
per-instance cost through dedicated infrastructure, connect-
ing software-defined radio nodes at scale through channel
emulators to sustain real-time multi-gNB experiments with
production protocol stacks. The infrastructure cost of this
approach trades software accessibility for hardware-dependent
scale.

The architecture presented in this paper replaces per-node
waveform processing with slot-level message routing through
a centralized proxy built on OAI injecting physics-derived
channel metrics from Sionna RT into a PHY abstraction layer.
This yields site-specific channel fidelity, production protocol
execution, and horizontal multi-gNB/multi-UE scalability on
commodity hardware. Table I summarizes the capability land-
scape.

III. SYSTEM ARCHITECTURE
A. Architecture Overview

PBDT integrates two complementary planes (Fig. 1): a
protocol plane and a physics plane. The protocol plane exe-
cutes Nyng independent 3GPP-compliant gNB stacks and Nyg
UE stacks interconnected through a centralized Layer-2 (L2)
network Functional Application Platform Interface (nFAPI)
proxy, with a shared 5G core network. Each gNB instance
runs the OAI NR protocol stack (RRC, PDCP, SDAP, RLC,
and the MAC scheduler) as an independent Virtual Network
Function (VNF) process. Each UE instance executes the OAI
NR UE stack from NAS and RRC downward through MAC,
with the physical layer replaced by a PHY abstraction model
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Fig. 1. PBDT (Physics-Based Digital Twin) architecture.
(Section III-B). This decomposition follows the nFAPI func- In the uplink direction, each UE returns

tional split [9], where the control-plane (P5) interface handles
per-gNB configuration and the data-plane (P7) interface car-
ries slot-level scheduling messages between each gNB-VNF
and the centralized Physical Network Function (PNF). In our
architecture, the PNF is a software proxy shared across all
gNB-VNFs, eliminating per-node baseband computation by
exploiting the nFAPI boundary between MAC and PHY in
the OAI stack. Each gNB-VNF additionally exposes an E2
agent interface, enabling integration with O-RAN near-RT
RIC frameworks such as FlexRIC [10] for closed-loop policy
evaluation.

The physics plane derives per-gNB path gains along UE
trajectories from site-specific ray tracing (Section III-C). The
resulting per-UE, per-gNB channel traces are loaded by the
proxy and delivered at slot granularity.

B. L2 nFAPI Proxy

The proxy builds on the open-source EpiSci proxy [11],
enhanced, integrated with the physics plane, and extended
to multi-gNB operation. It operates at the nFAPI boundary,
maintaining a P7 connection per gNB-VNF and one dedicated
bidirectional UDP channel per UE.

At each slot boundary (Zgo = 500 us for NR numerol-
ogy pn=1, 30kHz subcarrier spacing), the proxy generates a
SLOT.indication that synchronizes all gNB-VNFs to a
frame and slot counter and carries per-UE channel information
from the current trace entry. Each gNB-VNF then emits a
DL_TTI.request carrying per-UE PDSCH descriptors and
a TX_DATA.request with transport block payloads. The
proxy filters each downlink message by RNTI and forwards
the PDUs destined for each UE.

UCI.indication (HARQ ACK/NACK, CQI, scheduling
request) and CRC.indication with transport block
decode status. The proxy routes these indications to the
corresponding gNB-VNF and injects the CQI derived from
the current trace entry, so that the gNB’s link-adaptation
module operates on physics-consistent channel quality at
every slot.

On the UE side, the physical layer is replaced by a PHY
abstraction that maps the proxy-injected SINR to a BLER via
pre-computed AWGN lookup tables covering each supported
MCS index. For each transport block, the CRC outcome is
determined by a Bernoulli trial with failure probability equal
to the BLER: if the block fails, the UE generates a HARQ
NACK; otherwise, the transport block is delivered upward
through MAC, RLC, PDCP, and SDAP to the application. In
the reverse direction, each trace entry’s SINR is mapped to a
CQI index via a monotone lookup table calibrated at a target
BLER of 10%, following the CQI tables (TS 38.214 [12],
Table 5.2.2.1-2). The resulting CQI is injected into UCI at slot
granularity, closing the link-adaptation loop: the gNB’s MAC
observes physics-derived CQI, selects MCS accordingly, and
the PHY abstraction evaluates BLER at the resulting operating
point. This abstraction captures the channel at the granularity
that drives protocol-layer decisions: whether a transport block
is decoded, at what MCS, and with what HARQ outcome,
while eliminating the entire sub-symbol signal processing
chain.

C. Physics Plane

Sionna RT’s [5] ray-tracing engine computes site-specific
propagation over a 3-D scene of the target deployment area.
Let s index the deployed gNBs and u index the UEs. For



a transmitter gNB and a receiver position r = (x,y, 2),
the engine launches rays into the scene and traces their
interactions with the 3-D geometry, resolving line-of-sight
propagation, specular reflections, diffraction, and scattering.
Each resolved path carries a complex amplitude a ;. The per-
gNB path gain is obtained by coherently summing all path
contributions:

Npaths

> a(r) €Y

i=1

Gs(r) =

The received signal strength follows as
RSSu,s(t) = Pix,s - Gs(ru(t)) )

where Pix  is the configured transmit power of gNB, and
r,(t) is the position of UE,, at time step ¢ along its mobility
trajectory. For multi-gNB deployments, the SINR at UE,
served by gNB,, is computed by:

RSSy, s, (1)

No+ > RSS,.(t)
s#£S0

SINRu,s, () = 3

where Ny is the thermal noise power. RSRP is derived from
RSS following TS 38.215 [13]:

RSRP,, (t) = RSSy,s(t)| 4, — 1010g1o(12 - Nprgs) (4)

where Npgrp is the number of PRBs determined by the
configured bandwidth and subcarrier spacing.

This two-plane decomposition decouples the cost of pro-
tocol execution from the cost of channel computation. Scal-
ing the network requires only additional protocol processes,
without replicating the baseband processing chain that con-
ventionally binds each node.

IV. EXPERIMENTAL EVALUATION

This section validates the architecture along two axes:
spatial fidelity of the physics-plane channel conditioning, and
computational scalability as network density increases.

A. Physics-Plane Validation

Four gNBs are deployed over the Munich scene, with
per-gNB transmit power of 44-46 dBm at 3.5 GHz (40 MHz,
106 PRBs, 30kHz SCS). Sionna RT computes per-gNB path
gain across a spatial grid at street level, resolving LoS
propagation, specular reflections, and diffraction through the
3-D building mesh.

Fig. 2 presents the best-server path gain across the deploy-
ment area. Each gNB’s coverage footprint is shaped by the
surrounding geometry, with path gain spanning from —60dB
in near-field LoS to below —120dB in deep NLoS, values
consistent with standard 3.5 GHz urban macro measurements.

A vehicular UE (50 km/h) traverses a road-following trajec-
tory through the deployment, passing through three successive
serving-gNB regions (Fig. 3). Per-gNB RSRP is derived from
the ray-traced path gain following Eq. (4) and L3-filtered per
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Fig. 2. Best-server path gain across the Munich deployment area.

Fig. 3. Vehicular UE trajectory (50 km/h).

TS 38.331 [14] to suppress fast-fading fluctuations. Serving-
eNB selection applies 3 dB hysteresis: a neighbor gNB must
sustain a filtered RSRP advantage of at least 3dB over the
current serving gNB before re-selection occurs, preventing
rapid ping-pong transitions at coverage boundaries.

Fig. 4 presents the resulting RSRP traces. The UE begins
near gNB3 with serving RSRP of approximately —62dBm,
which decays to —74dBm as the UE moves away. After the
first serving transition, gNB( provides —68 to —85dBm as
the UE traverses the central urban area. The second transition
hands the UE to gNB;, whose RSRP rises from —80dBm to
—65dBm as the UE approaches. gNBo remains consistently
weak throughout, positioned in NLoS relative to the entire
trajectory. The lower heatmap confirms that all four per-gNB
RSRP profiles evolve with the ray-traced geometry.

These per-gNB, per-slot channel metrics are the values the
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Fig. 4. Per-gNB RSRP traces along the vehicular trajectory.

TABLE I
MEASUREMENT PARAMETERS

Parameter Value

Carrier frequency 3.5GHz (band n78)
System bandwidth 40 MHz

Subcarrier spacing  30kHz (u = 1)

Number of PRBs 106

Slot duration 500 ps
UE counts 2,4,8, 16, 32, 64
Platform Intel Core Ultra 5 135U, 12 cores / 14 threads, 32 GB

proxy injects into each UE’s channel state (Section III-B),
driving CQI reporting and MCS selection across independent
gNB protocol-stack instances.

B. Computational Scalability

This section quantifies the per-slot processing cost of the
PBDT proxy relative to OAI’s I/Q baseband pipeline under the
rfsimulator, which OWDT [7] relies on for waveform-
level channel coupling and thus inherits full baseband pro-
cessing overhead. The comparison uses identical upper-layer
configurations; deployment and measurement parameters are
listed in Table II. Both architectures run on a single com-
modity workstation, and absolute values will shift with CPU
frequency, core count, and memory bandwidth; the compari-
son isolates the structural cost difference at a fixed hardware
point.

The 1/Q baseline executes OAI’s complete downlink L1
chain (DLSCH encoding, scrambling, modulation, precoding,
and OFDM modulation) with sample-level transport between
gNB and UE processes over TCP. The proxy replaces this
chain with slot-level nFAPI message routing at the MAC-
PHY boundary. For each configuration, per-slot processing
time is collected over approximately 100s of steady-state
operation after initial UE attachment.

Fig. 5 decomposes the per-slot cost at a single UE.
Under the rfsimulator, the gNB’s per-slot L1 pipeline
consumes 154 us, distributed across DL encoding (52 us),
OFDM modulation (46 us), OFDM demodulation (48 us),
UL decoding (5 us), and control overhead (3 us). The proxy
replaces this with three nFAPI message-routing operations:
DL forwarding (21 us), slot indication dispatch (6 us), and UL
message aggregation (18 us), totaling 45 ps, a 3.4 x reduction.
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Fig. 5. Per-slot CPU-work breakdown at a single UE.
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Fig. 6. Per-slot processing time vs. number of UEs.

This reduction is structural: it follows from replacing per-
PRB waveform operations with per-UE message copies, and
persists regardless of hardware. The proxy consumes 9% of
the 500 us slot budget; the baseline consumes 31%.

Fig. 6 presents empirical per-slot processing time from 2
to 64 UEs. The proxy grows from 49 us to 442 us, remaining
within the 500 us real-time deadline across the full range,
with a consistent marginal cost of approximately 4-6 us per
additional UE, since each UE adds one per-RNTI message
copy. The rfsimulator grows from 123 us to 286 us
through 16 UEs, then accelerates sharply, reaching 790 us at
32 UEs, 1149 us at 64 UEs, as per-UE LDPC encoding and
I/Q sample buffering saturate the serial L1 pipeline. Once the
rfsimulator exceeds the slot deadline, the system remains
operational but can no longer sustain the NR slot grid: frames
are dropped, the TCP-based I/Q transport becomes I/O-bound,
and real-time scheduling fidelity degrades. On this hardware,
the proxy extends the feasible real-time operation beyond
64 UEs whereas the baseline exceeds the slot deadline at
approximately 23 UEs.

Multi-gNB/multi-UE topologies, where use cases such as
load balancing and mobility management arise, are the de-
ployment scenarios that Al-driven RAN controllers must train
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Fig. 7. Per-slot processing time over the (UEs X gNBs) plane.

against. Our architecture enables these configurations without
dedicated RF infrastructure, placing them within reach of the
research community with access to a standard workstation.
The proxy processes each gNB’s slot messages sequentially
within a single timing loop; Fig. 7 maps the resulting per-
slot cost over the (UEs x gNBs) plane, where the bottom row
(1 gNB) contains the empirical measurements from Fig. 6
and each subsequent row is computed analytically. The fea-
sible operating region scales directly with the available CPU
frequency, core count, and memory bandwidth; the heatmap
captures the structural cost profile at a fixed hardware point,
and higher-end platforms shift the real-time boundary outward
proportionally.

V. CONCLUSION AND FUTURE WORK

This paper presented an architecture that decouples
protocol-stack scaling from baseband processing, enabling
dense multi-gNB/multi-UE DT deployments on commodity
infrastructure. By replacing per-node waveform processing
with slot-level message routing at the nFAPI MAC-PHY
boundary and conditioning each link with physics-derived
channel metrics from site-specific ray tracing, the platform
establishes direct MAC-to-MAC communication between pro-
duction 3GPP protocol stacks under deterministic, geometry-
aware channel conditions. Experimental validation confirmed
two results: ray-traced propagation over an urban deployment
produces spatially coherent per-gNB channel conditions that
evolve consistently with urban geometry along a vehicular
mobility trace, and the PBDT achieves a 3.4x per-slot cost
reduction over baseband-coupled baselines, extending feasible
real-time operation from approximately 23 to beyond 64 UEs.

By closing the sim-to-real gap, the PBDT provides a
faithful training ground for autonomous network intelligence.
Each gNB in the platform exposes standard E2 interfaces,
enabling xApps to interact with production protocol stacks
through the O-RAN Near-RT RIC at deployment density.

Beyond those workflows, the platform’s scalable and physics-
grounded execution environment is well suited to emerging
agentic Al, where autonomous agents explore, learn, and
adapt network policies against production protocol behavior
in closed loop.

Building on this foundation, we are currently extending
verification from the physics plane to the protocol plane,
characterizing mobility, handover, and scheduling behavior
across the denser multi-gNB/multi-UE deployments mapped
in Fig. 7, and evaluating the xApp and rApp policies that
drive them, which in turn provides the substrate for the agentic
workflows outlined above.
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