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1  Introduction
Massive machine-type communications (mMTC) is a key use case in 5 G and beyond. 
It is characterized by a massive number of devices that sporadically and unpredictably 
transmit short data packets to a central base station (BS), typically under stringent con-
straints on energy consumption and signaling overhead, and often mild latency and reli-
ability constraints  [1–3]. To address this challenge of massive multiple access (MMA) 
[4, 5], grant-free random access schemes [6–8] have gained increasing attention, as 
they allow devices to transmit autonomously, whenever new data are available, with-
out requiring explicit scheduling by the BS. While this uncoordinated approach reduces 
latency and protocol complexity, it also increases the likelihood of packet collisions 
among simultaneously transmitting users, potentially leading to information loss. As a 
result, achieving efficient and reliable communication under these constraints neces-
sitates a carefully integrated design of the medium access control (MAC) and physical 
(PHY) layers. Successive interference cancellation (SIC)-based coded random access 
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(CRA) [9] has emerged as an effective and pragmatic integrated MAC/PHY approach for 
the design of grant-free random access.

Seminal works on integrated MAC/PHY designs were tailored to the collision chan-
nel [6, 7], which corresponds to the packet erasure channel at the PHY layer; hence, 
they did not account for a power constraint. In [10], Polyanskiy proposed a theoretical 
framework to model grant-free random access for the power-constrained additive white 
Gaussian noise (AWGN) channel, which is now popularly referred to as unsourced ran-
dom access. He also derived an achievable probability of error for random coding as a 
function of signal-to-noise ratio (SNR), which has served as a benchmark for grant-free 
random access coding schemes. Polyanksiy’s results demonstrate that the performance 
of naive random access schemes such as slotted ALOHA (SA) [11] is significantly far 
away from the random coding bound. Later works have shown that CRA-based schemes 
can be optimized for the AWGN channel and that they offer significant performance 
improvement over naive SA schemes [12, 13], particularly for a large number of users. 
Subsequent works have extended CRA-based schemes to flat Rayleigh fading channels 
[14, 15].

Despite these advances, existing CRA and SIC-based schemes are typically designed 
for simplified channel models (AWGN or flat Rayleigh fading), where SIC is gener-
ally performed at the MAC layer through packet-level interference cancellation. Such 
models fail to capture the time and frequency selectivity of realistic wireless channels. 
In particular, when the channel exhibits both significant delay and Doppler spreads, the 
effective channel response varies rapidly within a time–frequency resource block (slot). 
This variability poses a major challenge for SIC-based architectures operating at the 
PHY layer, which rely on accurate estimation of the input–output (I/O) relationship over 
the entire transmission slot. Modulation schemes such as orthogonal frequency-division 
multiplexing (OFDM) and single-carrier (SC) modulation are ill-suited for this setting: 
OFDM offers simplified equalization; however, it requires prior knowledge of the chan-
nel model for effective I/O acquisition, and SC suffers from requiring a significant num-
ber of pilots for estimating doubly spread channels.

In this paper, we engineer a CRA scheme based on Zak-orthogonal time–frequency 
space (Zak-OTFS) modulation [16] and show that our proposed scheme is significantly 
more effective than OFDM-based schemes for enabling PHY layer SIC. In Zak-OTFS 
modulation, the carrier waveform is a pulse in the delay–Doppler (DD) domain, for-
mally a quasi-periodic localized function with specific periods along delay and Doppler. 
When the channel delay spread is less than the delay period, and the channel Doppler 
spread is less than the Doppler period, the response to a single Zak-OTFS carrier pro-
vides an image of the scattering environment, which is used to predict the effective 
channel. Since the scattering environment changes slowly and predictably, our approach 
enables accurate prediction of the channel, and hence, it makes SIC viable. While Zak-
OTFS introduces complexity in equalization due to inter-symbol interference (ISI), it 
offers an important advantage over OFDM: The acquisition of the I/O relationship can 
be achieved in a model-agnostic manner. We demonstrate that CRA and SIC, when 
integrated with Zak-OTFS, significantly outperforms OFDM-based schemes in doubly 
selective channels, thereby enabling efficient and reliable grant-free random access for 
mMTC.
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The main contributions of this paper are summarized as follows:

•	 We propose a novel grant-free CRA scheme designed directly in the DD domain, lev-
eraging Zak-OTFS modulation to address the challenges of random access over dou-
bly selective wireless channels. Unlike conventional approaches that operate in the 
time–frequency (TF) domain, the proposed scheme exploits the predictable struc-
ture of the Zak-OTFS modulation in the DD domain to enable replica decoding and 
effective PHY layer SIC across slots.

•	 We analyze the impact of pulse shaping filter design on Zak-OTFS performance, 
comparing Gaussian and sinc filters. This design choice enables balanced trade-offs 
in slot-level processing across different system performance metrics, depending on 
the specific system settings.

•	 We verify that under high-mobility scenarios, the performance of the OFDM-based 
scheme degrades significantly due to its reliance on inter-slot channel prediction, 
which compromises the effectiveness of SIC. In contrast, the proposed Zak-OTFS-
based approach maintains robust and reliable SIC processing, enabled by its near-
invariant I/O relationship across the entire frame.

•	 We perform extensive simulations under realistic Veh-A channel conditions, con-
firming that the proposed Zak-OTFS-based CRA scheme consistently achieves lower 
packet loss rate (PLR) than the OFDM baseline, particularly in high-mobility and 
high-user-density scenarios.

These results highlight the practical advantages of designing CRA schemes in the DD 
domain and establish Zak-OTFS as a viable modulation framework for scalable and reli-
able uplink mMTC.

2 � Preliminaries and background
The MAC layer in a wireless network manages contention resolution, resource selection, 
and, in some cases, interference cancellation, while the PHY layer governs how infor-
mation is encoded, modulated, and transmitted over the wireless channel. Meeting the 
stringent performance requirements of mMTC, particularly in terms of scalability under 
latency and reliability constraints, requires a joint and well-coordinated MAC/PHY 
design. This section is therefore divided into two parts: The first subsection reviews key 
principles and recent developments in random access protocols at the MAC layer, with 
particular emphasis on contention resolution and the role of SIC; and the second pro-
vides the necessary PHY layer background on Zak-OTFS modulation, which serves as 
the foundation of the PHY layer model adopted in this work.

2.1 � MAC layer: random access and SIC

Random access protocols have historically played a central role in enabling uncoordi-
nated communication in shared wireless networks. A foundational example is SA, where 
time is divided into slots and active users independently attempt transmission of a single 
information packet without any coordination. The analysis typically relies on the colli-
sion channel model, which assumes that a packet is successfully received only if it is the 
sole transmission in a given slot; otherwise, all colliding packets are lost. It is further 
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assumed that collisions are always detectable at the BS and that, at the end of each slot, a 
feedback message is broadcast to all users. This feedback enables each user to determine 
whether its packet was successfully received or if a retransmission is required in subse-
quent time slots. While simple and fully decentralized, this one-shot transmission strat-
egy suffers from a high probability of collisions, especially as the number of active users 
grows, leading to poor throughput and reduced reliability.

To overcome these limitations and improve the system performance, more advanced 
random access schemes introduced temporal redundancy, where each user transmits 
multiple replicas of the same packet in randomly selected time slots. This strategy 
exploits slot diversity, increasing the probability that at least one replica avoids a collision 
and is successfully received. An early example of this idea is diversity slotted ALOHA 
(DSA) [17], which demonstrated improved reliability over traditional SA by reducing the 
probability of complete packet loss due to collisions.

A major breakthrough came with the introduction of SIC, which enables the receiver 
to iteratively decode packets and subtract their reconstructed contributions from the 
received signal. This process allows for the resolution of packet collisions that would oth-
erwise lead to data loss. This principle forms the foundation of modern CRA protocols 
such as contention resolution diversity slotted ALOHA (CRDSA) [6] and irregular rep-
etition slotted ALOHA (IRSA) [7], which model the access process as a sparse bipartite 
graph and adopt belief-propagation-inspired decoding techniques originally developed 
for erasure codes. In these schemes, each user transmits a predefined [6] or randomly 
selected [7] number of replicas in independently chosen time slots within a contention 
window, commonly referred to as a frame. This structure is illustrated in Fig. 1a, where 
the frame is divided into Ns discrete time slots, each representing a potential transmis-
sion opportunity for a packet replica. The BS then leverages the graph structure of the 
collisions to iteratively apply SIC, progressively removing interference and recovering 
additional packets.

For CRA schemes to operate effectively and support reliable SIC, the conventional 
assumptions of the collision channel model are typically extended to include ideal inter-
ference subtraction across slots. Under this model, perfect SIC is assumed, meaning that 
once a packet is successfully decoded, its contribution can be perfectly removed from 
the received signal in all time slots where its replicas were transmitted, regardless of the 
actual channel conditions. Because interference cancellation is assumed to be perfect, 

Fig. 1  Comparison between (a) conventional coded random access in the time–frequency domain and 
(b) proposed Zak-OTFS-based coded random access in the delay–Doppler domain. In both cases, colored 
rectangles represent user-specific packet replicas transmitted in randomly selected slots within the 
corresponding resource grid
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SIC is typically modeled at the MAC layer, where packet-level removal is performed and 
directly coupled to medium access considerations.

However, while this assumption enables tractable analysis and protocol design, it 
neglects critical PHY layer impairments encountered in practical wireless deployments. 
In reality, the wireless channel coefficients for the same user may vary across the frame, 
depending on the relationship between the channel coherence time and the frame dura-
tion. This effect is particularly pronounced in high-mobility environments, such as 
industrial or vehicular networks, where Doppler shifts and delay spreads significantly 
reduce the channel coherence time (potentially down to the slot duration, which is much 
shorter than the frame duration), violating the assumption of invariant channels across 
replicas. As a result, replicas of the same packet are likely to experience different chan-
nel conditions, leading to residual interference errors and degrading the effectiveness of 
SIC. Under these practical conditions, interference cancellation must necessarily be per-
formed at the PHY layer, where its performance can be severely affected by the short 
channel coherence time [18].

To overcome these challenges, the channel coefficients must be accurately estimated 
at the BS not only in the slots where a packet is successfully decoded, but also in all slots 
where interference needs to be removed through PHY layer SIC. Accordingly, recent 
research has explored more advanced BS architectures and sophisticated decoding 
algorithms that go beyond the idealized SIC assumption, enabling more effective inter-
ference cancellation at the PHY layer under realistic channel conditions. In particular, 
equipping the BS with a massive multiple-input multiple-output (MIMO) architecture 
introduces spatial degrees of freedom that can be effectively exploited to enhance colli-
sion resolution and boost the performance of SIC-based decoding. Recent studies, such 
as [19–22], have demonstrated that spatial processing in massive MIMO systems signifi-
cantly improves the effectiveness of SIC, even under rapidly varying channel conditions 
that change on a slot-by-slot basis  [23, 24]. However, as noted, these approaches con-
centrate the majority of the system burden at the BS, in terms of both architecture and 
receiver-side signal processing, without directly addressing potential improvements on 
the transmission side, such as the selection of a more suitable PHY layer waveform.

In this work, we adopt a complementary perspective by shifting the focus from con-
ventional TF domain PHY processing to a DD representation, leveraging the Zak-
OTFS waveform as the modulation framework. Rather than relying on traditional CRA 
schemes in the TF domain, as depicted in Fig.  1a, we propose a novel CRA strategy 
designed in the DD domain, as illustrated in Fig. 1b and further detailed in Sect. 3. This 
shift is motivated by the observation that wireless channels, often highly dynamic and 
unpredictable in the TF domain, tend to exhibit a more structured and nearly static 
behavior in the DD domain. In particular, the Zak-OTFS representation makes the 
channel approximately invariant over the entire duration of DD frame [16, 25], even in 
high-mobility scenarios. As a result, assumptions such as ideal MAC layer SIC, typically 
violated in TF settings, become significantly more realistic in the DD domain, enabling 
more robust and efficient grant-free random access in challenging mMTC environments.
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2.2 � PHY layer: Zak‑OTFS

Zak-OTFS modulation is a variant of DD modulation [26–28] that multiplexes informa-
tion symbols in the DD domain. In DD modulation, the delay period τp and the Doppler 
period νp are divided into M and N uniform intervals, respectively, such that the delay 
resolution is τpM and the Doppler resolution is νpN  . Also, we assume the wireless channel is 
doubly spread so that τpνp = 1.

In Zak-OTFS modulation, the information symbols x[k,  l], with indices 
k = 0, 1, · · · ,M − 1 and l = 0, 1, · · · ,N − 1 , are arranged on an M × N  grid and 
mapped to the DD lattice �dd

�
={(kτp/M, lνp/N ) | k , l ∈ Z} . The quasi-periodic DD 

domain signal1 xdd[k + nM, l +mN ] is generated such that

where n,m ∈ Z . This discrete DD domain signal is then mapped to the continuous 
domain as

where τ , ν ∈ R denote the continuous delay and Doppler variables, respectively. The sig-
nal in (2) is then passed through a transmit shaping filter wtx(τ , ν) resulting in

where ∗σ denotes the twisted convolution2 operation. Note that the choice of transmit 
filter wtx(τ , ν) is a design degree of freedom that can be used to balance different meas-
ures of system performance [29, 30].

The doubly spread wireless channel is modeled through its DD impulse response 
hphy(τ , ν) =

∑L
ℓ=1 hℓδ(τ − τℓ)δ(ν − νℓ) , where hℓ, τℓ, and νℓ are the channel gain, delay 

spread, and Doppler spread of the ℓ th path, respectively, and L is the total number of 
paths. The transmit signal xtxdd(τ , ν) propagates through this DD domain channel, result-
ing in the received signal

where n(τ , ν) represents additive noise in the DD domain, corresponding to a time 
domain noise with power spectral density N0.

In Zak-OTFS demodulation, the received DD domain signal ydd(τ , ν) is first filtered 
using the receive pulse wrx(τ , ν) , yielding

(1)xdd[k + nM, l +mN ] =

{
x[k , l], if n = m = 0,

x[k , l]ej2πnl/N , otherwise,

(2)xdd(τ , ν) =
∑

k ,l∈Z

xdd[k , l]δ

(

τ −
kτp

M

)

δ

(

ν −
lνp

N

)

,

(3)xtxdd(τ , ν) = wtx(τ , ν) ∗σ xdd(τ , ν),

(4)ydd(τ , ν) = hphy(τ , ν) ∗σ xtxdd(τ , ν)+ n(τ , ν),

(5)yrxdd(τ , ν) = wrx(τ , ν) ∗σ ydd(τ , ν).

1  Note that the time Zak transform exists only for quasi-periodic signals in the DD domain. Consequently, only quasi-
periodic DD domain signals admit a valid representation in the time domain.
2  a(τ , ν) ∗σ b(τ , ν) =

∫∫
a(τ ′ , ν′)b(τ − τ ′ , ν − ν′)ej2πν

′(τ−τ ′) dν′dτ ′.
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The output yrxdd(τ , ν) is then sampled at τ = kτp/M and ν = lνp/N  , resulting in the dis-
crete received symbols

where k = 0, 1, · · · ,M − 1 and l = 0, 1, · · · ,N − 1 . The discrete effective channel 
response heff[k , l] is obtained by sampling the continuous effective channel

The effective channel heff[k , l] can be accurately predicted in Zak-OTFS, provided that 
the channel delay spread is less than the delay period and the channel Doppler spread 
is less than the Doppler period. (This is the crystalline condition introduced in [16, 25].)

In the next section, we present the proposed uplink MMA scheme for time-varying 
channels, integrating both the MAC and PHY layer aspects discussed above.

3 � Proposed uplink MMA scheme
3.1 � OTFS‑based framing and random access protocol

We consider a CRA scheme operating in the DD domain based on Zak-OTFS modu-
lation. In the proposed setup, each user transmits a complete OTFS frame in the 
uplink. The frame is divided into multiple slots, with each slot occupying Mslot and 
Nslot resources along the delay and Doppler axes, respectively. The full frame spans 
M × N = p ·Mslot × q · Nslot resources, where p and q denote the number of slots 
arranged along the delay and Doppler dimensions, as shown in Fig. 1b. The fundamental 

(6)

y[k , l] = yrxdd

(

τ =
kτp

M
, ν =

lνp

N

)

=
∑

k ′,l′∈Z

heff[k − k ′, l − l′]xdd[k
′, l′]e

j2π
(
(l−l′)k′

M

)

,

(7)heff(τ , ν) = wrx(τ , ν) ∗σ hphy(τ , ν) ∗σ wtx(τ , ν).

Fig. 2  Structure of a single slot in the coded random access scheme, representing one slot within the 
overall frame illustrated in Fig. 1. (a) Time–frequency domain representation of the slot, where pilot and 
data symbols are spread across time and frequency resources, following a structure typical of OFDM-based 
transmissions. (b) Delay–Doppler domain representation of the slot, comprising two tiles: a pilot tile (blue) 
and a data tile (yellow), each of size Mtile × Ntile . The pilot tile includes a single point pilot symbol centered in 
the grid (large circle), while the data tile carries modulated data symbols (small circles)
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unit of an OTFS slot is the tile, defined as a region of size Mtile × Ntile in the DD grid 
(see Fig.  2b). Each tile is allocated either to pilot or data (payload) transmission. A 
single OTFS slot is formed by concatenating two adjacent tiles, i.e., one for pilot and 
one for data. This concatenation can occur along either the delay or Doppler axis; for 
simplicity, we adopt concatenation along the delay axis, which yields slot dimensions 
of Mslot × Nslot = 2Mtile × Ntile . While the choice of axis affects indexing, it does not 
impact system operation as long as the crystalline condition is satisfied.

In the proposed protocol, each active user independently selects r non-overlapping 
OTFS slots with uniform probability within the frame for transmission. Selecting a slot3 
entails choosing both a pilot tile and its associated data tile. The user then transmits an 
identical replica of its packet in each selected slot, i.e., the same pilot symbol is placed 
in each pilot tile, and the same modulated data symbols are used in each corresponding 
data tile. This replica consistency is crucial for enabling coherent SIC at the receiver, as 
it ensures that all copies carry identical information. Overall, each active user occupies 
r ·Mslot · Nslot DD resources, distributed across r slots over the entire Zak-OTFS frame, 
which spans a bandwidth B = νp ·M and duration T = τp · N .

3.2 � Signal processing at the transmitter

Consider an uplink MMA system where Ka users aim to communicate simultaneously 
with the BS. Let x

ka
[k , l] , where k = 0, 1, · · · ,M − 1 and l = 0, 1, · · · ,N − 1 , denote the 

information transmitted by the ka th user over the entire DD frame. Let s
ka
[k̃ , l̃] , with 

k̃ = 0, 1, · · · , 2Mtile − 1 and l̃ = 0, 1, · · · ,Ntile − 1 , represent the symbols transmitted by 
the ka th user within a single slot4 (see Sect. 3.1 for details). For k̃ = 0, 1, · · · ,Mtile − 1 and 
l̃ = 0, 1, · · · ,Ntile − 1 , s

ka
[k̃ , l̃] corresponds the pilot tile. In this region, the user trans-

mits a single pilot symbol at the center position (kp, lp) = (Mtile/2,Ntile/2) with all other 
symbols set to zero.5 For k̃ = Mtile,Mtile + 1, · · · , 2Mtile − 1 and l̃ = 0, 1, · · · ,Ntile − 1 , 
s
ka
[k̃ , l̃] defines the data tile, where the user transmits modulated information symbols. 

As illustrated in Fig. 1b, the DD frame is partitioned into Ns = p · q slots. These slots are 
indexed sequentially from 0 to Ns − 1 and arranged into a p× q slot index matrix follow-
ing a row-wise order. This matrix representation facilitates efficient indexing and system-
atic access to slot locations during transmission and reception. Let a ∈ {0, 1, · · · ,Ns − 1} 
denote a linear slot index. Its corresponding matrix indices (i, j) are given by

where (·)q denotes the modulus-q operation. Let 
A = {a0, a1, . . . , ar−1} ⊂ {0, 1, . . . ,Ns − 1} be the set of r selected slot indices. Each slot 
index az ∈ A maps to coordinates (iz , jz) computed as

(8)
i =

⌊
a

q

⌋

, i ∈ {0, 1, · · · , p− 1},

j = (a)q , j ∈ {0, 1, · · · , q − 1},

3  In this paper, we use the term slot to refer specifically to an OTFS slot.
4  We refer to this sequence of symbols as the user packet.
5  This configuration resembles a point pilot surrounded by a guard band, which serves to prevent interference (between 
the pilot and data regions) caused by channel spreading.
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where z = 0, 1, · · · , r − 1 . The ka th user packet s
ka
[k̃ , l̃] is replicated across the r selected 

slots to effectively distribute the transmission across multiple DD resources. Therefore, 
the corresponding transmit signal over the DD frame, x

ka
[k , l] , is expressed as

where 1[c,d)(x) is the indicator function:

The function s
ka
[m′, n′] is defined only for 0 ≤ m′ < 2Mtile and 0 ≤ n′ < Ntile , and the 

values (iz , jz) ensure that s
ka
[m′, n′] is mapped to the desired slot. The replication strategy 

in Eq.  (9) ensures that each user’s transmission spans the entire OTFS frame, enhanc-
ing diversity and robustness against channel impairments such as delay and Doppler 
spreads. Following the Zak-OTFS signal processing described in Sect. 2.2, the user’s DD 
domain signal x

ka
[k , l] is processed via Eqs. (1, 2, and 3) to produce the continuous trans-

mit signal xtxdd,ka(τ , ν) . In this paper, we employ two DD domain transmit filters wtx(τ , ν) , 
as detailed in Table 16.

At the receiver, we use a matched filter in the DD domain, which is defined as [31]

Closed-form expressions for the effective channel heff[k , l] under each filter choice can 
be obtained using Table 1, Eqs. (7) and (10). We refer the reader to [29] for details.

iz =

⌊
az

q

⌋

, jz = (az)q ,

(9)
x
ka
[k , l] =

r−1∑

z=0

s
ka
[k − 2Mtileiz , l − Ntilejz]

· 1[2Mtileiz , 2Mtile(iz+1))(k) · 1[Ntilejz , Ntile(jz+1))(l),

1[c,d)(x) =

{
1 if x ∈ [c, d)
0 otherwise.

(10)wrx(τ , ν) = ej2πντw∗
tx(−τ ,−ν).

Table 1  DD Filters [31]

DD Filters wtx(τ , ν) = w1(τ )w2(ν)

Sinc Filter w1(τ )
�
=
√
B sin c(Bτ)

w2(ν)
�
=
√
T sin c(Tν)

Gaussian Filter
w1(τ )

�
=

(
2ατ B

2

π

) 1
4

e−ατ B
2τ 2

w2(ν)
�
=

(
2ανT

2

π

) 1
4

e−ανT
2ν2

6  We do not consider the Gaussian-sinc filter [30] due to its mathematical complexity. Numerical results show that, for 
the proposed MMA scheme, its performance is close to the Sinc filter and not better than the Gaussian filter. Similarly, 
the RRC filter is omitted due to the lack of a tractable closed-form expression for heff[k , l] [29]
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3.3 � Slot‑level signal processing at the receiver

Assuming all active users are frame-synchronized, they transmit within a shared uplink 
OTFS frame. Consequently, the received DD domain symbols at the BS, denoted by 
y[k ′, l′] , for k ′ = 0, 1, · · · ,M − 1 and l′ = 0, 1, · · · ,N − 1 , consist of the superposition of 
the contributions from all Ka active users, i.e.,

Here, ỹ
ka
[k ′, l′] denotes the received contribution from the ka th user, where heff,ka [k

′, l′] is 
the corresponding user-specific effective channel response, and x

dd,ka
[k ′, l′] is the quasi-

periodic DD domain signal transmitted by the ka th user, for all k ′, l′ ∈ Z . At the receiver, 
signal processing is performed on a per-slot basis7, where the channel response is esti-
mated from the pilot tile and then used to equalize the symbols in the associated data 
tile. Assuming that the repetition pattern (or preambles) of all active users are known, 
the BS begins by identifying and processing the singleton slots, i.e., slots in which no col-
lision occurs and only a single user transmits its packet8.

Using the knowledge of the preambles, the BS identifies that the k̃a th user’s signal con-
tribution, denoted as ỹ

k̃a
[k†, l†] for k† = 0, 1, · · · , 2Mtile − 1 and l† = 0, 1, · · · ,Ntile − 1 , is 

received within a singleton slot indexed by z′ ∈ {0, 1, . . . ,Ns − 1} . The BS extracts the 
user’s received symbols from the global received frame as

where the slot coordinates are given by i′ =
⌊
z′

q

⌋
, j′ =

(
z′
)
q
, r′ = 2Mtile · i

′ and 

c′ = Ntile · j
′ . Next, the BS isolates the pilot tile by selecting the subset of ỹ

k̃a
[k†, l†] with 

indices 0 ≤ k† < Mtile and 0 ≤ l† < Ntile . Using the cross-ambiguity operation [35], the 
estimated I/O relationship for the k̃a th user in the singleton slot is given by

for 0 ≤ k† < Mtile, 0 ≤ l† < Ntile , where s
dd,k̃a

[k̃ , l̃] denotes the transmitted pilot signal of 

the k̃a th user in the tile. In DD modulation systems such as OTFS 1.0 or Zak-OTFS 
(OTFS 2.0), all symbols within the frame experience nearly the same effective channel 
[25, 36]. Therefore, the channel estimated from the pilot tile can be reliably used to 

(11)

y[k ′, l′] =

Ka∑

ka=1

ỹ
ka
[k ′, l′] + n[k ′, l′];

ỹ
ka
[k ′, l′]

�
=

∑

k ′′ ,l′′∈Z

heff,ka [k
′
− k ′′, l′ − l′′]x

dd,ka
[k ′′, l′′]e

j2π
(
(l′−l′′)k′′

M

)

+ n[k ′, l′].

(12)
ỹ
k̃a
[k†, l†] = y[k† + r′, l† + c′],

for 0 ≤ k† < 2Mtile, 0 ≤ l† < Ntile,

(13)

ĥ
eff,k̃a

[k†, l†] = Aỹ
k̃a
,s
k̃a

[k†, l†]

=

Mtile−1∑

k1=0

Ntile−1∑

l1=0

ỹ
k̃a
[k1, l1]s

∗

dd,k̃a

[
k1 − k†, l1 − l†

]
e−j2π

l†(k1−k†)
MN ,

7  Per-slot decoding and DD domain analysis have been conducted in [32–34], primarily within the context of MC-
OTFS/OTFS 1.0 under an orthogonal multiple access (OMA) framework. In contrast, this work addresses randomized 
transmissions in a grant-free setting.
8  Alternatively, the BS may operate in a fully blind manner, without prior knowledge of users’ repetition patterns. How-
ever, this approach typically incurs higher decoding complexity.
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detect the data symbols in the associated data tile. The resulting I/O relationship in the 
data tile can be represented in matrix form as

where ỹ, s, ñ ∈ C
MtileNtile×1 represent the received, transmitted, and noise vectors, 

respectively. ỹ
k̃a
[k†, l†] and n[k†, l†] correspond to the ((k† −Mtile)N + l† + 1) th entries 

of ỹ and ñ , respectively, for Mtile ≤ k† < 2Mtile and 0 ≤ l† < Ntile . Similarly, s
k̃a
[k̃ , l̃] cor-

responds to the ((k̃ −Mtile)N + l̃ + 1) th entry of s for Mtile ≤ k̃ < 2Mtile and 
0 ≤ l̃ < Ntile . Also, H ∈ C

MtileNtile×MtileNtile is the effective channel matrix, whose entries 
H [(k† −Mtile)N + l† + 1, (k̃ −Mtile)N + l̃ + 1] are derived as in Mohammed et al. [25]. 
The minimum mean squared error (MMSE) equalization of the received vector ỹ is per-
formed as

where Ed = E[|s
dd,k̃a

[k̃ , l̃]|2] is the average energy per information symbol, Ĥ is the esti-

mated channel matrix obtained from the effective channel response in eq. (13), and Rn is 
the noise covariance matrix, whose entries depend on the receiver filter (see [29] for der-
ivation). The estimated symbol vector ŝ  is then decoded using minimum Euclidean dis-
tance detection [37], yielding the estimated transmitted symbols s̆

k̃a
[k̃ , l̃] , for 

Mtile ≤ k̃ < 2Mtile and 0 ≤ l̃ < Ntile . Using the decoded symbols s̆
k̃a
[k̃ , l̃] , the channel 

estimate ĥ
eff,k̃a

[k , l] from (13), and the Zak-OTFS I/O relationship in (6), the contribu-

tion of the k̃a th user to the received signal is estimated as

From the received signal model in eq. (11) and the reconstructed signal in eq. (16), the 
BS performs SIC by removing the contribution of the k̃a th user from all its occupied 
slots

We remark that the SIC processing is performed at the PHY layer, as it directly uses the 
decoded payload and the estimated channel to cancel the user’s contribution from the 
overall DD domain frame. After applying (17), the BS re-evaluates the frame to iden-
tify newly formed singleton slots. The decoding and SIC procedures are repeated itera-
tively, each time canceling the contributions of successfully decoded users, until either 
all user packets have been decoded or no further singleton slots remain. The complete 
transceiver processing of the proposed Zak-OTFS-based MMA scheme is summarized 

(14)ỹ = Hs+ ñ,

(15)
ŝ = WMMSE ỹ;

WMMSE
�
=

(

ĤĤH
+

1

Ed
Rn

)−1

ĤH ,

(16)ŷ
k̃a
[k†, l†] ≈

∑

k ,l∈Z

ĥ
eff,k̃a

[k† − k , l† − l]s̆
dd,k̃a

[k , l]e
j2π

(
(l†−l)k

M

)

.

(17)
y(1)[k ′, l′] = y[k ′, l′] −

r−1∑

z′=0

ŷ
k̃a
[k ′ − 2Mtileiz′ , l

′
− Ntilejz′ ]

· 1[2Mtileiz′ , 2Mtile(iz′+1))(k
′) · 1[Ntilejz′ , Ntile(jz′+1))(l

′).
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in Table 2. Moreover, Fig. 3 provides a pictorial representation of the receiver block dia-
gram, illustrating all slot-level signal processing performed at the BS, from time domain 
signal reception to the user decoding and SIC operations.

3.4 � OFDM processing

In this work, we select cyclic prefix (CP)-OFDM with pilot insertion as a benchmark 
scheme to compare against the proposed Zak-OTFS approach. To ensure a fair compari-
son, the CP-OFDM system is configured with a subcarrier spacing of �f = νp , and a CP 
length matched to the maximum delay spread of the channel. To enhance robustness 
against Doppler effects, pilot and data symbols are interleaved across alternating sub-
carriers. Under this configuration, a slot, as defined consistently with Zak-OTFS, spans 

Table 2  Transceiver processing steps of the proposed Zak-OTFS-based MMA scheme

Transceiver operation Description

User Packet Construction Form user packet ska [k̃, l̃] with a central pilot symbol in the pilot tile and 
modulated data symbols in the data tile

Slot Repetition Mapping Replicate ska [k̃, l̃] across selected slot indices to form the full-frame DD 
domain signal xka [k, l] (see 9)

DD Domain Filtering (Tx) Apply the transmit filter wtx(τ , ν) in the DD domain to generate the 
continuous-time signal xtx

dd,ka
(τ , ν) (see 3)

Channel Propagation The signal propagates through a doubly spread channel with an effective 
response heff,ka [k̃, l̃] (see 4)

DD Domain Filtering (Rx) Apply the matched filter wrx(τ , ν) at the receiver (see 5, 10)

DD Domain Sampling Sample the received signal in the DD domain to obtain y[k′ , l′] , represent-
ing the superimposed contributions from all active users (see 11)

Slot Extraction Identify the singleton slot z′ , and extract the received signal ỹ
k̃a
[k†, l†] 

based on the known repetition patterns (see 12)

Channel Estimation Obtain an estimate of the effective channel ĥ
eff,̃ka

[k†, l†] through cross-
ambiguity processing (see 13)

MMSE Equalization Apply MMSE data equalization as ŝ = WMMSE ỹ (see 15)

Symbol Decoding Perform minimum distance decoding on ŝ  to obtain the estimated 
symbols 

⌣
s
k̃a
[k̃, l̃]

Signal Reconstruction Reconstruct the user contribution ŷ
k̃a
[k′ , l′] by combining the decoded 

symbols with the channel estimate (see 16)

Successive Interference Cancellation Subtract the reconstructed signals from y[k′ , l′] and iteratively decode 
singleton slots until none remains (see 17)

Fig. 3  Receiver block diagram of the proposed Zak-OTFS coded random access scheme, illustrating the 
processing from signal reception to user decoding with SIC
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Msub = 2Mtile subcarriers and NOFDM = Ntile time indices. The resulting CP-OFDM slot 
structure is illustrated in Fig. 2a, in direct parallel to its Zak-OTFS counterpart.

To ensure parity with Zak-OTFS in terms of overall resource usage, the CP-OFDM 
system is configured with N = p · q · NOFDM time indices per frame, matching Zak-
OTFS in terms of time–bandwidth product. Note that this configuration follows the 
structure of conventional CRA schemes based on time slot division. Decoding at the BS 
begins after the reception of all N time indices, aligning with the frame-level processing 
strategy of Zak-OTFS. Leveraging the known preamble, the BS first identifies singleton 
slots, i.e., those associated with the k̃a th active user free from collision. Channel estima-
tion is first performed using the pilot symbols, followed by MMSE-based interpolation. 
Subsequently, data detection is carried out via MMSE equalization.

Similar to the iterative, PHY layer SIC approach used in Zak-OTFS, the BS exploits 
the estimated channels and the correlation structure  [38] to predict the contributions 
of each k̃a th user’s signal across other slots containing replicas. These contributions are 
iteratively canceled from the received signal, progressively revealing additional singleton 
slots. This process continues until all user data have been decoded or no further single-
ton slots can be identified. In this way, CP-OFDM follows a decoding paradigm closely 
aligned with that of Zak-OTFS, enabling a fair performance comparison under common 
assumptions. Accordingly, our focus is on evaluating each modulation scheme’s abil-
ity to support channel prediction across data carriers. We remark that the comparison 
between Zak-OTFS and OFDM is absolutely fair, since both systems are configured with 
the same time–bandwidth product, transmit power, and number of information sym-
bols per frame, ensuring identical spectral efficiency and resource usage. Therefore, any 
observed performance differences stem solely from the intrinsic properties of the modu-
lation schemes.

4 � Performance evaluation

4.1 � Transmission setup

Each user encodes a k-bit payload using a (n, k, t) binary Bose–Chaudhuri–Hocqueng-
hem (BCH) code capable of correcting up to t errors. A portion of the k bits is reserved 
for a cyclic redundancy check (CRC), which is used to validate the decoded packet. The 
resulting code word is padded with one zero bit and mapped to a quadrature phase-shift 
keying (QPSK) constellation with Gray mapping. Two BCH code configurations are used 
depending on the slot size: i) A (n = 31, k = 16, t = 3) code for small slots ( Mtile = 4 , 
Ntile = 4 ); ii) A (n = 511, k = 255, t = 31) code for larger slots ( Mtile = 16 , Ntile = 16 ). 
In both cases, the code rate is approximately Rc ≈ 0.5 . Furthermore, to ensure fairness 
in the overall use of resources between Zak-OTFS and OFDM, the OFDM subcarrier 
spacing is set to �f = νp and the OFDM symbol duration to Tsym = τp , matching the 
DD domain slot’s time and frequency span. Two different frame lengths are considered: 
Ns = 128 and Ns = 200 slots. For the Zak-OTFS-based scheme, the Ns = 128 configura-
tion is arranged as a p = 8 by q = 16 grid in the DD domain, while the Ns = 200 con-
figuration uses a p = 10 by q = 20 grid, in both cases preserving a square-shaped frame 
structure.
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The pilot SNR per slot is given as

where EP = Ep · NP is the pilot energy per user per slot, Ep is the energy per pilot sym-
bol, NP is the number of pilot symbols per slot, N0 is the noise power spectral density, B 
is the frame bandwidth, and T is the frame duration. In Zak-OTFS, only one pilot sym-
bol is transmitted in the pilot tile ( NP = 1 ), while in OFDM, all symbols in the pilot tile 
are used as pilots ( NP = Mtile · Ntile ). Similarly, the data SNR per slot is given as

where ED = Ed · ND is the data energy per user per slot, Ed is the energy per data sym-
bol, and ND is the total number of data symbols per slot. For both Zak-OTFS and OFDM 
configurations, the entire data slot region is dedicated to payload transmission, thus 
ND = Mtile · Ntile . The total data and pilot energy budgets are kept equal ( EP = ED ), 
ensuring that SNRP = SNRD = SNR for both CRA schemes (Zak-OTFS and OFDM).

4.2 � Channel model

We adopt the six-path Veh-A channel model  [39] with the power delay profile shown 
in Table 3. We normalized the path energies such that 

∑6
i=1 E[|hi|

2] = 1 . The ith path 
Doppler shift is modeled as νi = νmax cos(θi) , where θi is an independent and identically 
distributed (i.i.d.) random variable uniformly distributed over [0, 2π) , and νmax = 815 Hz 
is the maximum Doppler shift assumed throughout the simulations.

4.3 � Numerical results

We organize the numerical results into three parts to evaluate the proposed uplink 
MMA scheme from different perspectives: (1) We examine an ideal interference-free 
scenario, where a single user transmits in a single slot without collisions for the proposed 
Zak-OTFS-based receiver operating in the DD domain and the conventional OFDM-
based receiver in the TF domain (see Fig.  2a and b). (2) We investigate the impact of 
channel variability on the effectiveness of SIC for both Zak-OTFS and OFDM-based 
CRA schemes (see Sect. 3). (3) We present a frame-level performance analysis based on 
Monte Carlo simulations of the full MMA uplink system, for both the Zak-OTFS and 
the conventional OFDM-based CRA schemes. For cases (1) and (2), we evaluate perfor-
mance in terms of PLR versus SNR, while for case (3), we assess the PLR as a function of 
the number of active users per frame, denoted by Ka.

(18)SNRP =
EP

N0BT
,

(19)SNRD =
ED

N0BT
,

Table 3  Power delay profile of the Veh-A channel [39]

Path number i 1 2 3 4 5 6

Rel. Delay τi (µs) 0 0.31 0.71 1.09 1.73 2.51

Rel. Power E[|hi |
2]

E[|h1|2]
 (dB) 0 −1 −9 −10 −15 −20
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4.3.1 � Single‑user performance analysis

The goal is to analyze the influence of key system parameters, including the number of 
delay and Doppler bins per tile ( Mtile,Ntile ), the Doppler period νp , and the pulse shaping 
filter.

Figure  4 shows the results for a compact configuration with Mtile = Ntile = 4 , lead-
ing to slot sizes Mslot = 8 and Nslot = 4 for Zak-OTFS, and Msub = 8 subcarriers and 
NOFDM = 4 OFDM symbols for the OFDM-based scheme. The Doppler period is fixed 
to νp = 30 kHz , aligned with the OFDM subcarrier spacing �f  , and a (31, 16, 3) BCH 
code is adopted. In this configuration, for the Veh-A channel considered, we observe that 
Zak-OTFS suffers from limited resources in the DD domain, which degrades channel 
estimation accuracy and results in a pronounced PLR floor between 10−1 and 10−2 for 
both pulse shapes. In contrast, OFDM benefits from a coarse subcarrier spacing, which 
mitigates Doppler-induced inter-carrier interference (ICI) and yields superior reliability.

Figure 5 presents results for a larger configuration, with Mtile = Ntile = 16 , resulting in 
slot sizes Mslot = 32 and Nslot = 16 . A (511, 255, 31) BCH code is used, and two values 
of Doppler period are considered, namely νp = 5 kHz and νp = 30 kHz . For νp = 30 kHz 
(solid curves), all schemes benefit from the improved resolution. OFDM achieves 
extremely low PLR for SNR ≥ −5 dB . Zak-OTFS also shows marked improvements 
compared to the small slot case. Sinc pulse shaping outperforms the Gaussian one at 
medium SNR, but still exhibits an error floor around 10−2 due to residual channel esti-
mation errors. Conversely, the Gaussian pulse, although requiring a higher SNR to enter 
the waterfall region, provides superior performance at high SNR, thanks to its improved 
channel estimation capabilities. This, however, comes at the cost of increased equaliza-
tion complexity and a more gentle PLR slope.

When the Doppler period is reduced to νp = 5 kHz (dashed curves), OFDM perfor-
mance degrades significantly. The reduced subcarrier spacing leads to more severe ICI, 
causing a PLR floor between 10−1 and 10−2 . Zak-OTFS, by contrast, maintains stable 
and reliable performance for both pulse shapes, as the selected Doppler and delay period 

Fig. 4  PLR versus SNR for a single-user, interference-free scenario with slot configuration Mslot = 8 , Nslot = 4 
and Doppler period νp = 30 kHz . The performance of Zak-OTFS with Gaussian and sinc pulse shaping is 
compared to conventional OFDM using a (31, 16, 3) BCH code
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parameters ensure operation within the crystalline regime. In particular, the conditions 
νp > 2νmax = 1630 Hz and τp = 1/νp = 200 µs > τmax = 2.51 µs guarantee that the 
channel interaction remains structured and predictable.9 This states that OFDM suf-
fers from ICI with a lower subcarrier spacing, but the Zak-OTFS performance remains 
almost constant, under crystalline condition, even at a lower resolutions.

Across both scenarios, a noticeable SNR gap emerges between Zak-OTFS and OFDM 
in the waterfall region, particularly when the Gaussian filter is employed. Nonetheless, 
these results highlight that Zak-OTFS, especially when operated with sufficiently high 
resolution, can achieve reliable performance even under severe mobility conditions. In 
contrast, OFDM remains competitive in static or low-mobility environments, thanks to 
its efficient equalization and simplified signal processing.

4.3.2 � Impact of channel variability on SIC performance

We now present a simplified numerical experiment to illustrate how rapidly time-vary-
ing channels affect the performance of PHY layer SIC under conventional OFDM-based 
processing, and how DD domain processing using Zak-OTFS enables a more robust and 
effective application of SIC. The scenario features a transmission frame and two active 
users: an “uncollided” user and a “collided” user. The uncollided user is assumed to have 
at least one replica transmitted without interference and at least one overlapping with 
other transmissions, e.g., the yellow user in Fig. 1a, which has a non-interfered replica in 
slot 2 and an interfered one in slot 6. In contrast, the collided user has no replica trans-
mitted alone, and its packet can only be recovered via SIC, after decoding and subtract-
ing the contributions of interfering packets from the uncollided user, as shown for the 
blue user in Fig. 1a, which is interfered in both slots 6 and Ns − 1.

Fig. 5  PLR versus SNR in a single-user, interference-free scenario with slot configuration Mslot = 32 , 
Nslot = 16 . Two Doppler period values are considered: νp = 30 kHz (solid lines) and νp = 5 kHz (dashed lines). 
A (511, 255, 31) BCH code is employed. Zak-OTFS performance with Gaussian and sinc pulses is compared to 
conventional OFDM

9 2νmax and τmax denote the Doppler and delay spreads of the channel, respectively.
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Focusing on the collided user, successful decoding requires effective PHY layer SIC in 
the slots affected by collisions. This, in turn, demands reliable estimation of the interfer-
ing uncollided user’s channel not only in the slot where it was decoded, but also in all 
other slots where its replicas were transmitted. For example, if the yellow user is decoded 
in slot 2, its channel must also be estimated in slot 6 to enable interference cancellation. 
However, due to the presence of interference, it is generally not possible to directly esti-
mate the channel via pilot symbols in the collided slot. As a result, the BS must resort 
to MMSE-based channel prediction, initialized from the reliable estimate obtained in 
the decoded slot, and attempt to extrapolate the channel evolution across time to the 
remaining replicas.

Under high-mobility conditions, however, conventional OFDM-based processing 
faces substantial challenges due to rapid channel variations across slots, which inher-
ently reduces the channel coherence time. These variations degrade the accuracy of the 
predicted channel estimates, especially as the temporal distance between slots increases. 
Consequently, the farther a replica lies from the slot where the channel was estimated, 
the less reliable the prediction becomes. This degradation significantly impairs the per-
formance of SIC, resulting in residual errors, and lowering the probability of successfully 
recovering collided user packets. In contrast, Zak-OTFS-based processing in the DD 
domain inherently mitigates rapid time variations. In this domain, the channel remains 
approximately static across the entire frame. Thus, once a user is successfully decoded, 
its channel estimate can be reliably reused in all other slots, allowing for accurate and 
consistent SIC application, even in high-mobility environments.

To illustrate this effect numerically, we consider a small slot configuration analogous to 
Fig. 4, with Mslot = 8 , Nslot = 4 , and Doppler period νp = 30 kHz . Figure 6 reports the 
PLR versus SNR for both uncollided and collided users, comparing OFDM-based and 
Zak-OTFS-based CRA schemes, with Gaussian and sinc pulse shaping filters applied 

Fig. 6  PLR versus SNR for a simplified two-user scenario with Mslot = 8 , Nslot = 4 and Doppler period 
νp = 30 kHz . The performance of both uncollided and collided users is shown for Zak-OTFS (with Gaussian 
and sinc pulse shaping) and conventional OFDM. For OFDM, results are reported for different values of δ , 
the temporal distance between the reference and the collided slots, highlighting the degradation in SIC 
performance due to channel prediction errors under high-mobility conditions
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to the latter. The uncollided user performance replicate those in Fig. 4. In the OFDM-
based case, we introduce the variable δ , which denotes the temporal distance, measured 
in slot indices, between the slot where the uncollided user’s packet is decoded and the 
slot where its replicas must be canceled to enable decoding of the collided user (e.g., in 
the example mentioned above, δ = 4 ). Since channel prediction quality deteriorates with 
time, the PLR increases as δ grows. We report results for δ = 1 (adjacent slots) and δ = 2 , 
assuming a maximum Doppler frequency of νmax = 815 Hz . The results in Fig. 6 reveal 
a clear degradation in SIC performance with increasing δ , confirming that OFDM suf-
fers from time selectivity. In contrast, Zak-OTFS maintains a consistently low PLR for 
the collided user, despite its slightly inferior performance for the uncollided case in this 
setting.

In Fig.  7, we also consider a larger slot configuration, as in Fig.  5, with Mslot = 32 , 
Nslot = 16 , and νp = 30 kHz . The PLR for the collided user in this setup corresponds to 
the solid curves in Fig. 5. For the OFDM-based CRA scheme, SIC performance deterio-
rates dramatically even for δ = 1 , due to the longer slot duration. As a result, channel 
prediction becomes unreliable, effectively disabling SIC and preventing recovery of the 
collided packet. Also, for Zak-OTFS with Gaussian pulse shaping, the collided user expe-
riences only minor performance degradation compared to the uncollided case, owing to 
accurate channel estimation and effective interference cancellation. On the other hand, 
with sinc pulses, even if the PLR remain within acceptable bounds with an error floor 
between 10−1 and 10−2 the performance degrades more significantly due to its poorer 
estimation capabilities, which compromise the effectiveness of SIC.

4.3.3 � Frame‑level performance of the MMA uplink system

In this final section, we evaluate the frame-level performance of the overall MMA uplink 
system under high-mobility conditions. The simulations are conducted using the larger 
slot configuration with Mslot = 32 , Nslot = 16 , and a Doppler period of νp = 30 kHz at a 

Fig. 7  PLR versus SNR for a two-user scenario with slot configuration Mslot = 32 , Nslot = 16 and Doppler 
period νp = 30 kHz . The PLR for collided users is shown for Zak-OTFS (using Gaussian and sinc pulse shaping) 
and conventional OFDM. Results highlight the severe degradation of SIC in the OFDM-based scheme, while 
Zak-OTFS maintains robust performance thanks to channel stability in the DD domain
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SNR of 25 dB . Each user transmits r = 3 replicas, as often assumed in CRA literature [40, 
41]. Figure 8 shows the PLR as a function of the number of simultaneously active users 
per frame, Ka , for a frame of Ns = 128 slots, for both the conventional OFDM-based and 
the proposed Zak-OTFS-based CRA schemes. For Zak-OTFS, results are reported for 
both Gaussian and sinc pulse shaping filters.

As for the OFDM-based scheme, the performance is reported under the assumption 
that no SIC is applied. As discussed above and validated via simulations, the application 
of SIC is ineffective in this high-mobility regime. The strong temporal channel variability 
renders inter-slot channel prediction highly inaccurate (i.e., the channel coherence time 
is approximately equal to the slot duration), preventing the recovery of collided pack-
ets. Therefore, the displayed results correspond to the DSA baseline, where performance 
benefits stem only from packet repetition. However, this approach allows for low PLR 
only when a small number of users is active, and rapidly saturates as Ka increases.

In contrast, the Zak-OTFS-based CRA scheme exhibits strong robustness to high 
mobility, enabling effective SIC and successful decoding of multiple user packets. As a 
result, it achieves much better scalability. In particular, when using the Gaussian pulse 
shaping filter, the Zak-OTFS system is able to support a significantly higher number of 
users, up to around Ka = 60 , while maintaining a PLR below 10−3 . The observed error 
floor is mainly attributed to so-called unsolvable collisions, i.e., events where two or 
more users fully overlap in all their replica transmissions, leaving no opportunity for 
successful decoding. The Zak-OTFS scheme employing the sinc pulse filter shows both 
a higher error floor and a visible performance gap in the waterfall region compared to 
the Gaussian-filtered counterpart. This degradation is due to the reduced accuracy of 
channel estimation with the sinc filter, an issue clearly observable in Fig. 7. The poorer 
estimation quality directly impacts SIC effectiveness, leading to a degradation in overall 
performance.

Fig. 8  PLR versus number of active users per frame, Ka , in a full-frame MMA uplink scenario with Ns = 128 
slots, slot configuration Mslot = 32 , Nslot = 16 , and Doppler period νp = 30 kHz . Each user transmits r = 3 
replicas of the same packet. The SNR is fixed to 25 dB . Zak-OTFS-based CRA performance is shown for 
Gaussian and sinc pulse shaping, and compared against the OFDM-based scheme with no SIC



Page 20 of 22Mirri et al. Journal on Advances in Signal Processing         (2026) 2026:24 

To better highlight the scalability of our scheme and its ability to support a large num-
ber of users (a fundamental aspect of mMTC services), Fig.  9 reports the frame-level 
uplink performance for both the OFDM-based and Zak-OTFS-based schemes (with 
Gaussian and sinc pulse shaping) under two configurations: Ns = 128 slots (as previ-
ously shown in Fig. 8) and Ns = 200 slots. For the OFDM-based scheme, performance 
remains limited due to the poor effectiveness of SIC, which becomes largely ineffective 
under conventional TF processing in the presence of high channel variability. Conse-
quently, the best results are still obtained with DSA, where increasing the number of 
slots yields only a slight improvement.

In contrast, the Zak-OTFS-based scheme benefits significantly from a larger frame 
size, as more users can be successfully decoded at the slot level, enabling more relia-
ble interference cancellation through SIC. For example, at a target PLR of 10−2 , typical 
for mMTC scenarios, the Zak-OTFS-based CRA scheme with Gaussian pulse shaping 
supports approximately Ka ≃ 75 users for Ns = 128 slots (red circle curve), and approx-
imately Ka ≃ 125 users for Ns = 200 slots (red squared curve), corresponding to a scala-
bility boost of roughly 55% . For sinc pulse shaping, performance remains limited in both 
configurations due to channel estimation constraints. Nevertheless, a noticeable scal-
ability improvement is observed at a moderate PLR of 10−1 , yielding a boost of approxi-
mately 50%.

5 � Conclusion
In this work, we introduced a novel CRA scheme operating in the DD domain and lev-
eraging Zak-OTFS modulation for uplink MMA. The proposed framework takes advan-
tage of the predictable structure of Zak-OTFS modulation to enable effective PHY layer 
SIC, maintaining robust performance even in the presence of high user mobility, condi-
tions under which conventional OFDM-based CRA schemes suffer significant degrada-
tion and residual SIC errors. Through extensive numerical evaluations, we demonstrated 

Fig. 9  PLR versus number of active users per frame, Ka , in a full-frame MMA uplink scenario with 
Ns ∈ {128, 200} slots, slot configuration Mslot = 32 , Nslot = 16 , and Doppler period νp = 30 kHz . Each user 
transmits r = 3 replicas of the same packet. The SNR is fixed to 25 dB . Zak-OTFS-based CRA performance is 
shown for Gaussian and sinc pulse shaping, and compared against the OFDM-based scheme with no SIC
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that the proposed solution offers notable gains in scalability and reliability, consist-
ently achieving lower packet loss rates across a broad spectrum of user densities. These 
improvements are further amplified by increasing the frame size, aligning with the 
requirements of typical mMTC scenarios.

As part of future work, we plan to extend and integrate the proposed framework 
with additional components aimed at further enhancing overall system performance. 
For instance, novel algorithms for multiple preamble detection should be developed 
to reconstruct users’ repetition patterns more effectively. Moreover, advanced multi-
packet reception (MPR) capabilities can be achieved through the deployment of a mas-
sive MIMO BS, which provides additional spatial degrees of freedom to enable user 
separation and channel estimation even in collided slots. We also aim to investigate 
alternative unsourced random access schemes, such as coded compressed sensing and 
random spreading techniques beyond CRA, and study their interplay with Zak-OTFS 
modulation.

This broader exploration will contribute to a more comprehensive understanding of 
how Zak-OTFS can influence the design and performance of future communication sys-
tems, ultimately supporting the development of more scalable, efficient, and robust next-
generation wireless networks.
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