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Abstract—We address the challenge of developing an orthogo-
nal time-frequency space (OTFS)-based non-orthogonal multiple
access (NOMA) system where each user is modulated using
orthogonal pulses in the delay-Doppler domain. Building upon
the concept of the sufficient (bi)orthogonality train-pulse [1], we
extend this idea by introducing Hermite functions, known for
their orthogonality properties. Simulation results demonstrate
that our proposed Hermite functions outperform the traditional
OTFS-NOMA schemes, including power-domain (PDM) NOMA
and code-domain (CDM) NOMA, in terms of bit error rate
(BER) over a high-mobility channel. The algorithm’s complexity
is minimal, primarily involving the demodulation of OTFS. The
spectrum efficiency of Hermite-based OTFS-NOMA is K times
that of OTFS-CDM-NOMA scheme, where K is the spreading
length of the NOMA waveform.

Index Terms—Delay Doppler plane, orthogonal time-frequency
space (OTFS), non-orthogonal multiple access (NOMA).

I. INTRODUCTION

6G and beyond networks will be designed to meet a wide
range of demands from an increasingly connected society in
a sustainable manner [2]. These networks need to support a
diverse mix of applications, from high-speed mobile internet
access through satellites and IoT connectivity to mission-
critical communications and virtual reality. Their requirements
networks are multifaceted, reflecting the need for significant
improvements in capacity, performance, and spectral efficiency
[3], to serve in the presence of high mobility, multipath
propagation, and varying channel conditions.

Orthogonal time-frequency space (OTFES), proposed in [4],
is a promising approach to provide the fundamental basis of
increased spectral efficiency [1]. It is a two-dimensional signal
processing framework designed to address challenges associ-
ated with time-varying wireless communication channels. In
traditional wireless communication systems, signals are often
distorted due to channel variations over time, resulting in
signal fading and degradation. OTFS aims to mitigate these
effects by representing signals in a transformed domain that
simultaneously captures both time and frequency variations
by carrying the information in the delay-Doppler domain.
Hence, in OTFS, the delay-Doppler domain is employed as
the basis for signal representation. This domain accounts for
variations in both time delay and Doppler frequency shift,
providing a comprehensive view of the channel dynamics. By
transforming signals into the delay-Doppler domain, OTFS
enables the separation of multipath components and while
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offering improved resilience against the time-varying nature
of wireless channels.

The key advantage of OTFS lies in its ability to handle
challenging channel conditions, such as high-mobility scenar-
ios, where traditional approaches may struggle. OTFS can
provide enhanced performance in terms of signal recovery
and communication reliability, particularly when the channel
experiences rapid changes over time. The utilization of OTFS
has been explored in various communication scenarios, includ-
ing multiple-input multiple-output (MIMO) systems and non-
orthogonal multiple access (NOMA) schemes. Recent interest
in applying OTFS principles to satellite channels, particularly
in low earth orbit (LEO) satellite communication, has been
discussed in [5].

NOMA is a multiple-access technique employed in wireless
communication systems to enhance spectral efficiency by
allowing multiple users to share the same time-frequency re-
source. In traditional orthogonal multiple access schemes, such
as orthogonal frequency division multiple access (OFDMA),
different users are assigned orthogonal resources to avoid
interference. NOMA, however, challenges this orthogonality
principle and allows multiple users to share the same resources
non-orthogonally. In NOMA, power allocation is determined
by the user rate targets, and it is not always the case that users
with superior channel conditions are assigned higher power
levels to facilitate signal decoding with reduced interference.
allowing them to decode their signals with less interference
[6]. Advanced signal processing techniques, such as successive
interference cancellation (SIC) or joint decoding, are employed
at the receiver to recover the signals of users with lower
power levels. NOMA has gained attention as a promising
technique to address the increasing demand for efficient use of
limited wireless spectrum resources. It is particularly relevant
in scenarios with varying channel conditions and diverse user
requirements. NOMA is being explored in various commu-
nication technologies, including 5G and beyond, to achieve
higher throughput, lower latency, and improved connectivity
in wireless networks.

The sparse spreading non-orthogonal multiple access
(NOMA) can be classified into power-domain NOMA (PDM-
NOMA) [7], [8] and code-domain NOMA (CDM-NOMA)
[9]. Some notable instances of CDM-NOMA include low-
density spreading aided CDMA (LDS-CDMA) [10], low-
density spreading assisted orthogonal frequency-division mul-
tiplexing (LDS-OFDM) [11], sparse code multiple access
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Fig. 1. A comparison of multiple access techniques.

(SCMA) [12], [13], and multi-user shared access (MUSA)
[14]. Among the variations of NOMA, LDS can be considered
a special case of SCMA, characterized by sparse codebooks.
Each codebook is expressed as the Kronecker product of a
sparse sequence denoted by s; and a constellation set of order
M. Specifically, we have

X; =[s;P1,8;P2,--.,8;Buml, (D

where 1, Bs,..., 8y indicates a constellation set. Conse-
quently, the rank of the users’ LDS codebooks, X, is equal to
one. However, this is not the case for the users’ SCMA code-
books. The rank of SCMA codebooks is higher than one and
is equal to the number of non-zero values in the SCMA wave-
forms. The comparison between direct sequence CDMA (DS-
CDMA), multicarrier CDMA (MC-CDMA), LDS-OFDM, and
SCMA is illustrated in Fig. 1.

Research in the exploration of the synergy between NOMA
and OTFS is ongoing, with efforts focused on optimizing these
techniques to address practical implementation challenges,
such as computational complexity and real-time processing
requirements. So far, mostly the power domain use of NOMA
has been considered [15], [16]. Code domain extensions are
also proposed [17], [18], but the waveform type is kept the
same in the existing approaches. The primary contribution of
our paper lies in the development of an OTFS-based NOMA
scheme where individual users are assigned distinct orthogonal
pulses, enabling them to share the same bin in the delay-
Doppler grid. This achievement is facilitated by leveraging the
well-established Hermite functions known for their orthogonal
properties. It is crucial to highlight that our proposed scheme
differs from traditional NOMA approaches that involve design-
ing novel NOMA codebooks for user superimposition using
different codes. Instead, our emphasis is on the development of
orthogonal pulses. Our modulation scheme adopts the delay-
Doppler pulse-train design [1], opting for Hermite functions
over square-root Nyquist pulses. Our proposed schemes sur-
passed both OTFS-PDM-NOMA and OTFS-CDM-NOMA in
terms of bit error rate (BER) and demonstrated improvements
in both complexity and spectral efficiency.

The rest of this paper is organized as follows. in the
following section, we provide the preliminary information

to present the framework. The proposed delay-Doppler post
design is presented in Section III. The numerical results, il-
lustrating the complexity and spectral efficiency improvements
resulting from the utilization of Hermite functions due to
their orthogonality property, are presented in Section IV. The
conclusions are drawn in Section V.

II. PRELIMINARIES
A. OTFS

In this section, we provide a brief overview of the delay-
Doppler (DD) representation, modulation, and demodulation
processes within the OTFS system. We consider a discrete-
time baseband model where a continuous-time OTFS signal
is sampled at a sampling frequency fs; = % = B, with
T, denoting the sampling interval and B representing the
bandwidth. Each OTFS frame comprises of NA samples
organized into N blocks, each containing M samples. Con-
sequently, the duration of the resulting OTFS frame can be
calculated as Ty = NMT, = NT, where T = MT;
signifies the duration of each block. At the transmitter, the
N M information symbols, drawn from a modulation alphabet
(e.g., QAM, etc.), are arranged in a delay-Doppler grid as
follows

I ={(mAr,nAv),m=0,....M —1;n=0,...,N — 1},

2)
where M and N represent the number of delays and Doppler
bins, AT = ﬁ and Av = = serve as the delay and
Doppler resolution of the delay-Doppler grid, Af = 1/T,
respectively. The bandwidth B and the frame duration T’ in

terms of delay and Doppler resolution are given as

1 1
B_AT_MAf, Tf_AV_NT. 3)
In OTFS, the DD domain grid I" undergoes a conversion into
the time-frequency (TF) domain grid A through the inverse
symplectic fast Fourier transform (ISFFT), given by

A={(IAFf,kT),1=0,.... M —1;k=0,...,N —1} (4)

where the symbol interval 7' (in seconds) and subcarrier
interval Af (Hz) serve as the time and frequency resolutions
of the TF grid A, respectively.

The selection of parameters N and M depends on the
delay and Doppler conditions of the underlying channel for
the transmission of N symbols over a frame of duration
T and bandwidth B. The design parameters are chosen such
that 74, < Ai, and Ve < % where T4, and Vp,aq
represent the delay and Doppler spread, respectively. For
example, a channel with a high Doppler spread v,,,, would
necessitate a higher % = NAv, leading to smaller T and
larger Af, implying larger N and smaller M. Similarly, if
the channel exhibits a higher delay spread 7,,,,, it would
require a higher Aif = M AT, resulting in larger 7" and smaller
N suggesting smaller N and larger M. Another design
constraint for OTFS systems is stems from the assumption that
the multipath channel parameters remain constant throughout
the frame duration, denoted as T (e.g., 10 — 20 ms). At
the transmitter, the elements of I'" are transformed into a DD
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Fig. 2. OTFS block system.

domain matrix X € CM*N with entries X[m,n], where
m=20,...,M —1,and n = 0,...,N — 1. As illustrated
in Fig. 2, the transmitter initially maps the symbols X[m, n]
to be transmitted into N M samples on the TF grid using the
ISFFT, given by

N—1M- l
Xifll k] = X[m, neﬂ”(N ) (5)
forl =0,...,M — ,k:O,...,Nfl,whereth[Lk:]6

CM>N represents the TF domain transmitted matrix. Note

that the distinction between OFDM and OTFS transmission
lies in the fact that OTFS is a 2-D modulation technique,
whereas OFDM is a 1-D modulation scheme. Following the
2-D modulation in the time-frequency domain represented by
Xisll, k], the signal needs to be converted to the continuous-
time waveform s(t). This transformation is accomplished at
the transmitter using the Heisenberg transform and a basis
pulse denoted by g:..(t), expressed as

N—-1M-1

t) - Z Z th[lv k]gtx (t — kT)eﬂﬂlAf(t*kT). (6)
k=0 =0

In the scenario of a high-mobility channel, the signal s(t)
undergoes the effects of a time-varying channel represented
by the delay-Doppler response h(T,v), as follows

0= [ [mste = e rds-+n), 0

where n(t) is an additive white Gaussian noise (AWGN). At
the receiver, there exists an inverse transform that maps the
time-domain received signal r(¢) back to the time-frequency
domain Y ¢[n, m] using an appropriate basis pulse g, (t). In
Fig. 2, the signal r(¢) undergoes initial processing through a
matched filter, which computes the cross-ambiguity function
Ag,...r(f,t) as follows

Y(ft) = Ag.r(fi1) = / r(t)gro (¢ = t)e P 0ar,
- @®)
where * indicates the complex operation. Following the sam-

pling of the matched filter output at regular intervals of
(IAf,kT), a 2-D time-frequency received samples matrix

Y, ; € CM*N is obtained, with entries given by

Yisll, k] =Y (f, 1) p=iar,e=kT, )

for l =0,...,M — 1, and £k = 0,..., N — 1. This inverse
transform is commonly known as the Wigner transform. Fi-
nally, the symplectic fast Fourier transform (SFFT) is applied
on Y,s[l,k] to obtain the DD received matrix Y € CM*N
with entries as follows

N—1M-1

1 nk ml
Y[l kle 2R =50 (10)
D D

kOlO

Y [m,n|

For more in-depth information on OTFS, consult existing
publications, such as those referenced in [4] and [1].

In OTFS, a fundamental challenge in designing a multicar-
rier modulation scheme involves determining the pulses g, (t)
and g, (t) that satisfy the (bi)orthogonal property concerning
the symbol interval T and subcarrier interval Af in the TF
domain. Let the joint time-frequency resolution be denoted
as R. According to Weyl-Heisenberg (WH) or Gabor frame
theory, sets of (bi)orthogonal WH functions only exist for
R > 1 [1], and as a result, most multicarrier modulation
schemes are designed with R > 1.

In accordance with WH frame theory, the presence of
(bi)orthogonal WH pulses is contingent on R as outlined
below

e R =1 (critical sampling): Orthogonal WH pulses exist,
featuring infinite energy spread either in the time or
frequency domain as per the Balian-Low theory. Con-
sequently, these pulses lack well-localized characteristics
in the TF domain.

e R > 1 (under-critical sampling): Well-localized orthog-
onal or biorthogonal WH pulses exist if R significantly
exceeds 1.

e R < 1 (over-critical sampling): Neither orthogonal nor
biorthogonal WH pulses are present.

Observing the TF domain resolution Rrr = AfT = 1, it be-
comes evident that any pulse satisfying WH theory possesses
infinite pulse energy. Furthermore, in the DD domain, where
Rpp = ﬁ < 1, (bi)orthogonal WH pulses, according to
WH frame theory, do not exist either. However, by relaxing
the global (bi)orthogonality condition and narrowing our focus
to a limited set of symbols and subcarriers, this approach
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facilitates pulse design capable of meeting the orthogonality
requirement. As per [1], such DD pulses that fulfill the
adequate (bi)orthogonality condition exist. If we consider u(t)
as a pulse-train given by

N-1

u(t) =Y a(t—nT),

n=0

Y

where the subpulse a(t) is a square-root Nyquist pulse param-
eterized by its zero-inter-symbol interference (ISI) delay T'/M
bins in DD plane, it has been demonstrated that u(t) satisfies
the sufficient orthogonality property of the cross-ambiguity
function as defined in (8). This can be expressed as [1]

Au (mj\j;anT) — 5(m)3(n),

for |m| <M —1and [n| <N —1.

12)

B. OTFS-NOMA

The OTFS framework has found application in various
schemes, including NOMA. In the PDM-NOMA scenario,
stationary users employ the traditional NOMA scheme, while
high-mobility users are modulated using the OTFS scheme.
For the mobile users, they are positioned in the DD grid, where
the ISFFT is initially applied, followed by the Heisenberg
transformation [19]. In the context of OTFS-CDM-NOMA,
the spreading codes of users are superimposed and placed
in the DD grid, spanning the length of the spreading code.
Following this, the ISFFT and Heisenberg transformations are
applied before transmission. At the receiver, the initial step
involves OTFS demodulation, followed by NOMA decoding
[17]. As an illustration, let’s consider a downlink scenario
involving J receiving users and one transmitting base station
(BS). Initially, the BS superimposes the signals from the .J

users as follows ;
li
S = E Sj,
Jj=1

where the summation is performed bin-wise. Each bin of
the superimposed signal s’ is then placed in the DD grid.
Subsequently, it undergoes OTFS modulation, encompassing
the processes described in (5) - (6).

13)

III. DELAY-DOPPLER PULSE DESIGN

In this section, we explore a novel OTFS-based NOMA
scheme where multiple users are superimposed not at the
level of spreading codes (e.g., LDS, SCMA) but at the pulse
gtz(t) level. This approach leverages an additional diversity
scheme. One potential solution entails designing pulses gy (%)
for each user in a way that ensures they exhibit orthogonality
properties. To achieve this desired orthogonality property,
Hermite functions are employed, given that they form an
orthogonal basis for Lo(R?). Moreover, in addition to their
orthogonality property, Hermite functions also demonstrate an
excellent time-frequency localization property. The construc-
tion of Hermite functions involves a Hermite polynomial, a

Gaussian window, and a normalization. A Hermite function

of order k is defined as
t2

2 Hk(t)€_7

NN
where Hj, is the Hermite polynomial of the k-th degree given
by

hi(t) (14)

2 dF 2
_ k t —t
The Hermite functions in (14) are orthogonal
(e b)) = | [ hatos )| =i 16

where 6; ; denotes the Kronecker delta function. Thus, the
superposition of NOMA users on the DD grid is orthogonal
because each user is associated with a different Hermite
order function. The first four orders of Hermite functions
are illustrated in Fig. 3. In our pulse design procedure, we

08 . . . . .
0 20 40 60 80 100 120

Fig. 3. Hermite Functions of order kK = 0, 1,2, 3.

will adapt the DD domain pulse-train w(t) that satisfies the
sufficient (bi)orthogonality condition (12) as outlined in [1].
The distinction in our approach lies in the use of Hermite
functions instead of zero-ISI square-root Nyquist pulses (e.g.,
root-raised cosine (RRC), etc.), as applied in [1]. The pos-
sibility of superposing different users on the DD grid arises
from the orthogonality of Hermite functions of different orders
assigned to distinct users. However, it is essential to highlight
that Hermite functions, unlike RRC pulses, do not achieve zero
and cannot be staggered, as explained in [1]. To address this,
we define the Hermite functions as follows

T
(1) = {h’“(t) 0=1=37 (17)

0 otherwise

By doing so, (17) ensures that Hermite functions satisfy
the sufficient (bi)orthogonality condition in (12). A three-
dimensional plot of the ambiguity functions in (12) is depicted
in Figs. 4 - 7 for RRC and Hermite pulses of order 4.
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IV. SIMULATION

In this section, we assess the performance of our proposed
Hermite-based OTFS-NOMA scheme compared to the RRC-
based OTFS-NOMA. Our simulations focus on the uplink sce-
nario with a multiuser case received at the BS. We incorporate
both OTFS-PDM-NOMA and OTFS-CDM-NOMA, specifi-
cally using SCMA. For the RRC-based scheme, multiuser
detection is carried out using SIC estimator and the message
passing algorithm (MPA). In contrast, for the Hermite-based
scheme, user detection is accomplished through matched filter-
ing, leveraging the orthogonality of users at the DD grid level.
The DD grid is constructed with M = 4, N = 2, and a 4-QAM
constellation for transmitted symbols. In the simulations, the
maximum speed is 500 km/h, and the roll-off factor of the
RRC pulse is chosen to be 0.2. For the SCMA scenario
we adopted OTFS-SCMA scheme outlined in [17]. Figure
8 illustrates the BER performance comparison between the
Hermite-based OTFS-NOMA and RRC-based OTFS-PDM-
NOMA schemes. In the single-user scenario, the performance
is comparable; however, OTFS-PDM-NOMA degrades with
the inclusion of more users.

67

Ix (7 )|

-40 7t

Fig. 6. RRC two pulses.

x (72|

i -20
JfMtb 50 T/tb

Fig. 7. Fourth-order Hermite two pulses.

Figure 9 portrays that OTFS-SCMA outperforms OTFS-
PDM-NOMA, but it falls short of surpassing the Hermite-
based OTFS-NOMA. The MPA introduces additional process-
ing complexity of O(M¢97). This complexity grows expo-
nentially with both the size of the symbol alphabet M and
the number of non-zero positions in the spreading waveform
dy. In terms of spectrum efficiency, both OTFS-PDM-NOMA
and Hermite-OTFS-NOMA demonstrate similar efficiency, but
OTFS-PDM-NOMA underperforms in multiuser scenarios.
The spectrum efficiency of Hermite-OTFS-NOMA is K times
that of OTFS-SCMA, where K is the spreading length of
the SCMA waveform. The Hermite-based scheme exhibits
superior performance compared to the RRC-based OTFS-
NOMA, encompassing both OTFS-PDM-NOMA and OTFS-
CDM-NOMA schemes. The utilization of Hermite functions
enhances the orthogonality among different users, introducing
additional diversity and thereby improving user separation.

V. CONCLUSION

In conclusion, this paper addresses the complex challenge
of developing an orthogonal time-frequency space (OTFES)-
based non-orthogonal multiple access (NOMA) system. In our
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approach, each user is modulated using orthogonal pulses in
the delay-Doppler domain. We extend the existing concept
of the sufficient (bi)orthogonality train-pulse by introducing
Hermite functions, leveraging their orthogonality properties.

Simulation results affirm the superiority of our proposed
Hermite functions over the traditional OTFS-NOMA scheme,
particularly evident in the realm of bit error rate (BER)
over high-mobility channels. Despite the advanced capabilities
demonstrated, the algorithm maintains minimal complexity,
primarily relying on OTFS demodulation. This work con-
tributes valuable insights to the field, showcasing the potential
of Hermite functions in optimizing the performance of OTFS-
NOMA systems under challenging channel conditions.
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