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Abstract—In this paper, we propose a novel multi-user or-
thogonal frequency division multiplexing (OFDM)-based sensing
and inherent communication (MOSAIC) technique as a poten-
tial off-the-shelf integrated sensing and communication (ISAC)
framework for 6G mobile networks. The MOSAIC framework
facilitates joint user equipment (UE) localization and uplink
communication by embedding information-bearing orthogonal
sequences (OSs) into a standard commercial OFDM waveform,
thereby ensuring compatibility with existing infrastructure and
requiring minimal modifications to the physical layer of current
5G standards. Each uplink UE maps its communication bits to a
sequence index, while the base station (BS), equipped with a uni-
form linear array (ULA), estimates the UE’s distance and angle
of arrival (AoA) using the correlation properties of the received
signal. To accommodate a wide range of 6G service scenarios, the
MOSAIC framework supports two primary modes of operation:
grant-based and grant-free. In the grant-based mode, OSs are
pre-assigned to UEs to ensure collision-free access, assuming that
the number of active UEs is known. In the grant-free mode,
the MOSAIC framework utilizes an unsourced multiple access-
inspired parity-aided approach, where all UEs transmit parity-
embedded sequences from a shared pool across multiple blocks
without prior knowledge of the number of active UEs. This
approach allows the BS to disambiguate overlapping sequences
and reliably recover user messages without prior knowledge of
UE activity. To reflect practical wireless channel characteristics,
including non-line-of-sight (NLoS) conditions, a local scattering
channel model is adopted, and clustering and oversampling
techniques are applied at the BS to improve localization accu-
racy. Through extensive simulations, we demonstrate that the
proposed MOSAIC framework achieves robust communication
and sensing performance across both grant-based and grant-
free operation modes. With its OFDM-compatible structure and
efficient signaling design, the MOSAIC framework can be readily
integrated into existing commercial mobile infrastructures such
as 3GPP long-term evolution (LTE) and 5G New Radio (NR),
providing a scalable and practical ISAC solution aligned with
the objectives of future 6G standardization.

Index Terms—6G, OFDM, integrated sensing and communica-
tion (ISAC), orthogonal sequences, clustering, wireless localiza-
tion, index modulation, multiple access.
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I. INTRODUCTION
A. Background

In next-generation wireless systems, the explosive growth
in high-capacity service demands has intensified the scarcity
of available spectrum resources [1], [2]. Sixth-generation mo-
bile communication (6G) networks are expected to support
multiple requirements simultaneously, including ultra-reliable
communication, low latency, massive connectivity, and intelli-
gent services [3]. These diverse demands must be met within
the limits of constrained spectrum and hardware resources,
which pose significant design challenges. To address these
challenges, integrated sensing and communication (ISAC) has
gained attention as a promising technology that enables both
communication and sensing using a shared signal and infras-
tructure [4], [5]. A desirable approach is to leverage orthogonal
frequency division multiplexing (OFDM), which is already
well established in current wireless standards and is expected
to remain a core waveform in 6G due to its high spectral
efficiency, robustness to multipath fading, and compatibility
with multiple-input multiple-output (MIMO) architectures [6].
Furthermore, recent studies have experimentally demonstrated
that the OFDM waveform possesses an inherent dual-use capa-
bility, enabling it to support sensing operations concurrently
with its primary communication role by leveraging existing
hardware infrastructure [7].

The practical need for ISAC is particularly pronounced
in uplink Internet-of-Things (IoT) and machine-type com-
munication environments, where a large number of devices
intermittently transmit short packets. In these scenarios, di-
rectly acquiring location and surrounding spatial information
by reusing existing uplink signaling resources is a promising
approach. Such a design is especially appealing in terms of
system operation and resource efficiency, as it avoids the
need for additional sensing-specific waveforms or separate
resource allocation. In fact, next-generation wireless networks
are expected to increasingly support scenarios in which the
network infrastructure utilizes conventional communication
signals transmitted by user devices to jointly perform sensing
and localization for applications such as tracking, navigation,
factory safety, and public safety [8], [9]. Therefore, an ISAC
framework that naturally integrates sensing and localization
with communication, while maximizing the reuse of existing
waveforms and signaling structures, can provide significant
benefits for practical deployment.

Despite these potential advantages, many existing OFDM-
ISAC approaches still treat sensing as a secondary feature
layered on top of conventional communication [10]. This often
requires separate sensing waveforms such as probing signals
or pilot tones [11], [13], [38], extra resource allocation such
as reserved time slots [14], [38], or even signal structures
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that deviate from standardized OFDM parameters such as
subcarrier spacing, symbol duration, and windowing [15].
These limitations make it difficult to integrate such systems
directly into current wireless infrastructures. As a result, there
is a pressing need for ISAC system designs that can directly
reuse existing communication waveforms, such as OFDM
preambles or uplink reference signals, without requiring addi-
tional signaling or allocating separate resources. This approach
enhances practical deployability within standardized commu-
nication systems by enabling plug-and-play deployment in
legacy OFDM systems and supports seamless integration of
sensing functionality into future 6G network architectures.

B. Related Work

Non-OFDM or Partial ISAC: In [16], a transmit beam-
forming scheme was proposed for downlink ISAC systems,
but the base station (BS) transmits separate radar and com-
munication signals, resulting in a lack of waveform-level
integration. In [17], an ISAC system based on successive
interference cancellation (SIC) was introduced, but the sensing
and communication functionalities only partially share the
frequency spectrum and rely on separate signal structures.
This partial integration may reduce the efficiency of resource
utilization and present challenges for adoption within stan-
dardized communication frameworks.

Index Modulation (IM)-based ISAC: Recently, index
modulation (IM) has been investigated in ISAC systems for
its potential to enhance throughput, energy efficiency, and
spectral efficiency [19]. Specifically, in [20], an IM-based
hybrid beamforming strategy was proposed to mitigate beam
squint and enhance spectral efficiency in terahertz-band ISAC
systems. In [21], an IM scheme based on frequency offset
permutations was introduced to improve both communication
throughput and sensing accuracy. However, these approaches
rely on waveform structures or modulation principles that
deviate from the standard OFDM framework. For example,
the use of frequency offset permutations requires special-
ized decoding mechanisms beyond conventional fast Fourier
transform (FFT)-based receivers, while hybrid beamforming
at terahertz frequencies presumes non-standard transceiver
architectures. These deviations may hinder compatibility with
OFDM-based infrastructures widely adopted in current and
emerging wireless networks.

OFDM-based ISAC: Research on OFDM-based ISAC has
been actively conducted in the context of 6G [22]. For in-
stance, the authors in [23] proposed a method that embeds
a chirp signal into the OFDM waveform to estimate range
information. This approach, however, is specifically designed
for monostatic radar scenarios and requires hardware capable
of high self-interference suppression to ensure robust opera-
tion. In [15], a joint subcarrier and power allocation method
was proposed for uplink OFDM-ISAC systems, enabling
the BS to simultaneously communicate with multiple users
and detect nearby targets. However, this approach relies on
computationally intensive optimization routines, which may
impose limitations in latency-sensitive or low-power scenarios.
In [10], the waveform was optimized using mutual information
as a unified performance metric to maximize both sensing
and communication efficiency. While theoretically appealing,
this method involves nontrivial waveform redesign and lacks

direct compatibility with standard OFDM-based systems. Fur-
thermore, [24] proposed an OFDM waveform that achieves
joint performance by optimizing time-frequency-energy allo-
cation under strict resource constraints. Nonetheless, the three-
dimensional optimization process significantly increases the
implementation burden and may hinder practical deployment
in existing infrastructure. These studies highlight the potential
of OFDM-based ISAC, but also reveal key challenges such
as hardware complexity, computational overhead, and limited
alignment with standardized waveform structures.
Sequence-based OFDM-ISAC: To overcome the afore-
mentioned challenges, recent studies have explored OFDM-
ISAC systems that utilize sequences compatible with standard
communication protocols while enhancing system efficiency.
In [11], a pilot placement optimization strategy was proposed
in which a Zadoff-Chu (ZC) sequence is employed to simul-
taneously perform channel estimation and ranging. While this
approach improves practicality through standard-compatible
design, it does not account for the scenario where multiple
user equipments (UEs) simultaneously transmit the same ZC
sequence, which may lead to sequence collisions and limit
scalability in dense user environments. In [38], an OFDM-
ISAC system based on the ZC sequence was proposed. The
system transmits a sensing sequence during one of the 14
OFDM symbol periods to enable ISAC services while main-
taining compatibility with existing communication protocols.
However, the design assumes the consistent presence of a
line-of-sight (LoS) path between the transmitter and receiver,
which may not hold in practical urban environments. Mean-
while, [14] proposed an OFDM-ISAC algorithm for massive
MIMO systems that improves channel estimation accuracy
in local scattering environments without an LoS component
by utilizing orthogonal sequences (OSs) transmitted from
the user. However, while the sensing function is carried out
using these sequences, the communication function relies on
separately allocated time and frequency resources. Likewise,
[13] estimates the position of a single UE using its uplink
pilot sequence and further derives location and communication
performance metrics from a subsequent data transmission
phase. While the study considers multipath propagation, it
assumes a dominant LoS component and does not address
scenarios involving multiple UEs, limiting its applicability in
dense or obstructed environments. In our previous work [26],
we proposed a single-user OFDM-ISAC system in which the
uplink communication and localization are both performed
using a single OS embedded in a standard OFDM waveform.
While this approach validated the feasibility of unified com-
munication and sensing at the signal level, it was limited to
single-user scenarios under simplified channel assumptions.
Table I summarizes and compares the key features of
existing ISAC techniques. The evaluation criteria used in
the table are defined as follows. Integration level represents
the degree of integration between communication and sens-
ing, following the classification proposed by Ericsson [27].
Specifically, sharing of hardware refers to the case where
the same hardware is shared but separate signals are used
for each function. Reuse of waveform refers to the case
where communication waveform structures such as pilots
or preambles are reused for sensing, while still requiring
dedicated resource allocation. Reuse of signals represents
the highest level of integration, where a single transmitted
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TABLE I: Comparison of existing ISAC techniques and the proposed MOSAIC in terms of key system features.

LRl Integration Sensing UE-Target Com{mmication OFDM Multiple LoS Communication Sensing Performance 2D-
Level Mode Coincidence Receiver-Sensor Compatibility Access -Free = Performance Metric Metric Localization
Coincidence
[10] R;use of Monostatic « % e % % Comnjlumcat}o‘n mutual Sqn31ng lrx1}1tual %
signals information information
[38] Reuse of |\ 0static x x e x x BER RMSE (range, velocity) x
waveform
Reuse of fotati
[13] waveform Bistatic O O O X X BER RMSE (range, AoA) O
Reuse of ST, NMSE (channel
[14] waveform Bistatic O O O X O estimation) NMSE (AoA) X
Reuse of - .
[15] waveform Bistatic X O O X X BER RMSE (range) X
[16] Reuse of Monostatic « % % o % _ Beampattern matching %
waveform error
Reuse of . - Radar estimation
(7 waveform Monostatic X o x O x Outage probability information rate X
Sharing of . .
[18] hardware Monostatic X X O O X BER MSE (velocity) X
[19] Reuse of Monostatic x x o « % _ Beampattern matching %
waveform error
[20] Reuse of Monostatic « « o % % Commumcauop mutual Se}ns‘mg mgtual %
waveform information information
[21] Reuse of | pronostatic x x x x x BER RMSE (range, AoA) x
waveform
Reuse of g §
[23] signals Monostatic O X O X X BER RMSE (range) X
[24] Rji;iilgf Monostatic O X O O X Throughput RMSE (range, velocity) X
[25] R@use of Bistatic x O O @) x — RMSE (position) O
signals
Proposed | Reuse of fotati
MOSAIC signals Bistatic O O O O O BER, Throughput RMSE (range, AoA) O

signal simultaneously serves both data delivery and sensing.
Sensing mode indicates whether the system performs sensing
based on a target-reflected echo in a monostatic or bistatic
configuration. UE-Target coincidence indicates whether the
communication entity and the sensing target correspond to the
same physical node. Communication RX-Sensor coincidence
indicates whether communication reception and sensing are
performed at the same physical node. OFDM compatibility
indicates whether the system is compatible with the standard
OFDM frameworks, and multiple access indicates whether
the system supports multi-user scenarios. LoS-free indicates
whether sensing and localization can be performed without an
LoS path, and 2D-Localization indicates whether the system
jointly estimates both range and angle of arrival (AoA) to
produce a two-dimensional coordinate output.

In summary, most existing OFDM-based ISAC studies are
meaningful in that they exploit communication waveforms for
sensing purposes. However, their level of integration generally
remains at the level of waveform reuse, where communication
and sensing resources are separately allocated or functionally
distinguished. On the other hand, [23] and [24] can be regarded
as extending the level of integration to signal reuse, since
they exploit the same communication signal itself for sensing.
Nevertheless, these studies mainly assume a monostatic radar
architecture. Specifically, the BS transmits a downlink commu-
nication signal, and the echo reflected from a separate nearby
target is received again at the same BS for sensing. In this
case, since the BS already knows its own transmitted signal, it
can use the signal as a reference to estimate the delay, angle,
and Doppler associated with the reflected path. In contrast,
[13]-[15] are distinguished from monostatic ISAC studies
in that they consider bistatic radar architectures. However,
since the communication and sensing signals or resources are

functionally separated in these works, the integration level
of ISAC is still closer to waveform reuse. In addition, [25]
considers uplink communication with the UE. However, from
the sensing perspective, the communication signal is radiated
by a transmitting anchor toward a separate nearby sensing
target, and the echo reflected from the target is received by
the communication BS acting as a receiving anchor.

On the other hand, the proposed framework enables the BS
to jointly recover communication bits and estimate localization
parameters from the same uplink sequence signal directly
transmitted by the UE, thereby achieving an integration level
corresponding to the reuse of signals. In particular, we consider
a system model in which the communication terminal and
the sensing target are the same UE, while the communication
receiver and the sensing node are the same BS. In this model,
the UE serves as both the source of the communication signal
and the sensing target whose location is estimated, whereas the
BS serves as both the communication receiver and the sensing
node. Therefore, the proposed framework is distinguished
from existing OFDM-ISAC studies based on waveform reuse,
monostatic signal reuse, or echo-based bistatic ISAC. It ad-
dresses a previously underexplored ISAC setting in which the
same signal directly transmitted by the communication UE
is used to simultaneously recover communication information
and perform UE localization.

C. Main Contributions

In this paper, we propose a multi-user OFDM-based sens-
ing and inherent communication (MOSAIC) framework that
jointly supports uplink communication and UE localization
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by leveraging OSs transmitted from UEs!. In the proposed
framework, communication bits are directly mapped to OS
indices, enabling the BS to recover both user data and spatial
information from the same received signal. To reflect practical
wireless environments, we consider a local scattering channel
model without assuming a dominant LoS path and develop
corresponding localization enhancement methods. At the same
time, the proposed technique is also applicable when a strong
or even dominant LoS path is present, which may provide
additional performance gains. The main contributions of this
paper are summarized as follows:

« Signal-level integration of sensing and communica-
tion: Unlike conventional OFDM-ISAC structures that
reuse downlink communication signals mainly for mono-
static echo sensing [16], [23], or reuse OFDM wave-
forms while separating communication and sensing re-
sources/signals [15], [17], [38], the proposed MOSAIC
framework adopts a bistatic uplink structure in which
the same UE-transmitted sequence signal simultaneously
conveys user information and enables UE localization.
Thus, the communication source and the sensing target
are inherently identical, and the BS jointly extracts the
UE data and sensing-related parameters from the same
received signal. In this respect, MOSAIC establishes a
signal-level integration framework where communication
and sensing are inherently unified within the signal struc-
ture itself.

o High compatibility with standard OFDM systems:
The proposed MOSAIC framework is built upon a stan-
dard OFDM structure, enabling the joint operation of
communication and sensing without significantly alter-
ing the underlying frame architecture. Moreover, since
sequence-based signals have already been widely adopted
in practical communication systems for functions such as
preamble transmission, synchronization, and channel esti-
mation, the proposed approach remains well aligned with
conventional OFDM system design. From this perspec-
tive, MOSAIC can be interpreted as a framework that not
only preserves the conventional role of sequence-based
signaling but also extends it to support communication
and sensing in an integrated manner.

« Robust localization in multipath NLoS environments:
MOSAIC is designed to support both communication and
localization in LoS environments and NLoS environments
with local scattering, without relying on a dominant direct
path. This is enabled by the correlation properties of
the OSs, which allow the BS to infer useful sensing
parameters even when a clearly distinguishable LoS com-
ponent is unavailable. Furthermore, we also present a
fine estimation method that improves localization per-
formance in such multipath environments by increasing
delay resolution through oversampling and by applying
density-based clustering based on the jointly estimated
angle, delay, and received power.

o Multi-user extension for diverse 6G uplink scenarios:
The proposed MOSAIC framework is also extended to

"While numerous ISAC studies primarily focus on estimating the positions
of scatterers surrounding communication nodes, a substantial line of work
such as [28], [29], and [30] investigates UE localization using uplink signals.
In this paper, we propose a technique that enables joint communication and
localization based on uplink transmissions.

multi-user environments to accommodate diverse uplink
service scenarios envisioned for 6G systems. Specifically,
we present both a grant-based mode for 6G immersive
communication scenarios requiring high data rates and
reliable transmission, and a grant-free mode for 6G mas-
sive communication scenarios characterized by sporadic
traffic patterns and a large number of potentially active
users. In the grant-based mode, distinct OS sets are
assigned to different UEs to support reliable multi-user
transmission, whereas in the grant-free mode, active UE
identification and data recovery are performed through
a shared OS pool and parity-assisted collision resolution,
without requiring prior knowledge of the number of active
users at the BS.

Furthermore, the localization and communication performance
of the proposed MOSAIC framework is validated through
extensive simulations under various system configurations and
channel conditions. The performance is evaluated in terms of
root mean-squared error (RMSE), bit-error rate (BER), and
effective throughput, and the results confirm that the proposed
MOSAIC system can effectively support multi-user OFDM-
ISAC while jointly providing communication and localization
capabilities within a unified sequence-based framework.

D. Organization and Notation

The rest of this paper is organized as follows. Section II in-
troduces the overall system model, including the transmission
structure and the local scattering channel. Section III presents
the overall MOSAIC procedure, outlining the fundamental
steps for integrating inherent communication and sensing.
Section IV presents versatile signal processing methods for
accurate user localization and robust multi-user decoding, with
tailored designs for immersive and massive communication
scenarios. Section V provides simulation results to validate the
effectiveness of the proposed system under various conditions.
Finally, Section VI concludes the paper with a summary of key
findings and future research directions.

Notations: C, R, and Z denote the sets of complex, real,
and integer numbers, respectively. FY and FM*N denote
the space of IN-dimensional vectors and M x N matrices,
respectively. Iy denotes the N x N identity matrix. (-)*, (),
| - |, ®, and € stand for the complex conjugate operator,
the Hermitian transpose, the cardinality of a set, the circular
convolution operator, and the bit-wise exclusive OR (XOR)
operator, respectively.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider an uplink MOSAIC
system consisting of N UEs with a single antenna and a
BS equipped with a uniform linear array (ULA) having J
antenna elements®. Without loss of generality, the BS is
assumed to be positioned at (0,0) on the z-y plane, and
the n(e {1,---,N})th UE is assumed to be located at

’In this paper, we assume a single-antenna UE to clearly describe the
fundamental MOSAIC system structure. However, the proposed framework
is readily and naturally extendable to multi-antenna UE configurations.
For instance, the UE may adopt an antenna selection strategy for uplink
transmission or use channel information to apply transmit beamforming and
further enhance uplink performance.
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J Antennas

(a) Single UE uplink under a local scattering channel with
multipath-induced angle spread.
J Antennas

Nth-UE

(b) Multiple UEs uplink scenario where each UE transmits OS to
the BS with a J-element array antenna.

Fig. 1: System model of the proposed MOSAIC system.

(dy, cosby,dy, sinb,). Here, d, represents the distance be-
tween the nth UE and BS, and 6,, denotes the angle of the
nth UE’s position relative to the z-axis.

To better reflect practical wireless environments, we assume
a local scattering channel model, where most scatterers are
near the transmitter, as is typical for BSs installed on rooftops
or elevated locations [32]. As illustrated in Fig. la, a key
characteristic of this model is that even in the absence of
a direct LoS path, the multipath signals arriving at the BS
exhibit AoAs that are moderately deviated from the LoS
direction® [33]. Based on this model, it is assumed that the
signal propagates through L multipath components between
the UE and BS. Accordingly, in the case of multiple UEs,
as illustrated in Fig. 1b, the BS receives signals propagated
through a local scattering channel environment from each UE.

N L-1

Y€ C) = "3 \/d thy )zt — ) +2(t), (1)

n=1 [=0

where d,,; denotes a distance of [th multipath between nth
UE and BS, 7; denotes the propagation delay of the [th path,
and « means path loss exponent. Also, z,,(€ C) denotes the
signal transmitted by the nth UE, and its detailed structure will
be described in Section III. The term z(€ C”7) represents the
additive white Gaussian noise (AWGN) at the BS, which is
assumed to statistically follow a complex normal distribution,
i.e.,, CN'(0, NoI;). Additionally, h,, ;(t)(€ C’) denotes the

31t is worth noting that the presence of a strong LoS component generally
makes the localization task easier rather than more difficult. Even in the
presence of multipath components, the earliest arriving path can often be
identified more reliably, which may lead to more accurate delay and position
estimation. For this reason, the main discussion in this paper focuses on the
more challenging case without a dominant LoS path.

wireless channel vector corresponding to the Ith multipath
component between the nth UE and BS. Here, each element
of h,, (t), i.e., hy¢(t), can be expressed as [34]

hn,l,g(t) — /Bn’lejQﬂ'fD,n.lte_j%(5_1)TC03(07L+A07LJ)7 )
where fp . ; represents the Doppler shift of the /th multipath
component from the nth UE due to mobility. And, A\ denotes
wavelength, r is the antenna spacing, 3, ; is the complex chan-
nel gain which statistically follows a normal distribution with
zero mean and unit variance, 0, (€ [—7/2,7/2]) is an AoA
of LoS path component, and A8, ;(€ [—Abnaz; Abmaz])
denotes angle deviation of /th multipath component from the
nth UE [33]. According to [34], high-frequency bands such as
mmWave and THz are highly sensitive to Doppler shifts. In
contrast, the MOSAIC scenario considered in this paper oper-
ates in frequency bands typically used in commercial mobile
communication systems, where Doppler effects are much less
pronounced. Therefore, following prior ISAC studies such as
[35] and [36], we assume a stationary UE and set the Doppler
shift to fp,; =~ 0. This assumption further simplifies the
time-varying channel h,, ; ¢(¢) into a time-independent channel
hn1¢, facilitating clearer analysis.

III. OVERALL OPERATION OF THE MOSAIC SYSTEM

The MOSAIC system performs both communication and
localization simultaneously by utilizing OSs. Each UE maps
the bit stream to be transmitted onto a sequence index and
transmits it accordingly. The BS recovers the transmitted bits
by correlating the received sequence with a set of candidate
sequences. From a sensing perspective, this paper demon-
strates that the time delay between the UE and BS can be
estimated by consistently truncating the cyclic prefix (CP) at
fixed intervals. Furthermore, based on the previously described
local scattering channel model, it is shown that the AoA can
be estimated even in the absence of an LoS path, thereby
enabling the estimation of the UE’s location. Fig. 2 illustrates
the overall procedure of the proposed MOSAIC system.

A. UE-Side Signal Generation and Uplink Transmission

The proposed MOSAIC system utilizes the OS as a unified
signal waveform for performing both communication and
localization. Specifically, an OS of length /N, is mapped onto
subcarriers and transmitted within a single OFDM symbol
time. Theoretically, when a UE transmits an OS of length
N to send binary information, up to |log, N| bits can be
mapped to the sequence indices. However, due to the effects
of propagation delay and delay spread, mapping bit streams
to all available OSs may result in significant interference. To
mitigate this, we need to define a set of candidate sequences
that are sufficiently spaced apart to minimize mutual interfer-
ence among OSs. The candidate sequences can be generated
by cyclically shifting the elements of the reference sequence
so(€ CN+) by an integer multiple of Ncg samples. In other
words, since s;(€ C™¢) is obtained by cyclically shifting
all elements of sy by ¢ X Ngg, the v(€ {0,---, Ng — 1})th
element of s; is given by*

3)

“#Although vector indices generally start from 1, for notational convenience,
DFT-related indices are defined to start from O throughout this paper.

si[v] = so [(v +iN¢g) mod Ny,
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Fig. 2: Overall procedure of the proposed MOSAIC System

where mod denotes a modulo operator. Accordingly, the
set of Q(= 28 = [(N,/N¢s)]) candidate sequences for
B [log,(Ns/Ncs)|-bit mapping is defined as S
{s0,81, -+ ,80—1}. For example, a ZC sequence of length
N = 839 can generate a set of 64 candidate sequences when
Ncs = 13, allowing a 6-bit stream to be assigned to each
candidate sequence.

For clarity of explanation, we derive a transmit signal
model based on the OFDM system, assuming that the nth UE
transmits the g, (€ {0,---,Q — 1})th sequence. In general,
OSs such as ZC and m-sequences are defined in the time
domain and thus need to be transformed into the frequency
domain via a discrete Fourier transform (DFT) of size Ng
for OFDM subcarrier mapping. Let S, (€ CV:) denote the
frequency-domain signal vector corresponding to the time-
domain sequences s,,. Then, the frequency-domain signal
Sq., [k] mapped on the kth subcarrier can be expressed as
follows

No—1

Skl = 3 s, [v]e 72N

v=0

“4)

Subsequently, the UE performs an inverse FFT (IFFT) of size
Nppp, which is larger than N. The subcarriers corresponding
to the difference between the FFT size and N, are zero-
padded. After the IFFT, the OS sample signal x,[m] at the

m(€ {0, -, Nppp —1})th index in the time domain is
expressed as
Nprrr—1
2 [m) = 2. Sulk K> T ()

NFFT

Then, a CP of length N¢op is appended to (5), which can be
represented as

2,7 [u] = 2, [(u — Ncp) mod Nppr],  (6)
where x,“F[u] denotes the time-domain sequence signal at
the u (€ {0, -+, Nppr + Nop — 1})th index.

B. Uplink Signal Reception at the BS

Based on the system model described in Section II, the
received signal at the BS from /N UEs transmitted through
L multipath channels can be expressed as in (1). In this paper,

we assume absolute (perfect) time synchronization between
the BS and UEs’ [37]. This assumption implies that a network-
level common timing reference can be established between the
BS and UEs before the MOSAIC signal transmission. Such a
common reference can be practically supported by system-
information-based timing assistance, positioning-related tim-
ing support, and network-controlled uplink scheduling in
modern cellular systems [38]. This reference only fixes the
nominal UE transmit epoch and does not provide the BS
with prior knowledge of the UE-to-BS propagation delay.
Also, we propose a CP removal method based on a fixed
reference time, rather than aligning the start of each OFDM
symbol, to accurately estimate the propagation delay from each
UE to the BS. In general, determining the OFDM symbol
timing can itself be interpreted as estimating the propagation
delay, since the selected FFT window position already contains
timing information relative to the received buffer. However,
explicit symbol-timing estimation is beyond the scope of this
paper, and CP removal may in principle be performed at
an arbitrary position. In that case, only the delay relative
to the chosen FFT window remains in the received signal.
Therefore, for clarity of exposition, this paper considers a
simple reference model in which CP removal is performed
from a fixed position starting at the beginning of the buffer,
such that the absolute propagation delay is directly preserved
in the received signal. If the propagation delay is shorter than
the CP length and the CP is removed at a fixed position starting
from the beginning of the receive buffer, the CP-removed
signal ye¢[g] at the g (€ {0,--- , Nppr — 1})th time index in
the £(€ {1,---,J})th antenna can be represented as

Yelg (7

7 N L-1
Z >\ Jdy S hen [(9—1—Tn.¢) mod Nepr] +2]g],
1=1 1=0

where 7, ¢ is the propagation delay in samples from the nth
UE to the £th BS antenna.

3Synchronization errors may affect localization performance in practice,
but their impact can be mitigated through refined estimation procedures such
as the fine estimation methods described later. For clarity of exposition, and
in line with many existing studies [35], [39], [40], this paper assumes perfect
synchronization and focuses on the fundamental MOSAIC framework under
an idealized setting.
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By performing an FFT at the BS on the CP-removed
received signal, the frequency-domain received signals can be
obtained as in (8) at the top of the next page. Here, H,, ¢[w]
and Z¢[w] represents the results of performing the FFT of size

Nppr on d;j‘hn,l’g and z, respectively. In (8), due to the
effect of zero-padding, the FFT outputs for w > N; — 1 are
unrelated to the transmit sequence and yield negligibly small
values.

To exploit the autocorrelation property of the OS signal, the
BS attempts to reconstruct the received signal back into time-
domain signals of length N,. To this end, an IDFT of size N;
is applied to the frequency-domain received signal Y. The
resulting time-domain signal g¢[¢] at the {(€ {1,---, N })th
index in the £th antenna can be approximated as

N N
el ~ Yl @, [0 | o |+ @

n=1

where ﬁnf and Z¢ denote the IDFT result of size N, for the
frequency-domain channel H,, ; between the nth UE and the
&th BS antenna and frequency-domain noise Z¢, respectively.

To provide a clearer understanding of the approximation in
(9), we briefly revisit the time-domain representation of the
received signal in a simplified single-antenna scenario. Based
on [26], the time-domain received signal obtained by applying
an N;-point IDFT to the frequency-domain received signal Y
can be expressed as follows.

No—1
[N —j PR j2mw ~
vl = 5 Y HllX[wl-e 7 mrrr -4 2, (10)
$ w=0
No—1
1'% _j2mw (_Ns . 27w ~
= ﬁ H[W]X[W]e .]2N5 (NFFT >'€J Ns C"‘Z[C]
S w=0
Defining 7’ as N]FV;T T, the expression can be rewritten as
follows
;e ) .
yl) =+~ >_ DFT [h[g] @m[C—T’]}N LFEC L 7,
S w=0 s

= IDFT {DFT [B[c] ® z[¢ — T']L\J . + Z[¢],
Hi ® 2l — ] + 2[C). s
:mq@x[c— ol T}w[d,

Nppr

Y

where [y, denotes an N,-point discrete (inverse) Fourier
transform. Since 7’ is not an integer in the discrete-time
domain, it can be approximated as follows.

r|] +a

If the transmitted time-domain signal = corresponds to the qth
sequence, it can be expressed as in (9).

ym%BM®xk—{ﬁ% (12)

FFT

C. Signal Demodulation for Communications

By exploiting the autocorrelation property of the OS, the
BS can detect which sequence was transmitted by each UE.
Specifically, by circularly shifting the reference OS and calcu-
lating the autocorrelation with the received signal affected by

multipath, the correlation profile can be obtained as illustrated
in Fig. 3a. The autocorrelation for the received signal at the
&th antenna can be calculated as follows

N,—1

> veldlsple + w1
¢=0

Then, by detecting the region within the correlation profile
where a peak occurs, it can be determined that the UE has
transmitted the associated candidate sequence. For example,
in Fig. 3a, since several peaks are observed between Kk = Nog
and k = 2N¢g in the correlation profile, it can be inferred
that the UE transmitted the sequence s; by the definition of
the candidate sequence. Thereby, the bit stream mapped to
the sequence index, i.e., 1, can subsequently be demodulated.
In other words, this procedure allows the BS to identify and
demodulate all sequences transmitted by N UEs by retrieving
the IV candidate sequence regions. In this paper, we consider
that the BS is equipped with multiple antennas, which may
result in varying sequence detection outcomes across antennas.
To achieve spatial diversity, the final sequence detection result
is determined by coherently combining the received signals
across all antennas.

While the approach may appear effective in a single-
user scenario, its applicability becomes more complex in a
multi-user environment. For instance, as the number of UEs
increases, different UEs may be mapped to the same sequence
index, resulting in sequence collisions that hinder accurate
detection. In addition, due to noise, the correlation profile may
exhibit fluctuations, necessitating a well-defined threshold to
reliably determine the presence of a peak. Furthermore, the BS
may not have prior knowledge of the number of active UEs
in the system, which poses an additional challenge for robust
sequence detection and user separation. Section IV explains
how the proposed MOSAIC system addresses these technical
challenges in alignment with 6G service scenarios.

Relr] = (13)

D. Distance and Direction Estimation for Sensing

In this subsection, we focus on the fundamental UE localiza-
tion procedure based on distance and direction estimation. For
ease of explanation, we assume that the sequence index trans-
mitted by the nth UE is ¢, and the correlation peaks appear
within the range C,, = {¢.Ncs, -, (gn +1)Nes — 1},
as indicated in (3). In other words, it is assumed that the
sequences from different UEs have been effectively separated,
and that the sequence transmitted by the nth UE has been
successfully detected. Since we adopt a local scattering chan-
nel model (Fig. 1) with scatterers near the transmitter causing
multipath reflections, accurately identifying the path closest to
the LoS is crucial for precise UE localization. We hypothesize
that the propagation path with the shortest total length between
the UE, scatterer, and BS is the most likely to resemble the
LoS path. Moreover, since this shortest path experiences the
lowest path loss in general, we design the system to select the
index with the maximum correlation value within the candidate
region, assuming it corresponds to the dominant path as

Rn,e = arg max Re[k], (14)

KECy,

where the antenna index ¢ accounts for the possibility that
the estimated peak index may differ across antennas. Under
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(a) Autocorrelation profiles without oversampling in a single UE environment.
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(b) Autocorrelation profiles with oversampling of size 2N, in a single UE
environment.
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(c) Autocorrelation profiles with oversampling of size 2N, in two UEs
environment.

Fig. 3: Examples of autocorrelation profile of the proposed MOSAIC
system.

the influence of noise and propagation delay, when the BS
removes the CP based on a fixed reference point, the received
sequence appears as a circularly shifted version of the original
sequence transmitted by the UE. This shift can be represented
by the difference between A, ¢ and §ne(= |Ane/Nesl),
which reflects the extent of propagation delay from the BS’s
perspective. Accordingly, the distance between the £th antenna
of the BS and the nth UE can be estimated based on (9) as
follows:

5 Nrrr . .
dn — C- Ts . : n,§ — {n 5
e=c N (Rn,e = n.e)

15)

where ¢ denotes the speed of light, and T represents the
sampling time determined by the system bandwidth. The
calculated value when &y, ¢ — Gn,¢ = 1 defines the resolution
of the distance estimation in the MOSAIC system.
Subsequently, various array antenna-based direction-finding
algorithms can be employed to estimate the AoA between the
BS and UE. In this paper, we adopt a simple correlation-based
approach for direction estimation, considering its relatively
low computational complexity. In the absence of sequence
collisions, the orthogonality of the OS ensures that only a
single user signal remains after the despreading process. In
such cases, the correlation-based direction-finding method is
known to be optimal in terms of angle estimation accuracy,
as supported by the Cauchy—Schwarz inequality [42]°. Hence,
based on the estimated delay index A, ¢ for each antenna,

SHowever, when sequence collisions occur, meaning that multiple UEs
transmit the same sequence, multi-source direction-finding techniques become
necessary. To address this, we propose a clustering-based complementary
method in Section IV. Additionally, classical array processing algorithms such
as multiple signal classification (MUSIC) and estimation of signal parameters
via rotational invariance techniques (ESPRIT) can be readily extended and
applied to the MOSAIC system.

N =3 [By = [10g5(@/8)]| B> = |10g(Q/3)]] Bs = |log,(Q/3)]

N:Q[Bl = 1132 = 1[33 = 1]

() 1stUe [ Jend-Ue[ ard-UE [ @thuE

Fig. 4: Sequence allocation strategy of the grant-based MOSAIC
system for immersive communications

Bo=1

the despread signal yi(e C”) in the spatial domain can be
obtained. Specifically, the {th element of yd° is calculated
by correlating the time-domain received signal vector ye,
whose elements are given by (9), with the reference sequence

corresponding to the estimated index Ay, ¢, i.e.,

des H

Yng = Sk, Ve (16)

Then, we define a sensing matrix A (€ C’7**) whose columns
consist of steering vectors corresponding to P possible AoAs.
The value of P is determined by the desired angular resolution
for AoA estimation. For example, if the BS is equipped with
a ULA and the AoA search range is [—90°,90°] with a
resolution of 1 degree, then the first column a;(€ C”) of
A represents the steering vector corresponding to an AoA
of —90°. Using the despread signal, the direction can be
estimated by identifying the index (or angle) that yields the
maximum correlation with the sensing matrix, as follows:

H _ des (17)

ﬁn = arg ma’XP} ap Yn

pe{ly... R
where a,(€ C”7) denotes the pth column of the sensing
matrix. By converting the estimated index p,, into the angle
0,, between the BS and nth UE, the estimated position of the
nth UE, (Z,,§»), can be calculated as

(T, ) = (cin cos én, d,, sin én). (18)

In this study, we recognize that in a multi-antenna BS, the
distance estimates obtained from each antenna may include
delay variations due to spatial separation between antennas.
To address this issue, we adopt the distance estimated from
the reference antenna as the final estimate, as it is expected to
minimize errors caused by antenna spacing. That is, the final
estimated distance is given by d,, = d,, 1.

IV. VERSATILE PROCESSING FOR MOSAIC SYSTEMS

While Section III focused on a basic, somewhat idealized
environment, we now consider a more practical 6G service
scenario that supports multiple UEs simultaneously. These en-
hancements aim to strengthen the feasibility and scalability of
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the proposed MOSAIC framework as a promising ISAC solu-
tion for 6G wireless networks. Although inter-user interference
can be mitigated by assigning exclusive OSs to individual UEs,
this section focuses on a massive communication scenario in
which multiple UEs share a common sequence pool.

A. Grant-Based MOSAIC for 6G Immersive Communications

In 6G immersive communication scenarios, the primary
performance goal is to achieve extremely high data rates,
rather than supporting massive connectivity. Although multiple
UEs are still accommodated, the focus is on maximizing
per-UE throughput rather than serving a large number of
UEs concurrently. Accordingly, the MOSAIC system adopts
a grant-based operation for immersive services, where the
BS first identifies the number of active UEs. To ensure high
reliability, radio resources are allocated to avoid interference
among UEs. In the grant-based MOSAIC, the sequence indices
used for bit-stream transmission are partitioned and assigned
to individual UEs. This design reflects the fundamental need
for orthogonal resources in multi-user support, where each
sequence in the OS-based MOSAIC system serves as an
independent resource for UE multiplexing.

When the BS is aware of the number of active UEs as NV,
the total sequence set of size () can be equally divided among
the N UEs so that each UE uses Q/N sequences, thereby
preventing sequence collisions. In this case, each UE can trans-
mit By = |log, Q/N | bits of data. Accordingly, the N¢g is
designed to mitigate interference from propagation delay and
delay spread, which in turn determines the (). Consequently,
By represents the number of bits per UE, which is derived
by considering both the multipath channel environment via
Ncs and the N. For example, when multiplexing two UEs
with 64 candidate sequences, each UE is assigned a subset
of 32 sequences, and each sequence index can be mapped
to 5 bits. Fig. 4 illustrates an example of UE multiplexing
in the MOSAIC system for 6G immersive communications,
where distinct sequences are assigned to each UE. Thus, with
N UEs transmitting concurrently, the BS can detect up to
®SB = N . By bits per OFDM symbol. It is worth noting
that the baseline MOSAIC procedure described in Section III
can be applied individually to each UE in the grant-based
framework. Furthermore, if the assigned sequence subsets are
pre-shared between the BS and UEs, the BS can identify the
transmitting UE simply by detecting the transmitted sequence
within the corresponding subset.

B. Grant-Free MOSAIC for 6G Massive Communications

In contrast to the immersive communication scenario, the
grant-free MOSAIC framework is designed to efficiently sup-
port a massive number of UEs in scenarios where each UE
intermittently transmits only small amounts of data to the
BS. The grant-free MOSAIC framework, which is inspired by
unsourced multiple access (UMA) techniques in [31], embeds
parity bits within the bit-stream. This parity-assisted strategy
resolves sequence collisions, enabling the BS to reliably
recover each UE’s transmitted message and simultaneously
perform localization. Specifically, each UE divides its entire
bit stream to be transmitted into multiple blocks, and parity
check bits are added to each block. In this paper, the complete
bit-stream intended to be transmitted by the nth UE, including

both binary message bits and parity bits, is denoted by
X, (€ GF(2)1*BNsiock) where GF(2) denotes the Galois field
of order 2. In other words, the overall bit-stream 7, is formed
by concatenating Np;,.; binary sub-blocks, i.e.,

Xn = Xn,1 ‘Xn,Z” T ”Xn,NB;{,Ck? (19)

where || denotes bit-wise concatenation over GF(2) and
Xn..(€ GF(2)P) represents a binary bit-stream of the p(e
{1,-++, NBiock } )th block’. As described earlier, in the grant-
free MOSAIC system for 6G massive communication, the
number of active UEs is unknown to the BS, and all UEs
share the same set of candidate sequences. Therefore, in order
to determine whether each detected bit stream corresponds to
a valid transmission from an actual UE, parity bits are in-
cluded within each block alongside the message bits to enable
integrity verification. Accordingly, x,, , can be characterized
as

Xn,u = 'UmuHLn,;u (20)

where v, ,(€ GF(2)"*'«) and ¢, ,(€ GF(2)2*B-Tu)
denote the message and parity bit-stream transmitted by
the nth UE in the pth block, respectively. Also, T, (€
{0,---,B}) represents the message bit length of the uth
block, implying that the bit allocation can differ from block
to block. Therefore, a single UE can transmit a total of
Zivfi"”" I', message bits across all blocks, and on average,
B(= Zgji“k T',,/NBiock) bits per block. Then, the BS can
process an average of ®%F = N - B message bits per OFDM
symbol in the grant-free MOSAIC system.

To resolve sequence collisions and enable the BS to distin-
guish each UE’s bit stream, the parity check bits ¢, ,, for the
wth block of the nth UE are computed based on the message
bits contained in the previous blocks. These parity bits are
defined by the following relation:

p—1
Ln,u = @ Un,/L’G/L’,/L—h (21)
=1

And, G,/ ,—1(€ GF(2)"'»*B~Tw) is a random binary matrix
whose elements are independently drawn from a Bernoulli
distribution with probability 0.5. The BS and UE are assumed
to share the same random binary matrix.

In the uth block, the nth UE maps its bit stream X, ,, to
a candidate sequence from the common pool. After receiving
signals across all Npjocr blocks, the BS recovers each UE’s
information by jointly processing the detected sequences and
verifying the embedded parity bits. However, in the grant-
free MOSAIC system, the BS lacks prior knowledge of
the number of active UEs. Consequently, it cannot identify
active users by simply selecting a fixed number of maximum
peaks from the correlation profile. As a result, during the
correlation process in (13), where each candidate sequence
is circularly shifted and correlated with the received signal,
a design parameter 7). is introduced to determine whether a
detected peak corresponds to an actual transmitted sequence.

7In this paper, it is assumed that all UEs transmit their bit-streams using
the same block size and number of blocks, and that the number of message
bits and parity bits within each block is identical across all UEs. While the
MOSALIC system can be extended to support user-specific configurations such
as varying block sizes or parity lengths, such considerations are beyond the
scope of this work.
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Consequently, the set of indices corresponding to candidate
sequences detected as carrying valid signals in the uth block
can be represented as follows.

T = HNKJ ’Ré‘(n) > 10,0 <k < N, — 1} e
cs
Here, 72“ denotes the set of candidate sequence indices that,
at the £th antenna, produce correlation values exceeding the
threshold 7. when receiving the sequence signals correspond-
ing to the uth block. Since 7). is a design parameter, the set
’7'5“ for each antenna may include candidate sequence indices
erroneously selected due to noise. However, the probability
that such noise-induced indices are consistently selected across
multiple antennas is extremely low. Therefore, in this work, the
final candidate sequence set for the uth block, denoted as T,
is constructed by including only those indices that appear in
more than half of the J antennas. This majority-based selection
mitigates the impact of noise and enhances the robustness of

sequence detection, i.e.,
J
M L)
where 1(-) denotes an indicator function.

By constructing such candidate index sets for all blocks,
a total of T = Hgfj"“’“|’7'”| possible sequence paths (or
branches) can be formed by sequentially linking the selected
indices from the first to the last block. Starting from the
first block, the BS decodes all bit-streams corresponding to
the detected candidate sequence indices. Each decoded block
yields a total of B bits, which consist of I' message bits and
B —T parity check bits, as described in (20). It is worth noting
that the parity bits in each block are generated based on the
message bits from all previous blocks using a random binary
matrix that is shared between the transmitter and receiver,
as shown in (21). Therefore, by sequentially comparing the
message and parity bits from the first to the last block, the
BS can identify and eliminate invalid decoding paths that
contain parity bits inconsistent with the previously decoded
message bits. These invalid paths are typically caused by
false detections of sequence indices. Ultimately, only the paths
that pass all consistency checks across the Np;,.r blocks are
retained, and these paths correspond to the sequences actually
transmitted by the active UEs. To illustrate this process more
concretely, Fig. 5 presents a detailed example with N = 2
UEs, Npiock = 4 blocks, and B = 6 bits per block. The
parity bit allocation across blocks is set to {0,1,4,6} bits,
resulting in message bit allocations of {6,5,2,0} bits per
block, respectively. In Block 1, the BS detects two candidate
sequences, (101100) and (011011), corresponding to UE 1
and UE 2, so that [7}| = 2. In Block 2, it is assumed that
four candidates are detected with |72| = 4. After verifying
the 1-bit parity embedded in Block 2, only 4 paths survive
out of the 2 x 4 = 8 candidates. In Block 3, it is also assumed
that both UEs transmit the same sequence (011000) due to
identical message bits in that block, resulting in |73| = 1.
This constitutes a sequence collision, making the two UEs
indistinguishable based on Block 3 alone. After the 4-bit parity
verification of Block 3, 2 paths survive, both sharing the same
Block 3 sequence but differing in their message histories from

J
TM: k€{172’7Q}Z]‘{k67’;}2
e=1

Blocks 1 and 2. In Block 4, which carries no message bits
and consists entirely of 6 parity bits, three candidates are
detected with |7#| = 3. Since the parity bits of Block 4 are
computed from each UE’s distinct cumulative message history,
they differ between UE 1 (101001)and UE 2 (111001). The
BS exploits this divergence to eliminate invalid paths, and
ultimately 2 paths survive, exactly matching the number of
active UEs. The message bits are then recovered by extracting
the message portions from each surviving path.

The candidate-path growth of grant-free MOSAIC decoding
is mainly determined by the number of detected candidates
across multiple blocks. Let M, = |7#| denote the number
of detected candidates in the uth block. A naive exhaus-
tive decoder constructs all possible combinations of detected
candidates, resulting in O(ny:mf”k M,,) complete candidate
paths. Therefore, the number of candidate paths in exhaustive
construction grows exponentially with the number of blocks.
In contrast, the proposed decoder does not maintain all possi-
ble candidate combinations. It sequentially extends candidate
paths and prunes invalid paths using the parity constraints
at each block. If S, denotes the number of surviving paths
after the uth block, the number of candidate paths maintained
by the proposed decoder is on the order of O(Syax), Where
Smax = max, S,. For example, in Fig. 5, My = 2, My = 4,
Mz = 1, and My = 3, so exhaustive construction would
generate 2x4 x1x 3 = 24 complete candidate paths. However,
the proposed parity-aided decoder keeps only S = 2, S5 =4,
S3 = 2, and Sy = 2 surviving paths after the corresponding
block-wise parity checks. Thus, the maximum number of
maintained paths is Sy.x = 4, instead of constructing all 24
complete paths.

The number of surviving paths reveals the number of
active UEs. Furthermore, if each UE embeds its unique ID
into the initial message bits, the BS can identify each UE
and recover its corresponding message stream. Even in cases
where multiple UEs transmit the same sequence in a block,
their paths will naturally diverge in subsequent blocks due
to distinct parity bit combinations. Therefore, the BS can
still accurately decode the signals of individual UEs without
ambiguity. This decoding process forms a structured pattern
analogous to how pieces of a mosaic fit together to complete
a coherent image. Meanwhile, the grant-free MOSAIC system
is inherently robust against interference scenarios. Even if an
interferer transmits the same sequence as a UE, it does not
have knowledge of the random binary matrices shared between
the BS and the UEs. Therefore, the interferer cannot generate
valid parity bits, and its signal is identified as an invalid
path and eliminated during the sequential parity verification
process. Finally, localization can be performed based on the
received signals associated with the reliably recovered bit
stream of each UE, as shown in (18). Furthermore, robust
localization accuracy can be achieved by collecting and jointly
processing the signals received across all Npj,.x blocks. This
clustering-based refinement technique is described in detail in
Section IV-D.

C. Achieving Fine-Grained Sensing via Oversampling

We can exploit the oversampling technique by increasing
the size of the IDFT used in reconstructing time-domain
sequences at the BS in Fig. 2, thereby improving the resolution
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Fig. 5: Example of decoding for Npjocr = 4 and N = 2 in the
proposed grant-free MOSAIC system.

of distance estimation. As shown in (9), even when OS is
employed, the correlation value may not peak precisely at
the index corresponding to the true propagation delay due
to rounding effects caused by the size mismatch between the
IDFT and FFT. Nevertheless, the baseline MOSAIC system is
designed to estimate the delay based on the index at which
the correlation value reaches its maximum. From the sensing
perspective, it can be observed that the distance estimation
resolution in (15) can be improved by increasing the IDFT
size at the BS. In this paper, we address this issue by setting
the IDFT size Nyyer(= 9N;, ¥ € Z) as an integer multiple
of the sequence length. Accordingly, the autocorrelation after
performing the IDFT with oversampling can be computed as

follows.
No'um‘ -1

Rl = > wlslC+ 4l
¢=0

Figs. 3b and 3c illustrate examples of correlation profiles
obtained through oversampling. Fig. 3b shows the case of a
single UE such as the grant-based MOSAIC system, while Fig.
3c demonstrates the case where multiple UEs share the same
sequence pool in the grant-free MOSAIC system. Although
(24) appears structurally similar to (13), it involves different
signal processing steps. First, y, is obtained by applying an
IDFT with the size of N, to the frequency-domain received
signal defined in (8). However, since only N, values corre-
spond to meaningful information related to the transmitted
sequence, the remaining N, — N, elements are zero-padded.
Moreover, the reference sequence used for autocorrelation
must also be redefined. In Section III, the autocorrelation is
performed using a reference sequence defined directly in the
time domain. In contrast, under the oversampling framework,
the time-domain reference sequence is first transformed into
the frequency domain via a DFT, and then converted back
into the time domain by applying an IDFT of size Nyyer-
Using this processing approach, the newly estimated distance
between the nth UE and the BS from the received signal at
the £th antenna can be obtained as

- Nprr (. .
dpe=c-Ts- N (ﬁn)g - Qn,g) )

where g 5(: |ie/UNes|) denotes the candidate sequence
index corresponding to the oversampled sequence signal. Since
Nyyper 1s an integer multiple of Ny, the cyclic shift spacing be-
tween candidate sequences, N¢g, also increases proportionally
to the oversampling ratio ¥.

This oversampling process is fully implemented in the digi-
tal signal processing domain and can be seamlessly integrated

(24)

(25)
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Fig. 6: An example of a data clustering algorithm featuring estimated
distance, AoA, and power in the MOSAIC system.

into the previously described MOSAIC framework as an op-
tional feature, without requiring any structural modifications.
As observed in (25), when the IDFT size N,,., is comparable
to the FFT size Ngp7, the resolution of distance estimation
depends on the sampling interval T, which is determined
by the system bandwidth. However, if N,,., is set larger
than Nppr, it becomes possible to achieve higher-resolution
distance estimation that surpasses the inherent limitations
imposed by the system bandwidth.

D. Separating Multiuser Signals via Clustering

As described earlier, the MOSAIC system estimates each
UE’s distance and direction based on the sequence index that
produces a correlation peak in the received signal. However,
when multiple UEs transmit the same sequence, this single-
peak approach struggles to distinguish individual positions. To
address this limitation, we propose a localization refinement
method that collects multiple received sequence samples and
applies a density-based clustering algorithm to improve the
accuracy of both range and angle estimation for multiple
UE:s. To effectively apply the clustering algorithm, a sufficient
number of samples must be secured. In the conventional
approach, distance estimation was performed based only on the
sequence index with the highest correlation value, as described
in (14), and the corresponding despread signal was used for
angle estimation, as denoted in (16). However, this method
yields only a single data point, which may be insufficient for
clustering algorithms. Therefore, instead of relying solely on
the peak index, we propose to perform distance estimation and
generate despread signals for all indices within the candidate
sequence region. In other words, bit demodulation is first
performed based on the index corresponding to the maximum
correlation peak. Then, clustering is separately conducted us-
ing the despread signals corresponding to all indices within the
associated candidate sequence region. This approach provides
a total of N¢g distance—angle estimation samples per sequence
region. When oversampling is applied, the number of available
samples increases to ¥N¢g, thereby enabling more robust
clustering. Moreover, in the grant-free MOSAIC system, mul-
tiple sequence signals are transmitted consecutively. Therefore,
by collecting samples from all received sequences, a sufficient
number of data points can be obtained for effective clustering
algorithms.
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Pre-specifying the number of clusters is impractical in
environments with interference or multipath components at
significantly deviated AoAs. To address this, this paper adopts
the density-based spatial clustering of applications with noise
(DBSCAN) algorithm [41], which utilizes distance, angle,
and power as key features and does not require the cluster
count to be set in advance. Fig. 6 presents an example of
clustering performed in the proposed MOSAIC system based
on distance, angle, and received power. To apply the DB-
SCAN algorithm, the estimated distance, angle, and received
power for each path are stored in the vectors di(€ RNover),
da(€ RNover) and d3(€ RNever), respectively. To ensure
equal weighting across all axes during clustering, each data
vector is normalized using its mean and standard deviation,
following d, = (d, — E[d,])/0q,, where E[d,] and ogq,
denote the mean and standard deviation of the y(€ {1,2,3})th
column of the data matrix D(= [d; dy ds]). To improve
computational efficiency, data points with normalized received
power below a threshold 7, are excluded from clustering. After
applying DBSCAN, the data tuple D belonging to the cluster
with the highest number of members is considered to represent
the desired signal and is denoted as D € CPI*3. Finally, the
estimated distance d’ and angle 6’ based on the clustering
results are expressed as follows

D]

| _
d= min dg, §=—)> do, (26)
se(lo ol D ; -

where d.; and d.p refer to the elements of the ¢th row
and the Ist and 2nd columns of D, respectively. In the
grant-based MOSAIC system, clustering utilizes data collected
independently from the disjoint sequence set pre-assigned
to each UE. In contrast, the grant-free mode leverages a
shared sequence pool. Consequently, the BS first identifies
each UE’s surviving bit-stream path and then collects sensing
data from the signals associated with that path. Since the
grant-free MOSAIC system already operates across Npjock
blocks, aggregating sensing data from all blocks is an efficient
strategy to obtain sufficient samples for robust clustering. This
approach of collecting data over multiple blocks to enhance
localization accuracy can also be readily adopted in the grant-
based scenario. Furthermore, this clustering-based localization
method can also be viewed as being inherently robust to
interferers. Since interferers are likely to appear at different
distances and angles from the BS, with distinct received power
levels, their data points tend to be naturally separated from
those of the target UE during the clustering process, thereby
reducing their impact on localization accuracy.

V. SIMULATION RESULTS

This section evaluates and analyzes the communication and
localization performances of the proposed MOSAIC system
in 6G practical wireless environments. The multipath envi-
ronment is modeled based on the tapped delay line (TDL)-
B model defined in 3GPP TR 38.901. The scaling factor
corresponding to the short-delay profile scenario of the Urban
Microcell (UMi) street-canyon environment is applied [43]. In
addition, a local scattering channel is considered under non-
line-of-sight (NLoS) conditions, as in [14]. The simulation
parameters, including angular spread due to local scattering,

TABLE II: Simulation parameters

Parameter Value

Maximum angle deviation (Af,,4,) 5°

Center frequency 1.8 GHz
FFT size (NFFT) 2048
CP size (N¢p) 256
Sub-block size (NBjock) 5
Number of antennas (J) 16

Path loss exponent () 3.5
Subcarrier spacing (A f) 15 kHz
Sampling time (7) 32.6 ns

are summarized in Table II. To ensure robust operation under
varying channel and noise conditions, the system adopts adap-
tive thresholds based on statistical properties. Specifically, the
clustering threshold 7, is set to one standard deviation above
the mean power of the collected data to enhance clustering
efficiency and accuracy. In contrast, for the grant-free MO-
SAIC system, setting the 7. threshold too low causes numer-
ous noise-induced peaks to be erroneously detected as valid
sequence candidates. This, in turn, leads to an exponential in-
crease in the number of decoding paths for parity verification,
resulting in severe computational complexity. Therefore, 7.
is set to a more conservative value—two standard deviations
above the mean of the correlation profile—to mitigate this
complexity and ensure system stability.

The performance of the proposed MOSAIC system is eval-
uated through Monte Carlo simulations implemented in MAT-
LAB, using a ZC sequence with parameters Ny, = 839 and

Neg = 13 as the OS for transmission and reception. The ZC
. _ s mQu(v+1) .
sequence is defined as so(v) = e/~ Mo, where different

sets of sequence candidates can be generated depending on
the root index 2 [44]. The BS is fixed at the origin (0, 0), and
the first UE is located at (d1,6:1) = (30 m, 45°). For n > 2,
dy, ~U(20, 30) m and ,, ~ U(—90°, 90°) are independently
drawn per realization, where the Cartesian coordinate is given
by (d,, cos b, d,sinb,). For the grant-free MOSAIC system,
the BS receives signals from UEs over Npj,.; sub-blocks.
Given the defined sampling time T, the total signal collection
duration is 136.76 us, which is considered to be a practically
short collection time.

A. Baseline Schemes

To more clearly assess the performance of the proposed
MOSAIC framework, we also consider representative base-
line schemes that embody the design philosophy of conven-
tional OFDM-based ISAC structures. However, since MO-
SAIC jointly incorporates communication and sensing func-
tionalities into the OFDM symbols themselves while preserv-
ing the standard OFDM-based frame structure, direct one-to-
one comparisons with existing schemes are inevitably subject
to certain limitations. Accordingly, the baseline schemes are
constructed under conditions that enable as fair a comparison
as possible with MOSAIC by matching the overall sequence
length, total transmit power, and number of transmitted bits.
Specifically, the baseline schemes are chosen to capture three
representative ISAC design directions widely explored in prior
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Fig. 7: SER performance comparison of the proposed grant-based
MOSAIC system and the conventional scheme as a function of the
received SNR for different numbers of UEs (N = 1,2, 4, 8).

studies: resource-sharing, resource-separated, and conventional
sequence-based structures.

o Baseline Scheme 1 (Resource-Sharing ISAC Structure):
The first baseline scheme assumes a structure in which
communication and sensing share the same wireless re-
sources. Specifically, the sensing sequence and digitally
modulated communication symbols are superposed over
the entire wireless resource used in MOSAIC. In this
case, the selection of the sensing sequence is performed
independently of the communication information. For a
fair comparison, the total transmit power is kept the same
as that of MOSAIC, and the sensing and communication
signals are each allocated half of the total power. In addi-
tion, to match the 6-bit transmission rate of MOSAIC, the
communication signal is configured such that the entire
wireless resource is divided into six blocks, and one bit is
mapped onto each block using a repetition-based scheme.

o Baseline Scheme 2 (Resource-Separated ISAC Struc-
ture): The second baseline scheme assumes a structure
in which the same overall wireless resource is physically
divided between communication and sensing. Specifi-
cally, the entire resource used in MOSAIC is partitioned
into two parts, where one half is used exclusively for
transmitting communication symbols and the other half
is used exclusively for transmitting the sensing sequence.
In this case as well, the total transmit power is kept the
same as that of MOSAIC, and half of the total power
is allocated to communication and sensing, respectively.
Moreover, as in Baseline Scheme 1, the communication
part is configured to match the overall transmission rate
of MOSAIC.

o Baseline Scheme 3 (Conventional Sequence-Based
Multi-User ISAC Structure): The third baseline scheme
considers a multi-user setting in which sequence-based
index modulation is employed in a manner similar to
MOSAIC. Specifically, all users share a common set of
candidate sequences, and each UE independently selects
and transmits one sequence according to its own bit
information. At the receiver, the BS performs correlation-
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(a) BER performance comparison of the proposed MOSAIC system and
Baseline Scheme 1.
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(b) BER performance comparison of the proposed MOSAIC system and
Baseline Scheme 2.

Fig. 8: BER performance comparison of the proposed MOSAIC
system and baseline schemes as a function of the received FEj/No
for different numbers of UEs (N = 1,2,4,38).

based detection over the received signal and identifies the
sequences with the largest correlation energies according
to the number of active UEs. In contrast to the grant-
free mode of MOSAIC, this baseline does not incorporate
any parity-aided structure for collision resolution. The
detected sequences are then directly used for commu-
nication bit demodulation and localization in the same
manner as in MOSAIC.

B. Performances of the Grant-Based MOSAIC System

This subsection analyzes the performance of grant-based
MOSAIC. The symbol (or sequence) error rate (SER) and
BER are used as the performance metric for communica-
tion, while the RMSE of the two-dimensional coordinates
is adopted to assess localization accuracy. Specifically, the
RMSE of the nth UE’s estimated position is defined as follows

RMSE,, 27)
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Fig. 9: Effective throughput of the proposed grant-based MOSAIC
system.

. . 2, . 2
= |E {(dn cosf,, — d,, cos Hn) +(dn sin 6,, —d,, sin 0n> } .

Simulations are conducted by varying the number of UEs as
N € {1,2,4,8}, and accordingly, each UE can map By =
{6,5,4, 3} bits to the sequence index. As a result, the BS can
detect a total of ®§P = {6,10,16,24} bits simultaneously
within the MOSAIC system.

Fig. 7 shows the SER performance of UE 1 versus the
received SNR for MOSAIC and Baseline Scheme 3 under
different numbers of users, N. When N = 1, the proposed
MOSAIC and the baseline reduce to an identical system, and
thus their SER curves completely overlap. For N = 2,4, and
8, MOSAIC is observed to achieve better SER performance
than the baseline under the same FE, condition. This can be
explained by the fact that, in the baseline scheme, performance
saturation due to sequence collisions becomes increasingly
severe as the number of UEs grows. By contrast, in grant-
based MOSAIC, different UEs employ distinct sequence sets,
thereby avoiding such collisions and allowing the SER to
continue decreasing with increasing received SNR.

Fig. 8 presents the BER performance comparison between
the proposed grant-based MOSAIC system and Baseline
Schemes 1 and 2. Since Baseline Schemes 1 and 2 assume
perfect CSI for all users at the BS and employ SIC, they
achieve lower BER than the proposed scheme in the low-
E, /Ny regime. However, as E,/Ny increases, their BER
saturates due to error propagation in SIC, and this limitation
becomes more pronounced as the number of users increases. In
contrast, the proposed MOSAIC system uses disjoint candidate
sequence sets for different UEs, thereby structurally preventing
inter-user interference. As a result, its BER continues to
decrease with increasing Ej,/Ny. These results confirm that
the proposed scheme provides superior communication perfor-
mance and scalability in multi-user environments compared to
conventional ISAC structures.

Fig. 9 shows the effective throughput performance of the
proposed grant-based MOSAIC system. The effective through-
put, p* where A € {GB,GF}, is defined as the total number
of bits that the BS can successfully process per second as
follows

A_ 0%

- _°N _q_p
TsNFFT( )

p (28)
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(b) RMSE performance comparison of the proposed MOSAIC system and
baseline scheme 1 with oversampling (¢ = 4).

Fig. 10: RMSE performance comparison of the proposed MOSAIC
system and baseline scheme 1 as a function of the received Eby/No
for different numbers of UEs (N = 1,2,4,8).

where P. denotes the BER performance. As the number of
UE:s increases, the number of bits that can be assigned to each
UE decreases, resulting in an inverse relationship between the
number of UEs and the per-UE bit allocation.

Figs. 10 and 11 show the RMSE performance compari-
son between the proposed grant-based MOSAIC system and
Baseline Schemes 1 and 2 under ¥4 = 1 and 9 = 4,
respectively. In the low-Ej/Ny regime with a small num-
ber of UEs (N = 1,2), the baseline schemes occasionally
achieve lower RMSE owing to the benefit of perfect CSI
and SIC. However, as E, /Ny increases, the proposed grant-
based MOSAIC achieves superior RMSE performance for all
user configurations. In particular, Baseline Scheme 2 suffers
from a fundamental limitation in range estimation resolution,
since the effective bandwidth used for sensing is reduced
by half. In addition, as the number of UEs increases, the
localization performance of the baseline schemes degrades
more severely due to the residual interference introduced
by the SIC process. In contrast, grant-based MOSAIC uses
disjoint sequence sets for different UEs, thereby structurally
reducing inter-user interference, and this advantage becomes
more pronounced when oversampling is applied. These results
demonstrate that the proposed MOSAIC framework provides
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(b) RMSE performance comparison of the proposed MOSAIC system and
baseline scheme 2 with oversampling (¢ = 4).

Fig. 11: RMSE performance comparison of the proposed MOSAIC
system and baseline scheme 2 as a function of the received E,/No
for different numbers of UEs (N = 1,2,4,8).

superior localization performance and scalability compared
with conventional ISAC structures.

C. Performances of the Grant-Free MOSAIC System

As noted before, in the grant-free MOSAIC system, all UEs
share a common pool of candidate sequences, which can lead
to issues such as sequence collisions. Since the BS does not
know the exact number of active UEs in advance, a key per-
formance metric is whether the system can successfully detect
all N transmitted sequences when N UEs are simultaneously
transmitting. Fig. 12 shows the performance of detecting N
sequence branches. It represents the probability that exactly N
surviving sequence branches are identified across all received
blocks by utilizing parity bit information. In this study, each
sequence is assumed to carry 6 bits. When the average number
of message bits B is 3.6, the number of message bits per each
block, i.e., I', transmitted over the five blocks is (6, 5, 5, 2, 0).
In contrast, when B = 1.8, the transmitted message bits are
(6, 3, 0, 0, 0). In other words, as the average number of bits
per block B increases, the number of message bits increases
while the number of parity bits decreases. Conversely, a

smaller B results in more parity bits than message bits. A

larger number of parity bits helps eliminate ambiguity among
candidate sequence paths more effectively, thereby increasing
the probability that exactly N sequences survive. However, as
the number of UEs increases, the probability of detecting the
correct number of sequence paths decreases, even when B is
small.

Fig. 13 shows the BER performance of the proposed grant-
free MOSAIC system. We define the event S; as the case
where ¢ surviving paths are identified. Then, according to the
total probability theorem, the BER can be represented based
on the conditional BER for each S; and its corresponding
probability as follows

T
P, =Y P(e|S)P(Sy), (29)
i=0

where T denotes the total number of possible surviving
sequence paths, as defined in Section IV-B. The proposed
method shares the same candidate sequence set across all
UEs, similar to the baseline approach. However, by leveraging
parity bits across multiple blocks, the BS can effectively dis-
tinguish between UEs, resulting in significantly improved BER
performance. Interestingly, even in the single UE scenario
(N = 1), the grant-free MOSAIC system outperforms the
baseline in terms of BER. While the baseline method makes a
hard decision by selecting the sequence index with the highest
peak in each candidate region, the grant-free MOSAIC for
massive communication adopts a soft-decision-like strategy.
It retains all candidate sequences whose correlation peaks
exceed a predefined threshold and defers the final decision
until parity checks are performed across blocks to resolve
the correct sequence path. This design enables the system to
suppress incorrect detections caused by noise in individual
blocks, contributing to enhanced BER performance. Never-
theless, when supporting multiple UEs, sequence collisions
may occur within individual blocks. As the number of UEs
increases, the likelihood of such collisions grows, leading to
more pronounced BER degradation compared to the grant-
based MOSAIC system. Figs. 14a and 14b show the lo-
calization performance of the proposed grant-free MOSAIC
system in terms of RMSE, depending on the use of clustering
and oversampling, respectively. In this evaluation, the average
number of blocks is set to B = 3.6, and since sensing
is meaningful only when sequence detection is successful,
RMSE is measured only under the event Sy, where exactly N
sequence paths survive. Accordingly, based on the results in
Fig. 12, RMSE performance is presented for the region where
Ey/Ny > 6 dB.

D. Impact of Time Synchronization Mismatch on Localization
Performance

Fig. 15 shows the localization performance of the proposed
MOSAIC system when a clock offset between the transmitter
and receiver is introduced in units of ppm (parts per million).
This clock offset represents a small residual timing mismatch
that may remain after the initial network-level synchroniza-
tion due to clock drift or oscillator imperfections. When a
timing synchronization error is present, the delay index used
for distance estimation is directly affected by the timing
offset, which leads to an increase in RMSE. However, the
performance degradation can be substantially mitigated by
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Fig. 12: N-fold sequence detection rate of the proposed grant-free MOSAIC system with different numbers of active UEs.
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Fig. 13: BER performance of the proposed grant-free MOSAIC
system.

applying the oversampling and clustering-based fine estimation
techniques proposed in this paper. Although some performance
loss remains compared to the perfectly synchronized case,
this issue is related to synchronization error compensation,
which is beyond the scope of this paper, focusing on the
fundamental structure of the proposed MOSAIC system. Nev-
ertheless, Fig. 15 demonstrates that the proposed scheme can
still maintain reasonably robust sensing performance under
practical synchronization mismatch conditions.

VI. CONCLUSION

In this paper, we have proposed a novel multi-user orthog-
onal frequency division multiplexing (OFDM)-based sensing
and inherent communication (MOSAIC) system for 6G wire-
less communication networks. The proposed MOSAIC system
enables integrated sensing and communication (ISAC) within
a unified signal waveform by embedding information-carrying
OSs into a standard OFDM structure. This design ensures full
compatibility with existing infrastructure and requires minimal
modification to current systems. Moreover, the sequence sig-
nals employed in the proposed MOSAIC can also be applied
to generic sequence structures widely used for uplink signaling
purposes such as random access, synchronization, and channel
estimation. In this sense, MOSAIC can be viewed as a
structure that preserves the original role of existing sequence
signaling while also enabling additional communication and
sensing functionalities.
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Fig. 14: RMSE performance of the proposed grant-free MOSAIC
system.

The MOSAIC system supports two operational modes:
grant-based and grant-free. We further incorporate clustering
and oversampling techniques into the receiver to enhance sens-
ing performance by effectively mitigating waveform leakage
and reducing multipath ambiguity, which is critical in NLoS
scenarios. Through extensive simulations, we have verified
that the MOSAIC system achieves excellent performance in
terms of BER, effective throughput, and localization accu-
racy. To the best of our knowledge, this is the first ISAC
system that explicitly embraces such dual-service adaptability,
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offering a reconfigurable and forward-compatible architecture
aligned with the evolving vision of 6G. In summary, MOSAIC
redefines multi-user access by enabling ISAC over OFDM-
compatible waveforms. It offers a practical and scalable so-
Iution that can be deployed within existing communication
infrastructure, positioning it as a strong candidate for future
6G networks seeking both spectral efficiency and functional
convergence.
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