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OTFS Modulation from Radar Perspective*  S°KL

 OTFS modulation transmits “synthetic targets” scaled by comm symbols
Finite pulse train (“pulsone”)
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 Doppler-Delay space is populated with communication symbols
— Similar to pulse amplitude modulation, but in Doppler-Delay space

« Implement via pre- and post-processing block overlays to existing OFDM architecture**
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Dynamic Wireless Environments SfL

— Multipath scattering environment

Base station

%

q T‘Pr“,?qf‘
Goal: Estimate and track the channel E User
accurately KEH

The wireless channel is characterized by: / \

— User mobility

Scatterers

The channel changes dynamically
due to user mobility.

4 Pulsone

The OTFS waveform provides the ability
to estimate and track the channel
like a radar.

t
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Estimating Sparse Linear SEL
Time-Varying Channels I

D multipath components parameterized by {(75, v4, o) ?:1
ransmitted

— Delays 7;, Doppler shifts v;
— Path gains ¢; Ksignal (71,01, 04) i \
s(t) T EI

o 7(t) = Zais(t — Ti)eﬂ””it (EA

Goal: Estimate {(7, vi, @) }i2,

Doppler Rayleigh resolution limit:
A 1
UV =
Signal duration Received

(73, v3, t3) q E signal
Ex.: Av=1/(1 ms) =1 kHz & EH r(t)

- Fractional delays and Dopplers ——> Need for parametric
super-resolution methods

)
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Line Spectral Estimation Sfl—

formation, Inferenc

D
- Received Signal: y[n| = Zozq;ej“’m + wln), n=0,...,N—1
i=1 wln] ~ CN(0,0?)

+ Goal: Estimate frequencies {wi}iZ; and complex gains {ai}il, .

D
* Vector form:|y = Z aga(w;)) +w=Aa+w
1=1

— y =0} y[N =1, w = [w]0],...,w[N —1]]" ~CN(0,0°T)

— a(w;) = [ewi0) eiwi) ejwi(N—l)}T, A= [a(wl), . ,a(wD)]
] T
and o = [041,042, e ,OéD}
« Max. likelihood (ML) solution: D - dimensional search
— Pros: Achieves Cramér-Rao bound asymptotically

— Cons: Computationally expensive
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The MUSIC (Multiple Signal STL
Classification) Method

 MUSIC only requires a single 1D search.

« Y = Aa + w =) Covariance matrix [ K=F [yyH] ]

e I\, Vitie g Eigenvalues and eigenvectors of K, \; > Ao > --- > Ay

— Eigenvector matrix: V = [vy,...,vp,Vpi1,...,VN]
| J | J
T |
Spans the G [Range(A) 1 Range(G)J
column space of Noise subspace
A matrix
* The true frequency values w;,2 =1,...,D are the only solutions of

Knowledge of number of
scatterers D required

|8 () GG a(w;) = 0 |
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The MUSIC Method SXL

* Practically, the covariance matrix must be estimated from data
— Single snapshot case: Consider subsequences of y as snapshots

y[1] Snapshots of
e Lety(l),l=0,..., Ngnap — 1 E—— A ,  length M
— Nanap snapshots of length M r A \
« Sample covariance matrix y{0] i) """y[Ml_ylEM] """ y[Nil]
X 1 Ngnap—1 )
K= Nowy 2= y()y()", noise subspace matrix G

- Spectral MUSIC: {<i}iZ, are the D peaks of the pseudospectrum
1

(w)GGHa(w

Pyiusic(w) =
Music(w) N7

) |:> 1D search
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OTFS Signal Model STL

« M x N OTFS delay-Doppler grid:

Single non-zero

pilot symbolz, at Delayefi and D_oppler-shifted Frequency/slow-time
position (kp,1,) copies of pilot symbol domain
0 (Twisted 0 S N Y B
convolution) . _ S
= . . = . \:\\‘*. SFFT f.::’ of o o o o
g IRNC TR
8 8 ol” @ g of o o o o
{(Tzayuo%) * of o o o
M —1 M —1 M—1 1
------ N — 1 0 ceeee. N—1 0 ceeees N —1
Doppler ({) Doppler (I) Slow-time (¢)
Transmitter Sum of 2D [ Receiver ]
complex exponentials
Tp, kp, lp T D , kp | 74 : p .,
are know pilot R[m’ q] e ZOdie—327r<ﬁ—|—T)m6]27r(W-l-l/zT)q m=0,....M—1
parameters v MN P q=0,...,N—1
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2D MUSIC in the SEL
Frequency/Slow-time Domain

] . ] Noise term
- Frequency/slow-time domain signal: Wim. gl ~ CA(0,0)
T _ion(fkp T o (e,
R[qu]: p Zaie jQTl'(M‘l‘T)me]Qﬂ'(N‘FVZT)q_|_W[m’q]‘ m:0,...,M—1
vVMN “ \ )
‘—'—’ 1=1 I | q:O,,N_].
[R]m,q [B(T7 V)]m,q [W]maq
D
* Matrix form: R = B(r,vi) + W
1=1 2
 Vectorizing, w ~ CN(0,0°T)
1 1 T 1
D ejzw(%hru:r) €—j27r(kﬁp+%>
y = vec(R) b(7;,v;) +W| brv)=bi)@bs(r) = : ®
1=1 ej27r(lWP+UT)(N—1) e—j27’r<kﬁp+%>(M—l)

 Thus, we can apply the MUSIC method for estimating {7:, Vi };Z e

[ b (7,1) GG b(r,v) = 0 ]
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2D Root-MUSIC

« 2D spectral-MUSIC:
— 2D search over (7,v) grid for finding D peaks of:

[ b (r,v)E,b(r,v) =0 ]
1 GG" =E,
b (7,v)E,;b(T,v)

Pyusic(T,v) =

k

. 2D root-MUSIC: Let =, — /> (¥+7) and 2, — ¢ 27 (#+7)

~ ~ 21 ~ z2

b(r,v) = 6(2’2, z1) = b1(21) ® ba(22), where bi(z) = : by (22) =

bH(ﬂ V)E,b(T,v) = ]ST(ZQ—l7 Zl_l)Enf)(Z27 21) =0 |:> Polynomial in two variables(z1, 22)
- Solutions for (z1,22) can be obtained by solving two separate

polynomial rooting problems®.

— 2D search not required I:> Computationally feasible
(Consequence of the complex exponential steering vector structure)

12 *J. Lee, J. Park, and J. Chun, “Weighted Two-Dimensional Root MUSIC for &l Ira A.Fulton Schools of
CoE Meeting 03/27/23 Joint Angle-Doppler Estimation With MIMO Radar,” IEEE Trans. on Aerosp. and Engmeerlng
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Snapshots for Covariance Estimation SXL

Signels, laformation, Inference, & Learning

- 2D subsequences are considered as snapshots

XO,(D . .
R]m.q = R[m, ¢ Consecutllve snapshots shifted by
2D snapshots X, ; one sample

of size M/ x N o = oo = = g =

/ [ ] 1
0 1_d_ o — I Vectorized version
)(10———>' | | |
I I ' I ° y = vec - /—MN P (677 Tiy Vs w
1
|

. Snapshots: xi; = vec(X; ;)
-——=== i=0,....,M—M,j=0,...,N—N
Nsnap:(M_M/+1)(N_N/+1)

Frequency (m)

« Sample covariance matrix

M—M" N—N’'
M —1 5 1 "
K - NS p Z Z Xi’jxivj
............ nap - ,—g =1
0 Slow-time N -1 ’
(9)
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2D MUSIC for Embedded Pilot Structure SAL

* Pilot symbol separated from data symbols with a guard interval
— Max. Doppler tap l... = vmaxTw/2 , Max. delay tap k.. = mmaxB
— kand I chosen to control interference between data and pilot symbols

¢ : Pilot symbols

= : Data symbols

: Guard symbols

N -1 | | | B L I | n a

b+ 2lmax+1 (™| ® .

b+ lnax+1/2|® | m 1K
lp |m|m ° | =

ly—lmax — /2 |® [ ® (N
lp— 2oy —1 | ® [ LR

O |m|(m | m|m | m|m|m

0 | k| M-1
by — Kmax — k. Ky + ke + &
Transmitted OTFS
frame

| k| M-1

— Rpax— kg Fmae+ K

Received OTFS
frame

oo SFFT
oo #
e |0

0 ok ] M-1

kp—kmax —k  kp + kmax + k
Filtered OTFS frame used
for 2D MUSIC algorithm
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Cramér-Rao Bound (CRB) for ST
Delay-Doppler Estimation

- Unknown parameter vector: 8 = [/;,....0p]"

- Received signal having the form:y = n(0) + w w ~ CN(0,0°T)

Fisher information matrix (FIM) J(60):

30— 5 red (%) () 5,
W 90;) \ 00y Y = a2 b ) tw

CRB matrix =J ()

— Diagonal elements of CRB provide a lower bound on variance of any
unbiased estimator ) E[(4; —6,)?] > [T71(0)]

Non-diagonal elements —> Possible coupling between unknown
of FIM parameters (Motivation for joint
estimation)
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1D v/s 2D Estimation SXL

* Turns out the coupling between delays and Dopplers is negligible*

 Delays and Dopplers can be estimated individually, but pairing
procedures are necessary to find the correct delay-Doppler pair

— 2D MUSIC pairs delays and Dopplers automatically

« Estimating Dopplers for a specific delay requires the knowledge of
the number of Dopplers with that particular delay

Frequent estimation of model order required
as the channel changes due to user mobility

Two scatterers with same
delay and different Doppler shift

Ira A.Fulton Schools of

17 , *Dogandzic and A. Nehorai, “Cramer-Rao bounds for estimating range, velocity, and direction - -
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Numerical Results

ST

Signels, laformation, Inference, & L 9

« Simulation parameters:

— M =N =64
— B =2 MHz
— D =4 paths
— Tmax = 10T

— VUmax = 3000 Hz
— Tq ™ Z/{(Oa 7-rnax)
— UV~ Z/[(_Vmaxa Vmax)

~ hi ~ CN(0,1)

« 2D Root MUSIC method*,
no 2D search involved.

RMSE (Hz)

Doppler Estimation Performance of 2D Root-MUSIC

© 2D Root-MUSIC
—— CRB

SNR (dB)

19
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Summary SXL

Estimating delays and Doppler shifts reduces to a 2D sinusoidal
frequency estimation problem in the frequency/slow-time domain.

« Computationally feasible 2D root-MUSIC can be applied.

« 2D MUSIC can be applied to an embedded pilot OTFS frame by
filtering out the data symbols.

« 2D MUSIC automatically gives paired delay-Doppler estimates and
requires less frequent model order estimation.

 Future work:

— Exploring more general OTFS pilot sequences and the application of
2D root-MUSIC-type methods to such pilot sequences
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Thank You
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OTFS Received Signal Model Sfl—

Re{p(?)} 4
 Transmitted pilot signal: ,,_., _|, N pulses
N-1 0 il AN . Al >
p(t) = mp Z u(t — 7, — qT)e??>™ T %v Al 2T (v E)T t
=0 Slow-time: ¢ =0 g=1 g=N-1

* Received signal: Re{r(t)} 1
D
r(t) = Z aip(t — 7;)e?*™it
1=1 0

« Sampling at 7s = 1/B,
. Re{r[n]} |
r[n] = r(nTs) =~ Zaip(nTs — Ti)ej%’/iL%JMTS

S~ ~
-~
-~
~
~~
~

i=1 -
n=0,..., MN -1 ‘ { |
O ?T Pl 3 YT rl 3 Y 3 7TV I = >
1é 11‘ L ll‘ T L] \ T ll; g
l M 2M (N-1)M n
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Fast-time/Slow-time Domain Sfl—

* Received signal: b

] = r(nTy) & Y aup(nT, — r)e s HIMT =0, MN —1
=1
« Converting to fast-time/slow-time domain:

Fast-time/Delay (k)
Re{r[n]} T Tl 0 --eee- M -1
P Rolkl -~ AR e-mmte P R 0
r f’ \f l—— 1 4 - 1 \\\\‘
\\\ ~~e . .
RN - Slow-time
‘ l “ \\\\‘~\\ (q)
7T 1l M | 3 rl‘ ' t il L » \\‘\\
o [ Ty T oM w-nml" *
N —1
Slow-time: ¢ =0 g=1 g=N-1 ’Fq [k’]
D ()T k=0,....,M—1
ot ~ E . _ _ .\ pleT VYV Vi)dq
Tq[k] Y xp azu(kTS Tp TZ)G p ¢ q jr— O’ e e . 7]V' —_ 1
1=1
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Frequency/Slow-time Domain SXL

D
Folk] = Z (kT — 7, — 7;)ed2mwdT gi2mvial k=0,....M—1
i=1 q=0,...,.N—1

 DFT of fast-time/slow-time matrix along fast-time (delay):

M—-1

1 felo,B]
DFT . _
fq [k] T) R[m,q] = Z ’Fq [k]e_ﬂﬁkm/M u(t) = Uf) {O otherwise.
k=0
— Frequency variable m =0,..., M — 1 1 e BEIL]
— Rm, q|: Frequency/slow-time domain
<+ 0 B ﬁ‘f
DFT
+ Using the time-shift property of the DFT, ulk] = u(kT;) - U[m]%; 11
m=0,..., —
D (Tp+7i)
B PGS DU W, | m=0,...,M—1
R[maQ]—xp;Oéie s g=0,...,N—1
1=
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