
Towards Environment-Aware RRM for 6G: 
The Devil’s in the Data

Ljiljana Simić
20th August 2025 | KTH, Stockholm6GEM



Mobile wireless network evolution

1980 1990 2000 2010 2020 2030
1G 2G 3G 4G 5G 6G



Mobile wireless network evolution

1980 1990 2000 2010 2020 2030
1G 2G 3G 4G 5G 6G



Mobile wireless network evolution

1980 1990 2000 2010 2020 2030
1G 2G 3G 4G 5G 6G



Mobile wireless network evolution

1980 1990 2000 2010 2020 2030
1G 2G 3G 4G 5G 6G



Mobile wireless network evolution

1980 1990 2000 2010 2020 2030
1G 2G 3G 4G 5G 6G



Mobile wireless network evolution

1980 1990 2000 2010 2020 2030
1G 2G 3G 4G 5G 6G



… how ??



How to satisfy wireless need for speed?
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Environment-Awareness Analytics for Wireless Net-

works: Enabling Dynamic Digital Twins via Net-

worked Sensing

Network context awareness — knowledge of e.g. the cross-layer network state,
statistics of wireless channel conditions, tra�c patterns, network topology and
mobility patterns etc. — can be exploited to optimise network resource allo-
cation tasks such as beamforming, beam/mobility management, scheduling, ...
[ref,ref].

Of particular interest for emerging wireless networks employing multiple-
antenna technologies to exploit the spectrum-rich frequency bands in the FR2
and FR3 range, given the site-specific nature of the wireless propagation environ-
ment and the high dimensionality of designing e.g. beamforming for such high-
density, ”massive-antenna-networks” [ref,ref], is environment-awareness: knowl-
edge of the network’s physical environment topology (”static DT” of the under-
lying network (e.g. urban/indoor) site) and the location and mobility patterns
of UEs and temporary mobile obstacles/reflectors such as pedestrians/vehicles
(”dynamic DT”), which correlate with the dynamics of the wireless channel con-
ditions and can thus be leveraged as vital side-information to make intelligent
radio resource allocation decisions, thereby reducing the (potentially prohibitive,
at scale) overhead of explicit channel feedback/measurements that would oth-
erwise be required for these RRM/optimization tasks.

Such environment awareness may be obtained via sensor data from e.g. Li-
DAR, radar, camera, GPS sensors deployed in the network AND/OR ICAS-
systems, thereby constructing (and/or updating) ”digital twins” of the network,
and generating inputs for network optimization (RRM) tasks.

Literature

• DT

• ”synesthesia of machines”
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High frequency bands are “spectrum-rich”!

Microwave
&

mm-wave

71 GHz

FR1 FR2 (mm-wave) for 5G-and-beyond

(+ FR3 for 6G?)



BUT high frequencies can’t reach far!



BUT high frequencies can’t reach far!
… unless we use beamforming for 

directional antenna beams!



… even then, easily blocked!

BUT high frequencies can’t reach far!



2020

5G & beyond
… so does it 

work for 
mobile?



- site-specific sparse multipath channel
- blockage by static & dynamic obstacles

Agile beam management is key mm-wave networking problem



- RF-based beam management: high overhead in 
terms of signalling/delay of directional CSI

Agile beam management is key mm-wave networking problem



➔ leveraging non-RF sensors (LiDAR, camera, radar, GPS, etc.) 
➔ real-time environment awareness, e.g. via AI/ML

Environment-Aware RRM for 6G Beamforming

[1] D. Roy et al., “Going Beyond RF: A Survey on how AI-Enabled Multimodal Beamforming
Will Shape the NextG Standard“, Comput. Net., vol. 228, June 2023.
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➔ inherently site-specific: large & diverse multi-modal 
sensor/RF datasets needed for AI/ML training & validation 
of environment-aware RRM protocols

Environment-Aware RRM for 6G Beamforming

[1] D. Roy et al., “Going Beyond RF: A Survey on how AI-Enabled Multimodal Beamforming
Will Shape the NextG Standard“, Comput. Net., vol. 228, June 2023.



Environment-Aware RRM for 6G Beamforming: The Devil’s in the Data

① diverse real-world sensing/RF datasets àmeasure!

② high-quality synthetic data/Digital Twins à validate!

③ real-time, real-world 6G RRM protocol evaluation à experiment!
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① Measurement Platform [2] for Multi-Modal Sensing/RF Datasets

[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-
Aware Beam Management in the Beyond-5G Era", in Proc. WiNTECH in ACM MobiCom, 2024.

- SDR-based multi-band mm-wave 
platform integrating multi-modal sensors



① Measurement Platform [2] for Multi-Modal Sensing/RF Datasets

- 28 GHz + 60 GHz SIVERS phased-antenna arrays

- fine-grained directional-directional RF 
measurements (electronic sweeping of 22-beam 
codebooks + mechanical sector/elevation rotation)

- time-synched sensor data (LiDAR, camera, GPS)

[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-
Aware Beam Management in the Beyond-5G Era", in Proc. WiNTECH in ACM MobiCom, 2024.



① Measurement Platform [2] for Multi-Modal Sensing/RF Datasets

- SW framework for automatic dataset creation:
- RF data (RSS, f-/ɸ- offset, TX/RX beam IDs)
- time-synched sensor data

[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-
Aware Beam Management in the Beyond-5G Era", in Proc. WiNTECH in ACM MobiCom, 2024.



① Measurement Platform [2] for Multi-Modal Sensing/RF Datasets

- large-scale measurements in Aachen: multi-band RF + multi-modal sensor datasets 
- urban outdoor
- indoor industrial [3]

[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-Aware 
Beam Management in the Beyond-5G Era", in Proc. ACM MobiCom WiNTECH, 2024.
[3] A. Schott, A. Ichkov, N. Beckmann, N. König and L. Simić, "Mm-Wave Connectivity in Industrial Environments: A Measurement Study at 28 and 60 
GHz", in Proc. IEEE GLOBECOM, 2024.
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① Measurement Platform [2] for Multi-Modal Sensing/RF Datasets

- large-scale measurements in Aachen: multi-band RF + multi-modal sensor datasets 

RSS heatmap
@ 28 GHz

RSS heatmap
@ 60 GHz

[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-
Aware Beam Management in the Beyond-5G Era", in Proc. WiNTECH in ACM MobiCom, 2024.
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LiDAR

camera
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[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-
Aware Beam Management in the Beyond-5G Era", in Proc. WiNTECH in ACM MobiCom, 2024.
[4] P. Dominguez, "Emprical Characterization of Outdoor Multi-Band Millimeter-Wave Link Opportunities", BSc. Thesis, RWTH Aachen University, 
2025.



① Measurement Platform [2] for Multi-Modal Sensing/RF Datasets

- build your own! 

Code available: 

https://github.com/inets-rwth/GNURadio-mmWave

[2] A. Schott, A. Ichkov, B. Acikgöz, N. Beckmann, L. Reiher, and L. Simić, "A Multi-Band mm-Wave Experimental Platform Towards Environment-
Aware Beam Management in the Beyond-5G Era", in Proc. WiNTECH in ACM MobiCom, 2024.



Environment-Aware RRM for 6G Beamforming: The Devil’s in the Data

① diverse real-world sensing/RF datasets àmeasure!

② high-quality synthetic data/Digital Twins à validate!

③ real-time, real-world 6G RRM protocol evaluation à experiment!



② Validation of Wireless Digital Twin Synthetic Data:
How Detailed is Detailed Enough? 

- measurement vs. ray-tracing propagation modelling for mm-wave networks

[5] A. Schott, A. Ichkov, P. Mähönen, and L. Simić, "Measurement Validation of Ray-Tracing Propagation Modeling for mm-Wave Networking 
Studies: How Detailed is Detailed Enough?", in Proc. EuCAP, 2023. 



② Validation of Wireless Digital Twin Synthetic Data:
How Detailed is Detailed Enough? 

Material type Reflection loss (dB) Color code Material type Reflection loss (dB) Color code
Brick 12.3 Tree trunk 8
Concrete 9.6 Metal 1
Plasterwork 23.1 Default 6
Glass 8.4 Foliage 5.5 dB/m (Pathloss)

detailed environment modelbasic environment model

60 GHz ray-tracing omnidirectional output

[5] A. Schott, A. Ichkov, P. Mähönen, and L. Simić, "Measurement Validation of Ray-Tracing Propagation Modeling for mm-Wave Networking 
Studies: How Detailed is Detailed Enough?", in Proc. EuCAP, 2023. 



② Validation of Wireless Digital Twin Synthetic Data:
How Detailed is Detailed Enough? 

60 GHz ray-tracing omnidirectional output

detailed environment modelbasic environment model
simulated vs. measured antenna models

[5] A. Schott, A. Ichkov, P. Mähönen, and L. Simić, "Measurement Validation of Ray-Tracing Propagation Modeling for mm-Wave Networking 
Studies: How Detailed is Detailed Enough?", in Proc. EuCAP, 2023. 



② Validation of Wireless Digital Twin Synthetic Data:
How Detailed is Detailed Enough? 

- median directional RSS error under 4 dB for most RX position
- similar performance for both environment models
- simulated antenna model overestimates dominant MPCs due to main lobe modeling inaccuracies
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Fig. 4: RSS prediction error of the ray-tracing output versus the measurements (as absolute value), for the basic/detailed
environment and simulated/measured antenna models for 12 selected RX positions.

(a) Measurement: RX VIII

(b) Ray-tracing, detailed environment: RX VIII

(c) Ray-tracing, basic environment: RX VIII

(d) Measurement: RX A

(e) Ray-tracing, detailed environment: RX A

(f) Ray-tracing, basic environment: RX A

Fig. 5: RSS heatmaps vs. RX orientation for two RX positions, for optimal TX orientation and the measured antenna model.

Let us now consider the ray-tracing accuracy for all 12 RX
positions with the basic versus detailed environment model
(blue/orange) in Fig. 4. The RSS prediction error against the
measurements for both environment models is very similar
for most RX positions, with a deviation of less than 1 dB
between the environment models and a median RSS error
remaining below 4 dB for nine out of the 12 RX positions for
both environment models. The observed RSS error is mainly
due to an underestimation of the dominant MPC RSS and an
overestimation due to inaccurate antenna sidelobe modeling,
as demonstrated for RX XVI in Figs. 6a–6c. We especially
note that RX XI and RX G were located beneath a roof or
overhanging building section, which are not modeled in the
basic environment model, resulting in both RX positions being
considered inside buildings for the ray-tracing simulations,
accounting for the lack of data for both RX positions in
Fig. 4. Furthermore, Fig. 4 shows that for RX A and RX ⇢ the
basic environment outperforms the detailed one, which signif-
icantly overestimates the RSS of NLOS MPCs as observed
in Figs. 5d–5f. This is due to incorrectly placed street-side
objects in the detailed environment model.

Overall, our results show that there is a trade-off between
accurate 3D modeling of large buildings, e.g. RX XI and G
in Fig. 4, and high-precision object placement and reflection
properties modeling, that would be required to accurately trace
secondary MPCs in the ray-tracing and closely match those
found in measurements. Our results thus indicate that very
detailed environment modeling effort might not be worthwhile
for ray-tracing beyond ensuring large-scale accurate modeling
of the 3D building layout for mm-wave networking studies.

B. Effect of the Antenna Model
For our comparative analysis of the effect of the antenna

model on the RSS prediction error of the ray-tracing output

versus the measurements, we start with a detailed analysis of
RX XVI in Figs. 6a–6c. Having shown in Sec. IV-A that the
basic environment model performs on par with the detailed
environment model, we focus our analysis of the ray-tracing
accuracy with different antenna models on this case. The RSS
heatmap predicted by ray-tracing with the measured antenna
model in Fig. 6b matches the measurements in Fig. 6a very
well: the LOS MPC is predicted to be within 3 dB of the
measurements; the RSS patterns of two reflections in the
range below �RX = �35� are predicted within 1 dB of
the measurements; and the MPC at �RX = 93� is predicted
within 2 dB of the measurements. Apart from LOS and NLOS
MPCs, ray-tracing with the measured antenna model slightly
overestimates the RSS level compared to the measurements in
Fig. 6a due to potential inaccuracies in our antenna pattern
measurements and the subsequent interpolation artifacts to
obtain the resulting 3D patterns1. Fig. 6c shows that the
simulated antenna models match the RSS level compared to
the measurements aside the dominant MPCs more closely
due to lower sidelobes in the antenna model. However, this
renders the reflection at �RX = �41� in Fig. 6c almost
entirely below the sensitivity threshold and thus the predicted
RSS deviates distinctly from the measurements in Fig. 6a.
Importantly, the relevant MPCs in Fig. 6c are overestimated
due to the significantly overestimated main lobe antenna gain
in the simulated model (cf. Fig. 3).

Let us now continue our analysis with RX ⇢ in Figs. 6d–
6f. The ray-tracing output using the measured antenna models
in Fig. 6e shows a very good match to the measurements in

1We have observed that the interpolation of the azimuth-elevation patterns
can result in overestimation of the antenna sidelobes in the 3D patterns for
angles deviating from �RX = 0� along the elevation angles other than
✓RX = 0�. Our on-going work is focused on obtaining more accurate 3D
phased antenna array models via measurements in an anechoic chamber.

This paper's copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE Xplore 
under the license granted by the "Agreement Granting EurAAP Rights Related to Publication of Scholarly Work."

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 22,2024 at 09:31:40 UTC from IEEE Xplore.  Restrictions apply. 

[5] A. Schott, A. Ichkov, P. Mähönen, and L. Simić, "Measurement Validation of Ray-Tracing Propagation Modeling for mm-Wave Networking 
Studies: How Detailed is Detailed Enough?", in Proc. EuCAP, 2023. 



② Validation of Wireless Digital Twin Synthetic Data:
How Detailed is Detailed Enough? 

- simple environmental models, with all major building features modeled, sufficient
- measured antenna model of irregular codebook-based phased antenna array crucial
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Environment-Aware RRM for 6G Beamforming: The Devil’s in the Data

① diverse real-world sensing/RF datasets àmeasure!

② high-quality synthetic data/Digital Twins à validate!

③ real-time, real-world 6G RRM protocol evaluation à experiment!



③ Real-time 6G Experimentation Platform:
OpenAirInterface Meets Sensor-Aided Environment Awareness

6G Berlin Conference 2025 demo – we are the first to integrate:
① non-RF multi-modal sensors,
② low-cost FR2 transceiver frontends, and
③ standard-compliant beam management in OpenAirInterface

USRP X410

EVK02001
OAI-gNB OAI-UE

SPI/GPIO control

sensor



ML-based blockage detection/beam 
prediction MQTT interface

SPI/GPIO controller

standard-compliant SSB 
beam sweeping

beam 
manager

*NEW*

LiDAR 
driver

camera 
driver

other 
sensors *NEW*

*NEW*

*NEW*

. . .

③ Real-time 6G Experimentation Platform:
OpenAirInterface Meets Sensor-Aided Environment Awareness

First-ever sensor input 
integration in 

OpenAirInterface for 
environment aware RRM
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ML-based blockage detection/beam 
prediction MQTT interface

SPI/GPIO controller

standard-compliant SSB 
beam sweeping

beam 
manager

*NEW*

LiDAR 
driver

camera 
driver

other 
sensors *NEW*

*NEW*

*NEW*

. . .

③ Real-time 6G Experimentation Platform:
OpenAirInterface Meets Sensor-Aided Environment Awareness

First-ever lab-verification of 
beam sweeping based on 

generated SSBs
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ML-based blockage detection/beam 
prediction MQTT interface

SPI/GPIO controller

standard-compliant SSB 
beam sweeping

beam 
manager

*NEW*

LiDAR 
driver

camera 
driver

other 
sensors *NEW*

*NEW*

*NEW*

. . .

③ Real-time 6G Experimentation Platform:
OpenAirInterface Meets Sensor-Aided Environment Awareness

First-ever integration of 
popular low-cost 

SIVERS 28/60 GHz 
transceivers

Fast beam switching via 
SPI/GPIO control.
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③ Real-time 6G Experimentation Platform:
OpenAirInterface Meets Sensor-Aided Environment Awareness

- 6G Berlin Conference 2025 demo: LiDAR/camera-aided beam management
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③ Real-time 6G Experimentation Platform:
OpenAirInterface Meets Sensor-Aided Environment Awareness

- 6G Berlin Conference 2025 demo: LiDAR/camera-aided beam management



- leveraging sensor-aided real-time environment awareness, e.g. via AI/ML, for agile 
beam management is key to unlocking the potential of spectrum-rich bands for 6G 

- for environment-aware RRM for 6G beamforming: “the devil’s in the data”

① diverse real-world sensing/RF datasets à measure!
② high-quality synthetic data/Digital Twins à validate!
③ real-time, real-world 6G RRM protocol evaluation à experiment!

Conclusions



questions?
thank you!


