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Characteristics of Electromagnetics Waves
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SAM is independent of OAM



OAM History



Historical Notes

Different OAM modes are mutually orthogonal       New way to achieve orthogonality 



Outline Motivation & Background

OAM-Aided Automotive ISAC

Co-Pulsing FDA Radar

Spectrum and EW



Laguerre-Gaussian Beams

Courtesy: Stranger Things (S05E01)



Which Beam to Use?

◆ Laguerre–Gaussian (LG) Vortex Beam: Easy to generate via metasurfaces

 Beam waist 𝑤0 (determines 𝑤(𝑧)): no clear guideline
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W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026



OAM Modes for Different p and l
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L-G Beams may not be Ideal!

Phased Array (PA) Frequency Diverse Array (FDA) 

Angle-Dependent Beampattern Range-Angle-Dependent Beampattern

… but in classical far-field!

◆ L-G Beams are susceptible to turbulence and interference

◆ OAM modes encode azimuth but no range information

◆ Solution: Use Frequency-Diverse Arrays (FDAs)



Signal Processing

Courtesy: Species II (1998)



Bistatic OAM-FDA ISAC

W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026



Range and Angle Estimation

W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026

Range-Azimuth-DoA estimation: 

◼ FDA structure allows auto-pairing of bistatic range and angles



Doppler and Comms Estimation

W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026

◼ Doppler 

estimation: Take 

the derivative of 

phase and 

convert the 

angular 

frequency to 

Doppler velocity

◼ Use MRC to 

estimate comms 

symbols



Performance Guarantees

Courtesy: The Midnight Sky (2020)



Provable Guarantees using Kruskal Rank

Theorem [Lv, Mishra, Hu 2026]

Consider a bistatic FDA system with an M(N)-element transmit (receive) ULA and d, ∆f be the 
interelement spatial spacing and frequency increment, respectively. Each transmit element sends 
out a total of 2U+1 OAM states with the inter-state spacing 𝛿. Assume that there are Q scatterers 
with Rmax being the maximum bi-static range and the JRC sharing factor is denoted as 𝜇. If

then the unknown parameters of Q scatterers and communication symbols au can be perfectly 
recovered from the multiplexing covariance matrix R.

W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026



Detection Performance

W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026



Estimation Performance

W Lv, KV Mishra, J Hu, “Twisting Signals for Joint Radar-Communications: An OAM Vortex Beam Approach.” IEEE T-AP, 2026

RMSE Compared with CRLB Target RMSE for Various 𝝁CRLBs



Co-Pulsing FDA Radar

Courtesy: Foundation (S01E03)



FDA Consumes More Spectrum
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Introduction of FOs  → Additional Bandwidth

Limited work on Doppler estimation

Solutions: 

◼ Sparse FDA – Fewer elements and FOs

◼ FOs can be optimized based on available bandwidth
 Logarithmic [Khan et al., 2014]

 Non-uniform [Basit et al., 2017]

 Random [Liu et al., 2016]

 Co-prime FDA [Qin et al., 2017] 
◼ Integers that share no common factors except 1: (2,3), (4,9), (6, 10, 15)

 FDA-MIMO [Sedighi et al., 2019]

Our Approach: 

◼ Fewer FOs → Less bandwidth and more EW tolerance 

◼ Employ FDA to jointly extract range-angle parameters



Co-Pulsing FDA Radar
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W. Lv, K. V. Mishra, and S. Chen, ``Co-pulsing FDA radar,"  IEEE T-AES, 2023.

L-shaped array: 

◼ Simpler 2-D FDA structure to perform co-prime sampling in spatial, 

spectral, and Doppler domains. 

◼ L-shaped previously investigated for ULA [Kishigami et al, 2016] and co-

prime array [Elbir, 2020]



Co-Pulsing FDA Radar
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CCC Configuration

◼ Co-Prime Array in L-

Shaped Configuration

◼ Co-Prime Offsets

◼ Co-Prime Pulsing

W. Lv, K. V. Mishra, and S. Chen, ``Co-pulsing FDA radar,"  IEEE T-AES, 2023.

◼ Co-Pulsing imparts additional DoFs to sparse FDA design

◼ Extraction of Doppler is coupled with other parameters (second-order 

statistics) 



C-Cube Auto-Pairing (CCing)
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W. Lv, K. V. Mishra, and S. Chen, ``Co-pulsing FDA radar,"  IEEE T-AES, 2023.

Ipso-Facto Joint Estimation

◼ Parameter retrieval algorithm employs SVD of the concatenated 

covariance matrix:
◼ Elevation and azimuth embodied in left EVs

◼ Range and Doppler embodied in right EVs

◼ Auto-pairing property between left and right eigenvectors allows for 

automatic pairing of 2-D DoA with range and Doppler velocity

◼ Physical reason: L-shaped + FDA structure (range-angle beampattern)

◼ Kruskal rank properties are used to guarantee the recovery conditions

• Difficult to generalize tensor methods for L-shaped arrays; no auto-pairing

• CCing also works when some target parameters are the same (at the cost of some DoFs)



Co-Pulsing Radar

Range-dependent beampattern: reduce number 
of pulses, spectrum usage, and antenna 

elements simultaneously

W. Lv, K. V. Mishra, and S. Chen, ``Co-pulsing FDA radar,"  IEEE T-AES, 2023.



Relationship with Other Arrays

W. Lv, K. V. Mishra, and S. Chen, ``Co-pulsing FDA radar,"  IEEE T-AES, 2023.

C-Cube offers a trade-off between high DoFs and mild coupling

A fundamental array structure from which all others could be derived



Generalizations

Courtesy: Independence Day (1996)



Co-Pulsing Applications

Co-STAP Co-Chirping with FMCW Radar

W. Lv and K. V. Mishra, “CoSTAP: Clutter suppression via co-pulsing FDA-STAP,” IEEE T-AES, 2024
L. Xu, S. Sun, K. V. Mishra, and Y. D. Zhang, “Automotive FMCW radar with difference co -chirps,"  IEEE T-AES, 2023.

H rl,p

vp

Unambiguous iso-

range (p=1)

Ambiguous iso-range 

(p=2)

ru



Courtesy: Top Gun: Maverick (2022)

Spectrum and EW



2025

2022

Understanding Spectrum Congestion is Essential in Modern Warfare

2026
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Next-Generation Cognitive Radar

o Level 1: Prior measurements or databases in radar

o Level 2: Learning-based algorithms for adaptive radar

o Level 3: Knowledge-aided processing for a dynamic scene 

o Level 4-6: Higher-order cognition to interconnect, decide, synthesize

Benjamin Bloom’s Taxonomy [1956] applied to cognitive radar

o Cognitive Radar: adaptive sensing + optimized processing 

o Super-cognition: for legacy radars 

o Ultra-cognition: to build cognitive strategy databases

o Hyper-cognition: All submodules operate cognitively

Next-Generation Cognition

o Inverse cognition: Counter-adversarial techniques at the target-

end

o Design of inverse stochastic filters

o Stability of inverse filters

Inverse Cognition

K. V. Mishra, M. R. B. Shankar, and B. Ottersten, “Toward metacognitive radars: Concept and applications,” IEEE International Radar Conference, pp. 77-82, 2020.
K. V. Mishra, M. R. B. Shankar, and M. Rangaswamy, “Next-Generation Cognitive Radar Systems,” IET Press, 2023

Adversarial Inference

Target

Radar

o Metacognition

o Inverse cognition

o Inverse-inverse cognition

o Cognition masking



Inverse Cognition

◆ Inverse filtering

 Radar sends EM pulse, estimates target position 
from the received signal

 Radar’s action: signal waveform, angular 
beamforming  

 Target observes radar’s action and infers radar’s 
estimate

Target/us/defender
State 𝒙𝒌, control 𝒖𝑘 ,

Estimates ෡ෝ𝒙𝒌

Radar/them/adversary
Estimates ෝ𝒙𝒌, 
Takes action 𝒂𝒌

Target

Radar

H. Singh, A. Chattopadhyay, and K. V. Mishra, “Inverse extended Kalman filter - Part I: Fundamentals," IEEE T-SP, 2023.
H. Singh, K. V. Mishra and A. Chattopadhyay, “Inverse extended Kalman filter - Part II: Highly non-linear and uncertain systems," IEEE T-SP, 2023.
H. Singh, K. V. Mishra and A. Chattopadhyay, “Inverse unscented Kalman filter," IEEE T-SP, 2024.
H. Singh, K. V. Mishra and A. Chattopadhyay, “Inverse cubature and quadrature Kalman filter," IEEE T-AES 2024.
H. Singh, A. Chattopadhyay and K. V. Mishra, “Inverse particle filter," IEEE T-SP 2025.



Inverse Stochastic Filters

◆ Inverse filtering algorithms

 Inverse EKF with unknown input

 Inverse EKF without unknown input

 Inverse KF with unknown input

 Gaussian sum EKF

 Second-order EKF (SOEKF)

 RKHS-EKF

 I-UKF, I-CKF, I-QKF

◆ Stability analysis

 I-EKF without unknown input

 I-SOEKF

 I-KF with unknown input

 I-UKF, I-CKF, I-QKF

Knowledge Monitoring

StrategyTransfer

Sense

LearnAdapt

Cognitive Radar Cycle #1

Sense

LearnAdapt

Cognitive Radar Cycle #2

Sense

LearnAdapt

Cognitive Radar Cycle #3

Metacognitive Radar Cycle



Stability of Inverse Filters

◆ Bounded non-linearity approach: very similar to standard Lyapunov drift-based techniques

 Hard to establish in our problem

 Existing work on EKF stability could not establish it completely

 Reference: Reif et al., IEEE TAC 1999

◆ Unknown matrix approach: Compensates for the effect of nonlinearity induced additive offset in 

the error dynamics by an unknown matrix multiplication

 Reference: Li-Xia, Automatica 2012Theorem (Singh, Chattopadhyay, Mishra, 2023)

❑ Suppose that the one step prediction forward EKF is stable as per Reif et al. 1999. Let the following 

assumptions additionally hold true:

1. There exist positive real number bounds such that for all 𝑘 ≥ 0, the following bounds hold:       

𝜖𝑙𝑰 ≼ ഥ𝑹𝑘 ≼ 𝜖𝑢𝑰, 𝑚𝑙𝑰 ≼ ഥ𝚺𝑘 ≼ 𝑚𝑢𝑰, 𝑮𝑘 ≤ ҧ𝑔

2. 𝑯𝑘 is full column rank for every 𝑘

3. There exist suitable positive constants such that,   ҧ𝜒(ෝ𝒙, ෡ෝ𝒙)
2

≤ 𝜅ഥ𝜒||ෝ𝒙 − ෡ෝ𝒙||2

2
 for ෝ𝒙 − ෡ෝ𝒙 ≤

𝜖ഥ𝜒 (bounded non-linearity)

Then the error process of the inverse EKF is exponentially bounded in the mean square sense and 

with probability one, provided that the estimation error is always bounded within a suitable 𝜖 ball
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Other EW Applications of ISAC



Dual-Blind Deconvolution

Multi-antenna receiver n-tuple BD Unsynchronized transmission

Low-rank Hankel-type Matrix recovery

R. Jacome, E. Vargas, K. V. Mishra, B. M. Sadler and H. Arguello, “Multi-antenna dual-blind deconvolution for joint radar-communications via SOMAN minimization." Signal Processing, 2024.
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.

J. Monsalve, E. Vargas, K. V. Mishra, B. M. Sadler and H. Arguello, “Dual -blind deconvolution in ISAC receiver using multi-dimensional Beurling-Selberg functions,” RadarConf 2024



Opportunistic ISAC using 5G Base-Stations

Full-Duplex BS for Weather Sensing 5G BS-Based Aerial Radar Detection

Z Chen, KV Mishra, D Pandey, A Sabharwal, “Near-ground Precipitation Sensing Using Full-duplex MIMO Base Stations,” IEEE J-STEAP, 2025.
N. Raymondi, K. V. Mishra, A. Sabharwal, “Detecting aerial radars from massive MIMO base-stations: Design and experimental evaluation," IEEE T-AES, 2026.
A. Murtada, K. V. Mishra, M. R. B. Shankar, “SINC: Synergistic imaging and communications via distributed MU-MIMO," IEEE SSP, 2025.

SINC: Synergistic Imaging and Comms



More Information

Courtesy: The Plot Against America (Part 3)



Thank you! https://www.linkedin.com/in/vizziee/
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