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Abstract
Nowadays, especially with the developments in the automotive industry, it has become a
highly popular topic for radar and communication systems to operate on the same plat-
form and perform joint tasks to increase situational awareness. Sharing the hardware of the
radar and communication systems and using a joint waveform for both functions eliminate
interference problems between the systems, increasing the effectiveness of the joint task.
In studies where radar signals are utilised for communication functions, continuous wave
frequency modulation or intra‐pulse frequency modulation is generally employed to
transmit communication signals. There are a few studies in the literature on joint radar and
communication waveforms using phase modulation. In these studies, phase modulation is
not employed directly for both functions. As a contribution to the literature, this study
evaluates the usage of joint radar and communications waveforms, such as Barker se-
quences and Zadoff–Chu sequences as opposed to linear frequency modulation. We
compare these waveforms terms of range‐speed detection and symbol error rate.
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1 | INTRODUCTION

As autonomous systems become widespread in both military
and civilian areas, the importance of situational awareness for
these systems is increasing. To enhance situational awareness,
radars are being used more frequently in military applications,
including air defence systems, command control systems, and
early warning systems as well as in civilian applications such as
air traffic control, remote sensing, automobile speed control
and collision avoidance systems. On the other hand, the rising
data rate requirements in wireless communication systems have
led to an increase in the bandwidth of communication systems.
Consequently, this has caused the operating frequencies to
approach those of radar systems. This situation has led to
electromagnetic interference between the communication and
radar systems on the same platform [1]. Methods such as
spectrum sharing and common waveform use are suggested in
various studies to overcome this problem [2–4]. In this study,
we focused on the utilisation of joint waveforms. The

definition of joint waveforms typically involves the use of
existing radar or communication waveforms. In both scenarios,
the transmitted waveform undergoes random changes
depending on the communication signal it carries. While this
random characteristic is expected in communication systems, it
poses challenges for radar systems. Radar systems operate
under the assumption that the signal reflected from the target
area remains constant during the pulse integration period. The
randomness in the transmitted waveform adversely affect the
performance of the radar system. To enhance the radar target
detection performance, which deteriorates due to the random
characteristics of the communication symbols, the phase
correction method is proposed in Alabd et al. [5]. We examined
this method in detail in Şahin and Girici [6] and we proposed
the matched filter bank method in order to minimise the effect
of randomness of communication symbols on radar detection
performance. In the method proposed in Şahin and Girici [6],
aligned with the mono‐static pulse radar operational concept,
each received pulse at the radar receiver undergoes processing
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by passing through a matched filter selected from the filter
bank. These matched filters are compatible with the commu-
nication symbol sent by the transmitter. In the study referenced
as Alabd et al. [5], communication symbols are transmitted
using the Linear Frequency Modulated (LFM) radar waveform.
As the LFM waveform involves a single phase transition during
the transmission period of a communication symbol, the phase
correction method proposed in Alabd et al. [5] can be applied,
resulting in observed improvements in radar performance.
However, this method is not suitable for phase‐modulated
waveforms with multiple phase transitions within the pulse,
such as Barker coded and Zadoff–Chu coded pulses, making
its application impossible. The utilisation of intra‐pulse phase
modulation waveforms as Integrated Sensing and
Communications (ISAC) waveforms has been limited in the
literature due to the negative effects on radar performance
resulting from the randomness of communication symbols. In
the study presented in Rafique and Arslan [7], Barker code has
been utilised for the radar function, but the waveform with
Barker code does not incorporate the modulation of
communication symbols. On the other hand, in Gehre et al.
[4], the Zadoff–Chu sequence is suggested for the ISAC sys-
tem, yet the radar function waveform is not implemented with
the portion containing Zadoff–Chu. In the study conducted in
Rodriguez‐Garcia et al. [3], the Barker coded waveform is used
as the ISAC waveform, but the study describes a method to
prevent unwanted receivers from detecting the communication
signal in the operational scenario.

Our recent study, presented in Şahin and Girici [6], in-
troduces the matched filter bank method, which can be applied
to waveforms with intra‐pulse phase modulation. In this current
study, we applied the method proposed in Şahin and Girici [6] to
assess the performances of both radar and communication
systems for waveforms utilising intra‐pulse phase modulation,
providing a comprehensive analysis. We performed the analyses
for pulsemodulated radar. Amono‐static radar is assumed in the
joint communication and target sensing system.

In this study, new ISAC waveforms are proposed using
Barker and Zadoff–Chu codes, contributing to the literature.
Unlike previous studies, radar and communication functions
utilising the entire waveform have been defined, as opposed to
utilising separate regions for radar and communication func-
tions. Consequently, the entire bandwidth of the waveform
could be utilised for both radar and communication functions.
Radar target range and velocity estimation performance ana-
lyses and comparisons of both waveforms were made and
compared with ISAC waveform that uses frequency modula-
tion on pulse for a mono‐static pulse radar operational concept
(Figure 1). In addition, the symbol error rate (SER) in the
communication receiver was also examined.

2 | ISAC SYSTEM WAVEFORM DESIGN

Within the scope of this study, a new waveform was proposed
as the intra‐pulse phase modulated ISAC waveform, primarily
using the Barker code. The performance of this waveform was

compared with the LFM ISAC waveform proposed in ref. [2].
Subsequently, another phase‐modulated ISAC waveform was
generated using the Zadoff–Chu sequence and its performance
were compared with that of the Barker‐coded ISAC waveform.
Performance analyses were conducted for both the radar and
communication systems.

2.1 | ISAC waveform—Linear Frequency
Modulated

An LFM radar signal with pulse width τ, bandwidth B and
initial phase ϕ0 is expressed by (1) [5].

SchirpðtÞ ¼ ej πμt
2þ2πf0tþϕ0ð Þ ð1Þ

Here f0 is the carrier frequency and μ¼ B
τ is the chirp rate.

Also, t is an element of the set ½−τ=2; τ=2�. In order to send
the communication symbols within the radar pulse, different
initial frequencies are used for the chirp signal for each symbol.
As seen in Figure 2 in the ISAC system waveform, each pulse is
divided into two and a chirp with a different initial frequency is
used for each segment. The mathematical expression of this
signal is given in (2).

SISAC−LFMðtÞ ¼ Schirp t − Δtmð Þ ð2Þ

Δtm is determined by Δtm ¼ mτ
M ;m 2 f1; 2;…;M − 1g Here,

M is the number of symbols, where the number of bits/symbol
is log2M.

F I GURE 1 Operational concept illustration of joint communication
and target sensing system.

F I GURE 2 Chirp pulsed signal for the ISAC‐LFM system. ISAC‐
LFM, Integrated Sensing and Communications‐Linear Frequency
Modulation.
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2.2 | ISAC waveform—Barker

In radars with low detection probability, intra‐pulse Barker
code is used as a pulse compression technique [8,9]. Target
detection is carried out after creating a cross‐correlation be-
tween the received signal and the sent signal in a radar receiver.
Since the peak to the side lobe ratio (PSL) in the autocorre-
lation function of Barker codes is low, target detection can be
achieved with high accuracy in the radar using this code [10].

In the Barker code, the pulse width τ is divided into N sub‐
pulses, each with a width of τ0 ¼ τ=N . The phase of each sub‐
pulse is chosen as 0 or π. A sub‐pulse with a phase of 0 is
denoted as 1 or “þ”, while a sub‐pulse with a phase of π is
denoted as 0 or “−”. The Barker code with a code length of 7
is illustrated in Figure 3 [11]. The Barker code of length N is
expressed as BN .

The minimum PSL that can be achieved with the Barker
code with a code length of 13 can be 22.3 dB (Table 1).
However, in practice, the ratio required for radar signal pro-
cessing is at least 30 dB [12]. To satisfy this requirement, the
nested Barker code is used. The nested Barker code is gener-
ated by taking the Kronecker product of two Barker codes, and
the length of the nested Barker code is the product of the
lengths of the used Barker codes [10]. For example, the length
of the nested Barker code created using B7 and B4 Barker
codes is 28. As a contribution, within the scope of this study,
the nested Barker code was used to send communication
symbols within the radar pulse. By using the nested Barker
code, the minimum peak side beam level requirement at the
radar receiver is satisfied and communication symbols can be
sent within the radar pulses. In this context, in addition to the
Barker codes given in Table 1 in the literature, it was

investigated whether there were other codes with the same
code length. It has been determined that the Barker code with
code length 4 has [þ − þ þ] and [− þ þ þ] Barker code
features in addition to the code elements given in Table 1 (3).

B41
B42
B43
B44

2

6
6
4

3

7
7
5¼

þ þ þ −
þ þ − þ

þ − þ þ

− þ þ þ

2

6
6
4

3

7
7
5 ð3Þ

Using the four B4 codes given in (3) and the B11 code pro-
vided in Table 1, four B44 codes can be generated for a two‐bit
communication data (4).

m1
m2
m3
m4

2

6
6
4

3

7
7
5¼

B41 ⊗ B11
B42 ⊗ B11
B43 ⊗ B11
B44 ⊗ B11

2

6
6
4

3

7
7
5 ð4Þ

When the Kronecker product is taken with a specific code
sequence from the code sequence given in Equation (2) for
each communication symbol, the intra‐pulse chip count, that is,
the instantaneous bandwidth of the joint waveform, can be
increased as given in (5).

m1
m2
m3
m4

2

6
6
4

3

7
7
5¼

B41 ⊗ B11ð Þ⊗ B5
B42 ⊗ B11ð Þ⊗ B5
B41 ⊗ B11ð Þ⊗ B5
B41 ⊗ B11ð Þ⊗ B5

2

6
6
4

3

7
7
5 ð5Þ

The joint waveform for the ISAC system was generated as
given in (5).

2.3 | ISAC waveform—Zadoff–Chu

Zadoff–Chu (ZC) arrays are a fundamental waveform used to
generate the spread spectrum in modern cellular systems,
including long‐term evolution (LTE) and 5G new radio. They
largely replace the foundational Pseudo‐Noise (PN) and Walsh
sequences of the 3G cellular era and the 2G IS‐95. Unlike real
and binary‐valued Walsh and PN codes commonly used in
communication systems, ZC sequences are complex sequences
with unit magnitude and specific phase shifts, most commonly
�1 [13].

A ZC array has two basic parameters: root index
q¼ 1; 2;…;Nzc − 1 and the length of the string, Nzc, which
must be an odd number (and is often a prime number).
Considering these two parameters, the qth ZC sequence sq½n� is
created as given in (6).

sq½n� ¼ e
−jπq

nðnþ1Þ
Nzc ð6Þ

Here, n is given as 0; 1; 2;…;Nzc − 1. Zadoff–Chu sequences
generated in this way are of constant amplitude, zero cyclic
autocorrelation, fixed cyclic cross‐correlation. Moreover,

F I GURE 3 The Barker code with a code length of 7 ðB7Þ.

TABLE 1 The Barker code with a code length of 7 ðB7Þ.

Code Length Code elements PSL (dB)

B2 2 þ−, þþ 6.0

B3 3 þþ− 9.5

B4 4 þþ−þ, þþþ− 12.0

B5 5 þþþ−þ 14.0

B7 7 þþþ–þ− 16.9

B11 11 þþþ—þ–þ− 20.8

B13 13 þþþþþ–þþ−þ−þ 22.3

Abbreviation: PSL, peak to the side lobe ratio.
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Discrete Time Fourier Transform (DTFT) or Inverse Discrete
Time Fourier Transform of a ZC Sequence is also a ZC
Sequence [13].

When the advantages of these properties for the range and
velocity estimation performance of the radar are considered, at
this stage of the study, a joint waveform has been created for
the ISAC system using (6). As a contribution, within the scope
of this study, by using a different q value for different
communication symbols, it is possible to send one communi-
cation symbol in each pulse.

3 | RECEIVER PROCESSING

3.1 | Communication receiver

The signal received by the communication receiver is given by
(7). Here wkðtÞ represents additive white Gaussian noise.

ykðtÞ ¼ SRadComðtÞ þ wkðtÞ ð7Þ

The demodulation of this signal at the receiver is usually
carried out using matched filtering. In this method, the cross‐
correlation of the received signal with all possible signature
signals is calculated as ziðtÞ ¼ corr ykðtÞ; SiðtÞð Þ; i¼ 1;…;M
Here, M is the number of symbols and SiðtÞ is the signature
signal of the ith symbol. In cross‐correlation, the signature
signal that gives the result with the highest peak value is
accepted as the sent symbol [2]. Estimation of the sent symbol,
iest, is determined by iest ¼ argmaxi¼1;…;M maxf jziðtÞjf g

� �
.

3.2 | Matched filter bank ISAC radar
receiver

In the matched filter bank technique, the radar pulses received
at the receiver are passed through a matched filter which is
compatible with the communication signal sent by the trans-
mitter [6]. To achieve this, matched filters are used in the radar
receiver as many as the number of symbols that can be sent
from the transmitter, that is, M (Figure 4). When evaluating
the impact of the number of matched filters on the radar
receiver, we can consider parameters such as power con-
sumption, time delay, weight, and size. Since only the relevant
matched filter is used in processing the signal returned from
the target on the radar receiver, the number of matched filters
has no effect on power consumption or time delay in signal
processing. It is sufficient to consider the power consumption
and time delay of the switch used for selecting the matched
filter, compared to a conventional radar receiver. However,
the number of matched filters will increase the weight and size
of the radar receiver. The importance of weight and size
depends on the platform limitations of the ISAC system. For
example, in an ISAC system on a platform with limited re-
sources, such as a drone, the increase in weight and size due
to the number of matched filters is a critical issue that needs

careful consideration. However, in a ground‐based air defence
system, this increase may be negligible. In the implementation
of the matched filter, an Acorn Reduced Instruction Set
Computer Machine (ARM) processor, a microcontroller,
Digital Signal Processing (DSP), or Field Programmable Gate
Array (FPGA) can be used depending on the application
platform and purposes of the ISAC system [14–17]. In the
implementation of matched filters in a radar receiver, the
choice between ARM processors, microcontrollers, DSPs, or
FPGAs depends on the specific requirements of the ISAC
system. ARM processors, with their ability to run an operating
system, are ideal for multitasking environments where robust
transaction management and control tasks are needed.
Microcontrollers offer cheaper solution. DSPs excel in high‐
speed data processing tasks such as modulation, demodula-
tion, encryption, and decryption, making them suitable for
complex signal processing operations. FPGAs, on the other
hand, offer flexibility in design and real‐time processing ca-
pabilities, making them ideal for applications requiring parallel
processing and frequent algorithm updates. While DSPs rely
on software for signal processing, FPGAs implement these
functions through hardware, allowing for faster data pro-
cessing and adaptability in field conditions. The choice of
technology—whether ARM, DSP, or FPGA—should be
aligned with the specific control, processing speed, and flex-
ibility needs of the radar system.

Matched filters for the ISAC‐LFM system can be designed
by using (8) for each communication symbols [6].

MFiðtÞ ¼ e
2jπ 0:5B

τ

� � tðiÞ
fs

� �2

ð8Þ

Here, f s is the sampling rate and t(i) can be calculated by using
tðiÞ ¼mod K − kðiÞ − 1þ ti;K½ �, where ti is the time index
array, K ¼ τf s and kðiÞ ¼ KmðiÞ=M.

Matched filters for the ISAC–Barker system can be
designed (9) for each communication symbols.

MFi½n� ¼m∗
i e
2jπf0n ð9Þ

Here, m∗
i ¼ BNBN−1…B1½ � for a ith communication symbol's

Barker sequence mi ¼ B1B2…BN½ � and f0 is the carrier fre-
quency of the transmitted signal.

F I GURE 4 Block diagram for the matched filter bank ISAC radar.
ISAC, Integrated Sensing and Communications.
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Matched filters for ISAC–Zadoff–Chu system can be
designed (10) for each communication symbols.

MFi½n� ¼ −conj e−jπqi
nðnþ1Þ
Nzc

� �

ð10Þ

Here, qi is the root index of the ith symbol.

4 | SIMULATIONS

By utilising the ISAC waveform recommended in Section 2,
simulations were conducted in MATLAB following the mono‐
static operational scenario. The performances of both the radar
and communication systems were first assessed for each ISAC
waveform, and subsequently, they were compared for M ¼ 4.
The parameters used in the simulations are listed in Table 2. As
given in Table 2, the ISAC–Barker waveform has a length of
20μsec and a chip duration of 20μs220 ¼ 0:091μ sec, which implies
a bandwidth of 11 MHz, and similarly, the ISAC–Zadoff–Chu
waveform has a length of 19:9μsec and a chip duration of
19:9 μs
219 ¼ 0:091μ sec, which implies bandwidths of 11 MHz.
These are the same bandwidths as the ISAC‐LFM signal, which
means a fair comparison between ISAC waveforms.

After conducting these analyses, we incorporated Hamm-
ing windowing into the radar receiver to enhance the perfor-
mance of phase‐modulated ISAC waveforms and compared

the performance of all three ISAC waveforms. Subsequently,
we introduced volume clutter into the scenario to assess the
performance of phase‐modulated ISAC waveforms in the
presence of volume clutter and we analysed performances of
ISAC waveforms without and with Hamming windowing.

4.1 | Radar performance analysis for
waveforms

The simulations were conducted using ISAC waveforms pro-
posed in Section 2.1, Section 2.2 for B220 and Section 2.3 for
Nzc ¼ 219. The estimation performance of the radar was
examined when communication symbols were transmitted with
radar pulses. Simulations were carried out using the matched
filter bank method given in Section 3.2. The targets in the
scenario are positioned at various ranges between 3 and 74 km.
The speeds of the targets vary between −15 m/s and þ15 m/s.
The mean square error (MSE) of the range estimations and the
MSE of the velocity estimations for each ISAC waveform are
provided in Figures 5 and 6, respectively. As seen in Figure 5,
based on the scenario parameters provided in Table 2, the range
estimation error with ISAC–Barker and ISAC–Zadoff–Chu
waveforms is higher than with ISAC‐LFM for target ranges
less than 10 km. Notably, ISAC–Zadoff–Chu exhibits superior
performance compared to ISAC–Barker. On the other hand, as
depicted in Figure 6, the velocity estimation performance of
ISAC–Barker and ISAC–Zadoff–Chu is nearly identical, with
both slightly better than ISAC‐LFM. When intra‐pulse phase‐
modulated waveforms are used, the Doppler shift caused by
high‐speed targets can lead to a phase shift in the signal reflected
from the target, resulting in errors in target range estimation.
However, in this scenario, the target speeds ranging from
−15 m/s to þ15 m/s do not cause a significant decrease in
range estimation performance of intra‐pulse phase‐modulated
waveforms compared to LFM‐modulated waveforms.

At this stage of the study, our focus was on improving the
performance of ISAC–Barker and ISAC–Zadoff–Chu

TABLE 2 Simulation parameters.

Simulation parameters Value

Radar carrier frequency, f0 10GHz

Radar range 75km

Radar blind range for ISAC‐LFM 3km

Radar blind range for ISAC–Barker 3km

Radar blind range for ISAC–Zadoff–Chu 2:98 km

Radar false alarm probability 10−6

Modulation order, M 4

Radar pulse width for ISAC‐LFM ðτÞ 20μs

Radar pulse width for ISAC–Barker ðτÞ 20μs

Radar pulse width for ISAC–Zadoff–Chu ðτÞ 19:9 μs

Radar pulse repetition interval ðTÞ 500μs

Data rate log2M
T

� � 4 kbps

ISAC‐LFM bandwidth 11 MHz

Barker code length 4x11b � 5

ISAC–Barker bandwidth 11 MHz

Zadoff–Chu code length 219

ISAC–Zadoff–Chu bandwidth 11 MHz

Rain rate 2 mm/hr

F I GURE 5 MSE range for ISAC‐LFM, ISAC–Barker and ISAC‐ZC,
M ¼ 4, BW ¼ 11MHz, f0 ¼ 10GHz. ISAC, Integrated Sensing and
Communications; ISAC‐LFM, Integrated Sensing and Communications‐Linear
Frequency Modulation; ISAC‐ZC, Integrated Sensing and Communications‐
Zadoff‐Chu; MSE, Mean square error.
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waveforms at low target ranges. When utilising these wave-
forms, side lobes were observed in the radar receiver's matched
filter output due to the nature of Barker and Zadoff–Chu
codes. As reflections from targets at close ranges result in
high‐amplitude signals reaching the receiver, the amplitude of
these side lobes exceeded the threshold level, leading to
incorrect range estimation. The received signal and the
threshold level are shown in Figures 7 and 8 for short and long
target ranges, respectively. To mitigate this effect, we applied a
Hamming window to the signal reflected from the target at the
radar receiver before processing. As can be seen in Figure 9,
the performance of ISAC–Barker and ISAC–Zadoff–Chu
waveforms at low target ranges has been improved by using
the Hamming window. On the other hand, Figure 10 illustrates
that the Hamming window has limited impact on the speed
estimation performance of these waveforms.

At this stage of the study, we introduced an atmospheric
environment with a rain rate of 2 mm/hr (moderate rain) to
analyse the performance of ISAC–Barker and ISAC–Zadoff–
Chu waveforms under the clutter effect, as specified in
Table 2. As depicted in Figure 11, clutter negatively affects the

range estimation performance of all waveforms at low ranges.
The degradation in performance under clutter is approximately
similar for ISAC–Barker and ISAC–Zadoff–Chu waveforms,
as well as for ISAC‐LFM waveform. However, as depicted in
Figure 12, the clutter effect led to a deterioration in the velocity
estimation performance of ISAC–Barker and ISAC–Zadoff–
Chu waveforms at negative low speeds, while the perfor-
mance of the ISAC‐LFM waveform remained relatively
consistent.

4.2 | Communication performance analysis
for waveforms

In this section, the performance of the communication system
is evaluated using different waveforms given in Figure 13. The
communication receiver is designed according to the method
given in Section 3.1. First the SER was analysed for all wave-
forms when M = 4. As can be seen in Figure 13, the perfor-
mance of ISAC–Barker is quite low compared to other

F I GURE 6 MSE velocity for ISAC‐LFM, ISAC–Barker and ISAC‐ZC,
M ¼ 4, BW ¼ 11MHz, f0 ¼ 10GHz. ISAC, Integrated Sensing and
Communications; ISAC‐LFM, Integrated Sensing and Communications‐Linear
Frequency Modulation; ISAC‐ZC, Integrated Sensing and Communications‐
Zadoff‐Chu; MSE, Mean square error.

F I GURE 7 Received signal and threshold level for short range target
—ISAC–Barker. ISAC, Integrated Sensing and Communications.

F I GURE 8 Received signal and threshold level for long range target—
ISAC–Barker. ISAC, Integrated Sensing and Communications.

F I GURE 9 MSE range for ISAC‐LFM, ISAC–Barker and ISAC‐
ZC with the Hamming window, M ¼ 4, BW ¼ 11MHz, f0 ¼ 10GHz.
ISAC, Integrated Sensing and Communications; ISAC‐LFM, Integrated
Sensing and Communications‐Linear Frequency Modulation; ISAC‐ZC,
Integrated Sensing and Communications‐Zadoff‐Chu; MSE, Mean square
error.
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waveforms. Although the performance of ISAC‐ZC and ISAC‐
LFM waveforms is close for M = 4, ISAC‐ZC shows slightly
better performance than ISAC‐LFM. In order to examine the
performance of ISAC‐ZC and ISAC‐LFM waveforms in more
detail, the analyses were repeated for M = 16. As can be seen in
Figure 14, for M = 16, the performance of ISAC‐ZC is quite
good compared to ISAC‐LFM.

5 | DISCUSSIONS

This study demonstrates the utilisation of phase modulation in
ISAC systems, enabling the simultaneous use of a single
waveform for both radar and communication functions
throughout the transmission process. This approach allows
both functions to effectively utilise the entire bandwidth of the
joint waveform. The primary challenge lies in defining a

waveform that offers high performance for both radar and
communication purposes. In this context, the ISAC waveform
has been defined using the Barker code, which is currently used
in radar systems for both protection against intelligence and
increasing radar range resolution. Additionally, the Zadoff–
Chu sequence, known for its excellent periodic correlation
properties and commonly used as a preamble in LTE
communication systems, was selected for defining the ISAC
waveform. It was hypothesised that this choice would not only
ensure good performance in communication systems but also
in radar systems, leveraging the shared properties of the
Zadoff–Chu sequence.

The simulation results demonstrate that, thanks to the
Hamming window employed in the radar receiver, phase‐
modulated ISAC waveforms exhibit comparable target detec-
tion performance to the frequency‐modulated ISAC wave-
form. Furthermore, in the communication system, ISAC–
Zadoff–Chu demonstrates superior SER performance

F I GURE 1 1 MSE range for ISAC‐LFM, ISAC–Barker and ISAC‐ZC
with the Hamming window in the clutter environment, M ¼ 4,
BW ¼ 11MHz, f0 ¼ 10GHz, rainrate¼ 2mm=hr. ISAC, Integrated Sensing
and Communications; ISAC‐LFM, Integrated Sensing and Communications‐
Linear Frequency Modulation; ISAC‐ZC, Integrated Sensing and
Communications‐Zadoff‐Chu; MSE, Mean square error.

F I GURE 1 2 MSE velocity for ISAC‐LFM, ISAC–Barker and ISAC‐
ZC with the Hamming window in the clutter environment, M ¼ 4,
BW ¼ 11MHz, f0 ¼ 10GHz, rainrate¼ 2mm=hr. ISAC, Integrated Sensing
and Communications; ISAC‐LFM, Integrated Sensing and Communications‐
Linear Frequency Modulation; ISAC‐ZC, Integrated Sensing and
Communications‐Zadoff‐Chu; MSE, Mean square error.

F I GURE 1 0 MSE velocity for ISAC‐LFM, ISAC–Barker and ISAC‐
ZC with the Hamming window, M ¼ 4, BW ¼ 11MHz, f0 ¼ 10GHz.
ISAC, Integrated Sensing and Communications; ISAC‐LFM, Integrated
Sensing and Communications‐Linear Frequency Modulation; ISAC‐ZC,
Integrated Sensing and Communications‐Zadoff‐Chu; MSE, Mean square
error.

F I GURE 1 3 SER for ISAC‐LFM, ISAC–Barker, ISAC‐ZC for M = 4.
ISAC, Integrated Sensing and Communications; ISAC‐LFM, Integrated
Sensing and Communications‐Linear Frequency Modulation; ISAC‐ZC,
Integrated Sensing and Communications‐Zadoff‐Chu; SER, Symbol error
rate.
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compared to both ISAC–Barker and ISAC‐LFM. Since symbol
detection in the communication receiver relies on cross‐
correlation, as outlined in Section 3.1, it is inferred that the
superior performance of ISAC–Zadoff–Chu is attributed to its
cross‐correlation and autocorrelation characteristics [18, 19].
As can be seen in Figures 15–17, it is notable that the differ-
ence between the autocorrelation peak and the cross‐
correlation peak is most prominent for the ISAC‐ZC wave-
form. Consequently, the ISAC‐ZC waveform exhibits a supe-
rior SER compared to other waveforms.

The ISAC–Zadoff–Chu waveform exhibits admirable
performance for both radar and communication functions.
However, its implementation entails a more complex trans-
mitter/receiver structure compared to ISAC‐LFM. An FPGA‐
based Zadoff‐Chu sequence generator is proposed in de Fig-
ueiredo et al. [20] (Figure 18). The coordinate rotation digital
computer unit given in Figure 18 implements an iterative al-
gorithm and includes multiple phase shifters and three adder
units. The angle unit shown in Figure 18 consists of two sub‐
units, each containing multiple comparators. The translator
unit converts alpha values into theta values by multiplying
them by 2π=NZC . Considering these operations performed in

the ZC sequence generator, it can be noted that the structure
of the generator proposed in de Figueiredo et al. [20] is more
complex than an LFM generator (Figure 19) proposed in
Kyeong‐Rok Kim [21].

F I GURE 1 5 Autocorrelation and cross‐correlation characteristic of
ISAC‐LFM for SNR¼ 18dB. ISAC‐LFM, Integrated Sensing and
Communications‐Linear Frequency Modulation.

F I GURE 1 6 Autocorrelation and cross‐correlation characteristic of
ISAC–Barker for SNR¼ 18dB. ISAC, Integrated Sensing and
Communications.

F I GURE 1 7 Autocorrelation and cross‐correlation characteristic of
ISAC‐ZC for SNR¼ 18dB. ISAC‐ZC, Integrated Sensing and
Communications‐Zadoff‐Chu.

F I GURE 1 8 Architecture of the frequency domain Zadoff–Chu
generator.

F I GURE 1 9 Memory‐map‐based Linear Frequency Modulated (LFM)
waveform generator.

F I GURE 1 4 SER for ISAC‐LFM, ISAC‐ZC for M = 16. ISAC‐LFM,
Integrated Sensing and Communications‐Linear Frequency Modulation;
ISAC‐ZC, Integrated Sensing and Communications‐Zadoff‐Chu; SER,
Symbol error rate.
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6 | CONCLUSIONS

In this study, we analysed the joint waveform of phase‐
coded pulses for both radar and communication perfor-
mance in a mono‐static pulse radar scenario for the ISAC
system. We proposed an ISAC system that can execute both
radar and communication functions with the same waveform
using Barker and Zadoff–Chu sequences as the phase codes.
Simulations were conducted by comparing the performance
of ISAC–Barker and ISAC–Zadoff–Chu waveform with
ISAC‐LFM performance. As a result, it was observed that
when phase‐coded pulses are used as the ISAC joint
waveform, the performance of the radar receiver is close in
all three waveforms. On the other hand, when the perfor-
mances in the communication receiver are compared, it is
observed that the performance of ISAC‐ZC stands out
among the all waveforms. The ISAC‐ZC waveform pro-
posed within the scope of this study is considered highly
promising for both radar and communication functions. In
addition, in the Zadoff–Chu sequence, the ability to send a
number of different communication symbols equal to one
minus the code length without the need to change the
instantaneous bandwidth of the signal also provides flexi-
bility in the design of the communication system. Although
the use of ISAC‐ZC waveform causes a more complex
structure in both the transmitter and receiver units, it is
considered that it can be used in ISAC systems because its
radar and communication performance is better than other
waveforms. It is assessed that the ISAC‐ZC waveform
proposed in this study can be particularly useful in ISAC
systems with high symbol data rate requirements, thereby
enhancing the performance of both radar and communica-
tion functions. In future studies, it is aimed to study an
optimisation algorithm in which the number of communi-
cation symbols is dynamically changed to optimise the
performance of communication and radar systems in a
variable scenario where the target range and the distance of
the communication receiver change.
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