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Integrated Sensing and Communication (ISAC) Systems

® Communication and radar systems share many commonalities in
terms of signal processing algorithms and system architecture.

® In order to access more bandwidth, wireless communication systems
have been shifting to higher frequency bands, which were
traditionally allocated to radar systems.

® The hardware and frequency convergence has generated a lot of
interest in ISAC systems.
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Dual Function Radar Communication (DFRC) Systems

® ISAC systems could integrate sensing signals and communication
signals on the same platform via time, frequency, code, polarization,
or antenna multiplexing.

- not bandwidth efficient
- requires complex transmitter hardware

® DFRC systems are ISAC systems that utilize the same waveform for
both sensing and communication.

- high spectral efficiency
- simple transmitter hardware
- less expensive device
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DFRC for Next-Gen Wireless Systems - Requirements and
Challenges

* High Bandwidth for Joint Communication & Sensing

- MIMO for communications: mature, high-capacity technology

- MIMO radar: flexible beampattern control; virtual aperture for high
angular resolution

- DFRC trade-offs: simultaneous MIMO for sensing & communications
introduces resource tension

* High Mobility Support
- Fast time-varying channels due to large Doppler shifts
- More frequent channel estimation & tracking needed

® Operation at High Frequencies (mmWave/THz)

- Enables wide bandwidth = high range resolution
- Larger Doppler shifts even under moderate motion

¢ Possible Solution: MIMO ISAC using OTFS Waveforms
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Orthogonal Time Frequency Space (OTFS) Background W
0®000000 C

OTFS Waveforms

OTFS modulation! is robust to high Doppler shifts.

® OTFS multiplexes the data symbols in the Doppler-delay (DD)
domain.

® A time-varying channel with constant Doppler appears
time-invariant in the DD domain.

For ISAC, OTFS provides a unifying framework for treating sensing
and communication.

1. Hadani, S. Rakib, M. Tsatsanis, et al., “Orthogonal Time Frequency Space Modulation”, in 2017 IEEE Wireless Communications and
Networking Conference (WCNC), San Francisco, CA, USA: IEEE, Mar. 2017, pp. 1-6, ISBN: 978-1-5090-4183+1. DOF1 0. 11097WONC .20%7 .,7925924.
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Channel

OTFS-Grid Design

Av  k={1,...,N} At p={1,...,N}
AT Af:

.— x[k, 1] —— X[n,m]

I={1,....M} m={1,....M}

(a) Doppler-delay Grid. (b) Time-frequency Grid.

. Av:ﬁandAr:Aﬁf

® At-Af =1: orthogonality in TF domain
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Orthogonal Time Frequency Space (OTFS) Background
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OTFS-Modulation

® The symbols are mapped to the TF domain via the Inverse Symplectic
Finite Fourier Transform (ISFFT)

1 N-iM- AR
_ i2m _"_ﬂ
X[n,m]=— E E x[k,l]e .

k=0 1=0

® The analog signal for transmission, s(t), is created via the Heisenberg

Transform
N-1M-1 '
S(t) = Z Z X[n, m]gtx(t _ nAt)elznmAf(t—nAt)_
n=0 m=0
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OTFS-Modulation Visualization

DD Domain TF Domain
k —>
x[1.1] 11 | |—xwe
x[LZJ:l ISFFT L H—=x62
I |
l m
Heisenberg
s[1] s[13] Transform
| Time Domain
|
O L e,
| A wA

* T = NAt: duration of an OTFS symbol (Av = ;)

® B = MAf: bandwidth of an OTFS symbol (A7 = M#Af)
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Estimation Channel
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DD Domain Sensing/Communication Channel Model

J-1
h(v,7) = Zﬁja(v - v)8(t - 1))
j=0
J/Jr: Number of scatterers/targets.
v;j: Doppler shift corresponding to Speed v;

Magnitude

vj =2vjf/c=(kj+xj)Av
kjeZ, x;e[-0.5,0.5].

7;: delay corresponding to range R; s W

Tj =2Rj/c = ;AT Fig.: A 3-tap channel
lj ezZ".

B;j: Complex gain of the j-th target.
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Orthogonal Time Frequency Space (OTFS) Background
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OTFS-Demodulation

¢ The receiver applies the Wigner Transform of the received signal.
Assuming that g, (¢) and g..(t) are bi-orthogonal it holds that
J-1
Y[n,m] =X[n,m] ZHj [n,m],
j=0
Hj [I’l, m] — ‘Bje—iZm/jrjei27r(vjnAt—mAfrj).

® The demodulated symbols are obtained via SFFT,

J-1N-1M-1
y[k,1] = Z Z Z x[k-k,1-UW K, 1],
j_ I_ /_
W ﬁe’Z”NMék — kNS — Lm
J-1
ylk, 1] = ﬁje"z”NMx[[k kiln, [1=1iIm]-
Jj=0

In vector form: y = hx + w.
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MIMO ISAC With OTFS Waveforms

® MIMO — high communication rate.
MIMO radar with waveform orthogonality — high spatial resolution via a
virtual array.

MIMO ISAC cannot achieve both.

e Distinct DD bin assignment across antennas?.
Good sensing performance but inefficient spectrum k :
utilization. %
1
® All DD bins are shared across antennas. .
High communication rate but complex radar detector. [

1

® No prior work can synthesize a VA in a channel with multiple targets.

2M. F. Keskin, C. Marcus, O. Eriksson, et al, “T Sensing and C ications With MIMO-OTFS: ISI/ICI Exploitation and
Delay-Doppler Multiplexing”, IEEE Transactions on Wireless Communications, vol. 23, no. 8, pp. 10 229-10 246, Aug. 2024, ISSN: 1536-1276,
1558-2248. DOI: 10.1109/TWC.2024.3370501.
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tion Channel
oo

Communication Channel

Sensing Channel

DFRC BS

* Transmit waveform design for efficient use of available resources?

3 K. Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, IEEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, ISSN: 1558-0008, 0733-8716. DOI: 18.1109/JSAC.2025.3608761.
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OTFS Waveforms with Shared Bins and Ideal Pulses*

The transmit and receive antennas form uniform linear arrays with N; and
N, antennas, respectively, and inter-element spacings g; and g,.

DD TF Time Domain TF DD
TX; X1 X X -
ISEFT Heisenberg b
st 2
3 RX Yy
Transform g,, 1 1 n »1 X
1 m S| Wigner SFFT
E ri(t)
TX; x2 X, z Transform
k n 2
ISEFT Heisenberg z m 1
(1) (3]
Transform
1 m

4K. ‘Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, [EEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, ISSN: 1558-0008, 0733-8716. DOI: 18.1109/JSAC.2025.3608761.
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Coarse Angle Estimation at the Colocated Receiver

® Demodulated symbol of the n,-th antenna on bin [k, []

Jr-1 5 sin(¢j)Nf71 3 sin(;) N-1M-1 i
ynr [k, l] — Z el T Gr —7 Z e—l TGt —7 Z Z xnt [k _ k/,l— l/]hw [k/,l’]
j=0 n=0 k’=0 I'=0
Jr-1
TN
_ Z ol ﬂ"’waj[k,l].
Jj=0

wj = sin(g) ¢; = arcsin im
A A i = o)

® {yn|k.l] | B, =0,1,...,N, — 1}: sum of J; complex sinusoids (w;).
® Use N, point DFT to estimate w; and then ¢;.
® Repeat estimation on various [k, I] to improve the angle estimate.
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‘Waveform Design and Sensing Channel Estimation
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Coarse Range and Speed Estimation at the Colocated

Receiver
® Suppose that there are N targets corresponding to angle ¢;. Then

i IN-1M-1

Z ¢mizmmg Z D k= KL= VIRE[K 1),
Jja=0 k/=0 I'=0

j L J kigljg
Rig [k, 1) = Bj,e™ 27N [k = kg, InS[L = Lj, I

® Based on known transmitted symbols and estimated angle, define

i G
2 Z e Mg e [k 1.
nt:O

ZA[k kj,Ins [0 =L, 1]

Jg=0

- Av.A
® Cross-correlation with A;[k, 1] — (kj,,1j,) M» (V> Tjy)
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Limitation of Coarse Estimates

® The resolution of the above-described angle estimates is limited by
the receive array.

BOTI0 === - mm o m e oo 4 ad nd
:
. : e |, “
E E
: ; [P U M -
H w CI d o
:
0 03 i I
:
:
:
:
:
: :
I S — i oo
. - Yoy

(a) Close targets fall into  (b) Target in the second  (c) Targets in the third
the same DFT-Angle bin. angle bin appears as a angle bin overlap.
sharp peak.
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Limitation of Coarse Estimates

® The resolution of the above-described angle estimates is limited by
the receive array.

® Next, we show how to construct a virtual array (VA), which will
leverage the coarse estimates to provide target estimates beyond the
resolution limit of the receive array.

® To achieve this, we modify the transmit waveforms by introducing
the concept of private TF domain bins along with some DD domain
and TF domain guard bins.

® The introduction of private bins necessitates a slight reduction in the
DD-domain information, leading to a trade-off between sensing
performance and communication rate.
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OTFS Waveforms with Private TF Bins, and TF, DD Guard
Bins>

bD TF Time Domain TF DD
X:  x i X .
o
ISEFT Heisenberg
Transform e % RXp, Yy, n Yn, X
3
! " = s Wigner SFFT
TX; x2 X, E " Transform
k n 3
ISEFT 0 Heisenberg g m .
s2(1) 3]
Transform
[ m

SK. ‘Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, [EEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, ISSN: 1558-0008, 0733-8716. DOI: 10.1169/JSAC.2025.3608761.
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TF Domain-Shared vs. Private Bins

® Shared bin

Jr=1N,-1
Yy, [n,m] = Z Z ¢i2m (g -mig) =1L Xn [n, m]H' [n, m].
Jj=0 n;=
® Private bin
Jr-1
Y, [np, mp] = Xp[np, mp) Z PR [np, mp].
Jj=0

kin

. | kil; ml;
H)[n,m] =ﬁje_’2”ﬁe(]T Wj)
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Virtual Array (VA) and Sparse Signal Recovery (SSR)

® Place the ratio Yy, [np, mp]/Xp[np, mp] of all receive antennas in rp,

Jr-1
rP = Z Bj¢P(¢j’Vjvfj;np, mp) = @pﬁ
Jj=0

® The (n,, j)-th element of @, is

. sin(¢j) kil kjnp mpl;

e Stack all N}, vectors r,, in vector r € CV2™r to get
r = ®B (virtual array)

e Express r in terms of an overcomplete basis ®, constructed based on
a discretization of the target space around the coarse estimates. Then,

ﬁ is a sparse vector, indicating the presence of a target on grid points.

® Use sparse signal recovery (SSR) methods to obtain ﬁ

Athina Petropulu Rutgers University Integrated Sensing Communication Systems in High Mobility Scenarios April 23, 2026
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Communication-Sensing Performance Trade-Off

e Zero-forcing of TF bins requires reducing DD-domain information
symbols — communication-sensing trade-off.

¢ Using N, private bins yields an Np-fold improvement in sensing
performance, while reducing the total number of information bearing
symbols by

_ Np(N:-1)

7= TNNM

¢ Even a small N, provides substantial sensing gains, leading to only a
minor reduction in communication rate.
(Np =N; =4,M =128, N = 64 — 1 = 0.037%)

Athina Petropulu Rutgers University Integrated Sensing Communication Systems in High Mobility Scenarios April 23, 2026 25/59
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‘Waveform Design and Sensing Channel Estimation
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MIMO-OTEFES DD I/O with Rectangular Pulses

® Assuming the use of a cyclic prefix (CP) that avoids interference
between OTFS symbols, the DD channel I/O becomes

Jr-1N;-1

n, [k, 1] = Z Z 27 (nygr— Vl:gt) 6 e—zz

Jj=0 n=0
x [k, xn, [[k = kjln, [1 = 1j]m],

kjl
elZﬂ
ij[ksl]= N1 o Kl o k)]
N

ljSl<M,

e!27 Ny g~i2% 0<li<l;.

® Coarse angle estimate, range and speed estimation can still be
obtained as described above. The virtual array construction will be
different.
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n and Communication Channel

MIMO-OTFS TF I/0 with Rectangular Pulses®

Jr-1 o ]
¥ 27 (1 Gr =Ty ) n9j —-i2n <=L
Bl = 3 ) 1 e g e
iZn(m—ﬂ) ~ ~
X e N §j + Iy, [n, m] (Treat I, [n, m] as zero-mean noise)
N,-1 Jr-1 kil
In [n,m] = Z ZX (0, m Z o127 (nrgr ‘3 e
ny ) - ny J
=0 m'+mn’#n j=0
1 NeiM-l izﬂ(k(n’—n)—kjn' (' -m)l-m';
- N - M
X N_M aj [k,1]e
k=0 1=0
k l k
1 N-1M-1 1 61271' NM o elZﬂN
E= 1 2 D ailkdl = o ————
k=0 1=0 1 — ei27"Nm

6K. Wang and A. Petropulu, * “ISAC MIMO Systems with OTES Waveforms and Virtual Arrays’, [EEE Journal on Selected Areas in
Communications, pp. 1-1, 2025. N: 1558-0008, 3-8716. DOI: 10.1109/JSAC.2025.3608761.
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Virtual Array with Rectangular Pulses

® Evaluate the received TF domain signal on private bins

5 JT‘1 X in($;i) . kil
Yo, [np, mp] = Xp[np, mp) Z 27 (nrgr=p pg) =7 ﬁje_lz”ﬁ
Jj=0
fj +1y, [np, mp].
® Place the ratio Y, [np, mp]/Xp[np, mp] of all receive antennas to get
r, =®p8.
¢ The (n,, j)-th element of @, is
knp mpl

kil 127r(

e,

¢ The virtual array can be constructed by stacking all N, vectors r.

. (¢
elZn'(n,g,— T e
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MIMO-OTFS with Rectangular Pulses and Fractional
Doppler’-8

® Received DD domain signal

[k, 1] JTZ:UWZ_ i2z(nyg ntg[) (4’! -2z AL
ynr rgr NM
—O ny=
k;
x> ajlkLqlxn [k = (k= @)l [L - ]ul,
q=k;j—(N-1)
NVi(@e” it li<l<M
ajlk.l,q] = sl kel
-2 —y 0<l<l

(kj
1) 2 NM e

¥ (i(q) -

27 ( %)
withy;(q) = ﬁ # N due to the fractional term x;.

7x ‘Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, IEEE Journal on Selected Areas in
1, 2025, ISSN: 1558-0008, 0733-8716. DOIL: 10.1109/JSAC.2025.3608761.

Communications, pp. 1~

8 K. Wang and A. Petropulu, Low overhead and scalable time-frequency pilots design for mimo otfs channel estimation, 2026. arXiv: 2511.08504
[eess.SP]. [Online]. Available: https://arxiv.org/abs/2511.08504,
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MIMO-OTFS with Rectangular Pulses and Fractional
Doppler’-8

1
0.9 09
0.8 08
]
307 683121 | — — —’ o7
§ 06 - 1 06
E 1
E 0.5 g 1 05
Soa s ! 04
3 L | -
o3 | 03
E 1
5 0.2 | 0.2
z
0.1 1 0.1
1
0
- -104.3092
[ ] Angle[ ] Velocity [m/s]

Fig.: Single target in the first angle bin shows a wide peak after cross-correlation.

7. ‘Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, IEEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, 1SSN: 1558-0008, 0733-8716. DOI: 18.1169/JSAC.2025.3608761.

8 K. Wang and A. Petropulu, Low overhead and scalable time-frequency pilots design for mimo otfs channel estimation, 2026. arXiv: 2511.08504
[eess.SP]. [Online]. Available: https://arxiv.org/abs/2511.08504,
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MIMO-OTFS with Rectangular Pulses and Fractional
Doppler’-8

¢ The n,-th antenna received TF signal on the private bin is

Jr=1 sin(¢; i+l
. $j) o (kjrr)l
~ i27 (nygr— i —i2m LI
Yo, [1p, mp] = X, [1p, mp) § oi27(nrgy pgt)Tﬁje NI
Jj=0
™ ((kj+xj)np_mpzj)
-~ ™M =
xe §j+1In, [np, mp],

where

o (k)L o (kj+s)
1 elzﬂ'w _ elzﬂ'T

M

§j= —
1 - oi2n Sl

7. ‘Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, IEEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, 1SSN: 1558-0008, 0733-8716. DOI: 18.1169/JSAC.2025.3608761.

8 K. Wang and A. Petropulu, Low overhead and scalable time-frequency pilots design for mimo otfs channel estimation, 2026. arXiv: 2511.08504
[eess.SP]. [Online]. Available: https://arxiv.org/abs/2511.08504,
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MIMO-OTFS with Rectangular Pulses and Fractional
Doppler’-8
® Place the ratio Y, [np,mp]/Xp[np, mp] of all receive antennas to get
r, =®pB.
¢ The (n,, j)-th element of @, is

. (kj+xj)np mpl;j
sm(¢ o (kx| =L L8 TP
(g -pa) ™) i b T

J,

¢ The virtual array can be constructed by stacking all N, vectors r.

® The presence of x; € [-0.5,0.5] requires discretization of the range
[-0.5:0.1:0.5].

7. ‘Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, IEEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, 1SSN: 1558-0008, 0733-8716. DOI: 18.1169/JSAC.2025.3608761.

8 K. Wang and A. Petropulu, Low overhead and scalable time-frequency pilots design for mimo otfs channel estimation, 2026. arXiv: 2511.08504
[eess.SP]. [Online]. Available: https://arxiv.org/abs/2511.08504,

Athina Petropulu Rutgers U Integrated Sensing Communication Systems in High Mobility Scenarios


https://doi.org/10.1109/JSAC.2025.3608761
https://arxiv.org/abs/2511.08504
https://arxiv.org/abs/2511.08504
https://arxiv.org/abs/2511.08504

quency Space (OTFS) Background  Waveform Design and Sensing Channel Estimation \\ \
000000000000 00000e00

ymmunication Channel

Simulations - System and Channel Setup

| Symbol | Parameter \ Value
M Number of subcarriers 128
N Number of subsymbols 64
Af Subcarrier spacing 120 KHz
fe Carrier frequency 24.25 GHz
gt Transmit antenna spacing 0.54
gr Receive antenna spacing 0.54
Jr )T Number of targets/paths 3
on Angle of targets/paths [-14,7,22]°
R; Range of targets/paths [68.31,78.07,48.79]m
v; Speed of targets/paths [-104.31,81.13,57.95]m/s
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Fig.: SSR Fractional Doppler Estimation (Ideal pulses vs. Rectangular pulses).
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Existing Works on MIMO OTEFS Channel Estimation

® One DD pilot per antenna with non-overlapping guard regions’

- High pilot overhead; does not scale with the number of transmit
antennas

® Multiple uncorrelated DD pilots with overlapping guard regions'®
— Still results in substantial pilot overhead
e Superimposed DD pilots!?

- Requires high-complexity processing to suppress pilot-data interference
- Accurate estimation requires multiple OTFS frames

e Pilots inserted between OTFS frames'?
- Cannot provide in-burst channel estimation

M. Kollengode Ramachandran and A. Chockalingam, “MIMO-OTFS in High-Doppler Fading Channels: Signal Detection and Channel
Estimation”, in 2018 IEEE Global Communications Conference (GLOBECOM), Abu Dhabi, United Arab Emirates: IEEE, Dec. 2018, pp. 206-212, ISBN:
978-1-5386-4727-1. DOL: 10.1109/GLOCOM. 2018.8647394.

10y, Shen, L. Dai, J. An, et al., “Channel Estimation for Orthogonal Time Frequency Space (OTFS) Massive MIMO”, IEEE Transactions on Signal
Processing, vol. 67, no. 16, pp. 4204-4217, Aug. 2019, ISSN: 1053-587X, 1941-0476. DOI: 10.1109/TSP.2019.2919411.
14, Mehrotra, S. Srivastava, A. K. Jagannatham, et al., “Data-aided csi estimation using affine-precoded superimposed pilots in orthogonal time

frequency space modulated mimo systems”, IEEE Transactions on Communications, vol. 71, no. 8, pp. 4482-4498, 2023, pOI:
10.1109/TCOMM. 2023 .3280550.

12A. Mehrotra, S. Srivastava, S. Asifa, et al., “Online Bayesian Learning-Aided Sparse CSI Estimation in OTFS Modulated MIMO Systems for
Ultra-High-Doppler Scenarios”, IEEE Transactions on Communications, vol. 72, no. 4, pp. 2182-2200, Apr. 2024, 1sSN: 0090-6778, 1558-0857. DOI:
10.1109/TCOMM. 2023.3342230.
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Bistatic Scenario

V2
23G=2

(¢o, ¢1,$2) (60,61,62)
_YYY _YYY
Transmitter LoS (Rr.os) Communication
Receiver

® The communication channel consists of J scatterers, each with
parameters { 8, 0, ¢;,7j, v}

® Channel estimation at the communication receiver breaks down to
estimating these parameters at the communication receiver.
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TF Pilot with TF and DD Guard Bins!3-14

DD TF Time Domain TF DD
TX; x| X X1 0
1 4
ISFFT Heisenberg i o
Transform si(0) % RX;, Yo, Yn,
S n k
2
1 m 2 Wigner SFFT
=
TX, B p.c = T (£) Transform
k ) n =
ISEFT Heisenberg g m 1
e s(0— &
ransform =
O
1 m
D DD guard bin m TF guard bin Received TF pilot bin

(arbitrary position)

13 K. Wang and A. Petropulu, “ISAC MIMO Systems with OTFS Waveforms and Virtual Arrays”, IEEE Journal on Selected Areas in
Communications, pp. 1-1, 2025, ISSN: 1558-0008, 0733-8716. DOI: 10.1109/1SAC.2025.3608761.

g, ‘Wang and A. Petropulu, “Low Overhead MIMO-OTFS Channel Estimation”, Accepted by The 33rd European Signal Processing Conference
(EUSIPCO 2025).
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TF Domain Shared vs. Private Bins at the Comm. Receiver

® On a shared bin:

N1 = 5 o) o sing))
Yo [n,m] = > Xp[n,m] ) e2mnede =g i2mmgi =

ng=0 Jj=0

(kj+xj)n_m_b
N

J
M

(kj+x;)lj i27r(
NM e

x Bje 2" )gj + Iy, [n,m].

® On a private bin:

il o sin(8;) ,2 sin(¢;)
Yo [np.mpl =Xp(np,mp] » et ede g7 PI T
Jj=0
. (ki+xi)n mpl;
_i2ﬂ(kj+xj)lj 1277( J Nj P _ I\Pilj)
x pje NM e §j+1In.[np, myl.
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Coarse Estimation of Angle of Arrival (AoA) 6;

Ignoring I, [n, m], we can rewrite Yy, [n, m] as

sm(ej)

J-1
Yy [n,m] = ZA [n, m]e ¥ neYe ,
J=0

Ni-1
Aj [n, m] Z X, [, m]e—th'n[gt

nt—O

'[n,m],

. (ki+xi)n  ml;
(k}wcj)lj elzn(%_vf)

Hl[n,m] = Bje™ 2"~ mr &

e {Y, [n,m]|n.=0,1,...,N; — 1}: sum of J complex sinusoids with
s1n(61)

frequency g.
® Use N.-DFT to estimate 0;.
® Repeat estimation on various [n, m] to improve the angle estimate.
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Pilot Placement in the TF Domain

TF TX; TF TX,
ni(0)
mi(o) l ‘ ‘ ! ‘ ‘ "
O | ok [k || x| % 0/0/0 0/0 0/0|0

* 0
E3 o
* 0
* 0 0 0 * *
* P 0 P;
* 0 0 *
* 0

0 0 * *

s P, 2 P,
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Coarse Estimation of v jat the communication receiver
) i — Aj[n, m]
® Assume Nj scatterers under the same 6 i

Aj [nP’mP] Ze 127rpgt

" [np, mp),
Xplnp.mp] 1B

Jr=1

where

(k; +xjr)ljr izﬂ[(k1r+xjr>n mijy
e

e,

Hr [n,m] = ‘Bjre—iZn'
® On the pilot time arm of antenna p we have that

) (kj,+xj.)np
Ajlnp, mp] i2n [%]

ZGt (p.mp)e Yool mp=np,.np P -1

Xplnp.mp] £

® This is a segment of sum of sinusoids whose frequencies depend on
kj +x;, for j, =1,...,N;. — Estimate frequencies using a DFT.
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Coarse Estimation of 7 jat the Communication Receiver

e Similarly, on the pilot frequency arm of antennas p we have that

A[n 9m] 2. er
u ZGf(p,np)e”r[ ] Mp =Mpy,...,Mp, +Pr =1

Xp[np, mp] =

® Viewed as function of m, this is a segment of sum of sinusoids
whose frequencies are related to [;, for j, =1,...,N;. — We can
find those frequencies using a DFT.
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Coarse Estimation of Angle of Departure (AoD) ¢;

Based on estimated 8, R; = c7;, and assuming known Ry s, ¢; can be
obtained by using the law of cosines twice, i.e.,

LoS
2(Rj — Ryos cos(6;))
2 52 _ P2
R s+ R, - R,

52 _ p2
Rj R

(Iéj - ch)z = th = RI%OS +ﬁgj = 2RLoSﬁcj COS(éj) = ﬁcj =

52 _p2 L, P2 5. 5. - LoS
ch =Ri s +Rjt = 2R1osRj; cos(pj) = @j = arccos

2RrosRjt
V2
23G=2
(¢o, ¢1, $2) (60,61,62)
_YYY _YYY
Transmitter LoS (Reos) Communication
Receiver
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Virtual Array and Sparse Signal Recovery (SSR)

e Place Tl

X, Ty ] of all receive antennas in r,

J-1
Fp= Zﬁjq)p(ej,(ﬁj”’j’fj;”p’mp) =®,4.
=0

® The (n, j)-th element of &, is
. . (kj+xjn  mlj
X sin(@;) X sin(¢ ;) o (ke | =L L
oi27nege + oi27pg: + e—lZﬂijNNjI ’e ( N M gj-

Stack all the vectors rj, corresponding to all pilots in vector r € CNe™e:
r =®B. (virtual array)

e Express r in terms of an overcomplete basis @, constructed based on
a discretization of the target space around the coarse
estimates(0;, ¢;, v}, ;).

° ﬁ~ is a sparse vector, indicating the presence of a target on grid points,
which can be obtained by sparse signal recovery (SSR) methods.
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Overhead Analysis

* A total number of N;, TF domain pilots requires N, (N; — 1) TF
domain guard bins and N;N, DD domain guard bins.

® The corresponding reduction of DD domain symbols represents an
overall overhead of

7 =NiNp/(N:NM) = Np/(NM).

® Overhead independent of the number of transmit antennas
— good scalability for large MIMO arrays.
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Communication with Private Pilots

® After obtaining the refined CSI, to detect the data symbols, we first
subtract the pilot contribution from the received signal, i.e.,

YMIMO, data = YMIMO — BMIMOXMIMO, pilots Y]

where Xmmo, pilot 1S the SFFT of TF pilots, Xyimo, pilot-

® DD guard bins guarantee sufficient linear equations for the LMMSE
equalization to recover the transmitted symbols:

A - H7 17 H
XMIMO, data = (AMiMo  Amvivo + NolI ) AnviMo ' YMIMO, data-

* hyivo is highly sparse so that can be solved efficiently by the
least-squares with QR factorization (LSQR).

¢ Finally, Xmimo, data S€ts DD guard bins positions to zero, completing
symbol detection.
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System Setup

Table: System Parameters (5G NR FR1)

| Symbol | Parameter | Value |
fe Carrier frequency 4GHz
Af Subcarrier spacing | 40KHz
M # of subcarriers 512
N # of subsymbols 128
Rres = cAt | Range resolution 7.32m
Ures = AAV | Speed resolution | 11.71m/s
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Channel Setup and Coarse Estimation Performance

Table: Example of Scatterers Parameters

’ ‘ Coordinates‘ 6; ‘ ¢ ‘ljzlcj+ljt‘ kj+x;
(50.0,-30.5) | -31.4 | -31.4 8=4+4 -4 -0.2

J
1
2 (59.6,42.4) 46.4 354 9=4+5 5+0.4
3
4

(50.0,-53.5) | 469 | —46.9 | 10=5+5 | 4+0.1
(72.5,100) | 201 | 7.9 7=2+5 | -3-03

Table: Coarse Estimation Performance

Scatter 1 Scatter 2 Scatter 3 Scatter 4
P =P, | SNR = 5dB mean | std. | mean | std. | mean | std mean | std
Gj -32.02 | 0.39 | 46 0 -46.05 | 1.61 | 19.63 | 4.62
32 l; 8.01 0.14 | 9.03 0.19 | 10.00 | 0.18 | 7.04 0.22
kj +Kj -4.21 0.05 | 540 0.02 | 4.06 0.62 | -3.31 0.10
6; -32.03 | 0.37 | 46 0 -46.06 | 1.62 | 19.63 | 4.62
64 lj 8.00 0.00 | 9.00 0.00 | 9.99 0.15 | 7.01 0.10
kj+x; 4.2 0.03 | 5.40 0 4.05 0.62 | -3.31 | 0.09
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NMSE Performance and comparison to the
non-overlapped DD pilot approach>

5
+ 1x Power, TF Pilots at Center
© 1x Power, TF Pilots at Edge
0 2x Power, DD non-overlapped
N %10x Power, DD non-overlapped

Average NMSE [dB]

10 0 10 20 30
SNR [dB]

15y, Kollengode Ramachandran and A. Chockalingam, “MIMO-OTFS in High-Doppler Fading Channels: Signal Detection and Channel
Estimation”, in 2018 IEEE Global Communications Conference (GLOBECOM), Abu Dhabi, United Arab Emirates: IEEE, Dec. 2018, pp. 206-212, ISBN:
978-1-5386-4727-1. DOI: 10.1109/GLOCOM.2018.8647394.
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NMSE Performance for Different Numbers of Pilots

Average NMSE [dB]
@

-20
.25
30 I ‘ ‘ ‘
-10 0 10 20 30
SNR [dB]

Fig.: NMSE performance of different numbers of pilots.
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Fig.: BER performance of various modulation, number of scatterers/pilots.
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@ Proposed
D-Pilot [22]
5 m-_gC 3D-OMP [18]

e N T

-20

Average NMSE [dB]

-25

e

T~
‘ ‘ [y
0 5 10 15 20
SNR [dB]

-30

® The overlapped DD pilot designs [6] (3D-OMP), [10] (2D-Pilot)
consider downlink transmission from a multi-antenna BS to multiple
single-antenna UEs.

® The setup follows [10] (N; = {4,16}, M x N = 512 x 140, and 121
pilots per TX).
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Overhead Comparison

Table: Overhead Comparison (M = 512, N = 128)

. Iy =10 | I, =15
Pilot Placement Overhead () ko =6 | Ky =10
Non-overlapped [(Ne) Lyt ][4t ] N;=4 2.1% 4.9%

DD pilot [5] N N, =8 3.7% 8.9%
Overlapped (2l et ] [4Kygatl]
DD Pilot [6] ot (Independent of N) 0.8% 1.9%

. N, P, =P,=64 0.02% 0.02%
Proposed TF Pilot | g (Independent of Ne) |5 —p —158 1 0.04% | 0.04%
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Conclusions

® Proposed a Doppler-robust ISAC MIMO-OTFS system that uses shared DD
bins for high communication throughput and a small set of private TF bins to
form a virtual receive array, enhancing sensing resolution.

® Only a few private bins are sufficient to achieve substantial sensing gains
with minimal communication-rate loss.

¢ Introduced a pilot-placement strategy that enables accurate channel
estimation with significantly lower overhead compared to existing
MIMO-OTFS methods.

Open problems: optimal DD guard bin and pilot bin placement

® The required overhead is independent of the number of transmit antennas,
providing excellent scalability for large MIMO systems.

¢ The proposed channel-estimation method is compatible with practical OTFS
systems, accounting for rectangular pulse shaping and fractional-Doppler
channels.
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