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MIMO OTFS With Arbitrary Time-Frequency
Allocation for Joint Radar
and Communications

Aitor Correas-Serrano ™, Nikita Petrov™, Maria Gonzalez-Huici, and Alexander Yarovoy, Fellow, IEEE

Abstract—This paper proposes a novel waveform, namely
non-uniform OTFS (NU-OTFS), for joint radar and communica-
tion applications (Radcom) in multi-user/MIMO scenarios. Based
on orthogonal time frequency space (OTFS) modulation, the
proposed waveform is realized by using a non-uniform symplectic
finite Fourier transform (NU-SFFT) to generate non-overlapping
quasi-arbitrary time-frequency representations of OTFS mes-
sages. Non-uniform sampling and sparse reconstruction algo-
rithms within the compressed sensing framework are employed
to avoid (self-)interference and enhance radar target parameter
estimation. The performance of NU-OTFS and its correspond-
ing receivers is evaluated through numerical simulations and
measurements, and compared with state-of-the-art MU/MIMO
Radcom OTFS system concepts. NU-OTFS allows for increased
flexibility in time-frequency resource allocation and larger unam-
biguous radar parameter estimation while showing comparable
performance to state-of-the-art OTFS multi-user communication
implementations in realistic high-mobility channel conditions.

Index Terms— Orthogonal time-frequency space (OTFS),
multiple-input-multiple-output (MIMQO), compressed sensing
(CS), sparse reconstruction, radar-communication (Radcom),
radar sensing.

I. INTRODUCTION

HE advent of compact software-defined radar systems

able to generate fully digital waveforms, together with
the issue of the congested spectrum, has motivated research
in systems able to perform joint communication and sensing
(Radcom) tasks in the same frequency bands [1]. Radcom
functionality has been investigated in a variety of forms,
such as htrough embedding information in the sidelobes of
a radar system [2], coexistence through array partitioning and
waveform optimization [3], using index modulation exploiting
the various degrees of freedom in radar systems [4], or lever-
aging beneficial frame structures of existing communication
protocols to enable radar operation [5]. Another common
approach to Radcom is the direct use of communication wave-
forms for radar, enabled by the development of fully digital
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radar systems [6]. In this context, multicarrier waveforms
based on orthogonal frequency division multiplexing (OFDM)
are promising in achieving good radar and communications
performance without significant changes in existing commu-
nication system design [7], [8], [9]. Recently, orthogonal
time-frequency space (OTFS) [10] modulation has gathered
attention as an OFDM alternative for communications and
radar in high-mobility scenarios [11]. Unlike OFDM, in which
the symbols are defined over the time-frequency grid, OTFS
symbols are defined over the “delay-Doppler” plane and spread
over the time-frequency plane through the symplectic finite
Fourier transform (SFFT). Higher Doppler tolerance [12],
shorter cyclic prefix [13], and lower PAPR in typical usage
scenarios [14] make this waveform a candidate for potential
improvement over OFDM modulations for radar and Radcom.
Recent studies show that OTFS can have comparable radar
performance as OFDM, depending on the range-Doppler esti-
mation approach [15].

Besides range and velocity, estimating the angular posi-
tion of reflecting targets through array processing is crucial
in many radar applications, such as automotive radar [7].
MIMO radar effectively increases the angular resolution with
fewer array elements by exploiting path diversity between
different transmit-receive pairs [16]. MIMO radar relies on
the separability of the signals emitted by each transmitter to
increase angular resolution [17]. In communications, signal
separability from different transmitters is also required to
enable simultaneous access for multiple users sharing the same
bandwidth [18]. Therefore the ability to multiplex different
radar transmitters or communication users such that they are
separable in a receiver is desirable for both radar and com-
munication applications. In OFDM, this can be accomplished
by multiplexing the different transmitters directly in the time-
frequency (TF) domain, allocating non-overlapping TF bins to
different transmitters [18]. Under realistic channel conditions,
the signal associated to different transmitters/users can be
recovered by filtering the appropriate TF resource blocks in
the receiver [19].

OTFS symbols are defined in the delay-Doppler (DD)
domain and are later spread in the TF domain through the
Inverse Symplectic Finite Fourier Transform (ISFFT). This
causes the symbols to overlap in the TF domain, where differ-
ent transmitters can not be separated anymore. Multiplexing
directly on the DD domain is also not trivial, as time-
frequency shifts in the channel result in a quasi-periodic 2D
rotation of the symbols in this domain [20], and separating
the transmitters without prior knowledge of the channel can
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Block diagram of a single channel NU-OTFES for MU/MIMO showing the non-uniform (NU) ISFFT operators. In transmit, the NU-ISFFT is

implemented using a non-uniform DFT along the N dimension (NU-NDFT) and an inverse NU-DFT along the M dimension (NU-MIDFT). An IDFT along
the N dimension (N-IDFT) is used to transform the time-frequency signal into a time domain signal. Transmission occurs after cyclic-prefix appending (CP),
digital to analog conversion (DAC), band-pass filtering (BPF), and amplification (PA). The inverse operations are carried out in the receiver chain.

be difficult. It is possible to exploit channel characteristics,
such as diversity in user mobility, to minimize inter-user inter-
ference [21], achieving improved performance for user multi-
plexing but not allowing for transmitter multiplexing in MIMO
radar without channel knowledge. Specific DD resource allo-
cations that allow for separability in the time-frequency
domain have been studied in [22] and [23] for multiple user
access for OTFS communications. The resulting TF represen-
tation amounts to interleaving or block allocation of transmit-
ters/users in the TF resource plane. Such allocation is prob-
lematic for radar applications, as it reduces the non-ambiguous
interval or resolution in either range or Doppler domain [24].
Alternative TF allocation schemes, particularly non-uniform
optimized [25] or random patterns [24], have shown great
promise in OFDM radar applications when paired with sparse
reconstruction algorithms. Sparse reconstruction algorithms
have shown potential in various aspects of radar signal pro-
cessing [26] and interference mitigation [27] due to the inher-
ent sparsity of radar data in the delay-Doppler-angle domain.

In this work, a novel waveform that maps an OTFS frame

into quasi-arbitrary TF patterns is proposed, increasing the
multiplexing flexibility of OTFS in both MIMO radar and
MU communications. The proposed waveform is referred
to as non-uniform OTFS (NU-OTEFS). Specifically, the main
contributions of this article are the following.

1) A generalized formulation for time-frequency multi-
plexing of OTFS signals, resulting in the NU-OTFS
waveform. A non-uniform ISFFT (NU-ISFFT) is defined
using non-uniform discrete Fourier operators for its
implementation. The NU-ISFFT is used to generate
non-overlapping TF representations of the OTFS mes-
sages and recover the OTFS message from a partially
sampled TF plane. This non-overlapping representation
enables transmitter/user separation at the receiver by
filtering out the unwanted time-frequency samples in
the digital domain. The inverse transform (NU-SFFT) is
then used to move back to the original DD representation
from the sparsely sampled TF signal. This formulation
is general and can be used to include fixed patterns
presented in previous work, such as interleaved TF allo-
cation [23], as well as other quasi-arbitrary non-uniform
patterns. Non-uniform time-frequency multiplexing is

novel in OTFS waveforms. NU-OTFES could also sim-
plify the implementation of high-bandwidth multistatic
radar networks with reduced interference due to the
increased flexibility in time-frequency resource alloca-
tion. A schematic depiction of the proposed scheme for
transmission and reception is shown in Fig. 1.

2) A simulation and measurement-based evaluation of the
performance of the proposed NU-OTFS waveform for
monostatic MIMO radar applications. This is the first
measurement-based OTFS radar validation reported in
the literature, to the best of the author’s knowledge.
A signal processing chain based on compressed sensing
(CS) is proposed, compared to traditional OTFS imple-
mentations, and validated through measurements.

3) A simulation-based study of the communications per-
formance of NU-OTFS compared to other OTFS
approaches, using standard 3GPP vehicular channel
models [28] for simulation. A numerical comparison of
error rates for different SNR and channel mobility values
is drawn.

The remainder of the article is structured as follows.
Section II presents a mathematical description of OTFS signal
generation and channel effects and presents a novel system
concept based on the NU-SFFT to generate the proposed
NU-OTFS waveform. Section III includes descriptions of
NU-OTFS radar and communication receivers. Section IV
presents numerical radar and communications performance
simulations for the proposed NU-OTFS system concept,
as well as experimental validation for NU-OTFS radar. Finally,
concluding remarks are given in section V.

Notation: Throughout this article, A" and A~! denote the
conjugate transpose and inverse of the matrix A respectively;
vec(A) turns the N x M matrix A into a NM x 1 vector a,
and vec(a)y',, is the inverse operation; diag(b) turns the
N x 1 vector b into a N x N diagonal matrix B whose main
diagonal is b. Finally, © represents the matrix element-wise
(Hadamard) product.

II. OTFS SIGNAL MODEL

Consider a single transmitter OTFS system transmitting a
message Xpp € CV*M defined in a N x M delay-Doppler
grid, with N delay bins and M Doppler bins. The number of
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subcarriers and subsymbols in TF representation is N and M,
respectively. The communication symbols are mapped to the
time-frequency domain through the inverse symplectic Fourier
transform (ISFFT) such that

N—-1M-1

1 nk _ ml
a7 2 2 Xoolk, e G (1)

k=0 [=0

Xrr[n, m] =

where [k, /] are index pairs in the delay-Doppler grid, and
[n, m] are index pairs in the time-frequency grid. Xrg[n, m]
is the time-frequency representation of the OTFS symbols,
now spread in the time-frequency domain. The TF signal is
converted into the time domain for transmission using the
Heisenberg transform. The time domain signal s(¢) is given
by
N—1M-1
s(t) = D7 D" Xrpln, mlgu(t = nT)e/ a0 ()
n=0 m=0
where g, is the transmit pulse. Assuming a rectangular
transmit pulse and a critically sampled signal, equations (1)
and (2) can be written in compact matrix notation as

Xrr = FnXppFyy 3)
and
s = vec(FRXrr) = vec(XppFly) 4)

where Fy € CV*¥ and Fy € CM*M are normalized
Fourier transform matrices. The discrete time-domain signal
s € CVM>1 jg transformed to the analog domain with a digital-
to-analog converter (DAC) before undergoing 1I/Q modulation
to the desired carrier frequency f.. For this work, narrowband
signals are assumed in all steps, and therefore, f. > B, where
B = NAf is the bandwidth of the OTFS signal. In both
communication and radar applications, the received signal is
a linear combination of multiple time and frequency-shifted
replicas of the transmitted signal embedded in noise. For a
single point target, and after undergoing I/Q demodulation and
sampling, it can be written compactly as

r = pyvec(T1FYAXreT2) (5)

where, for a delay 7 and a Doppler shift f;, the following
constants are defined

T
y = exp (—j2ﬂﬁfd) (6)
a =exp(—j2nAfT) @)

and used to build diagonal matrices modeling the time and
frequency shift in the received signal:

| o} :diag{yo,yl,...,y(Nil)} ®)
I, = diag{y®, ¢V, ..., yM-DVy 9
where T'; € CV*V represents the Doppler phase shift along

subcarriers - the intercarrier interference - and I', € CY*M
is the Doppler phase shift across subpulses. Analogously,
a matrix form of the target range-related subcarrier phase shift
is defined as

N—l}

A = diag{a®,d', ..., a (10)

with A € CV*VN. Finally, 1 is a complex amplitude, and
Y represents the delay-dependent phase shift at carrier fre-
quency

¥ = exp(—j2nf.7) (1n

Equations (1), (4), and (5) describe the generation of
the transmitted and received time-domain signal in a
single-transmitter OTFS system, where the entirety of the
available time-frequency resources are used by a single radar
transmitter or communications user.

A. NU-OTFS Transmitter Multiplexing

For an extension to MU/MIMO case, the signals originating
from different users/transmitters must be separable at the
receiver. Let us consider the critically sampled received signal
in (5), then the time-frequency representation of the received
target response is given by

Y1r = Fyvecy! ,, (r) (12)
and the delay-Doppler received signal is given by
Yoo = FRY1rFu (13)

which can also be written in the discrete delay-Doppler domain
as [20]

N—1 M-
yoolk'. ’=ZZ ¥, l]exp(;—[l—uM[k]N)

k'=0 I'=0

alk, Nx[lk — KTy, [ —1"u] (14)

where

1 ifl'<l<M

alk,l] = A kY. /
exp —JZ;TN if0<l <l

5)

where [-]y and [-]; denote modulo N and M operations
respectively. This notation highlights the effect of targets with
amplitude h[k’, I'], delay kK’ and Doppler shift I’ on the received
signal, that appear as circular shifts of the transmitted symbols
in the delay-Doppler domain. Due to this shift in the delay-
Doppler representation, different communication users or radar
transmitters can not be separated easily in the delay-Doppler
domain without prior channel knowledge. Alternatively, the
signal associated with different transmitters can be identified
if non-overlapping sets of time-frequency bins are assigned to
each of them. This approach is common in MU/MIMO OFDM
applications [18].

In OTFS, the DD symbols are spread in the TF domain
after the ISFFT in (1) and (3), therefore non-overlapping
DD signals can overlap in the TF domain. Some specific
arrangements of DD symbols studied in the literature, such
as block division or interleaving in the DD domain, result
in an interleaving or block division respectively in the time-
frequency domain [23]. These arrangements are specific forms
of the common time-division (symbol) or frequency-division
(subcarrier) multiplexing in MU/MIMO OFDM. Fig. 2a
shows a delay-Doppler multiplexing of two transmitters that,
when represented in the time-frequency domain through the
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Fig. 2. Depiction of multiplexing strategy in delay-Doppler representation, standard interleaved multiplexing in time-frequency, and quasi-arbitrary multiplexing
in time-frequency with NU-OTFS. (a) delay-Doppler representation of two multiplexed waveforms; (b) interleaved multiplexing in the TF domain; (c) arbitrary
multiplexing across subcarriers in the TF domain with NU-OTFS. For 2D quasi-arbitrary multiplexing: (d) four transmitters multiplexed in the delay-Doppler
domain; (e) interleaved 2D multiplexing in the time-frequency domain; (f) quasi-arbitrary 2D multiplexing in the TF domain with NU-OTFS.

0.2

020
fd/Af

Fig. 3.  Comparison of noiseless range-Doppler estimation with different
MIMO approaches with four transmitters. On the top, subcarrier interleaving
causes a reduction in the maximum unambiguous range. On the bottom,
random multiplexing reduces the dynamic range of the estimation.

-0.4

standard ISFFT, correspond to subcarrier interleaving (see
Fig. 2b). This can be extended to 2D interleaved multiplexing,
as seen in Figs. 2d and 2e. However, interleaved frequency
and time multiplexing reduce the non-ambiguous range and
Doppler respectively, as depicted in Fig. 3. To maintain the
total range-Doppler unambiguous interval and transmitter
separability in the TF domain, random TF multiplexing
is a common approach for OFDM radar. To accomplish

quasi-arbitrary time-frequency multiplexing for OTFS signals,
a non-uniform ISFFT (NU-ISFFT) can be defined by using
non-uniform discrete Fourier transform (DFT) operators.

First, let XN0V'© be defined as
Xbp Xpi' "
Xpp o =| : (16)
(VN1x, 1) (v/N1x,v/N1x)
Xﬁl/)T Xpp VT

where X0 ¢ COV/VNxM/VNr) are the delay-Doppler
messages associated to different transmitters, and
XMIMO e CV*M g the OTFS MIMO frame for a monostatic
OTFS radar with N1y transmitters. For simplicity of notation,
it is assumed that Nt is a square number to assume equal
distribution of the messages in the delay and Doppler domain.
This is not a necessary condition, as any non-prime number
of transmitters can be distributed in tiles across the delay-
Doppler domain, or some time-frequency resources can be left
unoccupied. Equation (3) can be altered to design a mapping
between Xpp and a TF representation with a quasi-arbitrary TF
occupancy pattern. This mapping is denoted here as the NU-
ISFFT. For transmitter nry, let £y, € {0, 1}¥*! be a vector

indexing the active subcarriers, &), , € {0, 1}**! a vector
indexing the active time subsymbols, E;’,’TX) = diag{éy ..}
and EX}T‘) = diag{§,,,, }, then
X¥;Fx) — E%TX)FNX]()YLISX)FIII;EE\ZTX) (17)
NTX
X0 = D X (18)
=1
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Fig. 4. MIMO radar ambiguity function (AF) for NU-OTFS, with 16 trans-
mitters and N = 1024, M = 512. On the left, the angular AF shows that
the angular spectrum is constant regardless of the target’s angular position.
On the right, the range-angle AF shows no artifacts or ambiguities in the
delay estimation for the entire signal length.

where XU™ e CN*M s the sparse time-frequency

representation of the signal associated to the nry-th transmitter,
and XYIMO ¢ CN¥*M is the time-frequency representation of all
the transmitters. In order to achieve arbitrary non-overlapping
time representations, it is necessary that

(EN,nTXSITl:I,nTX) © (sN,n’Txgljl-/I,n.’rx) =0V nrx 7& nzl"x (19)

where 0 is the N x M all zero matrix. Equation (19) forces that
no pair of subcarrier-subsymbol is occupied by more than one
transmitter. Uniform sampling is performed in the subsymbol
dimension if Z5 = I, and in the subcarrier if E5 = I
The TF patterns arising from the NU-ISFFT are not truly
arbitrary, but rather the intersections of two one-dimensional
arbitrary assignations of time and subcarrier resources
defined by &, , and &, respectively. The proposed
multiplexing is depicted in Fig. 2c for multiplexing across the
delay/frequency domain and Fig. 2f for multiplexing across
both the delay/frequency and Doppler/time domain.

Finally, the transmitted time-domain signal is obtained by
applying the standard Heisenberg transform to the new TF
signal representation, substituting (18) in (4),

sMMO = vec (FRXTEVO) (20)

The MIMO transmit ambiguity function (AF) (as defined
in e.g., [29]) of the signal in (20) is shown in Fig. 4. The
MIMO AF shows constant amplitude regardless of target
position and no ambiguities or abnormal sidelobes in the
range-angular cut, showing no angle-dependent interference
between transmitters.

III. NU-OTFS RECEIVER
A. NU-OTFS MIMO Radar Receiver
Consider a critically sampled received echo from a point
target at relative azimuth angle ¢, in an NU-OTFS MIMO
system with Npy transmitters and Ngry receivers arranged in
a one-dimensional array, with their positions given by drx €
RNmx1 and dg, € RV respectively. The steering vector
.2 .
a(9) := exp| j—~dry sin($) 20
with a(¢) € CVm>! captures the direction-of-arrival dependent
phase shift associated to the position of the transmitters.

Analogously, the angle-dependent phase shift at each receiver
is given by
2m .
b(¢) := exp JTdR" sin(¢) ). (22)

with b(¢) € CV»*! Then the received signal at receiver ngy
can be written as

Nrx
OO = by () Dy, (@) vec(TIFNAXYMOT,) (23)

nrx=1

where ntx and ngy denote the transmitter and receiver index
respectively, and a,,, and b,, denote the steering vector entry
associated with this index. Co-located MIMO and far-field
targets are assumed, and therefore the delay and Doppler shifts
associated to each transmit-receive pair are considered the
same.

Similarly to (12), the TF representation of the signal at
receiver nry is given by

YMIMO MIMO)

-1
TFog, = Fnvecy (rnRx 24)

Henceforth, a single receiver is assumed and the ngy suffix
is omitted to simplify notation. This can be done without
loss of generality, as the process of receiving and separating
the different transmit signals is invariant to the number of
receivers. Each transmitted signal can now be separated in the
receiver by

Yflfll;rx) =5 E\I;TX)YMIMO = (nx)

T SM (25)

thus retrieving the signal associated to the nry transmitter, and
completing the MIMO implementation of NU-OTFS. Further
steps involve the range-Doppler estimation in each transmit-
receive pair.

Regarding OTFS radar receivers, multiple options have
been proposed in the literature. A matched filter in the
delay-Doppler domain is described in [30] and [31], which
accomplishes high Doppler tolerance. However, it involves
joint estimation of range and Doppler, making its computa-
tional complexity prohibitive for typical radar applications.
Therefore, a radar receiver based on a spectral division in
the time-frequency domain [15] is chosen as an alternative.
Although the chosen receiver degrades for high Doppler shifts,
its computation involves only DFT processing to effectively
transform the spectral-normalized TF representation of the
received signal into the estimation domain. The implemen-
tation involves only the SFFT processing and a symbol-wise
division, and the range and Doppler estimations are assumed to
be decoupled. This estimation approach can be used together
with non-uniform subcarrier multiplexing to maintain the
full unambiguous range estimation. Doppler compensating
approaches such as all-cell Doppler correction (ACDC) [32]
can be adapted to OTFS and used to exploit the increased
maximum unambiguous Doppler resulting from non-uniform
multiplexing in the time (subsymbol) domain. Further com-
parison between OTFS radar receivers can be found in [15].

In order to implement the spectral-division-based
receiver [33], the TF representation of the received signal is
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normalized with respect to the transmitted TF representation

Yiitnm) = L

rln, m]
for every [n,m] that fulfills X%’;[n,m] # 0. After spectral
division, an IDFT is performed over the columns and a
DFT over the rows. This is the symplectic finite Fourier
transform (SFFT), i.e. the transform shown in (13). This
receiver normalizes the received signal in the time-frequency
domain and transforms the result into the delay-Doppler
domain. If [z, f;] = [0, 0], Y4y is an all-ones matrix, and its
delay-Doppler representation YB]V) appears as a peak in [0, 0].
For any other pair of [7,, v,], the peak in Y?i? is displaced
to the corresponding index in the delay-Doppler plane.

(26)

B. Orthogonal Matching Pursuit (OMP)

Sparse reconstruction algorithms from Compressed Sens-
ing (CS) are commonly used to mitigate the loss in dynamic
range when non-uniform sampling is used [34]. A wide variety
of algorithms with different performance and computational
complexity have been proposed in the literature. For the radar
simulations in this article, the Orthogonal Matching Pursuit
(OMP) [35] algorithm is chosen, as it has shown good per-
formance in automotive radar scenarios [36], [37], [38], [39],
while being one of the least computationally expensive algo-
rithms described in the CS literature. For more information
on the experimental comparison of OMP with other sparse
reconstruction algorithms in terms of computational complex-
ity and performance, we refer the reader to [36]. OMP is
a greedy iterative algorithm that does not require accurate
knowledge of the number of targets in the scene. For N range
or M Doppler hypotheses, OMP estimates the matched filter
response in each channel as MF := AHri_], where i is the
iteration index, and ro = y. The sensing matrix for range and

Doppler estimation are defined as A; = [@T(zy), ..., a%(ty)]
and A, = [aT(v)), ..., aT(vy)] respectively, with
. 2r
a(r) .= exp(J ZJTAfoc—) 27
co
a(v) := exp(j 2n TR Vfc) (28)
co

where for a given transmitter, & and B are vectors indexing the
active subcarriers and subsymbols, respectively, and T and v
represent the delay and Doppler shift hypotheses. For either
range or Doppler estimation, the hypothesis n with the highest
model match is selected

kiy 1= arg max Allr_,. 29)
n

A partial sensing matrix is built in each iteration with the

hypotheses i, of A selected in the current and previous

iterations, such that W = [ay,, ..., ay,]. The current estimate

is calculated as

x=wly. (30)

the residual for the next iteration is rj,; = y — ¥y, where
y = Wx. If stopping criteria are not met, the algorithm iterates
back to (29). A stopping condition is usually defined as the
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residual power variation or a fixed number of iterations. The
complexity of the algorithm grows linearly with the number of
iterations and the dimensions of the sensing matrix. Therefore,
for A € CP*€ and k iterations the complexity is O (kP Q).

For radar data, it is possible to apply OMP for only range
or Doppler estimation, or sequentially for both. The following
approaches to range-Doppler estimation are defined for the
sake of clarity.

e 2D-DFT: The range-Doppler map is calculated through
standard IDFT processing along subcarriers, and DFT
along the subsymbols. Zero-filling is used for the
subcarrier-subsymbol pairs not occupied by the selected
transmitter.

« Hybrid-OMP: First, the Doppler estimation is performed
through standard DFT processing, followed by range
estimation with OMP using A, as sensing matrix. This
approach is aimed to minimize sidelobes in the range
dimension, where bright targets near the radar could mask
far away targets.

« 2D-OMP: Range and Doppler estimations are performed
sequentially with OMP. The range estimation uses A, as
sensing matrix, whereas the Doppler estimation uses A,,.
The approach offers the benefits of OMP in both range
and Doppler dimensions.

C. NU-OTFS Multiuser Communications Receiver

One of the key advantages of the proposed NU-OTES is
increased flexibility in time-frequency allocation when multi-
plexing multiple communication users or when operating in a
crowded spectrum. When it comes to OTFS communication
receivers, multiple approaches have been proposed, such as the
single-tap equalized, the LMMSE receiver [40] and a message
passing algorithm receiver [41]. In this work, a standard
LMMSE [42] receiver is used to validate the communica-
tions performance of the proposed NU-OTFS. The LMMSE
receiver is more Doppler tolerant than the single-tap equalized
receiver, and its adaptation to NU-OTFS frames is relatively
straightforward. Although the computational complexity is
O(N*M?), implementations exploiting channel sparsity in the
delay-Doppler domain with 0(@10;;2 N) complexity have
been proposed in [40]. Perfect knowledge of the channel H is
assumed, as channel estimation approaches are not considered
in the scope of this work. Assuming a noise variance o2, the
LMMSE estimate of Xpp is given as

Xy = (HH + o 2Iyy) ~'HYY 31)

where Iyy is the identity matrix of size MN x MN, and
H € CNM*NM g the delay-Doppler channel matrix with as
many non-zero elements in each row as discrete delay-Doppler
paths in the channel. The received signal from the n14 user Ypp
is retrieved by applying the inverse of the transform in (17),
that is, the NU-SFFT given by

x = (n:x) pH X = (Mx
Yy = RN XOSFy B (32)

More information about the structure of the delay-Doppler
channel matrix and the implementation of the LMMSE
receiver for OTFS can be found in e.g. [42].
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TABLE I
OTFS SIMULATIONS WAVEFORM PARAMETERS

Parameter Symbol Value
Number of delay bins N 1024
Number of Doppler bins M 512
Bandwidth B 1 GHz
Carrier frequency fe 77 GHz
Symbol duration T 1.02 ps
Intercarrier separation Af 977 kHz
Cyclic prefix duration Tep 1 ps
Communication Modulation (—) QPSK
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Fig. 5. Range cuts (a) on-grid targets and grid size of 3N, and (b) off-grid

targets and grid size of N. Signal to noise ratio is set to 20 dB.

IV. PERFORMANCE ASSESSMENT OF NU-OTFS

In this section, a series of numerical simulations are per-
formed to validate the viability of NU-OTFS for radar and
communications.

A. MIMO-OTFS Radar Performance Evaluation

In this section, a numerical analysis of NU-OTFS radar
performance under the proposed MIMO configuration is
performed. As OTFS is particularly well suited to commu-
nications in high mobility channels [43], the radar study is
aimed at automotive applications, where high Doppler shifts
are common and Radcom applications are gaining popularity.
The waveform parameters displayed in Table I are chosen to
match the standards in automotive applications (e.g., [6]).

The performance of the standard DFT-based spectral-
division-based receiver is compared to an implementation of
the same receiver using OMP as a solver. While OMP is a
low-complexity algorithm, its performance in radar estima-
tion is tied to its ability to detect and remove high-power
targets accurately. Fig. 5 shows the dynamic range gain from
using OMP in comparison to the straight correlation of the
model A with the received signal y (equivalent to standard
DFT processing, as A is a non-uniform DFT matrix). The full
potential of the algorithm can be seen in Fig. 5a, showing an
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Fig. 6. ISLR for increasing number of transmitters and different estimation

algorithm. (a) ISLR in the range cut; (b) ISLR of the entire range-Doppler
surface.

improvement of around 60 dB when a very fine grid is used
in the estimation, and the targets are defined on it. For a more
practical scenario, with off-grid targets and a grid size of N,
the dynamic-range improvement for the proposed scenario is
around 30 dB, as shown in Fig. 5b. Specifically, a grid size of
N for range estimation and M for Doppler estimation is used,
with targets defined off-grid. Scenarios in Fig. 5 are simulated
with SNR = 20 dB.

Fig. 6 shows the integrated sidelobe ratio (ISLR) change in a
scene with one target as the number of multiplexed transmitters
increases. The ISLR is defined as the ratio between the power
in the main lobe of the estimation and the integrated power of
the sidelobes [44]. As the number of transmitters increases, the
sparsity level in the estimation of range and Doppler in each
channel increases accordingly. While this causes the ISLR to
increase with the number of transmitters for all approaches,
there is a 10 dB gain in range-Doppler ISLR when OMP
processing is performed in the range dimension (hybrid-OMP),
and up to 20 dB when OMP is used to sequentially estimate
both range and Doppler (2D-OMP). Moreover, OMP-based
approaches degrade visibly slower as the number of transmit-
ters increases. A more visual appreciation of the improvement
in sidelobe level can be seen in Fig. 7, where a section of the
range-Doppler map with four targets shows that the hybrid-
OMP (center) and 2D-OMP (right) have progressively lower
sidelobes in both range and Doppler when compared with the
DFT processing (left).

The spatial spectrum in a simulated system with multiple
transmitters and one receiver (MISO) is compared to the
spatial spectrum of a SIMO system with one transmitter
and multiple receivers to validate the proposed MIMO
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Fig. 7. Range-Doppler estimation of a single channel of sparse NU-OTFS waveform with four transmitters (i.e., sparsity rate of 25%). On the left, 2D-FFT
processing. On the center, hybrid OMP estimation. On the right, 2D OMP.

2 f—wiso Nv-oTFs: NTx — 50| | TABLE 11

o ~#-SIMO OTFS: NRx = 36

::E’ 10 e targets OTFS MEASUREMENT WAVEFORM PARAMETERS

2

Z20p Parameter Symbol Value

ELl Number of delay bins N 1024

ER Number of Doppler bins M 26

£ ol 11l : Bandwidth B 40 MHz
-60 -40 -20 0 20 40 60 Carrier frequency fe 3.315 GHz

Angle [deg] Symbol duration T 25.6 pus

Fig. 8. Angular estimation of two targets. Comparison between NU-OTFS Intercarrier separation Af 39.06 kHz

MISO case with 36 transmitters and one receiver, and standard OTFS Cyclic prefix duration Tep 12.8 ps

SIMO case with one transmitter and 36 receivers. Good matching indicates Communication Modulation (=) QPSK

orthogonality between transmitters in the proposed NU-OTFS waveform.

transmitted, and the sparse sampling in the time-frequency
domain is performed digitally in the acquired signal. This
approach serves to evaluate the radar performance of OTFS
with experimental data for the first time, both with a full
and sparse sampling of the time-frequency resources, while
also allowing for the comparison of different multiplexing
undersampling schemes.

In the measurements, we compare a fully sampled OTFS
frame representing single-transmitter operation with frames
with partial time-frequency sampling, simulating a single Tx
channel in a MIMO system. For reference, we consider a
system with four-channel multiplexing and thus the acquisition
of 25% of samples of the full frame. First, we consider inter-
implementation. In both cases, the equivalent virtual arrays leaved MIMO, where the transmitters are multiplexed through
are uniformly spaced at A/2 distance, and the spatial sequential allocation of time-frequency resources (labeled as
spectrum is computed using a discrete Fourier transform over —sparse sequential), such as the example depicted in Fig. 2e.
the elements. The comparison is shown in Fig. 8, where Furthermore, we consider a second approach where multiplex-
the MISO result closely resembles the SIMO spectrum, Ing is achieved through quasi-random sparse time-frequency
indicating low interference between transmitters. From this, allocation (labeled as sparse random), which is depicted in
it can be concluded that MIMO operation can happen with Fig. 2f and representative of NU-OTFS radar operation. Full
low interference between channels. Therefore NU-OTFS is frame estimation (100% sample acquisition) is used for refer-
a valid MIMO waveform when paired with the proposed ence. The estimation of radar parameters is performed using
low-complexity spectral division receiver. the same receiver as in the numerical validation in the previous

section.
) o The DFT-based range estimation with the described sam-
B. Experimental Validation of OTFS Radar pling patterns is shown in Fig. 10, where the trade-off between

In this section, experimental results of OTFS and NU-OTFS  sequential and arbitrary multiplexing in time-frequency can
radar are presented. The data are gathered using the PARSAX be clearly observed. Sequential sparse sampling of the
radar [45]. Although PARSAX is a weather radar, it is time-frequency domain results in a dynamic range comparable
programmed to send an OTFS frame to measure a static to the fully sampled frame but a reduction in the unambigu-
target at 1185 meters distance (Fig. 9). The OTFS waveform ous parameter estimation, as made clear by the appearance
parameters are shown in Table II. A full OTFS frame is of a ghost target in the range domain. On the contrary,

Fig. 9. Measured static target: Industrial chimney situated 1185 meters away
from the sensor.
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Fig. 10. Measured DFT-based range profile comparing a full OTFS
single-transmitter frame with partially sampled frames for transmitter
multiplexing. Sequential multiplexing reduces non-ambiguous parameter esti-
mation, while NU-OTFS random multiplexing reduces the dynamic range.
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DFT approach versus OMP-based reconstruction. OMP increases the dynamic
range to levels comparable to full-frame measurements.

random sparse time-frequency patterns reduce the dynamic
range under DFT processing but are able to achieve the same
unambiguous parameter estimation as the single-transmitter
signal. The same effect can be seen in the Doppler esti-
mation shown in Fig. 7, where the sequential multiplexing
MIMO waveform shows ambiguity at the end of the spectrum,
whereas the random time-frequency multiplexing shows a
reduction in the dynamic range of the estimation.

In section IV-A it was shown with simulations that sparse
reconstruction algorithms (specifically, OMP) can help mit-
igate the dynamic range loss by using sparse sampling
approaches. The results of applying OMP to the NU-OTFS
waveform are shown in Fig. 12, where the DFT estimation of
the randomly multiplexed NU-OTFS signal is compared to the
output of OMP. It can be seen that by using OMP, the achieved
dynamic range matches the noise floor in the full-frame
estimation (Fig. 10). These experimental results show that
NU-OTFS paired with sparse reconstruction algorithms can
achieve comparable dynamic range to fully sampled OTFS

OTFS 12x12, NTx =2

3
B
s
5]
5
-—4--Fixed
—©—Random
- % - Interleaved S 3
«{) Single Tx AN
10 20 30 40 50 60 70 80 90 100
SNR [dB]
Fig. 13. Bit error rate for different values of SNR. Standard 3GPP EVA-2

channel used with nine taps and Rayleigh fading. UE speed is sampled for
each tap from a uniform distribution between 0 and 100 kph.

frames while being able to multiplex multiple transmitters,
thus validating the numerical results for NU-OTFS radar
operation presented above.

C. MU Communication Performance Evaluation

To evaluate the communications performance of the pro-
posed MU/MIMO approach, an LMMSE detector [42] is used
for an OTFS communication frame propagating through a
3GPP standard Extended Vehicular A (EVA) [28] model chan-
nel with nyps = 9, and complex gains h; for i € {1,..., nyps}
modeled as independent Rayleigh fading random variables.
The Doppler associated to each tap is sampled from a uniform
distribution of shifts in [0 vpax], With

AViax

fOs (33)

Umax = c

where Vy.x is the maximum UE speed considered. Fig. 13
shows the bit error rate (BER) values for different subcarrier
allocation patterns and increasing SNR values. The results are
the average of 10000 Monte Carlo simulations with different
noise, fading, and UE speed realizations (vpax = 100kph).
The UE speed value for each Monte Carlo is sampled from a
uniform [0 vp.x] distribution. Random subcarrier allocation
is compared to OTFS state-of-the-art interleaved allocation
and single Tx performance with no multiplexing. Additionally,
a stochastic search was used to find well-performing subcarrier
allocation patterns in terms of BER. One of these selected
patterns is used for comparison. In all cases, parameters are
sampled from continuous distributions; therefore, off-grid error
is present and uncompensated. For methods to mitigate the
effects of off-grid error, see e.g. [46].

The simulations show that random subcarrier allocation
results in a significant degradation in BER with respect to
both the single user/SISO radar case and the state-of-the-
art suggested interleaved subcarrier multiplexing. After closer
inspection of the results, it is observed that the BER depends
on the chosen subcarrier allocation pattern. Well-performing
non-uniform subcarrier allocation patterns from the simula-
tions are selected, and their performance is evaluated. It can
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Fig. 15. 1Q distribution of the recovered symbols after an LMSEE receiver
in an EVA-2 channel with SNR of 20 dB and maximum UE speed of 100 kph.

be seen that the BER for realistic operating SNR values
(i.e., in [1540] dB [28]) of this pattern, labeled as Fixed in
Fig. 13, closely matches the values of the interleaved pattern,
only showing significant differences as SNR increases above
realistic values. This validates the viability of the proposed
NU-OTFS waveform for user multiplexing. The relatively high
BER for all SNR values is attributed to a combination of
realistic EVA-2 channel combined with unmitigated off-grid
errors present in all simulations. Further study of the potential
benefits of the added time-frequency allocation flexibility in
NU-OTFS communications in partially interfered channels
is left for future work, although similar approaches studied
in the framework of cognitive radio have shown increased
performance in comparable waveforms such as OFDM [47].
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A comparison between the same set of patterns for increasing
values of v,k is shown in Fig. 14, indicating that the chosen
fixed subcarrier assignation pattern outperforms the random
pattern, and maintains the Doppler tolerance of the interleaved
and single-user/SISO radar case.

Fig. 15 shows the estimated received QPSK constellations
for the same multiplexing patterns and channel conditions at
SNR = 20dB, indicating that the interleaved-multiplexing
constellation resembles the single-user closely. The QPSK
received constellation using the Fixed distribution is more
spread than the interleaved approach. Still, the symbols can
be easily associated to each quadrant instead of the entirely
random approach.

V. CONCLUSION

This article has investigated the problem of OTFS rad-
com under the requirement of non-uniform allocation of
time-frequency resources for multiplexing in MU/MIMO
applications. A novel OTFS-like waveform, NU-OTFS, is pro-
posed to accomplish quasi-arbitrary time-frequency resource
allocation, allowing for more flexible multiplexing schemes.
NU-OTFS generalizes and extends previously proposed OTFS
multiplexing strategies by using the NU-ISFFT to convert
the delay-Doppler symbols into a non-uniform time-frequency
frame. The performance of NU-OTFS in radar and communi-
cations has been evaluated through a combination of numerical
simulations and radar measurements. Radar numerical and
experimental data show that NU-OTFS allows for increased
unambiguous Doppler and range estimations with a man-
ageable side-lobe level when paired with hybrid 1D or 2D
sparse estimation. For communications, numerical simulations
of realistic vehicular channels show that although non-uniform
sampling contributes to estimated symbol spread in the 1Q
representation, the BER performance in practical 5G/6G
channel SNR resembles that of state-of-the-art MU config-
urations. Moreover, NU-OTFS shows the same performance
in high-mobility scenarios as the interleaved and single-user
full-frame approach. When considered jointly, these results
suggest that NU-OTFS is a promising approach to OTFS
Radcom, particularly when higher non-ambiguous parameter
estimation is necessary for radar. Therefore, NU-OTES is a
viable alternative to standard OTFS when increased flexibility
in time-frequency resource allocation is required for interfer-
ence avoidance or increased radar performance.
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