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Courtesy: For All Mankind (SO2E01)
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Solar flare that size, we're gonna have interference Let's alert the FCC
there's a good chance across the broadcast spectrum. and get them ready for that.
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Courtesy: The Tomorrow War (2021)
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Wireless Communications Trends
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How to Meet Demand in Current Landscape!?

Measure for Throughput : Shannon formula as a guide

C =nWlog(1l+ SINR)

Higher the better = Linear dependence

Depends on spectrum allocation
Bandwidth W

Natural resource, scarce
Not everything is useful, expensive
Maximize the spectral efficiency bits/sec/ Hz

Spectrum range for future radio access

The essential

The complementary
Centimetric range

Sub-THz range
I . I

1GHz 3GHz 10 GHz 30 GHz 100 GHz 300 GHz

M Current 5G spectrum range M Possible new 6G spectrum range

Ehe New Aork Eimes

PLAN TO REALLOCATE PART OF
RADIO BAND DISPUTED

By Reginald Stuart, Special To the New York Times
luly 6, 1986

€he New York Times

Carriers Warn of Crisis in Mobile

Spectrum

Wireless companies say that smartphones are threatening to overwhelm their
networks, and are asking the government for help. But some experts maintain that
technology already has the answers.

£ oremisatice A []

By Brian X. Chen

April 17, 2012

AT&T, Verizon, T-Mobile and Sprint say they need more radio
spectrum, the government-rationed slices of radio waves that carry
phone calls and wireless data.

-,,,,,,"1“2"1"":""

sgnm
— T
Wealth

Billionaires Musk, Ergen and Dell Brawling
Over Spectrum at FCC

By Todd Shields + Follow
October 9, 2021, 8:45 AM EDT

» Disagreement on whether service would foul SpaceX signals




Sensor-Driven Vehicles

Tesla Enhanced Autopilot

Vernetzung der Sensoren und Kameras
Topology of the sensors and cameras Mid-Range-Radar
0717 Frontkamera Gateway hinten rechts

Frontcomen Mid range radar rear right Advanced Sensor Coverage

Sensor fiir Fahrerverfigbarkeit —
Sensor for driver availability
Umgebungskamera
Aussenspiegel (li/re) Umgebungskamera
Left / right side hinten
360° enviranment camera Rear 360°
enviranment camera

Mid-Range-Radar

vorne rechts

Mid range radar p Z >
Mid-Range-Radar
front righ
ront right hinten links
Mid range radar
rear left
/‘, LR 9 Forward , Narrow, Side and
Cameras
Lang.n;:g.; v il sechs Ultraschallsensoren 360 Degree of Visibility
a inten 1
Long range radar Six rear ultra sonic sensors

Umgebungs-

Laserscanner

Laser scanner

sechs Ultraschallsensoren vorn —| Semi-Autonomous Self Driving
Six front

Mid-1

HERTZWELL

LIDAR

CAMERAS

ARTIFICIAL
INTELLIGENCE

RADAR
ULTRASONIC

©)

©. Audi, https://www.autonomousvehicletech.com/articles/136-the-new-audi-a8-reaches-level-3
© 2. Qualcomm, Tesla, Audi, https://www.texas.aaa.com/automotive/advocacy/self-driving-cars-autonomous-vehicles-explained.html
© 3. Hertzwell © 4. Owners, graphic from web



https://www.texas.aaa.com/automotive/advocacy/self-driving-cars-autonomous-vehicles-explained.html

Automotive Sensors

Parameter

Nature Active

Range Mid-range

& Upto 250m Upto 100m
Descent * Good

Accurac e 01m, e 0.02m

¥ e +0.1m/s * 0.1deg

H/V-FOV 30/50 e 360deg H-FOV

Robust to harsh
conditions

* Detecting Doppler

* Low cost

* Lack of semantic

information

* High Accuracy
* 3D Mapping
* High cost

Observations

Camera

Passive

Near range
Upto 15-20m

Good
* Recognition at 15m

* Semantic information

* Poor performance in adverse
weather, night

* No Doppler information

10



In Addition, Modern Cars are

Software-Managed i ; ... and Connected'

Connected Car & Digital Business &

Device Platform Automated bility Services In-Veh?
Volkswagen Intelligent Driving Vehicle Motion Vi

Sroup Body & Cockpit Audi & Energy

Audi Porsche

G oo WS o e

Transform multiple A One SW-Stack, cross- Defini#* L D
Backends into One Development of a cross- branded approach for Development and delivery expe”
Volkswagen Automotive brand, standardized cockpit Autonomous Driving/Parking of powertrain, chassis and _C]
Cloud and body platform and Driver Assistance energy/charging softwar~

for all future E/E- Systems, scalable from functions, locate” D
e ek St NCAP to Level 3 and beyond high per*

nfotainment Body Electronics

“One Infotainment Platform”

Performance Example App

Uncompressed ALY

(Level 3-4 Autonol 5 LTE-V-Cell
" _ss technologies (PRITEV-Cel
12Gby Advanced Infotainmen¥ -~ .
ps Sensor Data (e.g. 4K viQ DSRC - :\ P gt e P
R, VY R
\/ "471'(6?\ ,/l

/ (R . .
. \ ! 3
Infotainment e _/ CO T, By ’.---.\_C_:_::_.(_i/_/_.
= AramarToe e le -~ o >

Legacy Entertainment Systems
Dashboard/ Touch Screens

(e.g. full HD video) ~ " ATE-V-Direct ~ = = - = "LTE-V-Direct =

In-vehicle Networks
(e.g. Apps, Traffic, Vehicle Health Report)

n Safety .J: Infotainment In-vehicle networks




IEEE Spectrum Allocation
2022 THE CONVERSATION

US A"‘“nes Beg|n Academic rigor, journalistic flair
InstaIIing 5G C-Band Radio interference from satellites is

Filter for Radio threatening astronomy - a
proposed zone for testing new

Modern radar/comms operate in an increasingly crowded RF spectrum

ﬁl;izrgeters on Airbus technologies could head off
. . o o S ors
Radars need to use full bandwidth and undertake continuous transmissions |EEG_G_—S N the problem A
e ety B Christopher Gordon De Pree

| ¥ 2
Deputy Electromagnetic
Spectrum Manager, National

Radio Astronomy Observatory

1‘
a Christopher R. Anderson
. Associate Professor of Electrical
Engineering, United States Naval

IEEE Radar VHF/UHF Ku, K, Ka,V, e

band [30 MHz -1 w
GHz] [12-300 GHz]

Academy

Mariya Zheleva

Examples of FOPEN ARSR ASR, TDWR CASA Automotive Aesant oo oo
radar usage NEXRAD radars, cloud State Univerly of New York
radars
Co-existing TV/broadcast/ WiMAX, LTE 802.11a/ LTE 802.11ad,
comms 802.11ah/f JTIDS ac mmwave
comm

THE THREAT TO WEATHER RADARS
2016 gy WIRELESS TECHNOLOGY

JULYLIDIB | JGURNAL ARTX

Welcome to the 2nd V

o —
Workshop on
ENHANCING ACCESS i
Workahop 1o tHe RADIO SPECTRUM -

OCTOBER 19 - 20, 2015 Platforms for Advanced
Wireless Research

TN N
] §Z RFDATA
Moh?odio FAGTU HY

Shared Spectrum Access for Radar and
Communications (SSPARC)

Sponsored by the National Science Foundation

|

Spectrum and Wireless Innovation

enabled by Future Technologies (SWIFT)

Dynamic Zone




Integrated Sensing and Communications (ISAC) Topologies

Unshared

Shared

COEXISTENCE
>l

BS

CO-DESIGN

< Radar Tx
Common Rx

Communications Tx

Joint Multiple Access

T
N 45

= a X
Monostatic JRC Broadcast

CO-DESIGN

Bi-static JRC Broadcast
(or in-band full duplex without a common waveform)

Unshared

Shared




More ISAC Topologies

& ¢
& . .
& . .
& ¢

Performance/Functionality Specialized

2
® ¢ 0

L R R 2 2 2
L R 2



Motivation & Challenges

Outline .

. Automotive JRC, Full-Duplex ISAC, Learning

Spectral Co-Design

Opportunistic ISAC ‘ Wi-Fi Protocol for Radar, Weather Sensing

‘ Dual-Blind Deconvolution

Spectral Co-
Existence



Courtesy: Citadel (SOI1E06)
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It'll be on the sail
by the antenna array.

Spectral Co-Design
Automotive JRC



Monostatic and Bi-Static Systems

Monostatic Bi-static

- -
- iy

Bi-static radar exploits bounced-off Tx signals from other vehicles .- .

’’’’’ -
-

..... Ry + Ry < 2R

. ~

Extends sensing area to NLOS w.r.t. Rx

Communications is more susceptible to interference from
surroundings than the direct path

Bi-static system is more general




Two waveforms for mm-Wave JRC

e PMCW
— Viable alternative to FMCW for high-res radars
— No linear frequency ramp (and simpler on-chip implementations) for range estimation
— Sharp, thumbtack ambiguity function; MIMO radar in code domain; embedded comms

* OFDMA
— Differentiates users in both time and frequency (unlike OFDM in time-only)
— Stable performance in multipath fading and relative simple synchronization
— High dynamic range and efficient receiver processing based on FFT

e Question: F

o
; :
3 E=) ~ —  OFDMA-JRC
a a 1 [ ') 'nl \ it 1
£ £ 10 ‘ )nﬂw‘”. th Ll
"\{ b‘ﬂ i i ) 4
(I ) ;m;ui Il
102 i

-2000 -1500 -1000 -500 0 500 1000 1500 2000
Doppler Shift (Hz)

o “.\ﬁ‘\,’l"}"ﬁl /)
1 bl M;;'}:““NF‘ I;ﬂ,‘h ‘.'.E ‘\i“'li
ik
102 10 1 I W

-0.08 -006 -004 -0.02 0 002 004 006 008
Delay (s)

Amplitude (dB)
Amplitude

Doppler Shift (Hz) Delay (s)



T
mm-Wave Tx-Rx Design

Rador Waveform ° PMCW-JRC MULTIPLEXING
Generator | s I Coarse Communications
P Symbol Super-resolved
. arameter ymbol L
| — — Lo Estimation
@ 2 E Estimation Removal
C ications Bit ! & g g
ommunications Bi °
Sequence Generator Modulator ! b~} g % &
' HANE _ I g
| £l E »| Wireless [ 2 5 (0 g
‘s 1 & Channel > A
Digital Radar 5 2 3
‘Waveform - ¥ I = 3 &
Generator § Eg — &
i
L 2 5 LO
E é E x| x. X Equalizer Demlgdlllatmr and Bit Decoder
Modulated ER:) g P e — | etector
Communications Bit 25 § : E3
Sequence Generator Fruaiion i
“Time Domain

OFDMA-JRC MULTIPLEXING

ITTER RECE
* Multiplexing strategy required to enhance waveform identifiability

* The receive processing consists of coarse and super-resolution steps
e JRC super-resolution algorithm has lower complexity than 2D-FFT and 2D-MUSIC



mm-Wave JRC Performance

. |
w
v
2
o
| =4
o
o
OFDMA-JRC
2
1° 10l 0 10 20

Full N, (Perfect) - FuIIN c (Imperfect)
10°

PMCW-JRC

Doppler RMSE

-1
008 10° 10° 102 5 0 s 10 15 20
BER SNR

* A comparison of estimation errors in the coupled parameter - range for OFDMA-JRC and

Doppler for PMCW-JRC

When SNR is above a threshold, re-estimating coupled parameter using all subcarriers
after comm removal enhances the recovery

At low SNR, radar-only frames/carriers are a more optimal choice




Courtesy: Citadel (SOIE06)
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Spectral Co-Design
Distributed IBFD ISAC



Distributed ISAC Considerations

Challenge: Future networks will be more decentralized and edge-focused

Current research devoted to colocated/centralized ISAC

682732
. paet
i
I “‘ 546221
o
¥
- 1409710
o
273199
136689
£\ transmitter
O receiver

[
x-axis (km)

Statistical Design

Multiple targets

N
ccte
;
e
> 2 a
e )
N5 [ 1]
)
ot s

Synchronization

-1
L)

.

FE .
/
JEE () ————. Phasedarray radar
Colocated MIMO radar
BS
]
. user
&l EI
! user
Mechanical scanning radar

Architectures

Data Association Duplexing



Statistical/Distributed Co-Design MRMC

——
t”’ ~
) N
’
# Cellular coverage \\
/ of the BS MIMO rad
. rada
( | th Rx ’
MIMO! radar ; r r 4
thepx  clutte ,/

Target RCS is not identical for all Tx-Rx pairs; modeled statistically § Radars work in cooperation with the downlink-reflected signal

IBFD MU-MIMO comms transmit while receiving target echoes Determine a common metric for both radar and comms
Compounded and weighted sum mutual information as metric Practical constraints: power budget, QoS, and PAR

* J. Liu, K. V. Mishra and M. Saquib, “Co-Designing Statistical MIMO Radar and In-band Full-Duplex Multi-User MIMO Communications," arxiv preprint 2020.




Spectral Codesign System model

Transmit Signal Model

. . sem, O Wxe®  [xwi )
Observation Window i Bx0 O |

UL Frame 1— -—UL Frame k—- -—UL Frame K—- !
ULUEiIIIIIIIIIIIIIII:;'IIIIIIIIIIIIII;"IIIIIIIIIIIII
~—DL Frame 1—- ~—DL Frame k—! ~—DL Frame K—,
BS Tx ___ _ _
: : L _radar CPl——! | '
MIMO radar) ! PRI 1 : ...: : PRI k : ! PRI K——
Tx m, ' b b ' _ :
0 GT, (k — DT; + GT, (K — DT, + GT, 7
UL UE i:x;(6) = Y50 Xico Puilk] dylk, 1 }iT(t— (kN + DT,) o T
/ "
Precoder of UL UE i Data stream‘;( Irr‘:‘:sen;iiltt:flse Smr (t) = Zlk<=_(} Am,. k ¢mr(t - kTT - GTp)

J K-1yN-1 .
BS Tx: XB (t) = Zj:l Zk;O Zl=_0 Pd,j [k]dWN + l)Tp) Radar Tx TM,;. code in the k-th PRI
|

Precoder of DL UE j Data stream for DL UE j
J. Liu, K. V. Mishra and M. Saquib, “Co-Designing Statistical MIMO Radar and In-band Full-Duplex Multi-User MIMO Communications," arxiv preprint 2020.



Spectral Codesign System model

~——UL Frame k——, [yslk. 1]
Composite Receive Signal Model [ : [ Jysglk, ]
"‘\ BS i W . yum’i [k, l]

I, \\
— [ yus k. 1]
*—UL symbol of interest n,p X t
YLu [k' l] = YU,i [k, l] + Yum,i [kr l] + YrB [k, l] + YBB [k, l] + ZB [k, l] : DL Frame k : . yr,j [k, l]
[]yu,lk. 1]

Receive Signal at BS Rx to decode UL UE i:

]

. I

Multiuser-interference FD Self-interference !
1

Receive Signal at DL UE j:
yvi [k 0 = ya [k 1+ Yam, [k 1 + yu Tk, 1+ vk, 1 + 24,i[k, 1]

UL interfering signal :

Receive Signal at radar Rx n,.:
Yn, [k]

- MIMO rad
= Vren, (K] + Yoo, [k] + Yoman, k] + Yun, [k] + Yen, k] + 2onr (k] (R ,
| 1NN TR N N [ (Y Y (Y T (O O T N | Y__g:,r.!r [k]
(k- DT, +GTp { CUT n, kT, +GTp {

Target reflected DL Multi-path

. UL signal Complex
signal propagated DL Gaussian Noise
signal Clutter signal NS,



Numerical Experiments

— — i i Random
Without Cooperatlon Proposed [RadarCode BD NSP Uniform

With Cooperation Matrix

5 10 15 20 10® 10 1072 10°
y P

J. Liu, K. V. Mishra and M. Saquib, “Co-Designing Statistical MIMO Radar and In-band Full-Duplex Multi-User MIMO Communications," arxiv preprint 2020.
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Spectral Co-Design
Learning for JRC Hybrid Beamforming
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When ML makes sense in ISAC?

Conventional engineering approach is not applicable because models stemming from
physics/mathematics/algorithms cannot be rigorously specified

Sufficiently large training data sets exhibiting all the variation in the observed data sets
available or can be created (e.g., using GANs)

Labeling of training data can be done with a reasonable effort

Need for Narrow Al with super-human performance, no need for broader intelligence
The task does not need explicit reasoning based on broader background knowledge.
No requirement of rigorous quantitative performance guarantees/explicit explanations
for how the result was found

Numerical simulations suffice instead of analytical optimality results
Learned phenomenon remains stationary to acquire large amount of training data




Deep learning examples in radar sensing

¢ Target classification using deep learning and HRRPs "

¢ Waveform classification using complex-valued and
real-valued NNs

¢ CNNs give better and more predictable performance
with less training data and smaller NN

Amplitude [dBsm]
s

3

15
CVNN F11 trainig set: 60 K RVNN RF12 trainig set: 60 K Range [m]

09 09

038 08
07 07

0.6 06

8 os 8 os
o <
04 04

03 03 <

02 variability of ACC 02 variability of ACC &

—e—mean ACC —e—mean ACC é

04 04 2

0 0 g
20 45 0 0 5 10 20 45 40 5 0 5 10 &
SNR [dB] SNR [dB]

¢ Analysis of micro-doppler signatures




Deep Learning Applications in Comms Physical Layer

DL can be used for various PHY applications.

T > = 7 . )
Ul Base Station Mobile Station Received
j Symbols
o o j T D
: . s5| | BE
s E SE c .9 2E
I :> gourlce | Chaqnel | Mogulatio 55 (_06 S ((‘¢9) < 35 % 8 .| Channel ——vPemodulatiol—- Chanr}el Sourt_:e [::>
oding Coding SiE E g Wireless = % S E mation| |, , Decoding Decoding
1
. 8 @ Channel =l @ 8 05
o) Q j s g '
t —— :
1
————————————— e B T S ek L L L L
_____________ p i
_________________________ 4 1 Gl DL L L

N
1
1
Learning-based Learning-based v Learning-based
Antenna Selection Beamforming 3 User Localization
- )
c%h,l,ﬂpgﬂ;:,?bg;m 4 ‘ i N, Mapping from Chann&l‘ DNN, Mapping from Channel DNN, Mapping from Channel Data
ol N : ! Data to Beamformers to User Locations

Elbir, Ahmet M. and Kumar Vijay Mishra. "Cognitive Learning-Aided Multi-Antenna Communications.”, IEEE Wireless Communications, in press.
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THz ISAC Hybrid Beamforming via Deep Learning

Nr,
Ay Oy
g2
5 2 i\
Y «— Antenna Array -
Ay
Qy Nr, User
/—»m»\ Equipment
./ Y
Analog and Baseband . ‘5
Processing
TT _Radar-comm ; Rad
k e “:,,‘ Equipment . Generated acar -
/ \) . Beams Targgts ~

Major Challanges in THz Hybrid Beamforming :

* High path loss: LoS-dominant with multiple NLoS channel
* Ultra-massive number of antennas: Group-of-subarrays (GoSA)
* Complexity: Deep-learning-based solutions

Elbir, Ahmet M., et al. "Terahertz-Band Joint Ultra-Massive MIMO Radar-Communications: Model-Based and Model-Free Hybrid Beamforming.”, IEEE
Journal of Selected Topics in Signal Processing, vol. 15, no. 6, pp. 1468-1483, Nov. 2021



THz ISAC Hybrid Beamforming via Deep Learning

Fully-connected Array-of-subarrays (AoSA) Group-of-subarrays (GoSA)

EPIID -

PR 1

{-Rpchain‘}% A :@-DJ 2 o {E /’—[>!2 1 _{Rmham :/—55@ 1
L1 s 1 =) N A A v ‘Y
. N/' i Q

. . .
S2 . . 82 82
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e | Baseband . e | Baseband . : e | Baseband
e |Beamformer . . o |Beamformer . e |Beamformer . .
SNg . S . SNg

1
v :
— | PR uE ﬂéQ
{RFC"*’"‘ y i ~RFChain.%/_[>12Nm‘ _{R,:Cham' : 1 N
T /’—DJNQ S g @ﬁ: 0
W

—  J\ H A% J
N : E ! ™ N
a RF 3 A NtQ b RF RF
C
( () Splitter 7 Phase Shifter O Combiner [> Power Amplifier Y Antenna
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. N N \/ v _ Nt N
hase shifters: TQNRE NQ (N = 3L) 1

Major Challanges in THz Hybrid Beamforming :
e High path loss: LoS-dominant with multiple NLoS channel

* Ultra-massive number of antennas: Group-of-subarrays (GoSA)
¢ Complexity: Deep-learning-based solutions

Elbir, Ahmet M., et al. "Terahertz-Band Joint Ultra-Massive MIMO Radar-Communications: Model-Based and Model-Free Hybrid Beamforming.”, IEEE
Journal of Selected Topics in Signal Processing, vol. 15, no. 6, pp. 1468-1483, Nov. 2021
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THz ISAC Hybrid Beamforming via Deep Learning

Communications

1
min — FroFunlml — Folm
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Elbir, Ahmet M., et al. "Terahertz-Band Joint Ultra-Massive MIMO Radar-Communications: Model-Based and Model-Free Hybrid Beamforrﬂing.”, IEEE

Journal of Selected Topics in Signal Processing, vol. 15, no. 6, pp. 1468-1483, Nov. 2021
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THz ISAC Hybrid Beamforming via Deep Learning

Array
output

FORC)

DeepMUSIC
1} 1}

Hybrid
Beamformer

FrrFgp (:j

J
]

fully-con. layer
fully-con. layer

E

Estimated
Radar Target
Directions

Elbir, Ahmet M., et al. "Terahertz-Band Joint Ultra-Massive MIMO Radar-Communications: Model-Based and Model-Free Hybrid Beamforming.”, IEEE
34

Journal of Selected Topics in Signal Processing, vol. 15, no. 6, pp. 1468-1483, Nov. 2021



THz ISAC Hybrid Beamforming via Deep Learning
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Elbir, Ahmet M., et al. "Terahertz-Band Joint Ultra-Massive MIMO Radar-Communications: Model-Based and Model-Free Hybrid Beamforming.”, IEEE
Journal of Selected Topics in Signal Processing, vol. 15, no. 6, pp. 1468-1483, Nov. 2021
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Opportunistic ISAC
Using Wi-Fi Protocol for Radar



802-1 lad-Based Joint Radar-Comms

 |EEE 802.11ad Wi-Fi standard enables high-
throughput (7 Gbps) at 60 GHz

— Very high rate (~GHz) ADCs - More power, space and

cost

— Can be exploited for a concurrent radar application

e Applications: parking assistance, lane change
assistance, object detection

A wi))):

Parameters

Current literature

Proposed radar

Range
Target model
Type of target
Golay sequence

Long range ( 200m)
Simple point targets
Static targets
Standard

Short range ( 40m)
Extended targets
Dynamic targets

Modified / Doppler resilient
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IEEE 802.1 lad Frame Structure
¢ Single Carrier PHYsical layer (SCPHY) encapsulates Golay sequences

Preamble |Header Data Beamfo.rmmg
Traning
STF CEF
Gu512 Gv512 -Gb128
Gb256 | Ga256 -Ga256 Gb256
-Gb128 |-Gal28| Gb128 -Gal28 -Gb128 Gal28 |-Gb128 -Gal28

¢ 802.1lad Golay sequences: Two 256-length or four 128-length pairs
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Golay Complementary Sequences (Golay Pairs)

4 Time-domain Property: Zero sidelobes

Gapn|[n] * Gan[—n] Gby([n] * Gby[—n] 2N §[n]
z:lua -I— E_lzg — :’21128
Lol v % B ow L
¢ Frequency-domain Property: Constant spectrum
|FCL]\TU{7”2 ‘Fbj\f[k”z 2N
-I_ — zzlua
0 64 |:§§x 192 256 0D 64 128 192

Index




Good Autocorrelation, but Doppler Resilience?

Good Low Range Enha%c:ec(laftatlc e Gl?;?ées 802.11ad good
Autocorrelation Sidelobes _larget quen for JRC?
Discrimination attractive

Ambiguity Function: AF(t,w) = [ x(t)x*(t — t)e/*Tdr

Dynamic
Scenarios

Doppler-Resilient FMICW Waveform

Good ACF in
both Is 802.11ad Preamble Doppler-Resilient ?

SO Gan[n] * Gan[—n] + Gon[n] * Gon[—n] = 2N5[r].
(Gan[n] * Gan[—n]) + (Gun[n] * Gon[—n]) e ¢ # 2NG[n]




Modification to 802.11ad Prouhet-Thou-Morse (PTM) (Pezeshki et al.,
2008) sequence to make the protocol

N Doppler-resilient
Prouhet-Thue-Morse (PTM)

Doppler Resilient

Preamble Sequence Modified Golay sequence
J o, ifp=0 if 4o = 0. {Gan[n], Gow[n]}
= TPl 2 =T if o = 1, {—Go,n[—n], Gan[—n]}
\ (=¥ if (p modulo 2) =1, J

Identical field width

PTM Sequence: [01] : Ga,n[n], Gon[n], — Gb,n[—n], Ga,n[—n]:

J > e (Gonlnl * Gon[—nl) = 1((Gr[n] * Gun[=n]) + (Ganln] * Gs.w[-n]))

p=0

+2((Go,n[n] * Gon[—n]) + (Gaw[n] * Ga,n[—n]))
= (2N + 2(2N))s[n] = 6N3[n].

Receiver operation _ _
unchanged = "
Target . Target
(20m, 10m/s) - (20m, 10m/s) 10
/ \
’ - -5
Range
Sidelobes ; I i
; Doppler Resilient ne
: Region
A. Pezeshki, A. R. Calderbank, W. Moran, and S. D. Howard, “Doppler resilient Golay complementary 0 e o 50 100-100 S n % o T

waveforms,” IEEE Transactions on Information Theory, 54(9), 4254-4266, 2008. velocity (m/s) velocity (m/s)



Extended Target Modeling (via PyBullet)

L@ |

Length 4.2m

D>
Width 2m

BICYCLE PEDESTRIAN

G. Duggal, S. Vishwakarma, K. V. Mishra and S. S. Ram, "Doppler-Resilient 802.11ad-Based Ultrashort Range Automotive Joint Radar-Communications System," IEEE Transactions on Aerospace and
Electronic Systems, vol. 56, no. 5, pp. 4035-4048, 2020.



Extended Target Modeling Results — Multiple Targets

Y-axis (m)

Velocity (m/s)

10 20
X-axis (m)

Range Sidelobes

Range Sidelobes

5 Car returns
'\ : y

Car returns = Human returns ;
\ \

Velocity (m/s)

£
=]
=3
c
o
o

N/
P
—la
Human returns

Car Returns .~

e

Human returns

Range (m)
Velocity (m's)

Car returns -~ : \
N

Human returns

velocity (m/s) time (s) time (s)




802.1 lad-Based UAV-Borne Radar

range (m)

" Direct 7

Ground reflected

time (s)

velocity (m/s)

time (5) time (s)
(@) (b) () (d)
40 3= 4 £ 40 1 a0 ¥ {
~ o | et | "= =
i ; ,1\1_»‘ CFs- L (& |
%[ Target returns - - _® S _sof ) | o
E S s | g - £ | - ‘ E
220 = Speckie noise { g2 = 220 ] gzni_ 1 E
© ™ 3 3 | o« = (4 '3 17 . i
10}~ Doppler based | : B 3 10 10} S l‘
" clutter S e Ta Ses] % 3 2 %y | - =
n[,v,,;._‘_jL,kf IS Q.‘JL_ XS = ° z = o - =]
E o 10 T [) 5 10 T 0 s 10 a0 o ] 10
Velocity (mis) Veloeity (mis) Velocty (mis) Velocity (m's)
(e) (f) (8) (h)

S

e |

Ground reflected

Velocity (mis)

Time (seconds) time (s)
(a) ) (c)
40 { aof 3 1‘ a0b
= . =LK A ] \l
Lireea e bl N=
20 —T& ?_E_su;» 3 Esn; 2
Targetreturns | Specklenoise |7 | b1 3
20} poppler based =% f?"’: 1 g20 g
clutter < “‘ | € | e
10 \ 1 tof 1 o
NEFESSai SEETRUS0n JERVESERSREEE T B
5 [ 5 10 10 5 ° 5 10 4 ° 5 0
Velocty (mis) Velocity (mis) Velocity (mis) Velocity (mis)
(e) () (8) (h)

.S. Ram and K. V. Mishra, "Beam Positioning for UAV Communications using On-Board 802.11ad Radar," IEEE SAM 2022.
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We had a malfunction
in the K.U. band antenna.

00000000
00000000
— 00000000

Spectral Co-Existence \/
Dual-Blind Deconvolution



Co-Existence Receiver

Dynamic Communications

Problem: Neither the transmitted signals nor the channels are known

E. Vargas, K. V. Mishra, R. Jacome, B. M. Sadler and H. Arguello, “Dual-Blind Deconvolution for Overlaid Radar-Communications Systems,” arXiv preprint arXiv:2208.04381, 2022.
E. Vargas, K. V. Mishra, R. Jacome, B. M. Sadler and H. Arguello, “Joint radar-communications processing from a dual-blind deconvolution perspective,” IEEE ICASSP, 2022.



Dual-Blind Deconvolution Problem
Y(t) — xr(t) * hr(t) + xc(t) * hc(t)

Trans}r)wzi;cted radar signal Radar Channel PRI T Radar waveform s

- a.1,8(t — j2m[vr]et
Z)S(t pT) Z[ rled( Erlede” Propagation paths Q Symbols g
p:

Transmitted - Radar targets L Time delay ©
L . Communications channels
communications signal 0-1

P-1K-1

Z Z |g,| e~/2mkAS (t=PT) z [ac]q6(t — [Fc]q )e /2™ Velat
bl =

Subcarriers K Attenuation

Transmitted pulses P Doppler v

L-1 Q-1
[y]v = Z[ar]f[S]ne_jzn(n[fr]€+p[vr]€) + Z [ac]q[gp]ne_jzn(n[fc]q+p[vc]q)
£=0 q=0

Unknown variables: set of channel parameters {t,, v,, &, T, V., &} and the

transmit signals s, g




Atomic norm minimization framework

» Leveraging the sparse nature of the channels, we use ANM framework for
super-resolved estimations of continuous-valued channel parameters.

> We define the atomic sets as > The corresponding atomic norm are given by
Ar = {ua@)":r € (0,07 |ul], =1} 1Z:ll,, = [ingz ur e 16716l 27 = Bl ] oaCrou”)
A, = {va(c)H: c €[0,1)?, ||v||2 _ Ay arlere€[0,1 =1 ) .
1Z, || [ac]q q6[01]2|| il =1 {Zq JdqllZ: = Zylaclqalcy)v”}
> The primal optimization problem is given by fﬁ
Z Z bject t = NX,.(Z X.(Z 7
ml?:,rznlze“ || + || cl |chsu Jectto y r( r) + c( c) _“”\_IJMJ_-.“;__ 4
= A

E. Vargas, K. V. Mishra, R. Jacome, B. M. Sadler and H. Arguello, “Dual-Blind Deconvolution for Overlaid Radar-Communications Systems,” arXiv preprint arXiv:2208.04381, 2022.
E. Vargas, K. V. Mishra, R. Jacome, B. M. Sadler and H. Arguello, “Joint radar-communications processing from a dual-blind deconvolution perspective,” IEEE ICASSP, 2022.



Localization for single Rx

® True parameters £, (r)300
0.77

—}Estimated parameters 0.51 (0.23,0.531) 0.8 (0.233, 0.779)

. (0.21,0.52) ﬂ 0.6 078

X 0.52 {_ﬁ- 04 X

(0.225,0.512) o3 WWi] (0.228, 0.796)
s el |8 L+
ﬂ 0.21 0.22 0.23 m 0.22 0.23 0.24 0.25
. Te
1) 1

|| (x)]
|[fe(c)|

E. Vargas, K. V. Mishra, R. Jacome, B. M. Sadler and H. Arguello, “Dual-Blind Deconvolution for Overlaid Radar-Communications Systems,” arXiv preprint arXiv:2208.04381, 2022.
E. Vargas, K. V. Mishra, R. Jacome, B. M. Sadler and H. Arguello, “Joint radar-communications processing from a dual-blind deconvolution perspective,” IEEE ICASSP, 2022.
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Well, except for the com static, I'm piping out on all
frequencies. We'll show up on their screen as a radar glitch if
they aren't looking close.
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Other Distributed ISAC
Architectures



Emerging Distributed JRC/ISAC Trends °

Indirect path target/ED NB-ioT nade

e Direct path target/ED ((A;)) v

1

X\ % !
Comm Link Information about g R »& o @ - 1 e

Radar Link Bike available, but 2l N P Rs S a NB-I0T node Basestation -y | NBioT node

. . == 1 S ¢y iy ¥ rOff A
. how to exploit? i 7 1 \ [O] |

. Blockage - H,, g I
. : = P el i - R i
G ) R : ' L i !

1 ~ PaS | NB-IoTnode

o e 6,00 SN % g U2 oo & o . :
B4 ¢ PR -7 N i : Neornoge NB-OT g ! .
P 0 N = i H s 1 : i

g !
Measurement of . /’/’ -~ \‘ : ! ! : ! .
bistatic range s M : ! ! R 1 !
critical -t Jlin | ! ! f ! :

. \  g—r——e J @ BH aaeem==m==- : B i

Sync through direct 1 : 1 H
i H, 1 !
comm link 1 User1 RN O IO S T

Radar ] Backhau links

Fusion center

Secure IRS-Aided DFRC Passive ISAC

Multiple targets

Mechanical scanning radar

IRS-Aided JRC Drone-Borne ISAC Heterogenous ISAC

S. H. Dokhanchi, M. R. B. Shankar, K. V. Mishra, and B. Ottersten, "Enhanced Automotive Target Detection through Radar and Communications Sensor Fusion,” IEEE ICASSP 2021.

S. Sedighi, K. V. Mishra, M. R. B. Shankar and B. Ottersten, "Localization With One-Bit Passive Radars in Narrowband Internet-of-Things Using Multivariate Polynomial Optimization," IEEE T-SP, 2021.
A. M. Elbir, K. V. Mishra and S. Chatzinotas, “Terahertz-Band Joint Ultra-Massive MIMO Radar-Communications: Model-Based and Model-Free Hybrid Beamforming," IEEE J-STSP, 2021.

S.S. Ram and K. V. Mishra, "UAV-Based Urban Monitoring Using on-Board 802.11 ad Radar," IEEE SAM 2022.

L. Wu, K. V. Mishra, M. R. B. Shankar and B. Ottersten, “Heterogeneously-Distributed Joint Radar Communications: Bayesian Resource Allocation," IEEE J-SAC, 2022.

T. Wei, L. Wu. K. V. Mishra, M. R. B. Shankar and B. Ottersten,” Multi-IRS-Aided Wideband Integrated Sensing and Communications,” 2022.
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