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Recap

UAS-to-UAS Communications

In September 2022, The Radio Technical Commission for Aeronautics
(RTCA) identified five use cases for UAS to UAS communications.

Key Concepts in Airspace Management

t CollSion Avaldance + Air Corridors: Structured airspaces reserved (to some

2. Merging/spacing and sequencing of Traffic extent) for AAM services

3. Airborne Separation + Geofences: virtual three dimensional “boundaries”

4. Airborne Rerouting each UAS flies within _ _

5 Sensi d Shari £ A H dif ti * UAS-to-UAS Communications: An alternative solution
. Sensing an aring of Airspace Hazard Information for traffic coordination

IEEE P1920.2 WG is developing a standard for UAS-to-UAS
Communications which is expected to be released by the end of 2023.

VTS VTS

o Conmectng Be Woodte Worts

Challenge: Detect And Avoid

Ref: Webinar by Prof Kamesh Namuduri
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Recap
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Directions for Future Work
O UAV-BS/UE channel modelling and experimental verification

O 3D network modelling and performance analysis

O General UAV energy model and energy-efficient design

Q Security issues in UAV communications

O Massive MIMO/mmWave for UAV swarm communications
 Low-complexity UAV trajectory/placement design

O UAV communications with limited wireless backhaul

O UAV meets wireless power/energy harvesting/caching/edge
computing/intelligent reflecting surface (IRS), etc.

O UAV/LEO/Satellite integrated communication systems Ref: Webinar by

O UAV sensing and communication integrated design Prof Rui Zhang

- Al for UAV communications and networ ng
: A Y [ 8 J [ 8 * L c ] = o
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Beyond 5G and towards 6G

NEXT-GENERATION wireless networks demand high-quality
wireless connectivity as well as highly accurate and robust

sensing capability.
Sensing will play a more significant role than ever before.

The close cooperation of the communication and sensing
functions can enable significant improvement of spectrum
efficiency, reduction of device size, cost and power
consumption and improvement of performance of both
functions.




Space-Air-Ground Integrated Networks

Space
subnetwork

Air
subnetwork

Ground
subnetwork

Fig. 2. Architecture of SAG-IoT.

Y. Wang, Z. Su, J. Ni, N. Zhang and X. Shen, "Blockchain-Empowered Space-Air-Ground Integrated Networks: Opportunities, Challenges, and Solutions,"
in /EEE Communications Surveys & Tutorials, vol. 24, no. 1, pp. 160-209, 2022, doi: 10.1109/COMST.2021.3131711. Connecting the Mobile World




Joint (Integrated) Sensing and
Communication Scenano

Sensing collects and extracts ST ol LT The ultimate goal is

i
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H H — = a Service | A g} ; ,
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Fig. 1. ISAC technology for future wireless networks.

Fan Liu, Yuanhao Cui,Christos Masouros, Jie Xu,Tony Xiao Han, Yonina C. Eldar, Stefano Buzzi, "Integrated Sensing and Communications: Toward Dual-Functional Wireless Networks for 6G
and Beyond," IEEE Journal on Selected Areas in Communications, vol. 40 (6) June 2022
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Application Scenarios for UAV enabled
Integrated Sensing and Communication

. T mosesrrenmmesma: || e . M~ T T * .

' Interference @ | p4 ' @ - Cooperative @ | Detect and monitor

! managenment : Q I A ISAC b~ — . e

| E P X N g B | suspicious UAV targets

I | I

e L. | Aerial Relays to improve

coverage
Track location of
ground receivers for
better beam tracking
Symbol Description ISAC application scenarios
- ISAC beam ISAC signals =~ ==ee=- » Echo @ Detection and secure data transmission
. i @ Localization and information transmission
----- RIS R e ==X->  Blocked channel @ Data collection and 3D mapping
Fig. 1. Application scenarios for UAV-enabled ISAC. EEE

=
K. Meng et al.,, "UAV-Enabled Integrated Sensing and Communication: Opportunities and Challenges," in /EEE Wireless Communications, April 2023

doi: 10.1109/MWC.131.2200442.
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Drone Assisted Vehicular Networks

-
- - > o 4n g 8

Drone Swarm Network Satellite‘ ol % i Drone Assisted V2V

—

- |
DSRC

FIGURE1. Drone Assisted Vehicular Networks architecture.

Line-of-Sight Links
which can provide
higher reliability
and throughput

V2V and V2|
connectivity can be
enhanced significantly

W. Shi, H. Zhou, J. Li, W. Xu, N. Zhang and X. Shen, "Drone Assisted Vehicular Networks: Architecture, Challenges and Opportunities," in /EEE Network, vol. 32, Connecting the Mobile Work!

no. 3, pp. 130-137, May/June 2018, doi: 10.1109/MNET.2017.1700206.



UAV Sensing and Transmission

1. UAV Sensing: In UAV sensing, the UAV first
moves to the location that is suitable for
sensing, and then hovers to perform data

sensing for the task.

2. UAV Transmission: In UAV transmission, the
UAV first moves to the area where the
communication constraints are satisfied, and
then transmits the sensory data to the BS.

tq

—iz— UAV sensing

- —— UAV-BS uplink
"
‘! ; o---» UAV trajectory

) II

A

AR
AP

Sensing target

Fig. 1. System model of cellular Internet of UAVs.

Sensing Transmission Data

flight flight updated
A One update cycle |

7 1 VA 777 R e

74 ¥ vy R N
| | f ty ! L - t
Fi Sk Sitwlte T Ti#N,

Data sensing Data
for one time transmission

UAYV transmission

UAV sensing

Fig. 2. UAV sensing and transmission procedures.

S. Zhang, H. Zhang, Z. Han, H. V. Poor and L. Song, "Age of Information in a Cellular Internet of UAVs: Sensing and Communication Trade-Off Design," in IEEE Transactions on Wireless
Communications, vol. 19, no. 10, pp. 6578-6592, Oct. 2020, doi: 10.1109/TWC.2020.3004162.
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Wireless Power Transfer and Path

Planning for Precision Agriculture

* Charging Sensor Nodes (SNs) and
collecting sensing data using
UAVs. The problems of cluster
head (CH) election and path
planning are considered at the
same time to maximize charging
efficiency in a way that the
lifetime of SNs can be prolonged.

FIGURE 1. Network architecture.

W. -C. Chien, M. M. Hassan, A. Alsanad and G. Fortino, "UAV-Assisted Joint Wireless Power Transfer and Data Collection Mechanism for Sustainable Precision
Agriculture in 5G," in IEEE Micro, vol. 42, no. 1, pp. 25-32, 1 Jan.-Feb. 2022, doi: 10.1109/MM.2021.3122553.




UAS related Remote Sensing

Synthetic Aperture Radar (SAR)

— =t

systems carried by aerial platforms L7 sateliteimaging "~ .

using chirp or OFDM waveforms. ki o 2ot ~ i
Communication data can be , v
embedded into these waveforms, to : P i Cipebirebll
broadcast low-speed data streams Remote , = el

A radio sensing system and an sensing /i, \/, i)
emergency communication system \ A -4 7\
can be merged to achieve higher % | 7
energy and hardware efficiency s !

A swarm of drones can cooperatively . T

act as mobile antenna array

Fan Liu, Yuanhao Cui,Christos Masouros, Jie Xu,Tony Xiao Han, Yonina C. Eldar, Stefano Buzzi, "Integrated Sensing and Communications: Toward Dual-Functional Wireless Networks for 6G
and Beyond," IEEE Journal on Selected Areas in Communications, vol. 40 (6) June 2022

Connecting the Mobile World




Flying Radio Access Network (FRAN)

FRAN provides wireless connectivity
to ground users by aerial base
stations (BSs) that are mounted on
unmanned aerial vehicles (UAVs) or
balloons.

Flight Controller

Radio Measurements

. e
User-UAY, UAV-eNB links —» 0 UAV Optimal

Channel Models > Algorithm Position
User-UAV, UAV-eNB links ﬁ

User Location 3D Map
Figure 3: UAV placement algorithm. Figure 2: Custom-built UAV.

Propulsion System >

[EEE

R. Gangula, O. Esrafilian, D. Gesbert, C. Roux, F. Kaltenberger and R. Knopp, "Flying Rebots: First Results on an Autonomous UAV-Based LTE Relay Using Open B

Airinterface," 2018 IEEE SPAWC, Kalamata, Greece, 2018, pp. 1-5, doi: 10.1109/SPAWC.2018.8445947.
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REBOT: Relaying Robot

« Autonomous flight of an aerial 5G relay providing enhanced end-to-end 5G
connectivity to ground users from a terrestrial base station with an autonomous
placement algorithm.

« custom-built drone and a 5G base station based on OpenAirinterface. The
ground user carries a commercial 5G module (Quectel) terminal.

Video

R. Gangula, O. Esrafilian, D. Gesbert, C. Roux, F. Kaltenberger and R. Knopp, "Flying Rebots: First Results on an Autonomous UAV-Based LTE Relay Using Open
Airinterface," 2018 IEEE SPAWC, Kalamata, Greece, 2018, pp. 1-5, doi: 10.1109/SPAWC.2018.8445947.

Connecting the Mobile World


https://www.youtube.com/watch?v=nCRrDaX7ExY

Radar and Communication Systems
nspire Each Other

* Triggered by MIMO communication techniques, co-located MIMO radar
was proposed

* Joint Sensing and Communication schemes
» Sensing-centric design: combining chirp signals with phase-shift keying (PSK)
modulations
 Communication-centric design: Using OFDM waveform for sensing

* Convergence of the two technologies into systems and devices, that can
serve sensing and communication with a single transmission

* Integration Gain attained by the shared use of wireless resources for dual purposes
of S&C to alleviate duplication of transmissions, devices, and infrastructure

e Coordination Gain attained from the mutual assistance between S&C




Characteristics of a Sensing System

* Sensing Performance Metrics: Detection, Estimation, and Recognition

* Detection: Binary Hypothesis problem. Detection performance can be
measured by Probability of Detection, Probability of False Alarm.

» Estimation: Extracting distance/velocity/angle/quantity/size of the target(s).
Estimation performance can be measured by the Mean Squared Error (MSE)
and Cramér-Rao Bound (CRB)

* Recognition: Defining what the target object is. Performance is based on
recognition accuracy




Detection of UAS using mmWave Radar

Table 1: Radar Specifications

Parameters

Operating Frequency Band 76-81GHz
Operating Waveform FMCW
Transmitted Bandwidth 501MHz
Tx Power 12dBm
PRF 6KHz
Rx Noise Figure 15dB (77-81GHz)
Azimuth Coverage (3dB Beamwidth) + 28deg
Elevation Coverage (3dB Beamwidth) + 14deg
Probability of Detection (Pp) 0.9
Probability of False Alarm (Pg.) 10e-6

Table 2: UAS Specifications

Parameters

Diagonal Length 650mm
Max Range 2Km (LOS)
Max Speed 22m/s
Estimated RCS -20dBsm
Hovering Time 16mins
Operating Frequency 5.725-5.825GHz

Radar board was on the
Ground and the UAS was
flying.

The maximum detection
range observed in this test
scenario was 40m.
Experiments at Airfield in
Indian Institute of Science
Bangalore.

Veloaty (m!s)

13001'38.2"N 77033'47.8"E

o

Range vs Time Plot

l.

| UAS Receding
from RADAR

s&

False
Alarms

A

UAS Advancing
towards RADAR

oo O

e U — - -

1
200

L 1
600 800
Frame Number

400 1000

1200

-~ - -

- o

—

Velocity vs Time Plot
Positive Doppler (Approaching UAS)

e ;‘C\M\-/\\ —

-

\-\

Negative Doppler (Receding UAS)

200

400 600

Frame Number

800 1000

Peter Joseph Basil Morris and K.V.S Hari, “Detection and Localisation of Unmanned Aircraft Systems (UAS) using Millimeter Wave (mmWave) Automotive RADAR

Sensors,” |EEE Sensors Letters, vol.5,No.6. June 2021.

1200

Fig. 3: Target Detections (Advancing and Receding UAS)
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Micro-Doppler Characteristics of UAS
using mmWave Radar

Spectrogram of Body Doppler and Micro-Doppler Returns
3

Spectregram of Body Deppler and Micro-Doppler Retunns
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Fig. 4: Range-Doppler Map with UAS Trajectory Fig. 8 Micro-Doppler Signatures From Spectrogram

Peter Joseph Basil Morris and K.V.S Hari, “Detection and Localisation of Unmanned Aircraft Systems (UAS) using Millimeter Wave (mmWave) Automotive RADAR
Sensors,” IEEE Sensors Letters, vol.5,No.6. June 2021.




Object Classification using
Micro-Doppler Signature of UAS
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Fig. 3. Micro-Doppler with 1 Hz (left), 2 Hz (right) flapping frequency Fig. 5. Micro-Doppler Spectrogram of the UAV with Blade length 6m and
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TABLE I sm TABLE I
ACCURACIES IN PERCENTAGE FOR 3 BIRDS,WITH FLAPPING FREQUENCIES ACCURACIES IN PERCENTAGE FOR UAVS
1 Hz, 2Hz, 1.5HZ
Classifier Number of Pulses
Classifier Number of Pulses Name 5000 6000 8000
Name 4000 | 6000 7000 | 10000

SVM(Gaussian) | 76.50 12.7 73.01 73.63 SVM(I‘bf) 82 86.87 95.89
KRNN(K=3) | 7445 | 703 | 7067 | 724 K-NN(K=5) | 80.08 | 82.45 | 90.76

We consider two UAVs with rotors whose rotation rate is 4 rad/s and having blade lengths 6 m and 8m respectively. Both two-rotor
systems are 1m wide. The operating frequency of the Radar is 5 GHz.

Titas Ghoshal, K.V.S. Hari, “Object Classification Using Micro-Doppler Signature And Clutter Suppression In MIMO Radar,” IEEE CONECCT, 2022.
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Characteristics of Communication Sys

 Communication performance: Efficiency and Reliability

 Efficiency: how much information is successfully delivered from the
transmitter to the receiver, given limited available resources. Spectral
efficiency (bit/s/Hz), energy efficiency, (bit/s/Joule), channel capacity,
coverage, and the maximum number of served users are some metrics.

* Reliability: ability of a communication system to reduce or even to correct
erroneous information bits. Commonly used metrics include the outage
probability, bit error rate (BER), symbol error rate (SER) and frame error rate
(FER).




Information Theoretic Limits for
Sensing & Communication Systems

d

d snr

I (sur) = %MMSE (snr) . (1)

That is, the derivative of the mutual information with respect
to snr is equal to half of the MMSE regardless of the input
statistics.

EEE

Dongning Guo, S. Shamai and S. Verdu, "Mutual information and minimum mean-square error in Gaussian channels," in IEEE Transactions on Information Theory, vol. 51, no. 4, pp. 1261- =
1282, April 2005, doi: 10.1109/TIT.2005.844072.
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Tradeoff Between Capacity Metrics of
Sensing and Communication

Each resolution unit can be considered as a binary information storage
: unit. Sensing capacity of an N; antenna pulsed radar

8| 8 ] @
R HE Cr = log N,.
Al & } Delay N o Dinax 7t PRF (20)
) Range gates . Ys‘\@ ’ A D AO AfD .'
Resolution Unit and | "0" target absent where AD, A#, and Afp stand for the range resolution,
Information Bit "1", target present . .
angular resolution, and Doppler resolution of the radar, and
Dpax and PRFE denote the maximum detectable range and
e the pulse repetition frequency (PRF), respectively.
g § ® 1 2
R 1 AD=-—, Afp=—, A0~ —, 21
I g o A= N, (21)
ug;' & fime where B is the bandwidth, and T; represents the dwell time,
$
Symbols

Fig. 6. Radar sensing resolution unit.

Fan Liu, Yuanhao Cui,Christos Masouros, Jie Xu,Tony Xiao Han, Yonina C. Eldar, Stefano Buzzi, "Integrated Sensing and Communications: Toward Dual-Functional Wireless Networks for 6G Connecting the Mobile World
and Beyond," IEEE Journal on Selected Areas in Communications, vol. 40 (6) June 2022



MIMO-OFDM Radar and Communication
Systems

J. A. Zhang et al., "An Overview of Signal Processing Techniques for Joint Communication and Radar Sensing,"
in IEEE Journal of Selected Topics in Signal Processing, vol. 15, no. 6, pp. 1295-1315, Nov. 2021, doi:

10.1109/JSTSP.2021.3113120.




OFDM - Recap
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MIMO OFDM Communication System-
Recap

e




MIMO OFDM Communication System-
Recap

MIMO
WIRELESS

CHANNEL




MIMO OFDM Radar System- Recap

Transmitter/Receiver
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nction Radar
RC) System

MIMO-OFDM Dual Fu
Communication (D
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Communication User

0t*antenna 1" antenna (L — 1) antenna
Wavetom Add CP and Add CP and Add CP and
; D/A D/A D/A ‘ ‘
generation converter | seesessesseen onverter | s dofiiarar Assuming the first L
; Y sub-carriers are private
— private sub-carrier
fe (1 f fL,‘\lfL fo-1 foh fi fisify fom fehf fisafy fot -
Ry T L DFT /3 kS Nz IXN L, IDFT carrying data
I’ K‘ \\(, \‘ f II II \V\/\/ N\f III \\X \‘ ........ o Unused priVatE
P 11 \ \ Ly 3
e T ) Is(_u‘ll _______________________ Is_(y'_L:_l.), sub-carrier
: I I —— shared sub-carrier
i i i 1 i
| Modulation R —_ Modulation Modulation ! carrying data
\|  order - order order !
| for communication :
| 1
! 1
! Information bits Information bits Information bits ;

s(u,1) is a vector of transmitted symbols on all sub-carriers for u** OFDM symbol and I™* transmit antenna
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Fig. 2. Target estimation with private subcarriers in an SS-OFDM DFRC

SySIClﬂ.

IMO Shared Subcarriers-OFDM (SS-
-DM) System

Transmits OFDM waveforms, where the
subcarriers are marked as shared or
private by allowing antennas to
simultaneously transmit on all shared
subcarriers. The private subcarriers are
made available to the transmit antennas to
transmit in an exclusive fashion.

Flexibly trades off communication rate for
improved target estimation performance
by controlling the number of private
subcarriers.

Z. Xu and A. Petropulu, "A Bandwidth Efficient Dual-Function Radar Communication System Based on a MIMO Radar Using OFDM Waveforms," in IEEE Transactions on Signal Processing, vol. 71, pp. 401-

416, 2023, doi: 10.1109/TSP.2023.3241779.

EE

m
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Parameter Estimation in MIMO-OFDM
DFRC System

Received symbol matrix

N, Subcarriers
g Coarse Angle
é DFT DOA estimation:
(V] ® .
o : 2 : : ; X
'§ Cross-correlatio — jm Fourier Analysis across ~ K
g === basgd range y(g,u,m) = Z arA(k, g, u)e “ 771 the spatial domain —’{ek}k=1
o estimation k=1
LE R R
o L O o L
0, | _ ARz Similarly, Fourier Transform of sequences across the sub-carrier
. domain will provide Range estimates and Fourier transform
3 . . . g
L% 0 e S A , /\_AR4 across symbols will give velocity estimates
Angle Profiles Range Profiles

Fig. 1. Estimation of angle and range in one OFDM symbol.

Z. Xu and A. Petropulu, "A Bandwidth Efficient Dual-Function Radar Communication System Based on a MIMO Radar Using OFDM Waveforms," in IEEE Transactions on Signal Processing, vol. 71, pp. 401- %

416, 2023, doi: 10.1109/TSP.2023.3241779.
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Subspace Methods vs Fourier Transform
Methods

* For a data model having a sum of i R gL G e e
exponentials |
* Fourier Transform methods do not z |
perform well if the frequencies are gl
very close -
* Subspace methods like ESPRIT, My | |
MUSIC, Root-MUSIC perform well [

* Subspace methods require a
certain structure in the data
model

Fig. 2: lllustration where FT method is unable to identify the true peaks and consequently the DOAs of the targets




Proposed Subspace Approach to
Estimate Range, Velocity and Direction

e Subspace Approach has been primarily used to estimate temporal
frequencies or spatial frequencies (Directions of Arrival)

* Range and Velocity are estimated using the estimated Direction via
the Fourier Transform approach

* Novel waveform design to enable subspace approach for estimating
range and velocity also implying that estimation accuracy can be
improved significantly!

Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023




Data Model for a MIMO OFDM DFRC
System

e For K targets, the received symbols in the frequency domain are given by [1]:

K L-1
y(g,u,m)=) ax |} s(g,u,l)exp <_f27tld5in9k(fc +fN)) (1)
k=1 [=0

2Dy

(fe +gAf)> exp (—j27rgAf—) exp(jQJtqukd)

C

X exp (—j27tmdsin 0 -

6x- DOA of the k™ target; Dy- range of the k™ target; f,%- Doppler frequency of the k™ target

g is the gth subcarrier in the OFDM Symbol; u is the Uth OFDM Symbol; m is the mth antenna
g=1,..G; u=1,..U; m=1,..M

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023

Z. Xu and A. Petropulu, "A Bandwidth Efficient Dual-Function Radar Communication System Based on a MIMO Radar Using OFDM Waveforms," in IEEE Transactions on Signal Processing, vol. 71, pp. 401- %

416, 2023, doi: 10.1109/TSP.2023.3241779.
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Insights for Range

e For K targets, the received symbols in the frequency domain are given by [1]:

y(g,u,m)= f: Ol [Lil s(g,u,l)exp (—j27rldsin 0k (fe +gAf) >] (1)
k=1 |I=0 ¢

(fc +CgAf))

X exp (—j27rmdsin 0k exp (—j27rgAf2Dk ) exp(an'qukd)

C

6k~ DOA of the k™ target; Di- range of the k™ target; f7- Doppler frequency of the k™ target

The target range introduces a phase shift in the expression of the received signal, y(g, u,m) in the frequency
domain, i.e., dCross §g.

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Insights for Velocity

e For K targets, the received symbols in the frequency domain are given by [1]:

y(g,u,m)= f O [Lil s(g,u,l)exp (—j27rldsin 0k (fe +gAf) >] (1)
k=1 |i=0 ¢

(fc + gAf)
c

X exp (—j27rmdsin P ) exp (—j27tgAfﬂ) exp(j27tqukd)

C

8x- DOA of the k™ target; Di- range of the k™ target; £7- Doppler frequency of the k™ target

The Doppler frequency or the velocity of the target introduces a progressive phase shift in the expression of
the received signal, y(g, u,m) along the time domain, i.e., anng u.

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Insights from data model

e For K targets, the received symbols in the frequency domain are given by [1]:

y(g,u,m)= f: Ol [Lil s(g,u,l)exp (—j27rldsin 0k (fe +gAf) )] (1)
k=1 |i=0 ¢

(fc +fAf))

X exp (—j27tmdsin 0k exp (—j27tgAf%) exp(j27tqukd)

6x- DOA of the k™ target; Di- range of the k™ target; f7- Doppler frequency of the k™ target

For a fixed sub-carrier and a fixed OFDM symbol, the DOA of the target introduces a progressive phase shift in

the expression of the received signal, y(g, u,m) along the antennas in the spatial domain, i.e., along m.

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Novel Subspace Approach
for Estimating Range

To estimate the range, the equation (7) can be rewritten as follows:

y(g,u,m) = a},(9)¥(g,u,m)Af (9)s(g,u) + 1(g,u, m) (20)

where ap(g) is given by:

T
ap(g) = [exp(—j27rgA f3EL) .. exp(—j2mgA f”%)] (21)
In addition, the matrix ¥(g,u,m) is defined by:
Y(g,u,m) = (22)

diag [al exp (72muT f) exp(—jmwi(g)) ... ak exp(j2muT fi) exp(—jmwk (g))]

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Proposed Waveform Design for Range

Assumption 1: Let us approximate f, by f. ¥g =0,1,--- ,G — 1. This approx-

imation is valid as Af << f, for any ¢. In that case, ¥(g,u, m) and Ag(g) no
longer depend on g.

Assumption 2: For a fixed transmit antenna [, the data symbols transmitted on

a fixed OFDM symbol u are assumed to be the same for all the sub-carriers
for the subspace methods to be applicable. Mathematically, this means for
[=0,1,---,L—1and u=0,1,--- ,U — 1:

s(0,u,l) =s(1l,u,l)---=s(G—1,u,l) (23)

The vector s(g,u) is hence the same for all values of g and can be represented

as s(u).

[EEE
=

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Estimating Range

Rp(u,m) =~ o, Ap(G)¥(u,m)Ag AgT" (u,m)AD(G) + 0. lc

The matrices ¥(u,m), Ap(G) and Ay have consequently

a full rank, equal to K. The signal subspace associated with the correlation
matrix equal to 02Ap(G)¥(u,m)A} AT (u,m)AH(G) is of dimension K.

Therefore, the subspace methods like MUSIC , Root-MUSIC and ESPRIT are applicable to estimate the DOA of K
targets from the full rank correlation matrix Ry(u,m).

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Novel Subspace Approach
for Estimating Velocity

To estimate the target velocity, the equation (7) is written as:
y(g,u,m) = a, (w)x (g, m)Ags(g,u) + n(g,u, m) (30)
where a,(u) is given by:

T
av(u)=[exp(j27rqu{1) exp(j?quf}i)] (31)

Given wy whose expression is given in (11), the matrix x (g, m) is defined as:

x(g,m) = (32)

diag a1 exp(—j2mgA f22L) exp (—jmuwi(g)) ... ox exp(—j2mgA f22E ) exp (—jmwr (9))]

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Waveform Design to Estimate Velocity

In the following, let us look at the assumption one could make to use subspace

methods to estimate the velocity.

Assumption: For a fixed transmit antenna [, the data symbols transmitted on

a fixed sub-carrier frequency f; are assumed to be the same during all OFDM

symbols for the subspace methods to be applicable. Mathematically, this means
forl=0,1,---,L—1and ¢g=0,1,--- ,G —1:

s(g,0,1) =s(g,1,1)---=s(g,U — 1,1) (33)

E

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023
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Estimating Velocity

R.(g,m) = 07A.(U)x(g, m)A§ Asx" (g,m)A) (U) + o071y

linearly independent. The matrices x (g, m), A,(U) and Ay have consequently a

full rank, equal to K. The signal subspace associated with the correlation matrix

equal to 02A,(U)x(g,m)A} A;x" (g,m)AH(U) is of dimension K. Therefore,

Therefore, the subspace methods like MUSIC , Root-MUSIC and ESPRIT are applicable to estimate the DOA
of K targets from the full rank correlation matrix R (g, m).

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing,
March 2023

Connecting the Mobile World



Estimating Direction

For example, the received data over the ¢*® sub-carrier related to the

u'™ OFDM symbol is stacked over the M antennas results in:

T
¥(9:w) = [y(g,u,0) -~ ylg,u,M—1)] (8)

y(g,u) = Ag(g, M)®(g,u)Aj (9, L)s(g,u) + n(g,u)
Ro(g,u) = Ely(g,u)y"” (g,u)] (17)
= Ay(9)®(g,u) A7 (9)Ra(g,u)A7(9)®" (9,u)Afl (9) + o21u

Therefore, the subspace methods like MUSIC , Root-MUSIC and ESPRIT are applicable to estimate the DOA of
K targets from the full rank correlation matrix Ry(g, u). o

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023




Parameters Symbols Parameters Symbols

Number of transmit antennas L Velocity of the k** target Uk

Index of the transmit antenna 1=0,..,L-1 Doppler frequency of the k*" target  fg

Number of receive antennas M Constellation order for modulation B

Index of the receive antenna m=0,...,M — 1 || Number of sub-carriers G

Distance between two consecutive p Index of the sub-carrier 0=0...G 1
transmit /receive antennas

Number of targets K Number of OFDM symbols U

Index of the target k=1,..,.K Index of the OFDM symbol u=20,.U-1
DOA of the k" target 0 Duration of the OFDM symbol T

Range of the k*" target Dy Duration of the cyelie prefix Tep

Table 1: System parameters and the corresponding notations
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Potential approaches that
Index Assumption on transmitted data Interpretation can be used to estimate
DOA-range-velocity
The transmitted data are different over all SSTLS-TLS ( od)
Data Model 1 No assumption on s(g, u,[)Vg,u and [ sub-carriers, OFDM symbols and antennas. propes
FT-FT-FT [19]
All sub-carriers are shared.
SS-SS-TLS (proposed)
s(0,u,l) =8(1,u,l)--- = 3(G - 1,u,l) The transmitted data are the same over all
Data Model 2 SS-TLS-TLS (proposed)
Yu and [ sub-carriers. All sub-carriers are shared.
FT-FT-FT [19]
(9.0,1) = (g, 1,1)--- = s(g, U — 1,1) Th itted data are the all SS-TLS5S (proposed)
,0,1) = s(g,1,1)--- = 8(q,U — 1, transm
Modl 3 s(g,0, g, 1, 8 e it are the same over SSTLSTLS (propased)
Yg and [ OFDM symbols. All sub-carriers are shared.
FT-FT-FT [19]
SS-SS-SS (proposed)
s5(0,u,l) =&(1,ul)--- = 3(G - 1,u,l) The transmitted data are the same over all SS-SS-TLS (proposed)
Data Model 4 = 5(g,0,1) = 8(g,1,1)--- = s(g. U — 1,1) sub-carriers and all OFDM symbols. SS-TLS-SS (proposed)
Vg, u, and [ All sub-carriers are shared. SS-TLS-TLS (proposed)
FT-FT-FT [19]
Let G be the set of private sub-carriers. For g € G, A set of L sub-carriers among G sub-carriers Lesso-FT-FT [19]
Model & s(g.u, 1) # 0 if the g** sub-carrier is paired to are private while remaining sub-carriers FT-FT-FT [19]
Dm 2
the [** transmit antenna. Otherwise, s{g,u,l) = 0. are shared. Data transmitted over all sub-carriers, SS-TLS-SS (proposed)
For g ¢ G, no assumption on s(g, u, [)Vuandl. OFDM symbols and transmit antennas are different. | SS-TLS-TLS (proposed)

Table 2: Assumptions on the transmitted data and corresponding usable approaches among

the proposed and the existing approaches.
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DOA, range and velocity estimates at ($NR1 .SNRZ) = (20.00, 20.00)dB
True targets are at (39.32°,153.73 m, 31.72 m/s), (49.32°,903.73 m, 81.72 m/s)

SS-SS-SS SS-SS-TLS SS-TLS-SS
— 100 - 100 — 100
[ : [ W
E g0 [ E g0, * € go *
£ & £
. 60 > 60 > 60
E 40 | E 40 | 3 40
- - =% S
1000 o = 1000 _ = = 1000 ¥
e 40 i 40 e 40

Range (inm) ¢ 3 Range (in m) 0 30 Range (inm) 0 30

DOA (in °) DOA (in ©) DOA (in %)

SS-TLS-TLS FT-FT-FT
7 100 7 100 [
E g0, * E g0 R * Est 1 target position
& E Estz'”targetposiﬁm
%‘ B %‘ B * 1% target true positicn
2 40 £ 9 . * 2™ target true position |
1000 " - 1000 < >
500 S 50 500 ~~——— 20 650

40 40
Range (nm) ¢ 3@ Range (inm)? 30

DOA (in ©) DOA (in )

Figure 3: DOA, range and velocity estimates from SS-SS-SS, SS-SS-TLS, SS-TLS-SS,
SS-TLS-TLS and FT-FT-FT based on data model 4 for 100 trials and 10 snapshots at
(SNR1,SNR2) = (20,20) dB. True targets parameters are (39.32°,153.73m, 31.72m/s) and
(49.329,903.73m,81.72m/s) IEEE

[1] Bhogavalli Satwika, K.V.S. Hari, Eric Grivel, Vincent Corretja, “Estimating the target parameters based on MIMO OFDM DFRC system using subspace methods,” EURASIP Signal Processing, March 2023 ot e tad e orsd



summary

e Sharing the spectrum and hardware is critical for efficient use of
resources

* Estimating the position and other relevant parameters of UAS is
critical for joint sensing and communication networks




Open Problems to be addressed

* Correlation Model Between S&C Channels for sensing-assisted
communication designs

e Quantitative Description of Coordination Gain

* [SAC Frame Protocol Design for unified ISAC waveforms or beams

* Joint Resource Allocation, Waveform, and Deployment/ Trajectory Design
* Coordinated Interference Management

* Cooperative ISAC

* |RS-assisted UAV-enabled ISAC

* Secure UAV ISAC

* Al for UAV ISAC Design
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