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Preface

To: Melvin, Bill <william.melvin@gtri.gatech.edu>
Cc: Glenn, Jeremy <jglenn@ntia.gov>; Dietlein, Charles <cdietlein@ntia.gov>; Kozma, William

<WKozma@ntia.gov>
Subject: RE: [ISART 2024] Technical Talk on Radar Clutter

Bill:

In the propagation world, “clutter" is everything that sits on top of the bare earth, e.g., buildings,
vegetation. Clutter propagation loss has been a source of policy-level debate. Without trustworthy
(validated) clutter propagation models in the interference link budget, conservative rules have been
adopted (e.g., CBRS) with large margins. This results in low probability of interference but underutilization
of the spectrum resource. More recently, the pendulum has swung back the other way and high clutter
propagation loss is being assumed as a measure to reduce conservative margins. There is increased

probability of interference in this scenario and subsequent reduced utilization of the CBRS band.

I+ Goals:

Goals for the radar clutter technical presentation at ISART:
Acknowledge difference in definition/terminology between radar clutter v clutter propagation

 Discuss radar clutter, clutter
modeling, and impact on radar
detection

» Discuss radar clutter mitigation
leveraging multidimensional
degrees of freedom (DoFs)

» We have Yz hour, plus 15 minutes for

Q&A...
» I'll use aerospace radar to
motivate our discussion
» Surface radar systems are a
special case where platform
velocity and height go to
~Zero

1.

2. [lllustrate high spectrum utilization gained by good technology and engineering practices
(mitigation of radar clutter/interference by leveraging DOF), in contrast to low spectrum
utilization due to lack of good engineering practices

Thanks,
Mike
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Topics

* Introduction

« Radar clutter

 Detection processing and metrics
« Space-time adaptive processing
e Summary
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Some Basic Radar Comments

» Radar systems strive to achieve noise-limited detection performance - maximize
signal-to-noise ratio (SNR)

* Radar systems employ complex designs to mitigate radio frequency interference
(RFI1) and clutter > maximize signal-to-interference-plus-noise ratio (SINR)

» Exploiting radar degrees of freedom (DoFs) is a central
» Spatial frequency, polarization, fast-time, multi-pass
« Waveform attributes

« Resource management

 SNR >= SINR

* “One person’s clutter is another’s target”
» For this discussion, we’ll stick with Doppler-spread ground clutter impeding target detection
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Coherent Radar Signal Processing

Multi-Channel
Array

Multiple —

%

Target

&

%%
\/%

Clutter

Combine thousands of voltages collected using a pulsed, multichannel sensor to detect (1) moving targets, (2) image
fixed targets, or (3) determine changes in a scene from a prior pass -> sophisticated algorithms generate radar product
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Processing [1-2]

Goal: maximize detection
performance by maximizing
output SINR

Receiver Operating Characteristic (ROC)
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Clutter-Limited Detection [2-10]

» Doppler-spread mainlobe clutter masks slow moving Sidelobe
targets, sidelobe clutter degrades detection of targets at Mainlobe Clutter
higher range rates Clutter ;

» Stationary clutter response is coupled in angle and N !
Doppler N 25

» Specifying angle uniquely specifies Doppler and vice 4
versa

Doppler

» Detection statistic objective: discriminate the target’s
angle-Doppler response from that of the stationary
clutter background
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Pre-processing here Range Sample
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Space-Time Signal Vector

Response of pulse-Doppler array to a unity amplitude signal with a specific direction of arrival and Doppler frequency

Temporal steering vector Spatial steering vector Point Scatterer Angle-Doppler Response
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Basic Ground Clutter Model [6-9]

2-D Clutter
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Side-Looking Array Radar (SLAR)

Minimum Variance Distortionless
Response (MVDR) Spectrum

Doppler Frequency (Hz)

Angle (Deg.)
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Forward-Looking Array Radar (FLAR)

Minimum Variance Distortionless
Response (MVDR) Spectrum

—

Doppler Frequency (Hz)

Angle (Deg.)

Georgia Tech

Research Institute



12

Measured MCARM MVDR spectrum
estimate, training bins 200 to 300

MCARM MVDR Spectrum, Near Range

Train Bins [200:300]
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Clutter Sigma Zero and Reflectivity”

Sigma Zero

13

Gamma (dB)

Grass at C-Band
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FOPEN Radar Range-Doppler Comparison

Measured Data, 128 Pulses Prediction, 128 Pulses
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Active targets (repeaters) in exo-clutter regions
Radar saturates at near ranges

Key element of knowledge-aided clutter mitigation techniques [12]
FOPEN = foliage penetrating
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Generic Radar Detection Processing Architecture
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In Gaussian disturbance case, SINR relates directly to P, and P, 2 SINR Loss is a key metric

SINR(7,.f,)= SNR(y,)
NSRAAYAY

Noise-Limited, RRE N

Clairvoyant SINR Loss, L,

f;) . SINRadaptive(ys’fd)

~
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SNR: Determines noise-limited
detection performance

Ls+: SINR loss due to colored noise

L »: Adaptive SINR Loss, the SINR
degradation due to estimation losses

0 <L

S,

. L, <1

 RRE = radar range equation

« MDYV = minimum detectable velocity

» Clairvoyant - details for implementation
known, eg., cove_mance m_atrlx known GeorgiaTech
(Clalrvoyant can |mp|y Optlmal) Research Institute



Signal and I+N snapshots: s,x_ € C""*
Target signal: s = o, S t(7/S,f

Interference-plus-noise signal:
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SINR Loss Examples

 STAP versus non-STAP solution

Estimated loss using MCARM data » Impact of array length with STAP
MCARM Flight 5, Acquisition 575 STAP performance potential for varying array lengths...
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Requirements to generate simulated response:
* Precise knowledge of platform velocity vector

* Platform pitch, roll and yaw

* Measured array normal

** See [12, 14] for additional info on heterogeneous clutter and solutions Georgia Tech
15 Research Institute
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Space-Time Adaptive Processing (STAP)

Space-time adaptivity enables simultaneous clutter and RFI
suppression (Detection of interference-limited, moving targets)

Cr
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Summary

 Clutter - returns that are target-like, but aren’t the target of interest

» We talked about reflections from objects on the Earth’s surface as viewed by an airborne or
spaceborne radar (a.k.a., ground clutter)

« Ground clutter exhibits coupling in angle and Doppler, whereas moving target
response has uncoupled angle and Doppler

« Radar systems incorporate complex mechanisms and approaches to mitigate the
impact of clutter on system performance

« Signal processing, antenna design, access to radar DoFs - STAP
« STAP is a super-resolution technique; performance is often exceptional

 Alternative approach is to resolve the target relative to the background clutter - this approach
requires more bandwidth, time, and complex processing

» Ground clutter can be very complicated - spatially-varying clutter, clutter
discretes, dense moving targets (heterogenous clutter impacts detection
performance [14])

Gl.. Georgia Tech
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Questions?
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Relevant IEEE AESS Paper

» Aresult of author’s musing after American
Mid-Band Initiative (AMBIT) participation

« Discusses radar system reliance on spectrum e e e W L v (oot

ﬂ‘)rm and then x"eceiving and pmc. sing .the r‘eﬂec(ed 4"3’2‘4 R, m

signal to determine the presence of an object, its loca- i

. . . tion, and other important features (e.g., motion, object

» Provides perspectives on using radar degrees o o i 0 e Py i sk it por in Wats, G is -
Radar has many civilian and military applications,

imum transmit antenna gain, Ry is range to the target

TRODUCTION variations of the RRE exist. A common version yield-

ing output SNR is

including air traffic surveillance [4], severe weather

of freedom ( DoFs ) ; emerg in g, CO nfi gura ble Gt kg (5, B Teoames g, 5% 9T 18 W s el (RCS) n oqwee

ment [6], automotive safety [7], missile defense [8], o " .
» N wavelength in meters, F, is two-way propagation loss,
and haptic user interface [9]. These radar systems

L
- > 1 Tor e o S 3 kp is Boltzmann's constant (J/K), Ty is standard tem-
radar SyStel | IS, al ld, deC|SIO| 1 SU pport tO deploy on & plethora of platforms, including lind-based - popyiure (290 K, B is bandwidth in Herte, Fy is

pedestals and towers, automobiles and trucks, manned  ivermote T L. GaiFevsiomilossed & &
. ; - and unmanned aircraft and helicopters, marine vessels, o1se IBUre, Zoys o 58, and G 18
matched filtering gain from pulse compression and
armonize radar’s use of spectrum (cognitive
Several key factors determine the radar system’s effec- related a5, ), 'r where o, I8 fhe Tenterifiequene
fiveness ina given operating environment: detection capa- and o is fabon 26 the speod of Nkt The m;m“mz
ra a r bility; accuracy in estimating target parameters, such as S 5 LR G i it A
ange, angle, and Doppler fi < and the ability to dis- e 2 B enaslta Ma ens
TngyanEle A Doppler TR quency, il theablily o dis the effective antenna area. A number of factors in (1)
criminate or characterize target type. The selection of oper- hiHiE rexpilt equensy fbpontemces Tncining
ating center frequency and bandwidth plays a substantially antenna gain, RCS, wavelength, and pmpz;galion %a
important role in the radar’s effectiveness. Radar operating We comshies both et and et Semtency sehoe.
frequencies range from high frequency (HF), starting at 3 tion factors in more detail in the section “Frequency
MHz, through millimeter wave (MMW) at over 100 GHz. e
Bandwidths vary greatly, with typical values from hundreds Moo tmited performance is given by (1), How-
ofkilohertz to 1 GHz or more. A number of factors influence ver s‘ys‘leml’ ecomaily u‘pe’fm . synvim'nmsm
the selection of radar operating frequency and bandwidth. where clutter and other interference degrades capabil-
Radar detection, estimation, and characterization ity. Clutter is any colored noise signal that is not the

Cﬂpﬂbl]lly dspend on sigl It ) target of interest, and possesses target-like qualities; it
ratio (SNR). The radar range equation (RRE) charac- e fest, and possesses farg quatities:
is a form of interference impeding radar access to tar-

terizes basic radar performance [1]. [2], [3]. Many gets. For example, ground clutter returns exhibit an
angle and Doppler response that spectrally competes
with moving target returns [10]. Radio frequency inter-
ference (RFI) results from in-band signals emanating
from specific angle-of-arrivals, but otherwise appearing
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