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6G takes shape. Same as usual?

Factor 1.000.000 in 50 years
PHY

algorithms

More 

bandwidth

Spatial

reuse

5X

25X

1600X

Better 

slicing
5X

x1 Million

Conversations/spectrum

(instead of bits/sec/Hz)

The spectrum 

utilization has 

doubled every 

30 months 

over the last 

104 years

Cooper’s law

[Zander, Jens & Mähönen, Petri. (2013). Riding the Data Tsunami in the Cloud : 

Myths and Challenges in Future Wireless Access. IEEE Communications Magazine.]

In 5G bandwidth was much 

Larger than usual
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Baseline requirements for 6G: efficiency

[J. G. Andrews, T. E. Humphreys and T. Ji, "6G Takes Shape," in IEEE BITS the Information Theory Magazine]

MIMO

O-RAN

FR3
More 

Bandwidth 

Spatial

reuse

ML
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O-RAN: Open, intelligent, disaggregated RAN
Integration of AI

[https://www.ericsson.com/en/blog/2024/6/automated-testing-enables-open-ran-deployment]

Separation of HW and SW

Are there limits to the 

speed of innovation?

Disaggregation

xApps

rApps

dApps
dApps
dApps
dApps
dApps

rApps

xApps
xApps
xApps

dApps
dApps



ISAC applications

5 Source: https://www.qualcomm.com/news/onq/2024/09/when-wireless-sensing-meets-communications-what-new-efficiencies-and-experiences-can-

you-expect-in-the-6g-era

Robots

Humans
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Robot-integrated sensors

Advantages:

• Autonomy → Functions everywhere

• Mobility → Free to move

Disadvantages:

• Limited range

• Power consumption

• Complexity & cost

• No cooperation

Use Cases:

Infrastructure-integrated sensors

Advantages:

• Reduced processing load

• Scalability & cooperation → Multiple robots

• Improved sensing range

Disadvantages:

• High initial infrastructure cost

• Lack of mobility (only where coverage)

• Communication challenges

Use Cases:
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How ISAC can help autonomous robots
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Human controlling 

wirelessly

Radar for sensing 

environment

Infrastructure for 

sensing and 

communication

The opportunity and the use case are there. How to accelerate?

Cooperation



Multiple bands (non-contiguous)

Distributed Radios

Data & AI

Humans & Robots

How to accelerate?



1. Basics (cell-free) sensing

2. Near-field range resolution

3. Non-contiguous bandwidth

4. Cell-free vital sign sensing

5. Sensing for communication

6. Call for more data and frictionless reproducability
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Outline



Resolution and ambiguity … and accuracy
• Resolution quantifies the capability to discriminate two targets

• Resolutions depend on radar parameters

• Accuracy quantifies how accurately the position of one target is estimated

• Accuracies depend on resolution and on SNR

• Cramér-Rao lower bound
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Range Doppler Angle

Resolution Δ𝑅 =
𝑐

2𝐵
Δ𝑣 =

𝜆

2𝑇𝑃𝑅𝐼
Δ𝜃 =

1.22𝜆

𝐷𝑎𝑛𝑡

Ambiguity 𝑅𝑎𝑚𝑏 =
𝑐𝑇𝑃𝑅𝐼
2

𝑣𝑎𝑚𝑏 =
𝜆

2𝑁𝑇𝑃𝑅𝐼

Depends on element spacing (phased 
array, MIMO)

No ambiguity if Spacing ≤
𝜆

2

Range Doppler Angle

Accuracy 𝑅𝑎𝑐𝑐 =
Δ𝑅

2 ⋅ 𝑆𝑁𝑅
𝑣𝑎𝑐𝑐 =

Δ𝑣

2 ⋅ 𝑆𝑁𝑅
𝜃𝑎𝑐𝑐 =

Δ𝜃

2 ⋅ 𝑆𝑁𝑅

True
location

Estimated
location

Target 1 Target 2

Targets resolved

Targets
not

resolved

[courtesy: A. Bourdoux]



More about (spatial) sensing resolution

• Range resolution: 𝑅𝑟𝑒𝑠 ≈
𝑐

2∙𝐵𝑊

• 2GHz → 7.5cm

• Angular or Cross-range resolution: 𝐶𝑅𝑟𝑒𝑠 ≈ 𝑅 ∙ 𝜃𝑟𝑒𝑠
• 10 degree at 10m  → 1.75 m!

• Desired angular performance

• Same resolution in cross-range as in range (depth)

• As high as possible for imaging

• This is a HUGE challenge
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High angular /cross-range
resolution is often 

difficult to achieve!



How to increase the angular resolution in sensing?

• Larger antennas: 𝜃𝑟𝑒𝑠 ≈
𝜆

𝐷

• More antenna elements (€ € €)

• Sparse arrays

• MIMO (MIMO radar ≠ MIMO communications)

• 𝑁𝑣𝑖𝑟𝑡𝑢𝑎𝑙 = 𝑁𝑇𝑋 𝑁𝑅𝑋

• Distributed or cell-free MIMO

• Large mono-static and/or multi-static network

• Mix of coherent processing and/or non-coherent processing
(also triangulation and trilateration)
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Spatial resolution with a distributed architecture

SISO mono-static range resolution:

• 𝑅𝑟𝑒𝑠 ≈
𝑐

2∙𝐵𝑊

• 18MHz → 8.33 to 16.67 m!
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A
P

AP

Mono-static
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MIMO
Multi-static

Mono-static

Mono-static

Distributed, multi-static  x-y resolution:

▪ 𝑅𝑟𝑒𝑠,𝑋 = ?

▪ 𝑅𝑟𝑒𝑠,𝑌 = ?



Spatial resolution with a distributed architecture

Distributed or cell-free MIMO

• Target in seen from many different angles

• Target is in the near-field of the distributed array

Imaging processing options, including Doppler

• Full back-projection:

• Range-Doppler processing + Coherent combining

• Combining: 𝒪 𝑋𝑌 ሶ𝑋 ሶ𝑌𝑀𝑁

• Best performance, highest complexity

• Non-coherent back-projection

• Neglect Doppler

• Non-coherent combining of images from each pulse

• Combining: 𝒪 𝑋𝑌𝐿𝑀𝑁

(Range)

(Doppler)

[A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing 

Using a Massive MIMO Communication Testbed “, IEEE Trans on Wireless Comm, 2022]



Simulation
• Spatial ambiguity function for two 

scatterers located at

• (x, y) = (1.6, 4.3)

• (x, y) = (−1.4, 11.8)

• Array resolution gain dominates at 

short distances (near-field)

• Signal bandwidth dominates at long 

distance (far-field)

• But: increasing the bandwidth 

increases the dynamic range as 

indicated by the reduction in the 

skirts around the main lobes.

[A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing 

Using a Massive MIMO Communication Testbed “, IEEE Trans on Wireless Comm, 2022]



Nobody trusts models, except 

the people who model

Everybody trusts measurements 

except the people who measure



Massive multi-static radar

Single link performance 

metrics

Bistatic range resolution 16.67 m

Bistatic Doppler resolution 1.34 m/s

Maximum unambiguous 

bistatic range

1667 m

Maximum unambiguous 

bistatic Doppler

85.7 m/s

CRLB in bistatic range in 

20 dB SNR

0.94m

CRLB in bistatic Doppler 

at 20 dB SNR

0.08 m/s

A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing Using a 
Massive MIMO Communication  Testbed," in IEEE Transactions on Wireless Communications, vol. 21, no. 8, pp. 6256-6270, Aug. 202218
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Range – Doppler maps

A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing Using a 
Massive MIMO Communication  Testbed," in IEEE Transactions on Wireless Communications, vol. 21, no. 8, pp. 6256-6270, Aug. 2022



Measurement with Massive MIMO testbed
• Bandwidth is not always needed for high resolution in the near-field of massive MIMO 

arrays

• A distributed MIMO radar enables high X-Y resolution at lower frequencies where bandwidth is 
scarse

• Resolution is much better than the range resolution 𝑐/ 2 ∙ 𝐵𝑤
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~5x30 centimeter resolution with ≥ 8 m 

bistatic range resolution! 

A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing Using a 
Massive MIMO Communication  Testbed," in IEEE Transactions on Wireless Communications, vol. 21, no. 8, pp. 6256-6270, Aug. 2022



Example: Near-field sensing with extremely large 

arrays

21

Tracking two persons 

with 18 MHz of bandwidth

Tracking three persons 

with 18 MHz of bandwidth
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Approximation of the range ambiguity function in near-

field sensing systems

M. Wachowiak, A. Bourdoux and S. Pollin, "Approximation of the Range Ambiguity Function in Near-Field Sensing Systems," 

in IEEE Transactions on Radar Systems, vol. 4, pp. 430-442, 2026

Array factor per geometry for D = 50λ 

for a target located at d’=80λ. 

Beamdepth as function of aperture D 

and beamdepth d’
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Adding bandwidth to the near field

M. Wachowiak, A. Bourdoux and S. Pollin, "Approximation of the Range Ambiguity Function in Near-Field Sensing Systems," 

in IEEE Transactions on Radar Systems, vol. 4, pp. 430-442, 2026



24

Comparison of the ambiguity function

M. Wachowiak, A. Bourdoux and S. Pollin, "Approximation of the Range Ambiguity Function in Near-Field Sensing Systems," 

in IEEE Transactions on Radar Systems, vol. 4, pp. 430-442, 2026

D=50𝜆



1. Basics (cell-free) sensing

2. Near-field range resolution

3. Non-contiguous bandwidth

4. Cell-free vital sign sensing

5. Sensing for communication

6. Call for more data and frictionless reproducability
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Outline



Multi-band Frequency-Adaptive Sensing

ESAT, WaveCoRE Arenberg, Networked Systems26
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Finding a precise range/delay



• L= 2 targets or 3 targets; Bound achieved

Finding multiple targets

ESAT, WaveCoRE Arenberg, Networked Systems28



1. Basics (cell-free) sensing

2. Near-field range resolution

3. Non-contiguous bandwidth

4. Cell-free vital sign sensing

5. Sensing for communication

6. Call for more data and frictionless reproducability
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Outline
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Using UE signals indoor for vital sign sensing

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026
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System model

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026

Dynamic channel length Single dynamic path (channel)

Measured channel

UE BS



32

Single target channel (complex, time, PSD) 

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026

Simulation

Measurement
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Multi target channel (complex, time, PSD) 

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026

Simulation (Tx close to target)

Measurement

Simulation (Tx close to target and interferer)
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Measured breathing pattern as function of antenna 

location (simulation)

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026
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Measurement results under interference

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026



36

A case for indoor cell-free MIMO

(measured results)

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via Cell-Free 

Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026
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Datasets, code, challenges, focus periods…

[Xiong, Haoqiu, et al. "BS-Breath: Respiration Sensing with Cell-free Massive MIMO." IEEE ICASSP 2025]



1. Basics (cell-free) sensing

2. Near-field range resolution

3. Non-contiguous bandwidth

4. Cell-free vital sign sensing

5. Sensing for communication

6. Call for more data and frictionless reproducability
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Outline

Skip it time needed

Skip it time needed
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Sensing and communication in the same environment

Z. Cui and S. Pollin, "Extracting the Communication Channel From Monostatic Sensing Channels: From Propagation to Impact Analysis,”

in IEEE Transactions on Antennas and Propagation, vol. 73, no. 8, pp. 6193-6198, Aug. 2025
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Measurement setup with 

B = 1,76 GHz and  fc = 13,75 MHz.
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Extracted reflections from two monostatic locations
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Monostatic reflections and link with bistatic multipath



1. Basics (cell-free) sensing

2. Near-field range resolution

3. Non-contiguous bandwidth

4. Cell-free vital sign sensing

5. Sensing for communication

6. Call for more data and frictionless reproducability
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Outline



• Factor 30.000.000 in 5 years!
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Compute: doubling every 24 months

1964 prediction

[Moore, Gordon E. “Cramming More Components onto Integrated Circuits.”

Electronics, vol. 38, no. 8, 1965, pp. 114–117.]
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AI models: 5x every year

That is 10^35 times in 50 year… 10 million in 10 years

Epoch AI. “Training Compute of Frontier AI Models Grows by 4-5× per Year.” Epoch AI Blog, 28 May 

2024, https://epoch.ai/blog/training-compute-of-frontier-ai-models-grows-by-4-5x-per-year

10^12 tera T

10^15 peta P

10^18 exa E

10^21 zetta Z

10^24 yotta Y

10^27 ronna R

10^30 quetta Q

https://epoch.ai/blog/training-compute-of-frontier-ai-models-grows-by-4-5x-per-year?utm_source=chatgpt.com
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https://epoch.ai/blog/training-compute-of-frontier-ai-models-grows-by-4-5x-per-year?utm_source=chatgpt.com
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Bringing it into perspective
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The reproducibility singularity

[Donoho, D. (2024). Data Science at the Singularity . Harvard Data Science Review, 6(1). ]

Core principle:

• The law of accelerating returns

• All technological progress is exponential

• Each technology enables acceleration of 

innovation

Kurzweil predicts that by 2045, AI will:

• Be billions of times more powerful than 

human intelligence.

• Lead to unprecedented technological 

progress, eliminating disease, aging, and 

resource scarcity.

At this point, technological progress will 

become uncontrollable and unpredictable, 

marking the singularity.
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Understanding the rapid progress in/with  AI
Frictionless Reproducibility

[Donoho, D. (2024). Data Science at the Singularity. Harvard Data Science Review, 6(1). ]
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AI limit: high quality data!



Automated measurement and labeling setup
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Antenna Array



With (implicit) location information, we can accurately 

focus the signal on a certain target

64 antennas in linear array1 antenna
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Tx Array



With machine learning: from implicit to explicit location 

sensing
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• Synthetic datasets

• DeepMIMO/Sionna
• Fully controllable/scalable but not sure how realistic

• Measurement datasets
• E.g., dense Massive MIMO dataset

• Realistic but limited scope

• Wi-Fi sensing datasets
• E.g., Human sensing

• Challenge: 
• Models trained on one dataset fail on others
• No equivalent of “Imagenet” for communication

Fragmentation of our field

53



• Massive 

• Densification and disaggregation

• AI-driven control Apps: rApp, xApp, dApp

• Data-driven

• Data Sharing 

• Re-execution

• Challenges

• Integrated Communication and Sensing

• Presented some examples on sensing with 
communication signals

• Resolution matters

• Coherent combining for extended targets open 
challenge… RF imagenet …?

54

Conclusions

Frictionless 
Reproducability
&  Challenges!

(multi-band] Cell-free O-RAN for ISAC

Multi-static human and 
Environment sensing 



Thanks!

ESAT, WaveCoRE Arenberg

sofie.pollin@kuleuven.be
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