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Automotive Radars

Typical Applications:
o Advanced Driver Assistive Systems
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Figure: An ADAS consists of different range radars

Image source: “Automotive radars: A review of signal processing techniques,” S. M.’ Patole,'M. Torlak, D. Wang and M. Ali, 2017 3/19
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Challenge: Mutual Interference

Figure: A typical mutual interference scenario with multiple
aggressor radars

Image source: “Waveform diversity for mutual interference mitigation in automotive radars under realistic traffic environments,”
Hossain, M.A., Elshafiey, I., and Al-Sanie, A, 2019. 4/19
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Challenge: Mutual Interference

Degrades radar performance in
many ways:
@ Missed detection

@ Ghost target detection

Figure: A typical mutual interference scenario with multiple
aggressor radars

There is no silver bullet. Particular situation demands specialized solution.

Image source: “Waveform diversity for mutual interference mitigation in automotive radars under realistic traffic environments,”
Hossain, M.A., Elshafiey, I., and Al-Sanie, A, 2019. 4/19
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Our Solution

The Objective

@ Target radar domain: identical and synchronized
PMCW technology

@ Design mutually cooperative linear-phase transmit
signals to mitigate mutual interference between similar
radar systems

o Evaluation of the proposed signals using numerical
simulations
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@ Target radar domain: identical and synchronized
PMCW technology

@ Design mutually cooperative linear-phase transmit
signals to mitigate mutual interference between similar
radar systems

o Evaluation of the proposed signals using numerical
simulations

.

Comparison with FMCW radars

o In PMCW, orthogonality of transmission does not require TDM, rather
CDM

o Different from FMCW, PMCW does not need a linear frequency ramp to
determine the time of flight that is instead measured by parallel
correlations

o In PMCW radar, interference can be comparatively easily mitigated by
designing codes

>
.
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PMCW Radar Overview

Bi-phase Binary sequence

Range-

Doppler

Correlator Slow-time| map
bank FFT

Figure: PMCW Radar Block Diagram[l]

[1] Image source: “PMCW waveform and MIMO technique for a 79 GHz CMOS automotive radar,” A. Bourdoux, U. Ahmad, D.
Guermandi, S. Brebels, A. Dewilde and W. Van Thillo, 2016. 6/19
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@ More suitable for high-resolution but short and medium-range applications

@ Bi-phase modulation

@ Binary symbols: Barker, Gold, Kasami set, Legendre, Hadamard sequences

etc.
@ A couple of Bi-Phase SoC chips out there in the market:

e 580 RoC by Uhnder (77GHz 12Tx/16Rx)
e RoC by imec (77-79 GHz, 2Tx/2Rx 2x cascade-able)

[1] Image source: “PMCW waveform and MIMO technique for a 79 GHz CMOS automotive radar,” A. Bourdoux, U. Ahmad, D.

Guermandi, S. Brebels, A. Dewilde and W. Van Thillo, 2016.
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Problem Formulation
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Figure: A simplified radar interference model with two lanes in opposite directions!!]
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Two PMCW systems continuously transmit PMCW waves with duration T’

7., (1) = G1(t)exp ((2rfet +9)),  0<t<T, 1e{l,2}

The baseband signal:

- t— kT,
_ — c _ ek
o(t) = E Tprect ( T ) , zp = &% ), o(k) € (0, 7]
(&
k=0
[1] Image source: “Interference Mitigation in Automotive Radars Using Pseudo-Random Cyclic Orthogonal Sequences, " S. Skaria,
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Problem Formulation (contd.)

Transmit Signal

For one CPI with N bursts

=
NZs(t—nT)
—1K-1

=% Z Z re?Fetrect ( kj;:' — nT)

n=0 k=0

STac,l (t)
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Problem Formulation (contd.)

Transmit Signal

For one CPI with N bursts

1
STav,l (t)

1
N

T2

N—-1
s(t —nT)
—1K-1
Z Z 2 et rect (ﬂ
Te
n=0 k=0

)

Received Signal

For a signal point scatterer, the returned signal without the presence of an

interferer:

SRz (t) = arSty (t —Tr (t))

N-1K-1
n OT 2 fot ,—i2m feyp gi2mfe 22t E : S (t —r
N
n=0 k=0
N-1K-1 . - T
A o 5 _ _ —n
Sra(t) = WTeJQWfd,Tt E § zxrect (%)
n=0 k=0 ¢

— kT, —nT

Te

)

.
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Mutual Interference Model

Final downconverted discretized received signal from V7 targets and V7 interferes after coherent
processing:

rlm,n] = T [m,n] + rplm,n] + wlm,n]
——

target interference
Vp—1K-1
_ o ot pj27rf1]7dyT(('rrL+k)TC+nT)
v, T 7 'k—fLT«Fm‘
v=0 k=0
Vi-1K-1
jerf, ((m+k)Te+nT)
+ E E rnuiylm::yki_h[ Tm® v,d, I + wlm, n]
v=0 k=0
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Mutual Interference Model

Final downconverted discretized received signal from Vi targets and V7 interferes after coherent

processing:
rlm,n] = T [m,n] + rplm,n] + wlm,n]
——
target interference
Vp—1K-1

_ N o pj27rfv_’dYT((m+k)TL-+nT)
v, T 7 'k—fLT+'rrL B
0 k=0

v=

Vi-1K-1

jerf, ((m+k)Te+nT)
+ E E rnuiylm::yki_h[ Tm® v,d, I + wlm, n]

v=0 k=0

After range-Doppler processing (2D FFT):

Vp—1 K—1
— E P 2 : P J2mfy g o (mAR)Te
RD[m, p] = avyTDN (fv,d,T - p/N) IkxkfﬁTﬁnt, »d,
v=0 k=0
vi—1 K—1
- i j2nf (m+k)Te
+ g o, DN (fv’(“ - p/s\‘) g I:Zykﬂ}ﬁrmg v,d, I + Wm, p]

e—0

v=
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tual Interference Model

Final downconverted discretized received signal from V7 targets and V7 interferes after coherent
processing:

rlm,n] = T [m,n] + rplm,n] + wlm,n]
—— ——

target interference
Vp—1K-1
_ o ot pj27rf1]7dyT(('rrL+k)TC+nT)
v, T 7 'k—fLT«Fm‘
v=0 k=0
Vi-1K-1
jerf, ((m+k)Te+nT)
+ E E rnuiylm::yki_h[ Tm® v,d, I + wlm, n]
v=0 k=0

After range-Doppler processing (2D FFT):

Vr—1 K-1
— 3 x J2mf, g o (mtk)Te
RD[m, p] = § *y, 7 PN (fv,d,T *"/N) E Tk, 4m © i
v=0 k=0
Vi—1 K—1
- ) j2nf (m+k)Te
+ § 1 PN (fv,d.l *”/“‘\‘) § T;yk—ﬂji»m{' vt + Wim, p]
v= =0
The cross-correlation between the two codes: +L (f) = § Kol owy, ei2mkf
C Ty k=0 "k Y(k+l)modK ¢
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The Optimization Problem

i P
P : minimize E E |Tiy(fp)|2
X,y

I=—(L) p=—P

subject to |zx|=1,|ys| =1,VEk e {0,--- , K —1}.

where,

riy (fp) = xHDiag(fp)Cly
T
X =Ty, oy Tpe_y]

T
y = [y07-~.7yK—1]

£, = (1,7 . .,ej%(K*l)fp]T
_~H |0 Ik
Ci=Co= [Il 0

10/19



Our Solution
(o] lele]

Cyclic Algorithm

o Optimization w.r.t. x

L HEY
Px : maximize x Byx
x

subject to |zg| =1,Vk,
By = Am,yI — By = K(sHD) _ iargByx(®)
L P
B H . H
By, = E E Dlag(fp)Clyy ClDlag(fP)
I=—(L) p=—P
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Cyclic Algorithm

o Optimization w.r.t. x

L HEY
Px : maximize x Byx
x

subject to |zg| =1,Vk,
By = Am,yI— By = (D) _ o arg Byx (%)
L P
B H . H
By, = E E Diag(fy)Cyy  C;Diag(fp)
I=—(L) p=—P
o Optimization w.r.t. y
L. HE
Py : maximize y Bzpy
Yy
subject to |yg| =1,Vk
By = Am.ol - By = S+ Z gjarg Bay ()
L P
. H . H
B, = E E Diag(f,)Cyxx" C;Diag(fp)
I=—Lp=—P
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The Algorithm

Algorithm PMCW waveform design for mutual interference mitigation

Initialize: x°, y(o), s=0.
Output: x*, y™*.
- while [(JEHD — J&)) /]| > ¢ do
Update B{”, t < 0
repeat ¢t t+1
x(s,t) — ejargg?(f)x(s’tfl)

x(8) X~(s,t)
Update B, t + 0
repeat ¢+ t+1

1
2
3
4:
5: until convergence
6
7
8
9 (s:8) _ ¢l arg B y(#t=1

: y
10: until convergence

11: y &yt
12: s s+1
13: end while
return x* = x® and y* = y(®.
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Generalization to the MIMO case

N-1 P
{xﬁ??yk}z Z Z {|x;:Diag(f,)Cryx|*+

m,k l=—(N—-1) p=—P
%/ Diag(£,)Cixm|* + |yi Diag(£,)Cryx|* }

s.t. Xm and yj are unimodular for all m, k
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Generalization to the MIMO case

N-1 P
{xﬁ%?yk}z Z Z {|x;:Diag(f,)Cryx|*+

m,k l=—(N—1) p=—P
| x5 Diag(f,) Cixm|” + |y Diag(f,) Cryk|*}

s.t. Xm and yj are unimodular for all m, k

@ Can be solved using a similar UQP formulation after separating variables
@ However some special attention to be paid on the modified formulation
o Can be accelerated using FFT based operations

o Detailed algorithm: “Waveform Design for Mutual Interference Mitigation
in Automotive Radar,”, A. Bose et al.
https://arxiv.org/pdf/2208.04398.pdf
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Numerical Evaluation
[ ]

Simulation Setup

Table: Parameters of all PMCW radars systems

H Parameters Value H

Carrier Frequency fe 79 GHz
Chip Duration T, 6.66 1 s
Pulse Repetition Interval T 6.32 ms
Number of burst N 140
Code length K 1024
MIMO Tx x Rx 8 x 12
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Simulation Setup

Table: Parameters of all PMCW radars systems

H Parameters Value H

Carrier Frequency fe 79 GHz
Chip Duration T, 6.66 1 s
Pulse Repetition Interval T 6.32 ms
Number of burst N 140
Code length K 1024
MIMO Tx x Rx 8 x 12

Table: Parameters of the scene objects

’ ‘ Parameters Intl Int2 Tgtl Tgt2 Tgt3 ‘ ‘

Range (m) R 140 90 20 60 120
Velocity (m/s) v 40 -32 -40 20 -10
RCS (dBsm) Pr 35 15 35 10 5
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Numerical Results (contd.)
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Figure: Range Doppler maps with a Figure: Range Doppler maps with a Figure: Range Doppler maps with a
random linear-phase PMCW signal bi-phase (Gold code) PMCW signal multiphase-optimized PMCW signal

0 Target [ Interference
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Numerical Results (contd.)
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Numerical Results (contd.)
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Figure: The normalized cross-correlation peak sidelobe level vs. MIMO code length
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Discussion

@ We discussed the problem of mutual interference in identical or similar
PMCW systems

@ We proposed mutually cooperative MIMO coding schemes

@ These codes performs better when both the victim and aggressor are using
them, but not so much when they disagree
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Discussion
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Discussion

@ We discussed the problem of mutual interference in identical or similar
PMCW systems

@ We proposed mutually cooperative MIMO coding schemes

@ These codes performs better when both the victim and aggressor are using

them, but not so much when they disagree )

o Experimental evaluation

o Interference study against FMCW radars

.
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Thank you
and
Questions?

Corresponding Author:
Zahra Esmaeilbeig
= zesmae2@uic.edu
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