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|. Introduction

= Integrated Sensing and Communication

(ISAC) for 6G and Beyond

Sensing & Communication (S&C) Systems:

v Integration gain: joint exploitation of limited

hardware and spectral resources

v" Coordination gain: mutual assistance between

sensing and communications (sensing centric

or communication centric)
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|. Introduction

V21 Beam Pairs
’14"31— Beam Failure

V2V Beam Pairs
<o ISAC Echoes

Radar Initial Access
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Conventional Communication in NR:
Pilots + Reference signals

ISAC in NR:

Sensing with data payload signals

Angles, range and velocity of the target,

locations of scatterers ...

= Overhead reduction
= Accurate tracking

= Efficient beam failure detection and

recovery

Supported by MATLAB-Enabled Efficient

End-to-End Simulation
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|. Introduction

Major Toolbox Utilization in Simulation :

= 5G Toolbox Standard-compliant functions to simulate 5G NR end-to-end wireless communications links.

Beam Sweeping NR Frame Structure Design

UE | [ time

: Com_mufnlcatlon Toolbox Facilities modeling communlcatlong Ilnks from antenna to RF chain to bit processing.

BER Calculation

Steering and Beamforming

& 8 8 B 8 & 3
Normalized Power (dB)
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MATLAB BXPO
lI. 5G NR Sensing Assisted Communications: Ray-Tracing based V2| Scenario

Path loss
(dB)

Propagation path

= ‘;g Number of reflections (R): 0 LoS Path
= = E:&"bgg;gafgo =00 NLoS Path

85 Phase change: 2 99 rad

95 Distance: 29.98 m Beamformed ISAC signal

105 Angle of departure: 31° az, -13.5% el
n :12-’5' Angle of amival: -149° az, 13.5° el
= :ig Target vehicle
M 155
N 150 D

@ - »4_,,»:-"‘ g
}
Building groups
? -
| 7
é S
Ray tracing propagation model Simulated ISAC V2| Network
visualized in Siteviewer Scenario

Site Viewer: using Communication toolbox
« viewer = siteviewer(SceneModel = ‘.stl’): import and view the stl file using siteviewer.

Ray trace: using Communication toolbox
* 1 =raytrace(tx, rx): displays the propagation paths from the transmitter site tx to the receiver site rx in the current Site Viewer.
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lll. Frame Structures and Case Studies in NR V2l Network: OFDM General Frame Structure

« NR Numerology

Supported for Su Orted for A AR EE AN ER A EEEA AT ERAIERRETEEE "
Af=2v.15[kHz] Cyclic Frequency Data ppS ne FREQUENCY
H = Prefix Band (PDSCH, P sgs e
PUSCH etc) ’ ' 123 45 6 7 8 9 101112
A
FR1 Y I N AN D NN et RE
0 15 Normal (sub-6G) Yes Yes P 2 .
i = 3
1 30 Normal FR1 Yes Yes E 4
Normal, 3 RB
2 60 Extended FR1, FR2 Yes No 6
v 7
FR2 8
3 120 Normal (mmWave) Yes Yes o
4 240 Normal FR2 No Yes 104 PRB
11
5 480 Normal FR2 Yes Yes 12
6 960 Normal FR2 Yes Yes 1:
g = 3: 1radio frame = 10 subframes = 80 slots = 10 ms
' ' ' ' ' ' ' ' ' Get OFDM Information: using 5G Toolbox
* info = nrOFDMInfo(numRB, SCS): Input the
' ' ' ' ' 1 subframe =8 slots =1 ms number of resource blocks and subcarrier spacing
to get OFDM Information.

LA ELEAEAEEECEPELALREELEL xstrssesrmoos=oszsms

‘ Souther University ° 3GPP, “NR; Physical channels and modulation,” 3rd Generation Partnership Project (3GPP), Technical
g SU STech Tecmatogy ‘\ MathV VOI’kS Specification (TS) 38.211, 2022, version 17.4.0. 6
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lll. Frame Structures and Case Studies in NR V2| Network: Initial Access (I1A)

Array configuration: Phased Array System Toolbox
* arrayTx = phased.URA([8 8], 0.5*lamda): Assign the array size and the element

* JAin conventional NR

Conventional Initial Access Frame Structure:
spacing for uniform rectangular array (URA).

5 ms
- _ SS burst waveform: 5G Toolbox

i * burstWaveform = nrWaveformGenerator(): Create the SS burst waveform by using

20 ms 4
A PBCH .
cSP o nrWaveformGenerator function.
8 -
U 8 i * é é Beamforming: Phased Array System Toolbox
0 w
(( )) i I 2 ol <« + SteerVecTx = phased.SteeringVector(‘SensorArray’, arrayTx, ‘PropagationSpeed’,
N ™~
i I I I PRCH L c); wT = SteerVecTx(CenterFreq, BeamAng): Generate weights for steering direction.
@6‘@( SSB-RSRP : b T Synchronization and RSRP measurement: 5G Toolbox
K symbols
A + offset = nrTimingEstimate(): Performs practical timing estimation by cross-correlating.
L. .. SSB Sweepin SSB time-frequency structure . -
max ping a y * meas = nrSSBMeasurements(): Measuring the RSRP based on the specified

measurement mode.

Spectrogram of SS burst waveform

« Beam sweeping: L, SSBS 4 in first 5ms of 20ms period
e Beam measurement and determination: SS reference

signal received power (SS-RSRP)

#(dBHz)

s e

)|

1 X ‘
SS-RSRP (in dBm) = 10log,, (N 3 X[n]‘z) + 30
1

n= -120

« Beam reporting: SSB beam index feedback in RACH
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lll. Frame Structures and Case Studies in NR V2| Network: Initial Access (I1A)

* JAInISACNR -  OFDM Radar Signal Channel: Phased Array System
Toolbox
Proposed ISAC Initial Access Frame Structure: - rdchannel = phased.FreeSpace(OperatingFrequency,

SampleRate, TwoWayPropagation): Design two-way
propagation free-space radar channel.

'1 T = OFDM Radar Signal Processing:

4) Hypothesis Testin T . : . : ,
Y THPOERE = ~—_ n B ssourst set - 2D-DFT Processing: FFT in slow time domain and IFFT in
@ Measurement 4 fast time domain

RSN (( )) Radar signal

LV
Beamformed SSB

Radar-based localization and beamformed SSB

* Binary hypothesis testing: Range
(Fast Time)
{ Ho : R (Yima) ~ N (0,6°/2) IFFT
Hi R (Y'.i,m,.i) ~ N (;u’? &2/2)

For a certain false alarm rate Pg,:

H1 a2 _1
‘%(Yi,m,;ﬂ)‘ :<> ?Q (PFA)
Ho

« Beamformed SSB with only synchronization purpose ) 2,

‘ Southern Univorsity h‘/\] k ® S. Ehsanfar, A. Bazzi, K. Moliner, and M. Chafii, “Hypothesis testing on FMCW and OFDM for joint
U SU STeCh oo ’ 4 Mat Or S communication and radar in IEEE 802.11bd,” in Proc. IEEE Int. Conf. Commun. Workshops, 2023, pp. 464—-469. 8
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lll. Frame Structures and Case Studies in NR V2| Network: Initial Access (I1A)

« Accuracy Comparison

100
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& —6—5G NR Comm-only SSB Sweeping
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Probability of Detection/%

RMSE/degree

« RMSE Comparison

—&—5G NR Comm-only |1A
—#—|SAC IA

SNR/dB

Conventional NR: RSRP-based and codebook-based:

ISAC NR: Omnidirectional-radar and beamforming SSB;
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 Access Time Delay Comparison

Detection Accuracy and Access Delay Comparison between

Conventional 1A and ISAC |A

A Number of Detection Expected
Scheme Slots in Accuracy Access
Aggregation (%) Delay (ms)
Comm \ 86.3 15
10 88.8 125
ISAC 15 93.1 1.875
20 95.0 25

Improvement in higher accuracy, smaller RMSE and shorter access time delay.
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lll. Frame Structures and Case Studies in NR V21 Network: Connected Mode

e Conventional NR Frame Structure

~ 5’53’\ u
Beam training and synchronization (‘ )) i 5 E
using 8 SSBs in 4 slots £ 5SBg

SSB Sweeping:
Beam training and synchronization

Common Frame Structure in NR:

i_g Boam "aiS:)TE\:?:e?t’;ﬂronization SSB-1 SSB-2 SSB-3 SsSB4 SSB-5 SSB-6 S§SB-7 SSB-8 DDDSU Wlth periOd - 5 SlOtS
J— S : f AlrEHlIo EInE O 100 SioLs [PEIO0DE2IS) D: downlink slot, S: special slot, U: uplink
UDDDSUDDODS U DDDS U slot _
c t' |C i ti CS/RSandfeedbackwt!hpenodoszlols ? - s NR Reference Slgnals
nv ion omm on ] | ] g . .
oy M ol T A L] * CSI-RS: Channel estimation, up to 32 ports
are supported, feedback parameters
Downlink i . . . :
- D 1¢s’r;{'=";4§;;1bols=o.125ms !nc!ude rank indicator (RI), precoding matrix
Nt Special siot indicator (PMI) ...
"~ cstrs S 10 Dowriink symbols o sumincsymoos ©  DMRS: Coherent demodulation, additional

Data

Frame Structure Design: using 5G Toolbox

« pdsch = nrPDSCHConfig: Configure the physical
downlink shared channel parameters

« nrPDSCHDMRS, nrCSIRSConfig: Generate DMRS
and CSI-RS symboils, assign antenna ports for CSI-RS

4 v SUSTech == 4\ MathWorks'

B ik siot DMRS are supported for high mobility
scenario

OFDM Modulation, Channel Configuration and Estimation: using 5G Toolbox

«  nrOFDMModulate, nrOFDMDemodulate: Generate OFDM modulated waveform
and demodulate

« nrCDLChannel, nrChannelEstimate: Configure the physical downlink channel

using parameters in ray-tracing and do channel estimation using CSIRS

10
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lll. Frame Structures and Case Studies in NR V2| Network: Connected Mode
« |SAC tracking on straight road using Extended Kalman Filter

Rx beam én_1|"_3

State Evolution G,
Model i ’:‘

Tx beam én_”,,_z Rx beam énln—Z

Ao
\AG In—1

Tx beam ém,,_l

en—l

 State Evolution Model:

[ 0,=0,_1— d;ﬁlvn_lﬂT cosf,_1 +wp

d, =d,_1 — v, 1ATsinb,,_1 + wy

Un = Un—1 + Wy

Br = Bn1 (1 —d; 0,1 AT sin,_1)" + wp

\

« Compact Forms:

State Evolution Model: x,, = g (x,,—1) + w,,
Measurement Model: y,, = x,, + z,

% SUSTechz= ¢\ MathWorks

- Linearization of State Evolution Model:

- vAT sin 8 vAT cosf AT cosf -
I+== —=& -~ 0
og —vAT cosf 1 —ATsinf 0
ox 0 0 1 0
| — 2,&31;.&3".:0595 2'31}&:;-;5in95 _ 2,8.&’]; sin & L .-52 1= (1 UﬂT;‘.ln 9)

= Extended Kalman Filter (EKF):

1) State Prediction: X,n—1 =g (Xn-1) , Xntijn—1 = & (in|n_1)

2) Linearization: G,_; = g_g H, =1,
X

X=Xn—1

3) MSE Matrix Prediction: M,,_1 = G,_1M,,_1G/_, + Q.
4) Kalman Gain Calculation: K,, = 1\/I,n|,n_1HﬂH (Qm + H,ﬂ,,M,n|n_1H,ﬂ*T)_1
5) State Tracking: X, = X,,|,,—1 + Ky (yn — X,10-1)

6) MSE Matrix Update: M,, = (I - K, H,,) M,,;;,_1
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lll. Frame Structures and Case Studies in NR V21 Network: Connected Mode

* ISAC and Conventional NR Frame Structure Comparison

N SS&‘ u L | ‘ L
( A) & e l l l I I I
SSB-1 SSB-2 SSB-3 SsSB4 SSB-5 SSB-6

Beam training and synchronization
A radio frame of 160 slots (Period of 20ms)

Beam training and synchronization
using 8 SSBs in 4 slots

uplink feedback SSB-7 SSB-8

UDDDSUDDDSU D DD S U

CSI-RS and feedback with period of 5 slots i

o I T

Conventional Communication ' l

Frame Structure: D D D
e
i N %
/ \ Downlink slot

- / D 1 slot = 14 symbols = 0.125ms
| | PDCCH / \
[ ;
| Special slot
)\ |
e DS | \ S 10 Downlink symbols
. | CSIRS \ ’ 2 Guard period symbols, 2 Uplink symbols

Data /

\ i/ U uplink slot
\\_’
Proposed ISAC { i
Frame Structure: D l D l \E) l R
- N\ PDCCH with feriod of 5 slots
((é))u II u D s\UDDD UDDD
Only for synchronization purpose
using 2 SSBs in one slot
SSB-1 SSB-1

The third downlink slot in

SSB Reduction:
Efficient tracking, dedicated SSB for
synchronization purpose

NR Reference Signals:

* CSI-RS: In SU-MIMO V2I network, with the
efficient tracking using EKF in ISAC
scheme, CSI-RS and its feedback(PMlI,
RI...) are reduced, replaced with useful
downlink data.

+ DMRS: DMRS are kept for
demodulation

coherent

Overhead:
In a period of 5 time slots:
DMRS: 42 REs CSI-RS: 32 REs

Overhead could be reduced by up to
43.24%

MATLAB EXPO
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ISAC scheme compared that with
conventional scheme only contains DMRS, where CSI-RS is omitted
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lll. Frame Structures and Case Studies in NR V21 Network: Connected Mode

« Tracking RMSE

0.9+ 107
0.8
102
0.7 - ISAC Nt=Nr=64
ISAC Nt=Nr=186
06 5G NR Comm-only Nt=Nr=64 10-3
w = = =5G NR Comm-only Nt=Nr=16 o
L
8 0.5 0
-4
04t 10
0.3 10° 3
0.2
0.1 10°¢
0 Lt = 2 [
108 108 1074 102 102 10
RMSE/degree
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« Communication Performance Comparison

—6—ISAC Ni=64 Mr=16

—&A— ISAC Ni=16 Mr=4

=@ 5G NR Comm-only Nt=64 Mr=16
5G NR Comme-only Ni=16 Mr=4

10 15
SNR/dB

1050 T -
1000/
950
g 900 crossover |
s
= 850
3
o
i -
2 800
o
= === |SAC Nt=64 Mr=16
750 - —d— [SAC Nt=16 Mr=4
=@ 5G NR Comm-only Nt=64 Mr=16
700 5G NR Comm-only Nt=16 Mr=4 |
650 |
1 600 1 Il 1
20 25 5 10 15 20 25

SNR/dB

BER and throughput calculation: using Communications Toolbox

* numerrs = biterr(): Calculate the bit error rate (BER)
- Throughtput calculation: Throughput (in Mbps) = 10~° -Z(ijim- ) pre

Southern University
of Science and
Technology

4\ MathWorks

NBW(j),n .19
T

. (1 — BERY) — OHU)))

j=1
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lll. Frame Structures and Case Studies in NR V2| Network: Beam Failure Detection and Recovery

« BFR in conventional NR
BFI COUNTER =
beamFailurelnstanceMaxCount _
MAC Layer :
A A & F Y ~
t < Terptimer N
Beam Failure
Detected
BFI : BFI BFI ... BFI BFI
CSI-RS RSRP < rsrp-ThresholdCSIRS
Period of CSI-RS:
CSI-RS multiple time slots
............. l ey
| | | | | | | PHY Layer
(i) Beam Failure Detection
Beam Failure
gNB SSBs Recovery Completed
o beam sweeping Pt ke
UE —gNB / "-\\gNB — UE
RACH ./ " RAR
[N S R O
Beam failure Best candidate _— o ime
detected beam identified

(ii) Beam Failure Recovery

% QUSTech =" ¢\ MathWorks

« BFRIn ISAC NR

MAC Layer ‘“-.._

Persist beyond a timer

t > T_threshold b
Beam Failure

Detected
Abrupt change :
Ar>Ar_threshold & Av>Av_threshold
Keep measuring the parameters of interest
| PHY Layer
(i) Beam Failure Detection ,
time slot / UE — gNB
i; Response
. Switching to
. al.--
oo @ sub-6G band
g Beam Failure
O 3 Recovery Completed
D NLoS
Beam failure ‘on (b) T beamforming
detected .'4 Analyzing gNB — UE ."
UE — gNB, DoAs . Beamformed UE — gNB
RACH "-‘ S$SBs Response

(ii) Beam Failure Recovery

V2I Beam Pairs
=3~ Beam Failureﬁ/,

+ Conventional Beam failure detection:
Beam failure instance > threshold

+ Conventional Beam failure recovery:
Candidate beam or beam sweeping

« ISAC Beam failure detection:

Abrupt change in motion parameters

Ar>ry o &AV > vy o

« ISAC Beam failure recovery:
1) Switch to sub-6G band
2) Beamforming through NLoS

14



 Accuracy Comparison

100G
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Beam Failure Detection Rate/%

65

—6—5G NR RSRP-based BFD
—&— |SAC Kinematic Parameters-based BFD

60
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lll. Frame Structures and Case Studies in NR V2| Network : Beam Failure Detection and Recovery

Communication Performance Comparison

102

104 e

105 F

,L

|

ISAC — NLoS Beamforming
ISAC — Sub-6G
5G NR Comm-only

M

10

15 20 25
time/ms

Throughput/Mbps
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Fast beam failure detection and recovery and higher accuracy

-

ISAC — NLoS Beamforming
ISAC — Sub-6G
5G NR Comm-only
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