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Overview |

@ Introduction
@ Evolution of wireless
o High-Doppler wireless channels
o Conventional modulation schemes (e.g., OFDM)
o Effect of high Dopplers in conventional modulation

@ Wireless channel representation
o Time—frequency representation
@ Time—delay representation
@ Delay—Doppler representation

© OTFS modulation
@ Signaling in the delay-Doppler domain
@ Compatibility with OFDM architecture

(I1Sc. Bangalore - Monash University, Australia) OTFS modulation ICC 2019, Shanghai



Overview I

@ OTFS Input-Output Relation in Matrix Form

© OTFS Signal Detection
@ Vectorized formulation of the input-output relation
@ Message passing based detection
@ Other detectors

@ MIMO/multiuser MIMO OTFS

@ OTFS channel estimation
@ Channel estimation in delay-Doppler domain
@ Multiuser OTFS

@ OTFS applications
o OTFS radar
@ SDR implementation of OTFS
@ OTFS with static multipath channels

Link to download Matlab code:
https://ecse.monash.edu/staff/eviterbo/0TFS-VTC18/0TFS_sample_code.zip
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Introduction
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Evolution of wireless

Mobile 4G LTE

OFDMA
Mobile 3G ‘
CDMA PS data, VOIP
Mobile 2G ‘
TDMA Voice, SMS, PS data AN

transfer

5

transfer

Voice, Analog traffic /\/\/\/\/\/\@ Q
% 1010110100111000

1980s, N/A 1990s, 0.5 Mbps 2000s, 63 Mbps 2010s, 300 Mbps

Mobile 1G ‘
Analog FDMA Voice, SMS, CS data x@

o Waveform design is the major change between the generations
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High-Doppler wireless channels
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Wireless Channels - delay spread

A
) :
*

Reflected path

‘o%:’ﬂc »

@ Delay of LoS path: 7, = /c
o Delay of reflected path: 7 = (r» + r3)/c
@ Delay spread: m» — 7y
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Wireless Channels - Doppler spread

o
ﬁ Reflected path

(( °)) e Ycose

LoS path —

@ Doppler frequency of LoS path: vy = f.Z
@ Doppler frequency of reflected path: v, = fc%‘”e

o Doppler spread: v, — 1y
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Typical delay and Doppler spreads

Delay spread (c = 3-10%m/s)

Armax || Indoor (3m) | Outdoor (3km)

Tmax 10ns 10us
Doppler spread
Vinax fo =2GHz | f. = 60GHz
v = 1.5m/s = 5.5km/h 10Hz 300Hz
v = 3m/s = 11km/h 20Hz 600Hz
v = 30m/s = 110km/h 200Hz 6KHz
v = 150m/s = 550km/h 1KHz 30KHz
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Conventional modulation scheme — OFDM

@ OFDM - Orthogonal Frequency Division Multiplexing

Subcarriers

Frequency

o OFDM divides the frequency selective channel into multiple parallel
sub-channels
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OFDM system model
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Figure: OFDM Rx
(*) From Wikipedia, the free encyclopedia
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OFDM system model

® Received signal — channel is constant over OFDM symbol (no Doppler)
ho, h1,- -+, hp_1 — Path gains over P taps

[ ho O -~ 0O hpy hpo -+ h ]
b hy --- 0 0 hp_y -+ hy
hp_1
r= s
hp_1
0 0 -+ hpy hpa -+ m ho |

Circulant matrix (H)
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OFDM system model

@ At the receiver we have
P—1 _
r=F'DFs=) hM's
i=0

. . . 00
where I is the permutation matrix
0.---10

(notation used later as alternative representation of the channel)
@ At the receiver we have

y=Fr= D x
~—

Diagonal matrix

o OFDM Pros

o Simple detection (one tap equalizer)
o Efficiently combat the multi-path effects
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Effect of high multiple Dopplers in OFD

@ H matrix lost the circulant structure — decomposition becomes erroneous

@ Introduces inter carrier interference (ICl)

Frequency

e OFDM Cons

e multiple Dopplers are difficult to equalize
e Sub-channel gains are not equal and lowest gain decides the performance
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Effect of high Dopplers in OFD

@ Orthogonal Time Frequency Space Modulation (OTFS)®*)

e Solves the two cons of OFDM
o Works in Delay—Doppler domain rather than Time—Frequency domain

(*) R. Hadani, S. Rakib, M. Tsatsanis, A. Monk, A. J. Goldsmith, A. F. Molisch, and R.
Calderbank, "Orthogonal time frequency space modulation,” in Proc. IEEE WCNC, San
Francisco, CA, USA, March 2017.

cohere)

technologies
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Wireless channel representation
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Wireless channel representation

o Different representations of linear time variant (LTV) wireless channels

time-variant impulse response

/N
time-frequency delay-Doppler

response [—[(t7 f) SFFT h(»]—’ V) response

(OFDM) (OTFS)
]-'\ / F

B(v, )

Doppler-variant transfer response
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Wireless channel representation

@ The received signal in linear time variant channel (LTV)

r(t) = /g(t,T) s(t — 7)dT — generalization of LTI
——

time-variant impulse response

= // h(r,v) s(t — 7)e*™ drdv — Delay-Doppler Channel
——

Delay—Doppler spreading function

= /H(t, f)S(f)e’>™ ™ df — Time-Frequency Channel
——

time-frequency response

@ Relation between h(7,v) and H(t, )
h(r,v) = / / H(t, f)e /2" =17) dtdf

Pair of 2D symplectic FT
H(t,f) = //h(T7 )2 =) drdy
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Wireless channel representation
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Wireless channel representation
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Time-variant impulse response g(t, 7)

Channels. New York, NY, USA: Academic, 2011
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Time-frequency and delay-Doppler responses
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Channel in Time—frequency H(t, ) and delay-Doppler h(r,v)
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Time—Frequency and delay—Doppler grids

@ Assume Af =1/T o
elay
VAT IA[
Frequency
AfIM|
2D SFFT
_—
-—
2 2D ISFFT
1
) N Time 2
T
1
12 N
@ Channel /'1(7'7 I/) - Doppler

p
h(r,v) = Z hié(m — 7)o (v — v;)

o Assume 7; = I, (7757) and vi = ky, (77)
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OTFS Parameters

Subcarrier M | Bandwidth Symbol duration | delay [
spacing (Af) (W=MASf) | (Ts=1/W) spread
15 KHz 1024 | 15 MHz 0.067 us 47 pus | 71 (= 7%)
Carrier N | Latency | Doppler UE speed | Doppler Kypon
frequency (NMT; | resolution | (v) frequency
(f) =NT) | (1/NT) (fy = fc%)
30 Kmph | 111 Hz 1 (=~ 1.5%)
4 GHz 128 | 8.75 ms| 114 Hz 120 Kmph | 444 Hz 4 (~6%)
500 Kmph | 1850 Hz | 16(~ 25%)

(I1Sc. Bangalore - Monash University, Australia) OTFS modulation ICC 2019, Shanghai 24 / 95



OTFS modulation
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OTFS modulation

e Time-Frequency b'éiffa'i{l """"""""""""" i
Xn,m] Heisenberg s(1) Cham\(‘l rit Wigner Vin m] - 'y[k,l]i

ISFFT Transform (T, V) Transform SFFT B

' Delay-Doppler Domain H

Figure: OTFS mod/demod

o Time—frequency domain is similar to an OFDM system with N symbols in a
frame (Pulse-Shaped OFDM)
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Time—frequency domain

@ Modulator — Heisenberg transform

N—-1M-1

s(t) =Y > X[n, mlgu(t — nT)e2mAfE=nT)

n=0 m=0

@ Simplifies to IFFT in the case of N =1 and rectangular gix
@ Channel

r(t) = / H(t, f)S(f)e> "t df
@ Matched filter — Wigner transform
V(e.0) = A (1) 2 [ git — (e)e 27O

Y[n,m] = Y(t,f)|t=nT r=mar

@ Simplifies to FFT in the case of N = 1 and rectangular g«

(I1Sc. Bangalore - Monash University, Australia) OTFS modulation ICC 2019, Shanghai 27 / 95



Tim quency domain — ideal pulses

o If gix and gy are perfectly localized in time and frequency then they satisfy
the bi-orthogonality condition and

Y [n, m] = H[n, m|X[n, m]

where

H[n, m] ://h(T, v)e/2mvnT g=i2mmALT gr )y,

Symbol

f
ED/ZEDEDETED
L[V I I F T
f\f\f\f\f\fsubcamer
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i EIDEDED €D
r €EIDEDED €D
I OO I,
| EDEDYEDRE e
T <>
0 T 2T ..

Figure: Time—frequency domain

* F. Hlawatsch and G. Matz, Eds., Chapter 2, Wireless Communications Over Rapidly
Time-Varying Channels. New York, NY, USA: Academic, 2011 (PS—OFDM)
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Signaling in the delay—Doppler domain

@ Time—frequency input-output relation

Y [n, m] = H[n, m|X[n, m]

where
Hin,m] = 305" hk, &2 (%)
k /
o ISFFT
N—1M-—
Xln, m] = Z Z xlk, e (%= %)
=0 I1=0
o SFFT
N—1M-1
ylk. 1] = & Y[n, m]e7j2”("*/\7*%')
NM n=0 m=0
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Delay—Doppler domain input-output relation

@ Received signal in delay—Doppler domain

P
y[k, /] - Z hIX[[k - kVi]N’ [/ - /Ti]]/\//
i=1

= hlk,l|®x[k,l] (2D Circular Convolution)

(a) Input signal, x[k, /] (b) Channel, h[k, /] (c) Output signal, y[k, /]
Figure: OTFS signals
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Fractional doppler effect

@ Actual Doppler may not be perfectly aligned with the grid

1
vi = (ky, + Ku.) (/\IT) Jky €Z2,-1/2 < Ky, < 1/2

@ Induces interference from the neighbor points of k,, in the Doppler grid due
to non-orthogonality in channel relation — Inter Doppler Interference (IDI)

@ Received signal equation becomes

PN ;
i ejZT((—q—RU’.) -1
Y(k7 /) = Z N.hi <Nef2,\7f(—q—nuf) B N> X [[k — ky; + q]Nv [/ - /TI]M]

i=1 qg=—N;
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Compatibility with OFDM architecture

Time-Frequency Domain (N OFDM symbols)

x[k ] Precoder : X[n.m] [ OFDM s(t) Chaxm(‘l r(t) OFbM |/ [n m] Decoder ylk, I]
(ISFFT) Modulator Demodulator (SFFT)

.............................................................................

Figure: OTFS mod/demod

o OTFS is compatible with LTE system

@ OTFS can be easily implemented by applying a precoding and decoding
blocks on N consecutive OFDM symbols
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OTES with rectangular pulses — time

Assume gix and g to be rectangular pulses (same as OFDM) — don't follow
bi-orthogonality condition

@ Time—frequency input-output relation

Y[n, m] = H[n, m|X[n, m] + 1Cl + ISI

ICI — loss of orthogonality in frequency domain due to Dopplers

@ ISI — loss of orthogonality in time domain due to delays

(*) P. Raviteja, K. T. Phan, Y. Hong, and E. Viterbo, “Interference cancellation and iterative
detection for orthogonal time frequency space modulation,” IEEE Trans. Wireless Commun., vol.
17, no. 10, pp. 6501-6515, Oct. 2018. Available on: https://arxiv.org/abs/1802.05242
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OTFS Input-Output Relation in Matrix Form
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OTFS: matrix representation

@ Transmit signal at time—frequency domain: ISFFT+Heisenberg+pulse
shaping on delay—Doppler

S = G Fi(FuXF}) = G, XFY
N——
ISFFT

@ In vector form:
s = vec(S) = (FN @ G )x

@ Received signal at delay—Doppler domain: pulse shaping+Wigner+SFFT on
time—frequency received signal

Y = F}}(FuG,..R)Fy = G.«RFy
@ In vector form:

y = (Fn ® Gux)r
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OTFS transmitter implementation: M = 2048, N = 128

time
(128 symbols) .

time

(128 symbol

2048)
2048)

delay J

delay (M
delay (M

Doppler (N=128) Doppler (N=128)

frequency
(2048 subcarriers)

TX complexity | PAPR
OTFS  MN*log,(N) N @ )

OFDM  MN*log,(M) M

Heisenberg transform
time-frequency -> time
(N-symbol OFDM transmitter)

IFFT [ IFFT
2048 2048

P/S+CP

Only
2048 samples one CP
—

J

L

T
Time domain signal (128 symbols, 2048 samples each)

e OTFS transmitter implements inverse ZAK transform (2D—1D)
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OTFS receiver implementation: M = 2048, N = 128

2048 samples

time varying [

channel h

v
Time domain signal (128 symbols, 2048 samples each)

cP
+
S/pP

remove

o OTFS receiver implements ZAK transform (1D—2D)

(I1Sc. Bangalore - Monash University, Australia)
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OTFS: matrix representation — channel

@ Received signal in the time—frequency domain

r(t) = //h(T, v)s(t — T)ej27w(t7’r)d7'dl/ + w(t)

@ Channel

@ Received signal in discrete form

Jjemki(n—1I;)
r(n) = Zhe - s([n — [lmn) + w(n),0 <n< MN -1
=1 Doppler Delay
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OTFS: matrix representation — channel

@ Received signal in vector form
r=Hs+w
@ His an MN x MN matrix of the following form
P
H=> nn'alk),
i=1

where, M is the permutation matrix (forward cyclic shift), and A is the
diagonal matrix

0 -~ 0 1 2 o ... 0
2mki(1)
no |t 0 0 A _ | O e 0
0 1 0] yysmn 0 0 eﬂﬁk"&*ﬂ
Delay (similar to OFDM) Doppler
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OTFS: matrix representation — channel

@ Received signal at delay—Doppler domain
y = [(Fy ® Gu)H(F) @ Gi)] x + (Fy ® Gy )w
= Hex +w
o Effective channel for arbitrary pulses
Her = (Iv ® Go)(Fy @ In)H(Fl @ 1) (Iv @ Giy)
= ('N ® GrX) Hrre??t (IN ® GtX)
Channel for rectangular pulses (G =G.=ly)

o Effective channel for rectangular pulses

P
Hee =3 by [(F @ ) (Fl @ )] [(FN @ Iy) AR (FH @ 1)

i=1

PO (delay) Qv (Doppler)

P
Z )—ZhT
i=1
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rect

OTFS: Example for computing H.

o M=2 N=2MN=4 )
@ ;=0 and k; = 0 (no delay and Doppler)
0| e
o N =1, = P =(FaL)(Ff o) =1 0 1

o ATY =1, = Q) = (F, @ L)(Ff @) =1,
o TV = POQM =1, = Narrowband channel
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rect

OTFS: Example for computing H.

o [; =1 and k; = 0 (delay but no Doppler)

0 [ ]

0 1

o PO =

(using the block circulant matrix decomposition — generalization of circulant
matrix decomposition in OFDM)

o ATY =1, = Q) = (F, @ L)(FY @ L) =1,

o T = PO = TWs — circularly shifts the elements in each block (size M) of s
by 1 (delay shift)
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rect

OTFS: Example for computing H.

o [; =0 and k; = 1 (Doppler but no delay)

o N =1, =P =(FRob)(Ffok) =1 o

S O ~—

o AT = :| = block diagonal matrix with 2 x 2 (M x M)

block size

o Q) = (F, @ L) AW (FY

(using the block circulant matrix decomposition in reverse direction)

o TV = Q" = TWs — circularly shifts the blocks (size M) of s by 1 (Doppler
shift)
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rect

OTFS: Example for computing H.

o [; =1 and k; =1 (both delay and Doppler) l :
0
0 1
o PO) =
0 Q) —[0-0

o T = POQY = TWs — circularly shifts both the blocks (size M) and the
elements in each block of s by 1 (delay and Doppler shifts)
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OTEFS: channel for rectangular pulses

e T() has only one non-zero element in each row and the position and value of
the non-zero element depends on the delay and Doppler values.

e—i2m R ej27rki([mA;N’ilM)7 i G= [m _ /i]M i /\/l[n B ki]N and m < ||
T(')(P» q)= e’z’Tk([m ,]M), if g=[m—Il]u+ M[n— ki]y and m > |;
0, otherwise.

@ Example: [ =1and k; =1

1

0 0 0 2%
G_10 0 1 0
T 0 e2i 0 0
1 0 0 o0
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OTFS Signal Detection
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Vectorized formulation of the input-output relation

@ The input-output relation in the delay—-Doppler domain is a 2D convolution
(with i.i.d. additive noise w[k,/])

ylk 1= hix(lk =k, [ = I Jm]l + wik, ] k=1...N,/=1...M (1)

@ Detection of information symbols x[k, /] requires a deconvolution operation
i.e., the solution of the linear system of NM equations

y=Hx+w 2)
where x,y,w are x[k, /], y[k, l], w[k, I] in vectorized form and H is the

NM x NM coefficient matrix of (1).

@ Given the sparse nature of H we can solve (2) by using a message passing
algorithm similar to (*)

(*) P. Som, T. Datta, N. Srinidhi, A. Chockalingam, and B. S. Rajan, “Low-complexity
detection in large-dimension MIMO-ISI channels using graphical models,” IEEE J. Sel. Topics in
Signal Processing, vol. 5, no. 8, pp. 1497-1511, December 2011.
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Message passing based detection

@ Symbol-by-symbol MAP detection

)?[c] = argmax Pr (X[c] = aj | Y, H)
ajGA

= arg max % Pr (y’x[c] = a;,H)

aje

A arg max H Pr (y[d]| x[c] = a;, H)
€A geg,

@ Received signal y[d]

yldl = x[c]H[d,c]+ Y x[e]H[d, ] + z[d]
ecZ(d),e#c

Cg)c—> assumed to be Gaussian
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Messages in factor graph

Algorithm 1 MP algorithm for OTFS symbol detection

Input: Received signal y, channel matrix H

Initialization: pmf p(c(,)(), =1/Q repeat
- Observation nodes send the mean and variance to variable nodes
- Variable nodes send the pmf to the observation nodes
- Update the decision

until Stopping criteria;

Output: The decision on transmitted symbols X[c]

(Mri,m‘fg,q) (/‘(i,rfs*ro'g,cs)
zled]| **®  |wfes]
{e1,€2," - es} =14 {e1,€2,- - es5} =T
Observation node messages Variable node messages
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Messages in factor graph — observation node messages

(/‘d‘el 5 0’3_@1)

(/U'd,es 5 Ug,es)

@ Received signal

yldl =x[c]Hld.c]+ > x[e]H[d, e] + z[d]
e€I(d),ec {e1,€2,--es} =1y

(L'.)CH assumed to be Gaussian

@ Mean and Variance

/ij)c = Z Zp( 1) (aj)ajH[d, €]

e€Z(d),e#c j=1

2

Q
@2 = pla " (a)|ai2IHd. ]2 ~
el Jj=1

Q
> el P (a)aH[d ]
(d),esc Jj=1
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Messages in factor graph — variable node messages

@ Probability update with damping
factor A

i) = &5 a) + (1= ) o0 (), 4 € A
where
~(1) p a2 H
pew(@) o< ] r{ylel|x[c] = aj,
ecJ(c),e#d
ecJ(c),e#d Zl?:l E(i)(ev c, k)

(i) 2
’}/[e] Hec — e,cak‘

(ol)2

£0(e,c, k) = exp

(I1Sc. Bangalore - Monash University, Australia) OTFS modulation ICC 2019, Shanghai 51 /95



Final update and stopping criterion

@ Final update

(i) .
N5y — g (e’ ’J)
p’(aj) = | I ' ¢
: eeJ(c) Zk—l 6(’)(6, c, k)

Xl[c] = argmax p(a;), c=1,---,NM.

ERS
@ Stopping Criterion
e Convergence Indicator n(i) =1

1 NM
w_ 1 D) >
= o ;H (g}g;f pt(a) > 0-99>

o Maximum number of lterations

o Complexity (linear) — O(njterSQ) per symbol which is much less even
compared to a linear MMSE detector O((NM)?)
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Simulation results — damping factor A

-6-OTFS, 120 Kmph

.
[y

-+-0TFS, 120 Kmph

=
>

©
T

4-QAM, SNR = 18 dB

02l +QAM,SNR=18dB

o
>

Average no. of iterations
P
SR

=

=

02 04 0.6 08 1 02 04 0.6 0.8 1
A A

Figure: Variation of BER and average iterations no. with A. Optimal for A = 0.7
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Simulation results — OTFS vs OFDM with ideal pulses

10° . . : :
——OTFS, Ideal, 30 Kmph
—---OTFS, Ideal, 120 Kmph
.| 4-QAM |- OTFS, Ideal, 500 Kmph
10 ——QFDM, 30 kmph E
—*—=OFDM, 120 kmph
—=—OFDM, 500 kmph
107 ¢
1
o
;M
107
%
107
107 . . . .
0 5 10 15 20 25 30
SNR in dB

Figure: The BER performance comparison between OTFS with ideal pulses and OFDM
systems at different Doppler frequencies.
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Simulation results — IDI effect

-6-OTFS, 18 dB, 120 Kmph
---OTFS, 18 dB, 500 Kmph
—8-0TFS, 15 dB, 120 Kmph

Figure: The BER performance of OTFS for different number of interference terms N;
with 4-QAM.
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Simulation results — Ideal and Rectangular pulses

T
H ——OTFS, Rect,, WC, 30 Kmph v
! ——-OTES, Rect,, WC, 120 Kmph
. —=-OTFS, Rect., WC, 500 Kmph
! —6—OTFS, Rect., WO, 30 Kmph |
, ——OTEFS, Rect.,, WO, 120 Kmph
[ —8—OTFS, Rect., WO, 500 Kmph
—s—OTFS, Ideal

142 143 144 —¥—OFDM, 500 kmph
107 | | | i

5 10 15 20 25 30
SNR in dB

3.795

Figure: The BER performance of OTFS with rectangular and ideal pulses at different
Doppler frequencies for 4-QAM.
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Simulation results — Ideal and Rect. pulses - 16-QAM

10°
— OTFS, Rect., WC, 30 Kmph
-=-OTFS, Rect., WC, 120 Kmph
16-QAM |- OTEFS, Rect., WC, 500 Kmph
| —e—OTFS, Ideal
107 P —e—OTFS, Rect., WO, 120 Kmph
) —~— OFDM
1 0—2 L
1 073 L
1 0—4 I I I L
10 15 20 25 30 35

SNR in dB

Figure: The BER performance of OTFS with rectangular and ideal pulses at different
Doppler frequencies for 16-QAM.
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Simulation results — Low latency

-1
10 — OTFS, Rect., WC, 30 Kmph, N = 16, M = 128
---OTFS, Rect., WC, 120 Kmph, N = 16, M = 128
——OTFS, Ideal, N = 16, M = 128
-—-OTFS, Ideal, N = 128, M =512
- OFDM, N = 16, M = 128
1072 1
N
7
o
m
107 4
-4 L |
10
20 25 30 35 40

SNR in dB

Figure: The BER performance of OTFS with rectangular pulses and low latency
(N =16, Tf ~ 1.1 ms).
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Matlab code

o OTFS_sample_code.m

— OTFS_modulation — 1. ISFFT, 2. Heisenberg transform
X = ffe(ifft(x).")." /sqrt(M/N); % ISFFT
s_mat = ifft(X.")*sqrt(M); % Heisenberg transform
s = s_mat(:);
— OTFS_channel_gen — generates wireless channel
output: (delay_taps,Doppler_taps,chan_coef)

— OTFS_channel_output — wireless channel and noise

L = max(delay_taps);

s = [s(N*M-L+1:N*M);s];% add one cp

s_chan = 0;

for itao = 1:taps
s_chan = s_chan+chan_coef(itao)*circshift([s. *exp(1j*2*pi/M...
*(-L:-L+length(s)-1)*Doppler_taps(itao) /N).";zeros(L,1)],delay_taps(itao));

end

noise = sqrt(sigma-2/2)*(randn(size(s_chan)) + li*randn(size(s_chan)));

r = s_chan + noise;

r = r(L4+1:L4+(N*M));% discard cp
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Matlab code

— OTFS_demodulation — 1. Wiegner transform, 2. SFFT

r-mat = reshape(r,M,N);

Y = fft(r_mat)/sqrt(M); % Wigner transform
Y=Y/

y = ifft(ffe(Y)."). /sqrt(N/M); % SFFT

— OTFS_mp_detector — message passing detector
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Other detection methods

o Output OTFS signal: y =Hx+w

@ MMSE detection: _1
%= (H"H + A1) Hy

o Provides diversity but high complex O((NM)?)

@ OTFS FDE (frequency domain equalization) in [1]
e Equalization in time—frequency domain (one-tap) and apply the SFFT
o Low complexity equalizer
o Phase shifts can't be applied and bad performance at high Dopplers
e Small improvement on OFDM

[1]. Li Li, H. Wei, Y. Huang, Y. Yao, W. Ling, G. Chen, P. Li, and Y. Cai, “A simple two-stage
equalizer With simplified orthogonal time frequency space modulation over rapidly time-varying
channels,” available online: https://arxiv.org/abs/1709.02505.
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Other detection methods

@ OTFS MMSE-PIC (parallel ISI cancellation) in [2]
o First applies the equalization in time—frequency domain (one-tap) and then
applies successive cancellation with coding
e Successive cancellation

9(1);11 =y — H& + H(:, )%(i);
%(1);, = arg;erzin (i‘f(i)j+1 —H(;, i)a)

o Moderate complexity
o Better performance than [1] but still struggles with the high Doppler
@ MCMC sampling [3]
e Approximate ML solution using Gibbs sampling based MCMC technique
o High complexity O(njeer NM) compared to message passing (O(njw.rSQ))
(Does not take advantage of sparsity of the channel matrix)

[2]. T. Zemen, M. Hofer, and D. Loeschenbrand, “Low-complexity equalization for orthogonal
time and frequency signaling (OTFS),” available online: https://arxiv.org/pdf/1710.09916.pdf.

[3]. K. R. Murali and A. Chockalingam, “On OTFS modulation for high-Doppler fading
channels,” in Proc. ITA’2018, San Diego, Feb. 2018.
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MIMO /multiuser MIMO OTFS
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MIMO-OTFS modulation

hi(7,v)

okl

X, . ry(t)
2 o oroceasing L] Heisenberg | 711)
processing transform

w2k, 1) ] %elm ) [ Heisenberg | #2()
Pre-processing !
transform

lio1 (7.0) a7, )

90 [ Wigner I m] nlk.
Pr)~(17rmm.\'\l\g
transform
w® [ Wigner ’2\" m| valk.1]
Po,w,ymwwng
transform

T, (k1) X0l Heisenberg |7 ( 5 O Wigner | % [n m] U [K,1]
Pre-processing Poabpmcoamng
transform transform

Figure: Block diagram of MIMO-OTFS modulation scheme

@ n; - number of transmit antennas, n, - number of receive antennas

@ Assume that the channel corresponding to pth transmit antenna and gth
receive antenna is given by

hap(T thp,é )0(v — 1),

p:1,2,~~~,nt,q:1,2,-~-7n
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Vectorized formulation of input-output relation

Let the windows W, [n, m], W,x[n, m] used for modulation be rectangular

Hg, - equivalent channel matrix corresponding to pth transmit antenna and
gth receive antenna

Xp - NM x 1 transmit vector from the pth transmit antenna in a given frame

Yq - NM x 1 received vector corresponding to gth receive antenna in a given
frame

@ Input-output relationship for the MIMO-OTFS system
yi = Huxi+Hpxs+ -+ Hypx,, + vy
y2 = Haixg +Haxs + -+ Hap Xp, + V2

Yo, = Hpaxi+Hpoxo+ -+ HpypXs + v,
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@ Define

Hq Ho, ... Hlnt
H21 H22 N H2nt
HMIMO = . . . s
H,1 Hn2 ... Hy,,
T T 7T T T T
XM""'O*[XI 3 X2 50, Xy ] vyM”V'O*[yl ;Y2 5 5, Yn, ] 3
T T 7
VMIMO:[VI sV2 0, Vp, ] .

@ Linear system model, yumo = HumoXumo + Vamo
® Xumo € C™MMXL y o, Vo € CNMXT T H,,,0 € Crr-NMxneNM

@ Only n;P non-zero elements in each row and n,P non-zero elements in each
column of Hymo

66 /
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Vectorized formulation of input-output relation for

MIMO-OFDM

@ Horpu,, - the equivalent channel matrix corresponding to pth transmit

antenna and gth receive antenna

@ Xorpm, - VM x 1 transmit vector from the pth transmit antenna in a given

frame

@ Yorom, denote the NM X 1 received vector corresponding to gth receive

antenna in a given frame
@ Define
HOFDM11 HOFDM12
HOFDM21 HOFDM22

HMIMO—OFDM =

HOFDMnrl HOFDMnrQ

HOFDMl,,t

HOFDMznt

HOFDM,,rnt
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@ Define
_ T T 7T
XMIMO-OFDM = [XOFDM1 y XOFDMp 5 * * 5 XOFDM, ] s

T T 7
YMimMo-oFDM = [yOFDM1 » YOFDMy 5 ** 5 YOFDM,, ]

@ Linear system model, Yumo-orom = Huimo-oromXmimo-orom =+ Viimo-orom

NM x1 n,NMx1
» Ymimo-orom> Vao-orom € C™ )

(Cn,NM x ng NM

ne
@ Xuimo-orom € C

HMIMO—OFDM S
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Performance results

@ x,, =0 (no IDI) is assumed

@ Delay and Doppler models

Path index (i) 1 2 3 4 5
Delay (r7us) | 21 | 42 | 63 | 84 | 104
Doppler (v;,Hz) | 0 | 470 | 940 | 1410 | 1880

@ Simulation parameters

Parameter Value

Carrier frequency (GHz) 4

Subcarrier spacing (kHz) 15

Frame size (M, N) (32,32)

Modulation scheme BPSK

MIMO configuration 1x1, 1x2, 1x3,
2%x2, 3x3, 2x3

Maximum speed (kmph) 507.6

Table: System parameters.
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Bit error rate

f.=4 GHz, M=32, N=32,
Af=15 kHz, P=5 | | I .
o 2 4

6
SNR (dB)

Figure: 2 x 3 system

Bit error rate

10%F 2 x 2 system, f.=4 GHz, M=32,
N=32, Af=15 kHz, P=5
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0 2 4

6 8
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Figure: BER performance comparison between OTFS and OFDM
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OTFS channel estimation
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Channel estimation in time—freq

o (I, ky,) ((delay,Doppler)) values are obtained from the baseband time
domain signal equation

P
y(t) = Z h,‘X(t — Ti)ej27r”i(t*7'i)

i=1

@ PN based pilots and 2D matched filter matrix is used to determine (I, k,,)
@ Highly complex

@ A. Fish, S. Gurevich, R. Hadani, A. M. Sayeed, and O. Schwartz, “Delay-Doppler channel
estimation in almost linear complexity,” IEEE Trans. Inf. Theory, vol. 59, no. 11, pp.
7632-7644, Nov. 2013.

@ K. R. Murali, and A. Chockalingam, “On OTFS modulation for high-Doppler fading
channels,” in Proc. ITA’2018, San Diego, Feb. 2018.
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Channel estimation using impulses in the delay-Doppler

domain

@ Each transmit and receive antenna pair sees a different channel having a
finite support in the delay-Doppler domain

@ The support is determined by the delay and Doppler spread of the channel
@ The OTFS input-output relation for pth transmit antenna and gth receive
antenna pair can be written as
M—-1N-1

Salk, 1= 373" xpln, m] MN o, (kNTn /MM) +valk, 1].

m=0 n=0

© P. Raviteja, K. T. Phan, and Y. Hong, “Embedded Pilot-Aided Channel
Estimation for OTFS in Delay-Doppler Channels”, IEEE Trans. on Veh. Tech.,
March 2019 (Early Access).

@ M. K. Ramachandran and A. Chockalingam, “MIMO-OTFS in high-Doppler
fading channels: Signal detection and channel estimation,” available online:
https://arxiv.org/abs/1805.02209.

© R. Hadani and S. Rakib, “OTFS methods of data channel characterization and
uses thereof.” U.S. Patent 9 444 514 B2, Sept. 13, 2016.
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@ If we transmit

Xp[n,m] = 1if (n,m) = (n,, mp)
=0V (n,m) # (np, mp),

as pilot from the pth antenna, the received signal at the gth antenna will be

1 k—n, |—m
Tk = ——h, P p k1.
Salko 1= ‘”’(NT’MAf>+Vq[’]

1 K I . - -
o wiihw, (77 7a7) and thus Hg, can be estimated , since n, and m,, are

known at the receiver a priori

e Impulse at (n, m) = (np,, m,) spreads only to the extent of the support of the
channel in the delay-Doppler domain (2D convolution)

o If the pilot impulses have sufficient spacing in the delay-Doppler domain, they
will be received without overlap

(I1Sc. Bangalore - Monash University, Australia) OTFS modulation ICC 2019, Shanghai 75 / 95



Transmitted OTFS symbols Channel 2 x 1 system , SNR= 4 dB

Tx. Antenna 1 o

Received OTFS symbols

0

Doppler delay Doppler

Transmitted OTFS symbols Channel

04 Doppler delay
Tx. Antenna 2 -

Doppler
Doppler delay PP

Figure: lllustration of pilots and channel response in delay-Doppler domain in a 2x1
MIMO-OTES system

FS modulation



SISO OTEFES system with integer Doppler

N1 | x[x]x]|x|[x|x]|x|x]x]x]x N-1|v|v|v|v|v|v|v|v|v]|v|v
x [ x| x [ x| x| x| x|[x|x]x]x VI VIV IVIVIVIVIVIV|V|IV
kp+2k,| x| x| x|o|ofo|o|o|x|x]x vivi|v|v|v|v|v|Vv|v]|Vv]|V
x| x| x|olo|lo|ofof|x]|x]|x kpt+k, [V|V|VI IVIVIBIB|B|(V V|V
kp x| x| x]lolo|@|o|o| x|x]|x kp vivivivIivIiB|IB|IB|(v|v|v
x| x| x|ofloflo|o|o|x|x]x ky—Fk, |[v|v|viv|vI|BBIB| V| V|V
kp_QkV x|[x|x]o|o|lo|o|o|x|x]|x VIVIVIVI|V|V|V|V|V]|VIV
1 X foxopox fox fxopx x| X f X)X )X VI VIV IVIVIIVIVIVI|IV|IVIV
0 )| x| [ ] x [ [ x| x| x| x 0 |v|v|v|v|v|v|v|v|v|v|v
01 L=l L, L+l M-1 01 L=l L I+l M-1
(a) Tx symbol arrangement (OJ: pilot; (b) Rx symbol pattern (V: data
o: guard symbols; x: data symbols) detection, H: channel estimation)

Figure: Tx pilot, guard, and data symbols and Rx received symbols

(I1Sc. Bangalore - Monash University, Australia) OTFS modulation ICC 2019, Shanghai 77 /95



SISO OTES with fractional Doppler

N1 [ x| x|x]x|x|x]x]|x]|x]|x]x N-1 |v|v|v|v|v|v|v|v|v|Vv| Vv
K+ 2k, +2k [ < [x[x[ofo]ole|o]x]x]x viv|v|v|v|v|v|v|v|v]|v
Kp+ 2k, [ x [ x [ x [ o] o]o[o]o]x|x]x kpt+k +k|v|v|v|v|v|BlB[B|v|v|v
x[x|xfo|lo|o|ofofx|x]|x kpy+k, |V|vV|v|v|v|B[B|IB|V| V|V

kp x [ x| x|ofo|@fo|o|x]|x]|x kp viviv|v|v|B|B[B|v|v|v
x|x|x|olo|lo|o|o|x]|x|[x kp—k,,vvvvaEEEEEvvv

kp— 2k, | x [ x| x[o]ofoo]o]x]x]x ky—k, —k|v|v|v|v|v|B|B|B|v|v|v
kp—2k, —2k [ x| x| x|o|ofofo]o|x]|x]x vivivi|v|v|v|v|v|v|v|v
0 wx [ x [ x[x[x|x[x][x]x]x 0 viviv|v|v|v|v|v|v]|v]|v

01 b—lr b I+l M-—1 01 L—l L, L+l M-1

(a) Tx symbol arrangement (OJ: pilot; o: (b) Rx symbol pattern (V: data
guard symbols; x: data symbols) detection, H: channel estimation)

Figure: Tx pilot, guard, and data symbols and Rx received symbols
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MIMO OTEFS system with fractional Doppler

Nt [= [ ] ][]~ olofolololololololo]o ®|o ) ) )
AR R x| o (ol el el Rl el Rodl Rodl Redl Rog e Red D|lD|D|D|D|D|D =)
kp+2k,+2k [ x[x[ofofofo|ofo]ofx]x ololelefle|lo|eole]e|[o]o ®|@|o]olo]o]e ®
x| x|olo|olo|o]o|o]|x]x Slolelofelofole]o[o]e ®|@dfe]ofe]o]e @
ko [x|x|of@]ele|o]o|e|x|x| [c]S|o]e|o|m]o]|e]o]|o]|o S|d|o|o|o|e]e S
x|x|ofo|lofoflo|o|o]|x]|x S| Ofe|oefofofofofo OO @ |@|e|eo|e|o|o 2]
kp—2k, —2k [ x [ x]o|o]o|o]o]ofo]x]x ololele|le|lo|ofe]e|[o]o @|@le|ofe|e|o|e]eo|a]a
I EIEIEIENENENEN N N AR R R R R R A R R e © @& D | D | D
0 L R R R R ol el Red Rl el Rodl ol Redl R Kol Red & D|D|D|D|D|D|D
0 0 I, M—1 0 i1, Lyl +1 M—1 0 i1, l+2l,+2 M —1
(a) Antenna 1 (x: antenna 1 (b) Antenna 2 (¢: (c) Antenna 3 (&:
data symbol) antenna 2 data symbol)  antenna 3 data symbol)

Figure: Tx pilot, guard, and data symbols for MIMO OTFS system (OJ: pilot; o: guard)
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Figure: Rx symbol pattern at antenna 1 of MIMO OTFS system (V: data detection,
B, X, ®: channel estimation for Tx antenna 1, 2, and 3, respectively)
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Multiuser OTFS system — uplink

N-1|x[x|[x[x[x[x[o][o]o]o]o]| [o|ofo]|o][o]o]|c|c]|c

<&
<&
pt 2k, +2k [x[x|ofofofofofofo]o]o o|loflofofofo]|o|o]|o|C
<
<&

x|x[ofofo]|ofo|o|o]o]e ofofofofofofe|o]o olofofoe|o|oflo|o|ofo]e
ky |x|x|of@|ofolofofofofo olofofo|ofmfo|o]o ofoflofofo|o|olm|o|ofo
ofofofofo]|ofolo|o]o]o olofloflofofoflo|ofofo]o @|@|oflo|o]ofo|o]o|a|a

ky — 2k, — 2% [ofofolofololofo]|ofo]o olololofloloflo|lo|lo|o]o @|ldlolofo|ofolo|o|d|®

ofo|o|o|o|ofofofofo]o olo|lo|ofo|ofo|o]|o|o]|o Dlo|e|D|D|D|D|D|D|B|D

0 oflo|loflo|o|o|o|o|o|o]fo olo|lo|lo|lo|o|o|o|o|ofoe ||| |D|@|B|D|D|E|D

0 Ll L, M=1 0 Il  lytl+1 M—1 0 IL lp+2l,+2 M—1

(a) User 1 (x: user 1 data (b) User 2 (O: user 2 data (c) User 3 (&: user 3 data
symbol) symbol) symbol)

Figure: Tx pilot, guard, and data symbols for multiuser uplink OTFS system (O: pilot; o:
guard symbols)
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SISO-OTES performance with the estimated channel

@ Simulation parameters: Carrier frequency of 4GHz, sub-carrier spacing of
15KHz, M =512, N = 128, 4-QAM signaling, LTE EVA channel model

@ Let SNR, and SNRy denote the average pilot and data SNRs

@ Channel estimation threshold is 30, where ag = 1/SNR,;, is effective noise
power of the pilot signal

10" 10! =
——-30 Kmph ——k =2
—&-120 Kmph I
107 iIS(g)eOaleph 102 ——Full Guard
---Ideal

) B
N=128, M =512, lT:20, N=128, M =512, IT=20, \‘\\

B SNRp: 40 dB, 4-QAM i SNRp: 50 dB, 4-QAM

10° 10
-5 L L -5 L 1
10 10 12 14 16 18 10 10 12 14 16 18
SNR ,in dB SNR,in dB
(a) BER for estimated channels of (b) BER for estimated channels of
different Integer Dopplers Fractional Doppler
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OTFS applications
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OTEFS in radar application

ENg -

Random | #[k, 1] X[n,m] Heisenberg
Data ISFFT Transform
Radar | Y[k, ] SFFT Y [n, m] Wigner

Processor Transform

r(t) j -4

Figure: OTFS-based radar system architecture

@ Received signal in delay—Doppler domain

y:)N(h—i—w

o Estimated range and velocity (range<+delay & velocity<+Doppler) : Matched

Filter

h = X"y = X"Xh + X"w = Gh + w ~ MNPsh + w
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OTEFS in radar application

@ Target range and velocity: 975 m and 80 m/s

0 T T : 0 T 4
——0TFS M ——O0TFS
£.10=+=0FDM 975 m £ pl——orm
=]
=) -
- 5}
o = L
g 2201 g -20
2 2
o
) -30F ,«?'30 t
< g
E.40) T-40L
3 5
N
=50 K500
: :
S .60 5-60(
o
“ Z
70 : ‘ : A
600 800 1000 1200 1400 40 50 60 70 80 90 100 110
Range in meters Relative velocity in m/s
(a) range profile (b) velocity profile

Figure: OTFS vs OFDM radar

(*) P. Raviteja, K.T. Phan, Y. Hong, and E. Viterbo, “Orthogonal time frequency space (OTFS)
modulation based radar system,” accepted in Radar Conference, Boston, USA, April 2019.
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OTFS modem SDR implementation block diagram

Information
bits OTFS Modulation
A
‘ (] 4 [n,m] \s[n] \
QAM Heisenberg Add cyclic
modulation || 'SFFT Transform [ | prefix
Channel
OTFS Demodulation
(k] Y[n.m] 1n] /
Channel Wigner Remove
Estimation SFET 1 Transform [< | cyclic prefix
Mzzzi:ge QAM Information
getecn?r ™| demodulation bits
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Experiment setup and parameters

@ The wireless propagation channel can be observed in real time using LabView

GUI at the RX while receiving the OTFS frames.

TABLE |
EXPERIMENT PARAMETERS

Symbol Parameter Value

I Cartier frequency 4 GHz

M Numiber of subcarriers )

N 2

Q 416

3 1.28 micro sees

78125 KHz

40 na

ccs

- | running on Host ||
PCs

Maximum Doppler spread 300KHz

Tx-Rx Distance 1.5 meters
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OTEFS received pilot in a partially emulated indoor mobile

channel

@ Doppler paths were added to the TX OTFS waveform and transmitted it into
a real indoor wireless channel for a time selective channel.
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OTFS with static multipath channels (zero Doppler)

@ Received signal
(size MN x 1) y = (Fy @ l)H(F) @ ly)x + w

1 zero Doppler
(size M x 1) y,,:l\:l,,x,,—f—wmfor n=0,---,N—1

e Equivalent to A-OFDM (asymmetric OFDM) in (¥*)

e H, structure for M > L he O - he ¥R
o ht ho - h2€7j27rﬁ
H, =
0 - M ho

MxM

@ Achieves maximum diversity when M > L (max. delay)
<= N parallel CPSC transmissions each of length M

(*) J. Zhang, A. D. S. Jayalath, and Y. Chen, “Asymmetric OFDM systems based on layered
FFT structure,” IEEE Signal Proces. Lett., vol. 14, no. 11, pp. 812-815, Nov. 2007.
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OTFS with static multipath channels (zero Doppler)
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Figure: BER of OTFS for different M with MN = N. = 1024, L = 72, and 16-QAM

(*) P. Raviteja, Y. Hong, and E. Viterbo, “OTFS performance on static multipath channels,”
IEEE Wireless Commun. Lett., Jan. 2019, doi: 10.1109/LWC.2018.2890643.
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