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Abstract—In this paper, we propose a novel uplink signal phase
inversion-based non-orthogonal multiple access (SPIN-NOMA) technique
to effectively suppress mutual interference in integrated sensing and com-
munication (ISAC) systems. Specifically, we consider an ISAC system
where a base station (BS) operates as a monostatic radar to sense targets
while simultaneously receiving communication signals from multiple user
equipments (UEs). We identify limitations in the conventional SPIN-NOMA
approach and introduce technical advancements to support high-order
modulation schemes and an arbitrary number of UEs. Additionally, we
theoretically derive the generalized bit-error rate (BER) performance as
a function of modulation order and the number of UEs, employing linear
zero-forcing beamforming. Extensive simulations confirm that the pro-
posed SPIN-NOMA technique significantly outperforms the conventional
approach in terms of both sensing and communication performance. Fur-
thermore, the simulation results align closely with the derived theoretical
BER expressions, confirming their accuracy.

Index Terms—6G, integrated sensing and communication (ISAC), bit-
error rate (BER), non-orthogonal multiple access (NOMA), monostatic
radar.

I. INTRODUCTION

Integrated sensing and communication (ISAC) systems have recently
emerged as a promising paradigm for next-generation mobile networks,
as they enable the convergence of heterogeneous services by jointly
supporting communication and radar sensing through shared hardware
and waveforms [1]. Recently, various studies have been conducted to
effectively integrate communication and sensing functionalities [2], [3],
[S]. In [2], a direct relationship between kinematic parameters—such
as angle, delay, and Doppler—and the communication channel was
established, and a probabilistic representation of the orthogonal time
frequency space-based multiple-input multiple-output (OTFS-MIMO)
system was derived. In [3], a cloud-edge-user three-tier architecture is
proposed for an integrated sensing, communication, and computation
system. In [5], a robust dual-functional waveform design framework
was proposed to address channel uncertainties. The framework is for-
mulated as a min—max optimization problem, where the minimization
step derives the optimal waveform, while the maximization step ac-
counts for the worst-case characteristics of the communication channel
under uncertainty.
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Fig. 1. System model of uplink SPIN-NOMA with a single BS, a single target,
and K UEs.

Effective interference mitigation and resource management tech-
niques are essential to balance the trade-off between sensing and com-
munication functionalities [5], [6]. In [5], an optimization problem was
formulated to mitigate interference resulting from overlapping coverage
areas in multi-cell ISAC scenarios. Similarly, [6] proposed a method to
reduce mutual interference by partially overlapping wireless resources
allocated for sensing and communication functions, while also deriving
the outage probability mathematically.

Non-orthogonal multiple access (NOMA) has garnered attention
for its potential to simultaneously process communication and sensing
signals in ISAC systems [7], [8], [9], [10], [11], [12]. The studies in [8]
and [9] proposed NOMA-based ISAC signal processing techniques that
exploit successive interference cancellation (SIC) to mitigate mutual
interference between communication and sensing signals. Building on
this idea, [8] further analyzed how different SIC ordering strategies
affect the performance of NOMA-ISAC, while [9] mathematically
analyzed the outage probability for both communication and sens-
ing. An uplink NOMA-ISAC short-packet transmission framework
considering different SIC detection orders was introduced in [10]. In
addition, the authors formulated a weighted sum-rate maximization
problem and developed alternating optimization algorithms to address
the non-convexity arising from rate loss due to short-packet transmis-
sion. However, error propagation in the SIC process remains a critical
issue that negatively affects the overall communication performance.
However, error propagation in SIC remains a critical issue. To address
this limitation of SIC, [11] proposed the signal phase inversion-based
NOMA (SPIN-NOMA) technique to mitigate mutual interference in
uplink ISAC systems, where a single base station (BS) simultaneously
receives communication signals from multiple user equipments (UEs)
and performs target sensing via monostatic radar. This technology
enables effective separation of communication signals by inverting the
phase of the sensing signal and transmitting it across two time slots
within the coherence time, allowing for a simple linear combination to
achieve separation. Furthermore, [12] analyzed the bit-error rate (BER)
performance of the SPIN-NOMA technique in a specific case where
two quadrature phase-shift keying (QPSK) symbols are combined to
form a 16-point constellation. However, it did not consider optimal
constellation design or bit mapping strategies from a communication
performance perspective, leaving room for further improvement. Since
the communication signals are detected and subsequently canceled
from the received signal via SIC, the accuracy of communication
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signal detection directly affects the estimation of the sensing channel.
To the best of our knowledge, a generalized theoretical analysis of
the SPIN-NOMA technique considering arbitrary square quadrature
amplitude modulation (QAM) has yet to be conducted.

In this paper, we propose a novel SPIN-NOMA scheme that incor-
porates a communication constellation design to enhance performance
over conventional approaches. We consider arbitrary square QAM and
conduct a theoretical analysis of the BER performance and diversity
order under a linear zero-forcing (ZF) receiver. Simulation results show
that the proposed constellation design outperforms existing schemes in
terms of BER and normalized mean square error (NMSE) for sensing
channel estimation, while maintaining the same data rate. Finally,
we verify that the theoretical analysis closely matches the simulation
results.

II. SYSTEM MODEL

We consider an uplink ISAC-NOMA system where a single ISAC
BS with a transmit antenna for sensing and an /N-element uniform
circular array (UCA) of receive antennas simultaneously senses a single
passive target and supports K UEs, as depicted in Fig. 1. We assume
that each single-antenna UE simultaneously transmits communication
signals to the ISAC BS over two time slots within the channel co-
herence time, during which the wireless channel remains constant.
Meanwhile, the ISAC BS transmits sensing signals for monostatic radar
sensing of a nearby passive target over the same two time slots. We
define hy, (€ C") as acommunication channel vector fromk € {1,...,
K }-th UE to the ISAC BS. We assume that the communication channels
follow the independent and identically distributed Rayleigh fading
channel model, i.e., hy, ~ CN(0,1,*Iy), where Iy, l), and o denote
the identity matrix of size NV, a distance between the k-th UE and ISAC
BS, and path-loss exponent, respectively. The sensing channel vector,
g(€ CN), represents a bidirectional radar channel as
—j2m(fetor fym ,—i2m LALEN U a(s,0)

g = (e : (1)
where j = v/—1, f., Af, 7o, and ¢ denote the imaginary unit, center
frequency, subcarrier spacing, signal delay observed at the center of the
iy ) SRS repre-
sents radar channel gain where, A = ¢o/ fe, R = 92, G, Gy, and ogcs
denote the wavelength, the target range from the BS, the transmit an-
tenna gain, the receive antenna gain, and the radar cross section, respec-
tively [11]. In this paper, we assume perfect Doppler compensation, and
U(e RY3) = [u),uy, ..., un]T represents antenna position matrix
where u, (€ R?) = [rcos 37 (n — 1),7sin 37 (n — 1),0]" is a Carte-
sian coordinate position vector of n € {1,..., N}-th antenna and r
denotes a radius of the UCA. The matrix transpose operation is denoted
by []T, and a(¢, p)(€ R?) = —[cos ¢ cos ¢, sin ¢ cos @, sin ] T is a
directional vector where ¢ € (0,27] and ¢ € [0, 7/2] denote azimuth
and elevation angle, respectively.

In the conventional SPIN-NOMA approach, the ISAC BS transmits
sensing signals while receiving communication signals over two time
slots. During the second time slot, the ISAC BS transmits a radar signal
for target sensing by inverting the phase of the signal transmitted in the
first time slot. Thus, the received signal in the ¢ € {1, 2}-th time slot is

given by

< Py —j04 t—1 Pr
yi = Z Thksk,te +(=1) - 8sRtw, (D)
k=1

where /Py, \/ Pr, S+, 01, Sr, and w, represent the transmit power
of the k-th UE, the power of the sensing signal, the normalized symbol

UCA, and velocity of light, respectively. ¢ :=
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transmitted by the k-th UE at the ¢-th time slot, constellation rotation
angle at the ¢-th time slot, the normalized sensing signal such that
E[|si.¢[*] = E[|sr|*] = 1, and the additive noise vector at the ISAC
BS during the t¢-th time slot, respectively. All noise components are
assumed to be statistically independent and follow a complex Gaussian
distribution, CA/(0, 0°I ), where o denotes the noise variance. The
term (—1)*~! indicates the phase inversion applied to the radar signal,
where the ISAC BS transmits sg in the first time slot and —sg in the
second time slot. Phase rotation is defined as the operation of rotating
the constellation points of a communication signal by a specified angle
on the complex plane, implemented by multiplying each symbol with a
rotation factor e 7% .! The value of @, is predefined and shared between
the BS and UEs, allowing the receiver to perform symbol detection
based on the rotated constellation. This technique helps prevent symbol
ambiguity when different symbols are transmitted across two time
slots and superimposed at the receiver [12]. The ISAC BS extracts
the communication signal by linearly combining the received signals
over the two time slots:

2 K
_yity2 VB e, WitWwa
ycom—T—ZZThkSk,te J t+7 3)

The ISAC BS uses the well-known linear ZF beamformer to detect
signals transmitted by multiple UEs with low complexity and low
latency as follows [13]:

t=1k=1

SI(E(CK):F *Ycom, 4)

where F(€ CX*N) represents the pseudo-inverse of the matrix H(&
CNXK) = [hhhz, ey hK} as

F = (H'H)'H, )

where T denotes a Hermitian operator. Finally, for the signal transmitted
by the k-th UE, the ISAC BS can detect a symbol set Sy, (= {8x,1, 5,2 })
by using the maximum likelihood (ML) detector as

2

VP
Sp = argmin gjk—z 2k

Sk,155k,2€5k —1

,'g
spee 77t (6)

where ¢, represents the k-th element of y vector and Sy denotes the
candidate set of modulated symbols for k-th UE.

III. GENERALIZED SPIN-NOMA FOR ISAC SYSTEMS

A. Constellation Design for Low-Order Modulations

In the conventional SPIN-NOMA technique [11], which considered
only low-order modulation schemes such as binary phase shift key-
ing (BPSK) and QPSK with rwo communication UEs, phase rotation
of communication symbols was introduced over two time slots. Specif-
ically, in [11], to resolve ambiguity between different QPSK signals
over two time slots, the phase of one QPSK symbol is rotated, as
illustrated on the left side of Fig. 2. However, these existing techniques
are not optimized in terms of the minimum distance between constel-
lation points, leaving substantial room for improvement in bit-symbol
mapping and phase rotation strategies. In this section, we propose a
novel constellation design method that integrates optimized bit-symbol

IThe original QPSK constellation in the polar coordinate domain is
- T 237 5T ST
given by Sgpsk = {e’%, e/, /74, e/& }. By applying the phase
rotation factor, the resulting rotated constellation becomes Sgrotated =
(&3 (F00) I =01) i OF—01) i (FF—00),
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Fig. 2. Proposed constellation design for low-order modulations.

mapping and phase rotation, inspired by [14] and illustrated on the
right side of Fig. 2, to maximize the minimum Euclidean distance
between adjacent symbols. In the joint constellation points in the form
sp1e 9% + sy ,e79%2, there are two minimum distance candidates,
V4 —4cos? and v6 — 4cos? — 4sind, one is monotonically in-
creasing and the other is monotonically decreasing within the range of 0
to 45 degrees where ¢ := |0; — 60,|. Therefore, the minimum distance
can be maximized at the point where these two candidates become
equal. In this regard, the optimal angle ¥, (= 7/6) is obtained by
solving the following equation

\/4 —4cosVopy = \/6 —4cosVopy — 4sinVopy. (7)

B. Novel SPIN-NOMA for High-Order Modulations

The conventional SPIN-NOMA technique lacks scalability for gen-
eralized communication systems and makes it difficult to extract sensing
signals through a simple linear combination of the received signals
over two time slots. To overcome these limitations, we propose an
enhanced SPIN-NOMA framework that allows UEs to transmit the
same symbol using high-order modulation over two time slots. For
instance, instead of the conventional SPIN-NOMA technique, which
transmits different QPSK symbols over two time slots, the proposed
framework uses repeated transmission of 16-ary QAM symbols over
the same two time slots, achieving the same data rate while improving
performance, i.e., S, := Si,1 = Sj,2. Therefore, the received signal can
be expressed as follows:

K
P P,
vi=> :,/Tkhksk+(—1)t*1\/—2RgsR+wt. 8)
k=1

The ISAC BS can then linearly combine the received signals from the
two time slots to separately extract the sensing and communication
signals as follows.

K

yit+y2 5 Wi + W2
Yecom = = E thksk + 5
V2 — V2

Wi — W3

V2

For the communication function, the ISAC BS performs ML detection
for the k-th UE’s signal using the ZF beamformer, § = Fy om:

Ysensing = % =V PRgSR + )

2
§, = arg min ‘gjk — Pksk‘ (10)
Sk ESE
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C. Refined Radar Channel Estimation

In this section, we compare the radar channel estimation accu-
racy of the conventional SPIN-NOMA scheme with that of the pro-
posed method. The conventional method and the scheme described in
Section III-A cannot extract the sensing signal via a linear combination
of the received signals. Therefore, the sensing signal must be recon-
structed after decoding the communication signals. By applying SIC to
remove the communication components from the received signal, the
radar signal can be expressed as:

€sic

W — W
Ysensing = W + vV PRgSR + ¥7

7 an

where egic(€ CV) is defined as

2

K
P, . —j
esic =D (=) Y 4/ S hi(ses — Sk)e
k=1

t=1

which represents the communication signal decoding error. Applying
least square estimation (LSE), the radar channel vector is estimated
as § = Yiensing/ (Skv/Pr) [11]. Then, the NMSE of the radar channel
estimator is given as

2
_Elg—g)y _ E[lesc +wi - walf]
lell? AE

Elllesicl|?] + 2% {Elelic (w1 — w2)] |
- 2Pulel?

. No?
Pr|igl?*’

12)

where R{-}, || - || and E[-] denote the real part of the complex number,
the Euclidean norm, and the statistical expectation, respectively.

In contrast, the method proposed in Section III-B enables the sensing
signal to be separated via a simple linear combination of the received
signal, as shown in (9). Applying LSE, the radar channel vector is
obtained by & = Yensing/ (Sr V/FR). Then, the NMSE of radar channel
estimation is given by:

_ No?
Pr|gll*

2
Ells — gl _ E[Iw -~ ] 13
gl lgll* - 2Pk
It can be seen from (12) and (13) that the proposed technique achieves
performance gains by eliminating the impact of communication decod-
ing errors.
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IV. PERFORMANCE ANALYSIS

We provide a mathematical analysis of the BER performance of
the SPIN-NOMA technique based on the signal model described in
Section III-B. For simplicity, we begin by analyzing the BER perfor-
mance and diversity order under the assumption of QPSK modulation.
Subsequently, we extend the analysis to a generalized QAM signal
model.

A. Closed-Form BER Analysis for QPSK Modulation

Without loss of generality, we consider only the k-th UE. After
applying the ZF beamformer, the signal corresponding to the k-th UE
can be expressed as follows:

- (W) + wa)
=/ Psp +fi. - ———2
Yk kSk k, ﬂ

(14)
where fi . represents k-th row of the matrix F. Due to the
influence of fj., the noise variance is boosted as follows:
E[|fx.. - (wi 4+ w2)/V2]] = o?[(HH)']x &, where [-],, represents
(a, b)-th element of the matrix. To achieve this, the noise amplified by
the linear ZF beamformer is normalized using a regularization factor,
as described in [13], while maintaining the signal-to-noise ratio (SNR).

Yr = 2k = \/ Przpsg + Wy, (15)

where z;, = \/1/[(HH)~!]; x denotes regularization factor for k-th
UE. w; represents the effective noise for k-th UE, which follows a
CN(0, ) distribution.

From the symmetry of the QPSK constellation, we derive the error
probability that the first bit of a symbol {00} is corrupted. For given
2k, the conditional BER of k-th UE is given by

Pr(ex|zx) = Pr({00} — {10}|z1)= Q ( Pkazzk|2> ,  (16)

where ¢, denotes k-th UE’s bit error event and Q(-) represents Q-
function. Let |2|? be a random variable X}, then the effective channel
gain X, of k-th UE statistically follows an Erlang distribution with a
shape parameter of N — (K — 1) and a scale parameter of I§'. Thus,
the probability density function of X} is as follows:

la(N—K—H) N
= etk

Therefore, from the total probability theorem, the closed form of the
k-th UE’s BER can be derived as

Prx
Pr(e;) =Ex, |Q ( szk)
00 oo 1 2 ZE(N*K‘H)Z,N—K o
— ——e T e Tdrdx
/o /,/Pg;k V2 (N - K)! g
N-K /.. >
_1<1_Z (2]) (Pk2/‘7) _
I ’
Y (R . 1
(o) ) e
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B. Diversity Order Analysis for QPSK Modulation

In this subsection, we derive the diversity order of the SPIN-NOMA
technique, which is defined as

log Pr(ey)

19)
log vk

N = — lim

Yk =00
where v, (= Py /(I¢0?)) represents the received SNR about k-th UE’s
transmit signal. The diversity order is a widely used metric to char-
acterize the asymptotic behavior of error probability in the high-SNR
regime [14]. To determine this, we apply the well-known Taylor series
expansion to (18) under the assumption of high transmit SNR. Then,
an asymptotic expression can be derived by considering only the first
term in the Taylor series expansion as follows

Pr(ex) & B, i 3N KHD 5 (V-KHD, (20)

where [, x denotes the first coefficient in the Taylor series expansion
of the BER for k-th UE and varies according to the number of receive
antennas N and UEs. The value of 8 x can be calculated numerically.
Then, the diversity order of the uplink SPIN-NOMA system is given
by

_ log(Bu 3V K41y (V)

" =N—(K-1). (@

log i
From (21), it is evident that all UEs achieve the same diversity order,
regardless of path loss or sensing channel conditions.

C. Closed-Form BER Analysis for General M-QAM

In this subsection, we derive a generalized BER expression by
leveraging the regular patterns in the bit-error probability. Specifically,
an Mp-ary QAM signal can be regarded as a combination of two
independent \/Mj-ary pulse-amplitude modulation (PAM) signals,
where M), denotes modulation order of k-th UE. The BER performance
of square QAM in additive white Gaussian noise (AWGN) channels is
well established [15], and the conditional bit-error probability for the
SPIN-NOMA technique in wireless channels can be derived as follows:

logy /My, (1-270)/ M), —1

PT(5k‘2k):m ' \/iMik ; ;
T ()] e

where |-] denotes the floor function that rounds a given real number
down to the nearest integer less than or equal to that number and dy,
represents the minimum distance in signal space expressed as dy =
/612 %y, / (M), — 1). Then, the generalized BER performance of the
k-th UE can be derived as

Pr(ex) = Ex, [Pr(eg|zy)]

logy /My, (1-270)/M;,—1
b=1

=0

{(1) N%J A<2b—1 _ V'Zb’l N %J)

1 2
 log, VM, /M,

VM
1 18K (25 3(2i+ 1)2
’ (22 ;O (]> \/3(2i+1)2%+2(Mk—1)
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D. Diversity Order Analysis for General M-QAM

‘We derive the diversity order of the uplink SPIN-NOMA technique,
assuming /M -ary square QAM signals. An asymptotic expression is
derived by considering only the first term in the Taylor series expansion
of (23) as

(23)

1 5 logy /My, (1-270)/ M, —1
log, VM /M b; ;
LﬁJ - b1
(_1) \/ My .<2b7| _ \‘Z 2 +1J)
VM, 2

(My — D)WN=E+D ety
P (2i + 12K+ Tk :

Pr(eg) =

(24)

Then, the diversity order of the uplink SPIN-NOMA system can be
derived as n,& ~ N — (K — 1), which demonstrates that the diver-
sity order of the SPIN-NOMA technique remains unaffected by the
modulation order.

V. SIMULATION RESULTS

In this section, we validate the BER performance of the enhanced
SPIN-NOMA system and the mathematical analysis presented in
Section IV using Monte Carlo simulations. First, we demonstrate the
performance improvements achieved by the proposed rotation angle
and bit-to-symbol mapping introduced in Section III. Subsequently, we
confirm the accuracy of the performance analysis for the generalized
SPIN-NOMA system discussed in Section IV. Fig. 3 illustrates the
BER performance of the uplink SPIN-NOMA system under different
signal models, based on the received SNR +y. In this simulation, the
received SNR ratio between the UEs was set to 7, : 7o =4 : 1 and
N = 5. The results show that the SPIN-NOMA technique outperforms
the existing method in [11] when the constellation rotation and bit-
to-symbol mapping rules described in Section III-A are applied to the
same low-order modulation signal model. Furthermore, the advanced
SPIN-NOMA framework in Section III-B, which employs repeated
transmission of high-order modulation signals, achieves the best BER
performance.
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Fig. 5. BER performance of uplink SPIN-NOMA for three UEs when
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Fig. 4 shows the NMSE of radar channel estimation as a function
of the communication SNR for two UEs when N = 5. We set [, * =1
and [, “ = 4. The radar transmit power Py is set to 0 dBm, the center
frequency f. is 5.8 GHz, and the subcarrier spacing A f is 144 kHz.
The noise power spectral density IV is set to —174 dBm/Hz, and the
noise variance o is computed as NyA f ~ —123 dBm. The antenna
gains are configured as Gy = G, = 2. The radar cross section orcs is
1 m?, the radius of UCA r is 1 m and the target range from the BS
R is 10 m. As shown in (11), both the method in [11] and the scheme
described in Section III-A apply SIC to remove the communication
signals. In the high-SNR regime, where the BER improves rapidly,
the radar channel estimation accuracy increases as the communication
SNR increases. However, in the low-SNR regime, where the BER
improvement is limited but the communication power continues to
increase, the radar channel estimation accuracy tends to degrade with
increasing communication SNR. In contrast, the method proposed in
Section III-B achieves the best performance and maintains a constant
NMSE,#‘;Hz ~~ —28.72 dB, regardless of the communication SNR,
as derived in (13). This is because the sensing and communication
signals are perfectly separated, as shown in (9).

Fig. 5 presents the BER performance of the generalized SPIN-
NOMA system described in Section III-B, evaluated for different
modulation orders based on the received SNR per bit, i.e., pr =
i/ log, (M}, ). We consider a scenario with three UEs and five receive
antennas at the BS. We also set p, as p; : po : p3 =4 :2: 1. For the
asymptotic behavior of the BER performance, Sy x is numerically
calculated as 1/6, 1/12, and 5/108 for N = K, N = K + 1, and
N = K + 2, respectively.
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Fig. 6. BER performance of uplink SPIN-NOMA for two UEs considering

16-QAM modulation when p; : pp =2 : 1.

Fig. 5 confirms that our mathematical analysis aligns closely with
the simulation results. In the high-SNR region, the occurrence of bit
errors becomes extremely rare, which leads to an increased statistical
fluctuation and a corresponding decrease in the reliability of the BER
estimates. This is a natural statistical phenomenon and, in fact, further
supports that the proposed analytical model accurately approximates
the empirical results in a quantitative manner. The BER decreases expo-
nentially in the high-SNR regime, and the slope observed in the log-log
scale reflects the system’s diversity order. The asymptotic performance
in this region aligns almost perfectly with the analytical results, thereby
strongly validating the accuracy of the proposed analysis. In particular,
identical slopes are observed across different modulation schemes,
which confirms that the diversity gain is unaffected by the modulation
order, as discussed in Section IV-D.

Fig. 6 illustrates the BER performance of the SPIN-NOMA system
with varying numbers of antennas, based on the received SNR per bit. In
this simulation, we considered 2 UEs with 16-QAM signals and set py, as
p1 + po =2 : 1. In Fig. 6, an increase in diversity gain is observed with
a higher number of antennas at the BS. As discussed in Sections [V-B
and IV-D, the diversity gain is determined solely by the number of
UEs and receive antennas. This is clearly confirmed by comparing the
case with K = 2, N = 4 in Fig. 6 to the case with K =3, N =5 in
Fig. 5. Specifically, when K = 2 and N = 4, a diversity gain of 3 is
achieved, as demonstrated in Section IV-D. This result is consistent
with the diversity gain observed in Fig. 5 for K =3 and N = 5.

VI. CONCLUSION

In this paper, we explored an uplink signal phase inversion-based
non-orthogonal multiple access (SPIN-NOMA) technique to mitigate
mutual interference in next-generation integrated sensing and commu-
nication (ISAC) systems. We first identified limitations in the conven-
tional SPIN-NOMA approach and proposed technical enhancements to
address these shortcomings. Additionally, we introduced a generalized

6933

SPIN-NOMA framework capable of distinguishing communication and
sensing signals through a simple linear combination at the base station
(BS), while supporting high-order modulation. We then theoretically
derived the bit-error rate (BER) performance and diversity order of
the generalized SPIN-NOMA technique. Extensive simulations demon-
strated that the proposed SPIN-NOMA framework delivers significant
performance improvements over the conventional method. Moreover,
the theoretical BER analysis closely aligned with the simulation results,
further validating the effectiveness of the proposed framework.

REFERENCES

[1] N. Wu et al., “Al-enhanced integrated sensing and communications:
Advancements, challenges, and prospects,” IEEE Commun. Mag., vol. 62,
no. 9, pp. 144-150, Sep. 2024.

[2] N.Wu, H.Li, D. He, A. Nallanathan, and T. Q. S. Quek, “Integrated sensing
and communication receiver design for OTFS-based MIMO system: A
unified variational inference framework,” IEEE J. Sel. Areas Commun.,
vol. 43, no. 4, pp. 1339-1353, Apr. 2025.

[3] P.Liu,Z. Fei, X. Wang, Y. Zhou, Y. Zhang, and F. Liu, “Joint beamforming
and offloading design for integrated sensing, communication, and compu-
tation system,” IEEE Trans. Veh. Technol., vol. 74,n0.9, pp. 14933-14937,
Sep. 2025.

[4] S. Wang, W. Dai, H. Wang, and G. T. Li, “Robust waveform design
for integrated sensing and communication,” IEEE Trans. Signal Process.
vol. 72, pp. 3122-3138, Jun. 2024.

[5] Z. Wang, C. Xiao, X. Liu, M. Peng, and J. Guo, “Interference mitigation
in multi-cell ISAC systems: A three-dimensional MIMO precoding ap-
proach,” IEEE Wireless Commun. Lett., vol. 28, no. 11, pp. 2543-2547,
Nov. 2024.

[6] C.Jia, Z.Zhao, L. Sun, and T. Q. S. Quek, “An interference cancellation
scheme of integrated sensing and communications in wireless networks,”
IEEE Wireless Commun. Lett., vol. 13, no. 12, pp. 3429-3433, Dec. 2024.

[71 X. Mu, Z. Wang, and Y. Liu, “NOMA for integrating sensing and com-
munications toward 6 G: A multiple access perspective,” IEEE Wireless
Commun., vol. 31, no. 3, pp. 316-323, Jun. 2024.

[8] C.Ouyang, Y. Liu, and H. Yang, “Revealing the impact of SIC in NOMA-
ISAC,” IEEE Wireless Commun. Lett., vol. 12, no. 10, pp. 1707-1711,
Oct. 2023.

[9]1 L. Sun, Z. Zhao, S. Wang, Z. Ding, and M. Peng, “On the study

of non-orthogonal multiple access (NOMA )-assisted integrated sensing

and communication (ISAC),” IEEE Trans. Commun., vol. 72, no. 11,

pp. 7278-7293, Nov. 2024.

S. Lv et al., “Short-packet transmission in NOMA-ISAC systems,” [EEE

Trans. Cogn. Commun. Netw., vol. 11, no. 5, pp. 3144-3159, Oct. 2025,

doi: 10.1109/TCCN.2025.3570436.

H. Liu and E. Alsusa, “A novel ISaC approach for uplink NOMA system,”

IEEE Commun. Lett., vol. 27, no. 9, pp. 2333-2337, Sep. 2023.

H. Liu, E. Alsusa, and A. A. Dweik, “Performance analysis of pair-wise

symbol detection in uplink NOMA-ISaC systems,” IEEE Open J. Com-

mun. Soc., vol. 6, pp. 3459-3479, Apr. 2025.

Y.-S.Lee, K.-H. Lee, H. S. Jang, G. Jo, and B. C. Jung, “Performance anal-

ysis of resource hopping-based grant-free multiple access for massive IoT

networks,” IEEE Wireless Commun. Lett., vol. 11, no. 12, pp. 2685-2689,

Dec. 2022.

K.-H.Lee,J. S. Yeom, J. Joung, and B. C. Jung, “Performance analysis of

uplink NOMA with constellation—rotated STLC for IoT networks,” IEEE

Open J. Commun. Soc., vol. 3, pp. 705-717, Apr. 2022.

K. Cho and D. Yoon, “On the general BER expression of one- and two-

dimensional amplitude modulations,” IEEE Trans. Commun., vol. 50, no. 7

pp. 1074-1080, Jul. 2002.

[10]

(11]
[12]

[13]

[14]

[15]

Authorized licensed use limited to: AJOU UNIVERSITY. Downloaded on April 21,2026 at 08:44:08 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TCCN.2025.3570436


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


