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‘Outline

« Opportunities and Challenges of Integrated Sensing and
Communication (ISAC) Systems

 Fundamental Sensing Technologies: Radar + MIMO + CSI

* Monostatic ISAC Scenarios Enabled by 4D Radar
— MIMO Passive Radar Leveraging Base Station CSI
— MIMO Passive Radar Utilizing Repeater Signals
— MIMO Active Radar Driven by Cognitive Sensing

e Conclusions
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® Environment-aware communication systems i Bt l
« RF spectrum for localization and sensing systems st et 2l
* Intelligent reflective surfaces for mapping and localization

| L 7
« Beamspace processing for accurate positioning * J
« Machine learning for intelligent localization and sensing 7

® Localization and sensing opportunities /n\/*s /n\
« Simultaneous localization and mapping Active and pasaive
« Passive sensing using transmitters of opportunity ) /k* /i\/l\ o
* Active sensing with radar and communications convergence f. e @
« Context-aware localization systems J

Beamspace Radar
processing
© 6G Flagship

Source: University of Oulu, 6G White Paper on Localization and Sensing, 2020
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scenarios where the

ISAC  involves
communication system provides sensing
services (communication-assisted sensing) and
where environmental sensing information is
used to iImprove the communication service of
the system itself (sensing-assisted
communication).

Source: Study on Integrated Sensing and Communication
(Release 19), 3GPP SP-220717 (2022-06)
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Use Cases
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Intruder detection in smart home
Pedestrian/animal intrusion detection on a highway
Rainfall menitoring

Transparent Sensing Use Case

Sensing for flooding in smart cities

Intruder detection in surroundings of smart home
Sensing for railway intrusion detection

Sensing Assisted Automotive Maneuvering and MNavigation
AGV detection and tracking in factories

UAV flight trajectory tracing

Sensing at crossroads with/without obstacle
Metwork assisted sensing to avoid UAV collision
Sensing for UAV intrusion detection

Sensing for tourist spot traffic management
Contactless sleep monitoring service

Protection of Sensing Information
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Health monitoring at home

Service continuity of unobtrusive health monitoring

Sensor Groups

Sensing for Parking Space Determination

Seamless XR streaming

UAVs/vehicles/pedestrians detection near Smart Grid equipment
AMR collision avoidance in smart factories

Roaming for sensing service of sports monitoring

Immersive experience based on sensing

Accurate sensing for automotive maneuvering and navigation service
Public safety search and rescue or apprehend

Vehicles Sensing for ADAS

Gesture Recognition for Application Navigation and Immersive Interaction

Sensing for automotive maneuvering and navigation service when not served by RAN

A

e

Blind spot detection

Integrated sensing and positioning in factory hall

Source: Feasibility Study on Integrated Sensing and Communication (Release 19), 3GPP TR-22.837 (2023-06)



Human Sensing

Sensing signal,
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Table x. Evaluation parameters for Human (indoor and outdoor) sensing scenarios+
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2. Pedestrian/animal intrusion
detection on a highway
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15. Contactless sleep
monitoring service
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7. Sensing for railway intrusion
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9. AGV detection and tracking 18. Service continuity of unobtrusive
in factories health monitoring
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25. Immersive experience
based on sensing

@
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29. Gesture Recognition for
Application Navigation and
Immersive Interaction

Parameters+ Indoor-Values+ Outdoor-Values«
Applicable communication Indoor office, indoor factory [TR38.901]« :
sc};iarios-NDTEI.J Indoor room [TR38.808]+ & ] UM Uma, RMa [TR38.901])¢
> i Rx/Tx locations- are-selected among the | Rx/Tx- locations- are- selected- among- the
. o/ Ts Rgcations- TRPs- and- UE- locations: in- the | TRPsand UE locations in the corresponding
Sensing- NOTE 2+ . e - " ]
: corresponding communication scenario+ | communication sCenario«
transmitters-
and- receivers
properties< Option-1: Okm/h+ Option-1: Okm/h+
Rx/Tx- Mobility-| Option2: 3km/h+ Option-2: 3km/'h+
for UEs+ Option 3:-Uniform- distribution between- | Option- 3:- Uniform- distribution between
Okm/h-and 3km/hre Okm/h-and 10km/hr+
Qutdoor/indoor+ Indoor+ Outdoor+
Option-1: Okm/h+ Option-1: Okm/h+
Option 2: 3km/h+ Option-2: 3km/h+
3D -mobility< Option 3: Uniform distribution between Option 3: Uniform distribution between Okm/h
2 Okm/h-and-3km/hr-« and-10km/hr-+
(horizontal plane with random-direction (horizontal plane with random-direction
straight-line trajectory) < straight-line trajectory)+
Sensing- N targets uniformly-distributed over the
targets 3D distribution« horizontal area-of the convex hull of the TRP Uniform in-horizontal plane »
deployment+
FFS: Value of N#
Orientation« Random over the horizontal areas Random over the horizontal area«
-~ Size (Length x Width x Height):« Size (Length x Width x Height):
e - Child: 02mx03mx lm+ - Child: 02mx03mx Im~
e riie s - AdultPedestrian: 0.5mx0.5m x - AdultPedestrian:0.5m%-0.5mx-
o 1.75me 1.75me

Minimum- 3D distances- between-
pairs of Tx/Rx and sensing targets

Option 1: Min. distance 1s-larger than the
min_far-field distance of the sensing Tx/Rx+
Option 2: Min distances defined in TR

38 901 as-a-starting point+

Option-1: Min. distance 1s-larger than the min.
far-field distance of the sensing Tx/Rx+
Option-2: Min distances defined in TR 38.901
as-a starting point+

Minimum- 3D distance  between-

sensing targets+

Option-1: At least larger-than the
physical size of a sensing target+
Option 2: Fixed value, [x] m. value of x-i3
EES«

Option-1: At least larger than the physical
size of a sensing target+
Option-2: Fixed-value,-[x] m.value-of x-is FFS+

Environment- Objects,-e 2. types, -

characteristics.-

mobility,-

distribution_etc_¢

FFS, based-on-outcome-for-AI-0.7 2+

FFS, based-on-outcome-for-AI-0.7 2+

Source: ISAC Deployment Scenarios (Release 19), 3GPP
RP-242804 (2024-12)
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Key Performance Indicators

ologies sustainable

Accuracy of :
T : Accuracy of velocity
positioning estimate Al el
by sensing (for a Y 9 Sensing resolution _
: (for atarget Max sensing ; .
: . target confidence : . Refreshing| Missed : : Pt
Sensing | Confidence level) confidence level) service ate|detection| FalSe alarm | Sensing service description
Scenario service level [%] - latency [s] [%] [%] in a target sensing service
category Ve"IJC'.ty [ms] 2 area
Horizontal | Vertical [Horizontal| Vertical Rang_e reso ution
[m] [m] [m/s] [m/s] resolution | (horizontal/
[m] vertical)
[m/s x m/s]
1 95 10 10 N/A N/A 10 [3] 53] 1000 1 5 5 Indoor/outdoor (e.g., detection
of human, UAV)
2 95 2 5 1 N/A 1 1 1000 0.2 0.1t05 5 Outdoor (e.g., detection of
human, UAV)
(l,\?g_[rzé ?Sr é(())(())(()) Indoor/outdoor (e.g., detection
Object 3 95 1 1 11[3], [4] 1 1[3], [4] 1x1[3] for detect,ion in 0.05t0 1 2 2 and tracking of human, animal,
detection highway UAV)
and tracking
1.5for _
99 for public pedestrian, Indoor/ou_tdoor (e.q., detegnon
safety 1.5 for 05x05 and tracking of h_uman, an_lr_nal,
4 therwi ' 0.5 0.5 15 for d i 0.5 100 to 5000 0.1 1 3 UAV, AGV, vehicle) requiring
otherwise, vehicle, | Pedestrian for factories higher performance than
95 otherwise, category 3
0.1
- 0.2 Nature of environments
Environment . .
Eare 5 95 10 (NOTE N/A N/A N/A N/A 60000 60to 600 | 0.1t0o5 3 monitored by sensing (e.g.
monitoring . d 2N
4) rainfall, flooding monitoring)
Human motions and activities
(s 6 95 N/A N/A N/A N/A N/A N/A 60000 60 5 5 obtained by sensing (NOTE 5)
monitoring i
7 95 0.2 0.2 0.1 0.1 0.375 0.3 510 50 0.1 5 5 Human hand gestures obtained
» | 4 by sensing (NOTE 6)

CG:"‘ﬁéiﬁéﬂmﬂﬁmﬁource: Service Requirements for Integrated Sensing and Communication, (Release 19), 3GPP TS-22.137 (2023-12) 7
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Sensing Configuration

3GPP system
3GPP Sensing

sensing results 5G wireless
, _— sensin
gy Sensing  EEMCCICEENNE D cessing ng
- Receiver service
- -
— o & 3 .

,, Sensing Sensing
= Transmitter results

Unlock what's possible
veil technologies sustainable

Monostatic Sensing with co-located
sensing receiver and sensing transmitter

Trusted 3rd
party

3GPP system Bistatic Sensing with separated sensing
receiver and sensing transmitter

3GPP Sensing
sensing results 5G wireless
data Y sensing

Processing

service

Sensing
results

Sensmg ¢ I <
Transmltter e _.V ensing
\ Receiver

Trusted 3rd
party

Source: Service requirements for Integrated Sensing and Communication, (Release 19), 3GPP TS-22.137 (2023-12)
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Monostatic
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Target
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Monostatic w/
coordination
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O Target

Bistatic w/
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& @@

Multistatic

L
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Passive

TX Beacon
O Target

Sensing Modes

Source: Chinese University of Hong Kong (2023)
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Fall detection
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Sensing Applications

IEEE 802.11bf, the Wi-Fi sensing standard, began in 2020 and will be finalized in 2025.
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Radar Sysfems
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2.2 Passive Radar
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Radar Equation
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Coverage Issue
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Receiver/
processor
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Monostatic Radar

<A simple guideline is that if the effective communication range is R, the sensing range will be VR.
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" Cognitive Sensing

Use Passive Sensing to monitor the o :
channel environment in real time and identify :
the target of interest. &

180 160 140 120 100 80 60 40 20 O
Azimuth (degree)

A20
E 15 occupiej ch3
% 3 . a occupied ch1
Perform Spectrum Sensing to find available | Swf =/ ccpesene
channels. 5 - &
g400 3450 3500 3550 3600
Freqency (MHz)
50

Apply Active Sensing to track the target of f':

interest in real time through the available L G o

channels. Ty
Active sensing offers a higher SNR and greater bandwidth than passive sensing,

» -

_ . 3 N
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b enhancing both sensitivity and resolution and ultimately delivering a higher QoS.



Injection-Locked Oscillator (ILO)-Based Sensing

A(t)cos(awt + ¢4(t)) \
ILO @LL WMMMJM | ILO SIL loop

cos(a)t +¢(t))

‘ A(t)cos wt + @(t) + ¢y (t)

Passive Sensing
?q (t)

inj
ILO @ A(t)cos(mt + ¢(t))
cos(at+o(t)) ™ | MWWWM
RF
AD

{ (" "Seé;ggﬂmmmmm A(t) S p ectrum Se nsin g

=, C0s (a) +Aa(t))t)

C DRF
FD

ST _ _
Aoo(t) o gy (1) Active Sensing

ILO: Injection-Locked Oscillator
PD: Phase Detector

FD: Frequency Detector

AD: Amplitide Detector

SIL: Self-Injection-Locking
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Multi-dimensional Sensi‘ng

2D Imaging w/ p-Doppler

u-Doppler . 2L
120 The u-Doppler map reveals the target's
. Heart beat instantaneous motion and vital sign i
2 frequencies. B
E 72 1%1100
e =
Z 48 %
= 2 [ . Vi
()—_ =
0 10 3 20 25 180 160 140 120 100 80 60 40 20 O
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4D Senfs\ing via Monostatic CSI Matrix

> !
S A, HllKC Hl,MKt |
-> Range/ ;
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Elevation 54 :
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Tx =» Azimuth :
t 1 t+1
1 1 =
& Packet Index-» Doppler (slow time) _|

Homkt = 1(6,4,R1)

® Sensing resolutions

* Range resolution: AR = c/ (2:BW)
 Elevation resolution: A@ = A/ L,

* Azimuth resolution: A@ = A/ Ly

» Doppler velocity resolution: Av = A/ (2 -CPT)
where

c: speed of light; BW: bandwidth; A: wavelength;
Lra: RX array length; L, »: TXx array length;

CPI: coherent processing interval

4D Sensing from CSI: Tx/Rx antennas form an azimuth-elevation virtual array. Subcarrier responses

Lol

@ Cn I,

yield range profiles, while packet index serves as the slow-time axis for Doppler analysis.
>
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Information Outpﬁts in ISAC
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MIMO Passive Radar Utilizing Repeater Signals

Wi-Fi
Signal \:
) 0
J D < | = 4 4 ’ | 2D-mMImMO
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Repeater-based Monostatic Sensing Scenario
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RIS-Aided Sensing
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Displacement information from collected data
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Al for Human Sensing

{ Point Cloud Transformer Module

Network Module legend h
Offset
. Linear .I!atch\urm . Softshrink g

Attention
ReLU . Cov2d

Sigmoid Dropout
4 P 5,

'\_

F Unveilitechn Ils:s:lzljstuinuble
lmagt 2D keypoints 3D keypoints 3D Mesh
wﬂpenposo ? VideoPose3D \ SMPL .
Input Supervision
Body
— PCT-GNet — % —+— Reconstruction ——
Module

Source: [Zhao et al. 2018

Though-wall poses using only RF

RGB (visualization only)

Confidence Maps Skeleton

Video Source: MIT (2018)
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Conclusions

® |ISAC will make wireless sensing as widespread as wireless
communication, greatly enhancing everyday convenience by ensuring
continuous and ubiquitous access.

® Emerging MIMO-based 4D radar technology will seamlessly integrate
with next-generation communication systems, establishing itself as
the foundation of ISAC-enabled sensing.

® Human sensing will be a key application of ISAC, delivering
comprehensive non-contact healthcare solutions.
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Reserch Team 4D Radar Chip Demonstration Media Coverage
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