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6G takes shape. Same as usual?

In 5G bandwidth was much

Cooper’s law Larger than usual

Factor 1.000.000 in 50 years
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Baseline requirements for 6G: efficiency
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O-RAN: Open, intelligent, disaggregated RAN
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Are there limits to the
speed of innovation?
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ISAC applications
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NVIDIA Unveils Open Physical Al Dataset to Advance Robotics and
Autonomous Vehicle Development

Expected to become the world’s largest such dataset, the initial release of standardized synthetic data is now available to

robotics developers as open source.
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Robot-integrated sensors Infrastructure-integrated sensors

Advantages: Advantages:

« Autonomy — Functions everywhere * Reduced processing load

* Mobility — Free to move » Scalability & cooperation — Multiple robots
Disadvantages: * Improved sensing range

 Limited range Disadvantages:

« Power consumption « High initial infrastructure cost

« Complexity & cost  Lack of mobility (only where coverage)

* No cooperation « Communication challenges

ﬂ Use Cases: Use Cases:
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How ISAC can help autonomous robots

=R a
oo
ety - .»» &
xD

Infrastructure for
sensing and
communication

The opportunity and the use case are there. How to accelerate?
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Multiple bands (non-contiguous)
Distributed Radios
Data & Al

Humans & Robots

How to accelerate®?




Outline

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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Resolution and ambiguity ... and accuracy

« Resolution quantifies the capability to discriminate two targets \\ Y4
« Resolutions depend on radar parameters Targets resolvdd
P S 2 ™S
Resoluti A A py = 222
esolution R=5p v ZTPRI g = D, N\

Targets
not
resolved

Depends on element spacing (phased

CTPRI A array, MIMO)

Ambiguit = v -
guity amb 2 amb ZNTPRI No ambiguity ifSpaCing < %

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

» Accuracies depend on resolution and on SNR

« Cramér-Rao lower bound Estimated  True

location location

R S e p—— 0 =0
aee \/Z-SNR aee \/Z-SNR aee \/Z-SNR

Accuracy

[courtesy: A. Bourdoux] “unec KU LEUVEN



More about (spatial) sensing resolution

C

 Range resolution: R, =

2:-BW
« 2GHz - 7.5cm
 Angular or Cross-range resolution: CR,¢s = R * O High ::gltllg_l(‘)éq?::t::nge
r uti I
- 10 degree at 10m - 1.75 m! difficult to achieve!

« 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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How to increase the angular resolution in sensing?

A

* Larger antennas: 6,..; = p

* More antenna elements (€ € €)
e Sparse arrays

« MIMO (MIMOQO radar # MIMO communications)

* Nyirtuar = Nrx 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)

] nmec | KU LEUVEN



Spatial resolution with a distributed architecture

Jo % MIMO
Multi-static

{ AP Monostat\ //'
<\

. .
\
:

 de

SISO mono-static range resolution: Distributed, multi-static x-y resolution:
* Ryes = z.gw g Rres,X =7
« 18MHz - 8.33 to 16.67 m! " Riesy =7
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Spatial resolution with a distributed architecture

rin (1) = Ii Zrmn(k )f(d,k)  (Range)
k=1

Distributed or cell-free MIMO
« Target in seen from many different angles
« Target is in the near-field of the distributed array

. . . . . rrd(d d) =
Imaging processing options, including Doppler
 Full back-projection:

||Mr~

(d Da( d l) (Doppler)

* Range-Doppler processmquoherent combining N .
+ Combining: O(XYXVMN) s Y (z,y,3,9) Z Y (@, y, 2, 9)Fmn (@, )
» Best performance, highest complexity m=tn=t

» Non-coherent back-projection
* Neglect Doppler
* Non-coherent combining of images from each puls- : N 2
+ Combining: O(XYLMN L ey = %y‘ Y S r0) (@, 9, Dmn (2, )

=1 |m=1n=1

[A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing . l'l]'lec | KU LEUVEN

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

« Spatial ambiguity function for two
scatterers located at

* (X,y)=(1.6,4.3)
¢ (x,y)=(-14,11.8)

* Array resolution gain dominates at

x [m]

. . (a) 1 subcarrier (b) 100 subcarriers (18 MHz bandwidth)
short distances (near-field)
¢ Slgnal bandWIdth domlnates at Iong 2 o Norn:a1|?zed power[dB]_5 ° - - Norrr:all?zed power[dB]_5 °
distance (far-field)
« But: increasing the bandwidth
Increases the dynamic range as 7 100
indicated by the reduction in the
skirts around the main lobes.

x [m]

(c) 200 subcarriers (36 MHz bandwidth) (d) 400 subcarriers (72 MHz bandwidth)

[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] M EeC | KuLEUVEN




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 1667 m
bistatic range

Maximum unambiguous 85.7 m/s
bistatic Doppler

CRLB in bistatic rangein  0.94m
20 dB SNR

CRLB in bistatic Doppler 0.08 m/s
at 20 dB SNR

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



Range — Doppler maps
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Measurement with Massive MIMO testbed

« Bandwidth is not always needed for high resolution in the near-field of massive MIMO
arrays

« Adistributed MIMO radar enables high X-Y resolution at lower frequencies where bandwidth is
scarse ~5x30 centimeter resolution with > 8 m

» Resolution is much better than the range resolution c¢/(2 - Bw) bistatic range resolution!
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Normalized power [dB] Normalized power [dB] Normalized power [dB]

\

=2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
x [m]

(a) Theoretical ambiguity function (b) Non-coherent backprojection (c) Constant-Doppler backprojection

A. Sakhnini, S. De Bast, M. Guenach, A. Bourdoux, H. Sahli and S. Pollin, "Near-Field Coherent Radar Sensing Using a .
M EeC | KuLEUVEN

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
Tracking two persons Tracking three persons
with 18 MHz of bandwidth with 18 MHz of bandwidth

Time: 0.00 s Time: 0.00 s

x [m]

] nmec | KU LEUVEN



Approximation of the range ambiguity function in near-
field sensing systems

Array factor per geometry for D = 50A Beamdepth as function of aperture D
for a target located at d'=80A. and beamdepth d’
7 7
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Adding bandwidth to the near field

fC B M D)\ BfD)\

3.5 GHz 100 MHz 128 63.5 1.81

7.8 GHz 200 MHz 256 127.5 3.27

15 GHz 400 MHz 512 255.5 6.81

28 GHz 1 GHz 256 127.5 4.55

79 GHz 4 GHz 256 127.5 6.46
m 07
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Comparison of the ambiguity function
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Outline

1. Basics (cell-free) sensing V
2. Near-field range resolution V

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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Multi-band Frequency-Adaptive Sensing
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Finding a precise range/delay

Ir ——Multi-band objective 103 % e-AT
‘ Single band objective A / 4 1®
08 PSO Start —e—PSO convergence path T 0= A7
& \ ¢ PSO optimum s AT/16
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Fig. 4. RMSE performance of the PSO-based delay estimator compared with

Fig. 3. TSPSO delay estimation for a single target at delay 62 ns, fgap = :
the grid search (1" = 2, fgap = 240 MHz, and M, A f = 40 MHz.)

240MHz, T' = 2 and MyAf = 40 MHz.
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Finding multiple targets

« L= 2 targets or 3 targets; Bound achieved
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(b) L =2, T = [66, 100] ns




Outline

1. Basics (cell-free) sensing V

2. Near-field range resolution V
3. Non-contiguous bandwidth V

4. Cell-free vital sign sensing
5. Sensing for communication

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

&, subject
X interferer

(a) Measurement environment. (b) Measurement floorplan.

Fig. 9. Measurement setup in the KU Leuven Massive MIMO Lab. (a) Experimental scene with subject, UE, APs, interferer, and MoCap cameras.
(b) Corresponding floorplan of the lab indicating the locations of the subject, five interferer positions (I-1 to 1-5), the APs (64 antennas distributed across 8
subarrays), and MoCap cameras.

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

F
Massive MIMO," in IEEE Journal on Selected Areas in Communications, vol. 44, pp. 959-974, 2026 ﬁel'lec KU LEUVEN




System model O

by (t) = Z(hm(d,1)).

Dynamic channel length Single dynamic path (channel)
(tx) . u(tx) Bt (t@) (rz) .,
Tml (t) —_— ml _|— b(t) COS| =5— 3 k’ . K _]27.(.](‘ "ml & )+ ml ®)
—~— N J Zmi (K, 1) = 0 () (m)me '
imtial path length projected\auctuation Tml Tml
rf:l()(t) = 7\47(72)[{) + b(t )COS(BM), Measured channel
\'\/ \ J

N

AL A leugg projected fluctuation

he(k, £) = RS (k,t) + BE (k) + 1k, )

S C
= Z CBml(k', t) oy Z xml(k) T ﬁm(k, t)v

lesS leC

cos (ﬁTm) is the b1stat1c pr0Ject10n term

H. Xiong, R. Beerten, Q. Zhang, Y. Miao, Z. Cui and S. Pollin, "Fundamentals and Experiments of Robust Respiration Sensing via CeIIlF[ienec | KU LEUVEN
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Single target channel (complex, time, PSD)
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Multi target channel (complex, time, PSD)
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Measured breathing pattern as function of antenna
location (simulation)
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Corr. GT

SSIR (dB)

Measurement results under interference
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A case for indoor cell-free MIMO
(measured results)
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Datasets, code, challenges, focus periods...

Standard Dataset

Citation Author(s): Haogiu Xiong @ (KU Leuven) 1006 views (=) 191 downloads
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Sensing and communication in the same environment

S region S region

. S 0 q o . . . . .y [ ]
Z. Cui and S. Pollin, "Extracting the Communication Channel From Monostatic Sensing Channels: From Propagation to Impact Analysis, l-ITIec | KU LEUVEN

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



Measurement setup with
B=1,76 GHzand fc=13,75 MHz.

Monostatic



Extracted reflections from two monostatic locations
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Monostatic reflections and link with bistatic multipath
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Outline

1. Basics (cell-free) sensing V

2. Near-field range resolution V
3. Non-contiguous bandwidth V

4. Cell-free vital sign sensing V
5. Sensing for communication V

6. Call for more data and frictionless reproducability
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Compute: doubling every 24 months

16
15
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13
12

» Factor 30.000.000 in 5 years!
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44  [Moore, Gordon E. “Cramming More Components onto Integrated Circuits.” - umecC | KU LEUVEN
Electronics, vol. 38, no. 8, 1965, pp. 114-117.]



Al models: 5x every year
That is 10?35 times in 50 year... 10 million in 10 years

= EPOCHAI
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Bringing it into perspective

Cooper's Law
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The reproducibility singularity

Core principle:

f&f * The law of accelerating returns

| Gountdownito Singuiarly’ s £ - All technological progress is exponential
“’:E S « Each technology enables acceleration of
: Cantran s oy ) innovation

7 Primates Superfamily Hominoidea

g0 . Kurzweil predicts that by 2045, Al will:

e 10° 3 o o L S « Be billions of times more powerful than

3 1f 1 e human intelligence.

2 s W%Ag"sw * Lead to unprecedented technological
10° 5 i, ot b progress, eliminating disease, aging, and
oy A e e resource scarcity.
10 7 | ! I | I 1 | 1 1

10" 10° 10° 107 10° 10° 107 10° 102 10

Time Before Present (Years) At this point, technological progress will
become uncontrollable and unpredictable,
marking the singularity.

[Donoho, D. (2024). Data Science at the Singularity . Harvard Data Science Review, 6(1). ] 1 LT12C | KU LEUVEN



Understanding the rapid progress in/with Al
Frictionless Reproducibility

The three initiatives are related but separate; and all three have to come together, and in a
particularly strong way, to provide the conditions for the new era. Here they are:

[FR-1: Data] datafication of everything, with a culture of research data sharing. One can now
find datasets publicly available online on a bewildering variety of topics, from chest x-rays to
cosmic microwave background measurements to uber routes to geospatial crop identifications.

[FR-2: Re-execution| research code sharing including the ability to exactly re-execute the same
complete workflow by different researchers.

[FR-3: Challenges] adopting challenge problems as a new paradigm powering scientific research.
The paradigm includes: a shared public dataset, a prescribed and quantified task performance
metric, a set of enrolled competitors seeking to outperform each other on the task, and a public
leaderboard. Thousands of such challenges with millions of entries have now taken place, across
many fields.

48 [Donoho, D. (2024). Data Science at the Singularity. Harvard Data Science Review, 6(1). ] 1 l 722 C | KuLEUVEN



Al limit: high quality data!

Projections of the stock of public text and data usage
Effective stock (number of tokens)

Estimated stock of human-
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Automated measurement and labeling setup
3 Ultra Dense Indoor MaMIMO CSI Dataset
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With (implicit) location information, we can accurately
focus the signal on a certain target

1 antenna 64 antennas in linear array
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With machine learning: from implicit to explicit location
sensing

. Ground truth . Prediction
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Fragmentation of our field

« 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
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Conclusions

* Massive
* Densification and disaggregation

- Al-driven control Apps: rApp, xApp, dApp (multi-band] Cell-free O-RAN for ISAC

* Data-driven - )
' Frictionless ey
e Data Sharing . ; it -
' eproducabili ——
* Re-execution P Y

« Challenges & Challenges! e

* Integrated Communication and Sensing

* Presented some examples on sensing with . .
communication signals Multi-static human and

e Resolution matters Environment sensing

* Coherent combining for extended targets open
challenge... RF imagenet ...?
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Thanks!

sofie.pollin@kuleuven.be
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