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Abstract—Recently, integrated sensing and communication
(ISAC) techniques have gained significant attention due to their
ability to simultaneously perform sensing, localization, and com-
munication using shared wireless resources and signal waveforms,
thereby enhancing spectral and cost efficiency. Orthogonal fre-
quency division multiplexing (OFDM) is also expected to remain a
key technology in next-generation mobile communication systems
due to its robustness against multipath fading and its strong
support for high data rates. Building on these points, we propose
a novel orthogonal sequence (OS)- based OFDM-ISAC technique
fully compatible with conventional OFDM-based communication
systems. This technique intelligently exploits the autocorrelation
properties of OSs and the spectral efficiency of index modulation
while incorporating a clustering algorithm to address challenges
in multipath environments. Extensive computer simulations ver-
ify that the proposed OFDM-ISAC system delivers reliable com-
munication and localization performance in realistic multipath
environments, even in the absence of a line-of-sight (LOS) link.

Index Terms—6G, Orthogonal frequency division multiplexing
(OFDM), Integrated sensing and communication (ISAC), Wire-
less localization, Orthogonal sequence.

I. INTRODUCTION

At the 2023 International Telecommunication Union-Radio
(ITU-R) meeting, the International Mobile Telecommunication
(IMT) 2030 framework was released, which outlines usage
scenarios and key performance indicators for next-generation
mobile communication systems [1]. Among these, the Inte-
grated Sensing and Communication (ISAC) system, which
simultaneously supports diverse functions using the same radio
resources and waveforms, has emerged as a key usage scenario
for sixth-generation (6G) mobile communications [2], [3].

Specifically, the ISAC system enables the concurrent sup-
port of communication and sensing functionalities within
the same frequency band and hardware. It achieves target
detection and localization using communication signals or,
alternatively, transmits information through radar signals [4].
In [5], the authors proposed a joint subcarrier and power
allocation technique for uplink OFDM-ISAC systems that
communicate with the base station (BS) and detect adjacent
targets simultaneously. In [6], a novel ISAC system employing
successive interference cancellation (SIC) has been proposed,
where the frequency band is partially shared between com-
munication and sensing functionalities to enhance system
efficiency. In [7], a transmit beamforming technique has been
introduced for downlink ISAC systems, wherein a base station
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(BS) equipped with a uniform linear array (ULA) simulta-
neously transmits combined information-bearing signals and
dedicated radar signals to facilitate both multiuser commu-
nication and radar target sensing in the downlink. However,
conventional ISAC systems may face compatibility challenges
with traditional communication systems, as they typically rely
on time-frequency separation or require additional receiver
structures to perform communication and sensing functions
simultaneously.

Meanwhile, orthogonal frequency division multiplexing
(OFDM) is anticipated to be a key technology in next-
generation communication systems due to its robustness
against multipath fading and its efficient support for high data
rates [8]. In particular, OFDM-based communication systems
operating in high-frequency bands, expected to be utilized
due to the scarcity of frequency resources, have created
new opportunities to deploy ISAC services [9]. In cell-free
massive multiple-input multiple-output (MIMO) systems, an
ISAC technique has been proposed to enable simultaneous
communication and localization for a single terminal by utiliz-
ing signals received from multiple access points [10]. In [11],
an OFDM-ISAC system capable of estimating the channel and
angle of arrival (AoA) of each multipath component has been
proposed, utilizing the preamble for this purpose. However,
this may necessitate the additional integration of sensing func-
tionality into conventional OFDM communication systems. In
[12], an OFDM-ISAC algorithm for massive MIMO has been
proposed to enhance channel estimation accuracy in a local
scattering channel environment without a line-of-sight (LOS)
path, utilizing the preamble transmitted by the user.

Unlike existing OFDM-ISAC studies that incorporate a
sensing function into conventional communication systems, we
consider an ISAC system that supports both communication
and sensing functions simultaneously using a single signal
waveform during the communication process between a single
user equipment (UE) and the base station (BS). Moreover,
although many studies assume the presence of an LOS path
when supporting sensing services such as localization, this
assumption may be impractical, particularly in communication
environments that utilize high-frequency bands. Therefore,
this paper proposes a novel OFDM-ISAC system capable
of simultaneously detecting data and estimating the location
of the UE during the uplink communication process using
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Fig. 1. System model of the proposed OFDM-ISAC system consisting of a
single UE and a single BS with ULA.

an orthogonal sequence. Additionally, we employ a local
scattering channel model to represent a practical channel
environment, enabling localization even in the absence of an
LOS link, as demonstrated in [12]. Specifically, we consider
index modulation for orthogonal sequences (OS), where the
UE transmits sequences corresponding to the information
bits to the BS. The BS, equipped with multiple antennas,
then performs direction finding and distance estimation by
leveraging the OS’s autocorrelation properties. Finally, to
enhance the performance of the proposed method, we further
incorporate a density-based clustering algorithm [13], using
the estimated distance, AoA, and power as features. Through
extensive computer simulations, we verify the communication
and localization performance of our proposed OFDM-ISAC
technique in terms of bit-error rate (BER) and root mean
squared error (RMSE), respectively.

II. SYSTEM MODEL OF OFDM-ISAC

As illustrated in Fig. 1, we consider an uplink OFDM-ISAC
system consisting of a single BS that is equipped with uniform
linear array antennas (ULA) having J elements and a UE with
a single antenna. We assume that the BS is located at (0, 0) on
the « — y plane, and the UE is located at (dg cos @, dpsin6).
Here, d represents the distance between the UE and BS, and 6
denotes the angle of the UE to the x axis relative to the BS. In
this paper, we also consider the local scattering channel model
where most of the multipath signals are dominated by scatter-
ers near the UE [14]. So, we assume a channel environment
with no line-of-sight path component but L locally scattered
multiple paths and a few external interference or general
multipath components originating from arbitrary directions.
Additionally, we assume that perfect time synchronization
between BS and UE is achieved using techniques such as [15].

In this paper, we design an OFDM-ISAC system in which
the UE transmits OS to enable the BS to estimate the UE’s
communication and location. Theoretically, when transmitting
an orthogonal sequence with length N, |log, Ni| bits can
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Fig. 2. Overall transmission and reception procedures of the proposed OFDM-
ISAC system.

be mapped to sequence indices. However, considering prop-
agation delay and delay spread, it is necessary to generate
candidate sequences by spacing them out to some extent rather
than mapping bits to all sequences. Accordingly, by cyclically
shifting sequence s by the length of Nog, @ = 29 candidate
sequences for ¢ = |log, | Ns/Ncs]|-bit mapping can be
generated as

S(Q—l)Ncs} : (1
Moreover, we define a function f (i), that converts an arbitrary
integer ¢ € {0,---,Q — 1} into a binary number of g-bits,
then the set of ¢ bits, B, is given by

B ={f(0)q, f(V)g;---, f(Q=1)g} - 2)
(-

For example, assuming that the f(-), function converts a
decimal number to a binary number, if the integer 10 is input
for 6-bit transmission, then f(10)g = [001010].

The overall system procedure of the proposed technique is
shown in Fig. 2. For ease of explanation, we describe the
proposed OFDM-ISAC system in which the UE transmits the
i-th candidate sequence, i.e., s;n.g, to the BS. Therefore,
we consider that the UE transmits b (= f(¢),) to the BS by
sending s;n, . First, the transmitted OS signal defined in the
time domain undergoes a discrete Fourier transform (DFT)
of size N, for OFDM subcarrier mapping. Afterwards, the
frequency domain sequence signal S(k) on the k-th subcarrier,
whrer k € {0,---, Ny}, is as follows

No—1
= Z SiNgs(n)e
n=0
Then, the UE performs inverse fast FT (IFFT) of size Nppr,
larger than Ng. Here, the subcarriers corresponding to the
difference between the FFT size and Ny are zero-padded. The
transmit OS signal z(m) after IFFT corresponding to the m-
th index in the time domain, where m € {0,--- , Npppr — 1},
can be represented as

S = {507chs7"' )

IR 3)

1 Nppr—1

S Sk @

k=0

x(m) =

Nrrr



2025 IEEE Wireless Communications and Networking Conference (WCNC)

Subsequently, a cyclic prefix (CP) of length N¢p is inserted
into (4) as

2P (u) = z[(u — Nop) mod Nppr], (%)

where 2¢F(u) denotes u-th time domain, where u €
{0,--+ , Nppr + Nop — 1}, transmit signal from the UE, and
mod denotes the modulo operator.

In the p-th time, where p € {0,--- , Nppr + Nop + L},
the received signal considering [-th multipath and propagation
delay 7; from the UE to the BS’s j-th antenna can be expressed
as

L—-1
v (o) =Y\ [T [p— 1= 7]+ 2(p),  (6)
=0

where h;(1)(e C), and z;(p)(€ C) denote the delay-domain
wireless channel for [-th multipath of j-th antenna, and time-
domain additive white Gaussian noise, respectively. Also, d;
and « are the distance of [-th path from the UE to the
BS and path loss exponent, respectively. In this paper, we
consider a local scattering channel model for each multipath
component, so that when the signal arrives at the receiv-
ing ULA, it has an angular spreading as 6 + A#;, where
0 € [—m/2,7/2] is an AoA of LoS path component and
A0, € [—AbOmaz, Abpmas| denotes angle deviation of [-th
multipath component [14]. Therefore, the wireless channel of
l[-th multipath between the UE and j-th antenna of the BS
can be defined as h;(l) = Be=7 5 G=1rcos(@+A0) Here, )
denotes wavelength, 7 is the antenna spacing, and ; is the
complex channel gain. If the propagation delay is less than the
CP length, the CP-removed signal z; ;(t) in t-th time index,
where t € {0,--- , Nppr — 1}, can be expressed as

21,5(0) =/ *hy ()@ [(E = 1 = 75) mod Niewrkz; (1), (7)

where ® means circular convolution operator. By performing
FFT on the received signal x;_;, the frequency-domain received
signals can be obtained as

X;(w) ®)
- Hj(M)X(w).e_j%Tj +Zj(w), 0<w< N —1,
FFT (z;(w)), w> Ny — 1.

Here, H;(w) and Z;(w) represent the results of performing

the FFT of size Nrppr on y/d; “h;(l) and z;, respectively.
In (8), due to the effect of zero-padding, the FFT results on
w > Ng — 1 are unrelated to the transmit sequence and have
negligible small values. To estimate the transmitted sequence
index and distance, the BS performs an IDFT of size N on
X;(w) for 0 < w < N; — 1. Then, the received signal y;(n)
at the n-th time-domain index, where n € {0, - , Ny — 1},
can be approximated as

N,
Nrepr

yj(n) & hj(n) ® sines (” - { TjJ) +Zj(n), (9

where ﬁj and Z; denote the IDFT results of size N, for H;
and Z;, respectively. The detailed derivation of (9) can be
developed as in (10) at the top of the next page.

III. SEQUENCE-BASED OFDM-ISAC SYSTEM

In this section, we describe the proposed OFDM-ISAC
technology that detects the bits transmitted by the UE through
the OS using the received signal (9) and estimates the direction
and distance for calculating the UE’s location. The proposed
technique utilizes the autocorrelation characteristics of OS and
a clustering algorithm to improve resolution. Hence, the BS
first calculates the correlation profile between the received
signal and OS at the x € {0,..., N5 — 1} lag as follows

Ng—1

Z yj(n)so™(k + n).

n=0

R;j(k) = (11
As mentioned earlier, using (11), the BS performs com-
munication and wireless localization functions through three
procedures: Sequence detection & demodulation, distance and
direction estimation, and clustering to improve resolution.

A. Sequence Detection & Demodulation

Despite considering the OS, the correlation value may not
peak at the index corresponding to the exact propagation delay
due to the rounding effect caused by the size difference be-
tween the DFT and FFT in (9). We believe estimating the delay
corresponding to the index with the maximum correlation
value is reasonable. It is worth noting that estimating a propa-
gation delay that is not perfectly accurate does not significantly
affect sequence detection in terms of communication since
we consider sequence candidates spaced apart by considering
propagation delay and delay spread. Therefore, for the index
kj = max, R;(k) with the maximum correlation value, the
transmitted sequence index can be detected as follows

P
7 [ Nes |’

Since the BS has multiple antennas, each antenna’s sequence
detection results may differ. Therefore, the final sequence
detection 4 can be determined as the mode (highest frequent
index) for all antennas to obtain spatial diversity. Finally, the
transmitted signal and bits from the UE are then demodulated
as

12)

$=Sin.. b= 1o (13)

where f;"'(i) denotes the inverse function of f,(i).

B. Distance and Direction Estimation

The difference between /; and i; can be interpreted as the
transmission signal being delayed as affected by propagation
delay and noise. Therefore, based on (9), the estimated dis-
tance between the BS’s j-th antenna and UE can simply be
calculated as

5 Nppr (A 5 )
’ KT

d’%j =c-T;s N,

(14)
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where c is the speed of light and T is the sampling time
related to system bandwidth.

Then, we can adopt various array antenna-based direction-
finding algorithms to estimate an AoA between the BS and
UE, i.e., . Among them, the correlation method is known
to be optimal in terms of RMSE according to the Cauchy-
Schwarz inequality as an array antenna-based direction-finding
algorithm for a single signal source. Hence, using the esti-
mated delay index #; for each antenna, we can obtain the de-
spreading signal yges 2 (€ C7) in the spatial domain. Here, the
Jj-th element of y 4., can be obtained by correlating the time-
domain received signal vector y;(= [y;(0)y;(1)---y;(Ns —
1)]T) with the sequence corresponding to the estimated index

as

H

ydes,f{(j) = S,ngj~ (15)

And then, correlating each column in a spatial dictionary (or
called sensing matrix) A (€ C/*F) that contains the steering
vectors for P potential angles with the despreading signal,
direction finding can be performed with the index (angle)
corresponding to the maximum correlation value as

pr = arg max allyaes i, (16)

where a,(€ C7) is the p-th column of A.

C. Clustering to Improve Resolution

If & corresponds to the LOS path of the UE and BS,
the location of UE can be estimated using (14) and (16).
In this paper, however, the LoS path is not guaranteed.
We assume a local scattering channel model with numerous
scatterers around the UE, necessitating additional resolution
enhancement techniques for precise localization. Furthermore,
if external interference has higher power than that of the UE,
it may lead to significant errors in localization performance.

Therefore, this paper exploits a clustering algorithm to
precisely estimate the distance and direction between the
UE and BS. Specifically, the proposed technique does not
distinguish the direction and distance of multiple sources
but rather groups only the desired elements and treats the
rest as noise. Hence, we adopt a well-known density-based
clustering algorithm, the density-based spatial clustering of
applications with noise (DBSCAN) algorithm [13], to more
precisely estimate the direction and distance of the desired

Algorithm 1 Data Collection for the DBSCAN Technique

Input: i., Y(€ CN+*7) = [y;---y ], so € CNs,
A(E (CJXP)
Output: D(€ RNesx3)
for i =1 to Ngg do
forg' = 1A to J do

he=1i;+i—1
ydes,j:Sng
if j =1 then
te=1+1—1
dil%C'TS'NI@iIZT'(’ZC—’Zl)

2
di3 ’S%H}’ll
c

end if
end for
pi = argmax af}’des

peP
d;o < The angle corresponding to the p; column of A

end for
Update D+ [dl d2 d3]

locally scattered UE signal. Briefly, the DBSCAN algorithm
requires the specification of two parameters: a radius e, which
defines the neighborhood around each point, and (, which is
the minimum number of points required to form a cluster. In
other words, the DBSCAN algorithm can group several data
into one cluster if there are ( elements within a radius of ¢, and
classify the rest as noise. Fig. 3 shows an example of cluster-
ing characterized by the proposed OFDM-ISAC technology’s
distance, direction, and power of received data. Here, N¢g
data can be collected using the estimated transmitted sequence
, %j + Negs — 1})
direction of the signal corresponding to the 7. index are
estimated using the method described in III-B.

For the DBSCAN algorithm, the estimated distance, angle,
and power for each path are stored in datasets d; (€ RYes),
d(€ RNes), and ds(€ RNes) respectively. Then, the overall
algorithm for finding D(€ RNes*3) = [d; dy d3] is given
in Algorithm 1. We normalize the data points using their
mean and standard deviation to perform clustering with equal
weights for each axis as d, = (dy — pa,)/0q, where g
and o4, denote the mean and standard deviation of the

index, i.e., 2c S {Ej, cee . The distance and
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Fig. 3. An example of a data clustering algorithm featuring estimated distance,
angle-of-arrival (AoA), and power in the proposed OFDM-ISAC system.
TABLE I
SIMULATION PARAMETERS

Parameter Value Parameter Value
Distance between UE . R
and BS (dg) 40 m A;fle of arrival 1(6’) 45
Center frequency aximum angle
(fo) L8 GHz | geviation (Abmaz) 10°
FFT size (Nggr) 2048 CP size (Ncp) 256
Threshold value (1)) 1 Path Iossaexponent N
Number of multipath 10 Number of antennas 16
(L) )

~v(€ {1,2,3})-th column of D, i.e., d,. In addition, in this
paper, data for which the power of the normalized signal is
smaller than 7, the power threshold, was excluded to accelerate
the clustering algorithm. After the DBSCAN algorithm, we
consider the data tuple V within the cluster with the most
pointers as D(€ CIVI*3) associated with the desired signal,
where the number of clustered data is |[V|. Finally, the distance
dy and direction 6 of the UE through the clustering algorithm

can be expressed as
. - 1 VI
min dy1, 0= — dya,
ve{lo iV} V] ,; '

where d;; refers to the element of the i-th row and j-th column
of D.

A7)

IV. SIMULATION RESULTS

This section evaluates the communication and position-
ing performance of the proposed OFDM-ISAC system using
orthogonal sequences (OSs) through MATLAB simulations.
In this study, we considered Zadoff-Chu (ZC) sequences,
m-sequences, and Gold sequences, which exhibit favorable
autocorrelation properties, as examples of OSs [16], [17].
Assuming that 6-bit transmission for index modulation, the
ZC sequence is set to Ny = 839 and Ngg = 13, while
the m-sequence and Gold sequence are set to N, = 1023
and Ngg = 15. Additionally, Gray mapping rules for 64
phase shift keying (PSK) modulation were applied between

Zadoff-Chu sequence
gold sequence
—m-sequence

/!
7/
/A

10~

107
13 14 15 16 17 18 19 20

Transmit SNR [dB|

Fig. 4. BER performance of the proposed OFDM-ISAC system with various
sequences.
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Fig. 5. RMSE performance comparison for different bandwidths in the

proposed OFDM-ISAC system.

sequence indices and bits to improve the BER performance
of the proposed OFDM-ISAC system. The multipath signals
with L taps were considered in the local scattering channel
model, and 20 percent of all taps were assumed to have
external interference. For example, a delay-domain channel
with L = 10 represents a channel environment where eight
taps are produced by locally scattered multipath, while the
remaining two taps are caused by external interference. As
with [12], we assumed no direct LoS path exists. Several
simulation parameters are summarized in Table I.

Fig. 4 shows the BER performance versus the signal-to-
noise ratio (SNR) when using the three types of sequences.
Here, we consider an OFDM communication system with a
fixed subcarrier spacing A f of 15 kHz and a system bandwidth
of 30.72 MHz. As can be seen in Fig. 4, the ZC sequence
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shows a worse BER than the other sequences in all SNR
ranges because the N¢g value set for 6-bit transmission is
shorter than that of the m-sequence and the Gold sequence.
On the other hand, the m-sequence, known to have better
autocorrelation properties than the Gold sequence, exhibits
better BER under the same Ngg [17]. In other words, it can
be seen that the communication performance in the proposed
OS-based OFDM-ISAC system is significantly affected by
the N¢cg value and the autocorrelation characteristics of the
adopted OS.

Fig. 5 shows the RMSE performance for UE localization
using the ZC sequence of the proposed OFDM-ISAC system
for system bandwidths: 30.72 MHz for Af=15 kHz, 61.44
MHz for A f=30 kHz, and 184.32 MHz for A f=90 kHz. In
this paper, the RMSE for UE localization is defined as

RMSE (18)

= /E |:(Li0 cos — dp cos 9) 2—1—(&0 siné—do sin 9) 2} .

To apply an efficient clustering algorithm, 5N¢ g data samples
for 5 received sequences are collected to precisely detect the
UE’s distance and direction. Note that although collecting
multiple sequences, the time for an OFDM-ISAC system
with a bandwidth of 30.72 MHz to acquire five sequences
is only 136.76 us when considering the sample time. In
Fig. 5, it can be observed that the proposed clustering-based
OFDM-ISAC system can perform localization in environments
where sequence detection is successful, even without a LoS
path. Furthermore, the localization performance improves with
higher resolution as the system bandwidth increases, achieved
by broadening the subcarrier spacing. Specifically, when the
system bandwidth is 184.32 MHz, and the transmit SNR is 20
dB, the RMSE for UE localization is about 4.6 meters. In other
words, it has been demonstrated that the proposed OFDM-
ISAC system can ensure both communication and sensing
performance using the same radio resources and hardware
without requiring significant modifications to conventional
OFDM system architectures.

V. CONCLUSION

In this paper, we have proposed an Orthogonal Frequency
Division Multiplexing-based Integrated Sensing and Com-
munication (OFDM-ISAC) system capable of simultaneously
performing communication and wireless localization. The pro-
posed system leverages index modulation and the autocorrela-
tion properties of orthogonal sequences, allowing it to function
effectively even in environments where a line-of-sight (LOS)
path is not available. Through computer simulations, we have
demonstrated that the proposed OFDM-ISAC system is fully
compatible with conventional OFDM communication systems
while ensuring robust performance in both communication
and sensing tasks. As a further study, we plan to extend
the proposed system to analyze its performance in scenarios
involving multiple user or mobile users.
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