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Abstract: Integrated Radar and Communication (RadCom) Systems have become more crucial
ingredients in the next generation of networks due to numerous types of characteristics, including
reducing the system size, minimizing power consumption, and mitigating spectrum scarcity. In this
paper, we propose an integrated Orthogonal Frequency Division Multiplexing (OFDM) waveform
design strategy for RadCom system-based Signal-to-clutter Noise Ratio (SCNR) maximization. The
multi-carrier OFDM waveform is exploited at the RadCom transceiver to perform the functions of
the radar system and communication system concurrently. We aim to improve the radar detection
performance by maximizing the SCNR and maintaining the Data Information Rate (DIR) thresholds
for communication system metrics. The maximization problem is posed as a convex optimization
model and solved analytically using KKT conditions to find an optimal integrated waveform design.
The findings obtained via simulation verify that the proposed strategy is capable of solving the
waveform design issue for RadCom systems with low complexity. In addition, the proposed strategy
effectively improves radar target detection and power consumption for RadCom systems.

Keywords: RadCom System; OFDM; detection probability; signal-to-clutter noise ratio (SCNR); Data
Information Rate (DIR)

1. Introduction
1.1. Background and Motivation

Recently, with the proliferation of radio frequency devices and the utilization of the
radar system for remote sensing, collision avoidance, and other civilian uses, as a result,
the resources of the spectrum are becoming congested [1–3]. Hence, the interference and
partial interference of the radar system spectrum and the communication system spectrum
(The Ultra-high Frequency (UHF) radar system interferes with the second generation (2G)
cellular system, and the S-band radar system partially interferes with the worldwide in-
teroperability for microwave access (WiMAX) and Long-term Evolution (LTE) systems.)
shed new light on improving the spectrum efficiency rather than bandwidth competition
by designing a new integrated system [4–8]. Recently, a number of platforms have been
adopted to share hardware and software resources in order to reduce the shortage of spec-
trum, such as Integrated Radar and Communication (RadCom) Systems, Dual-function
Radar-communication Systems (DFRC), and Joint Communication and Radar Systems
(JCR). In line with this development, integrated radar and communication systems have
drawn significant attention from both academia and industry, including the development
of electronic warfare and the intelligent transportation system (ITS). It has also become a
key design direction for the Internet of Vehicles (IoV), autonomous driving, the Internet
of Things (IoT), and future B5G and 6G networks [8–13]. Moreover, integrated RadCom
systems have many features, such as reducing the system size, enhancing system effi-
ciency, reducing power consumption, increasing energy efficiency, improving spectral
efficiency, mitigating interference, and lowering the latency and signaling cost compared
with conventional individual radar and communication applications [8].
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The main challenge for RadCom systems is the waveform design, which is significant
for enhancing the performance of radar and communication systems. The waveform design
for RadCom systems is divided into two parts: part one relies on the radar waveform,
and part two relies on the communication waveform. Linear Frequency Modulation (LFM)
waveforms are applied to RadCom systems, which have better performance for radar
systems due to the high dynamic range of measurements at the radar receiver when
correlation processing is applied. Regrettably, when compared with existing traditional
communication systems in the same band, the LFM waveform has a very low rate for
communication systems [7]. As a result, the multi-carrier OFDM waveform is proposed
for next-generation wireless communication (LTE, 5G New Radio (NR), and 6G) and
radar systems [12,14–19]. In order to make the best use of the available resources, OFDM
has many benefits, such as flexibility of subcarrier modulation, simple implementation
utilizing the Fast Fourier Transform (FFT), and better spectral efficiency. Furthermore, it
can deliver great performance for communication and radar systems [7]. The use of the
OFDM waveform for target detection at a radar receiver improves detection performance
by processing echoes to obtain target information [7,20]. Moreover, the combination of the
OFDM waveform and Multiple-input and Multiple-output system (MIMO) improves the
data rate and Signal-to-noise Ratio (SNR) for communication systems and also improves
the detection performance of MIMO radar systems.

Currently, the waveform design for integrated RadCom systems has gained consid-
erable attention [8,13,21–25]. The waveform design enables full system integration by
allowing radar and communication systems to utilize the available resources simultane-
ously. Many studies have been carried out in order to attain the best waveform design for
integrated RadCom systems. In [8], the authors suggested an optimum OFDM waveform
design for RadCom systems, using a convex optimization technique to improve the low
probability of intercept. The proposed approach primarily took into account mutual in-
formation for target parameter estimation as a measure of radar performance while using
the Data Information Rate (DIR) as a measure of communication performance. Sturm and
Werner proposed an approach for designing single intelligent waveforms for RadCom sys-
tems in [7] which is appropriate for carrying out both data transmission and radar sensing
simultaneously. Mainly, the proposed approach relies on the phase-coded waveforms used
for the existing wireless communication system. They examined the performance of the
proposed intelligent waveform for radar systems in a high dynamic range. Several radar
signal processing methods were also tested. Finally, the authors presented a full RadCom
system in real-world applications to demonstrate the effectiveness of the integrated sys-
tems. In [22], the authors suggested robust OFDM integrated radar and communication
waveforms. The mono-static radar transceiver was considered for target characteriza-
tion and a communication transmitter at the same time. They formulated the DIR and
Conditional Mutual Information (CMI) for the communication system performance and
radar system detection performance based on OFDM integrated radar and communication
waveforms. In [26–28], the authors expounded on the direction of future studies to tackle
the issue of spectrum scarcity and state the integration level and topology for proposed
future systems. Additionally, the achievable inner bound was established for joint radar
and communication system performance.

According to the aforementioned studies, SCNR maximization and the DIR have not
been considered and need to be investigated to develop an integrated OFDM waveform
design for RadCom systems. For this reason, we conducted this study.

1.2. Related Research Review

Generally speaking, integrated RadCom systems can significantly improve the effi-
ciency of radar systems and communication systems. As a result, RadCom systems have
gained significant interest from research studies and industries. In [29], Yixuan Huang et
al. proposed a novel waveform design algorithm for OFDM-based RadCom systems to
decrease the Peak-to-average Power Ratio (PAPR). They considered a flexible and generic
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RadCom structure based on a large contiguous spectrum and non-contiguous sub-bands
for radar detection and data transmission, respectively. The authors applied a majorization-
minimization (MM) optimization method to design an l-norm cyclic algorithm (LNCA).
The proposed LNCA algorithm for the RadCom system enhanced the efficiency of the
high-power amplifier (HPA) and the probability of detection. In [30], the authors proposed
an intelligent waveform design for RadCom systems based on OFDM and circular shift
sequences. They utilized the gray code technique to decrease the effect of the Peak-to-
mean Envelope Power Ratio (PMERP) and select an optimal cyclic sequence to enhance
the peak-to-side lobe ratio (PSLR) in OFDM waveform-based RadCom systems. In [31],
Yufeng Chen et al. proposed a joint subcarrier and power allocation for an integrated
OFDM waveform in RadCom systems and formulated a non-convex optimization problem
to minimize the peak-to-side lobe ratio (PSLR) while satisfying the requirement of the
communication data rate (CDR) and preserving a specific range resolution. The power
allocation and placement design for OFDM-based integrated radar and communication
(RadCom) in automobile systems was investigated in the millimeter wave band. Moreover,
the trade-off between the pilot power allocation for the radar system and the placement
designs for the communication system was presented and discussed in [32]. In [33], Azka
Amin et al. proposed an efficient resource allocation algorithm for D2D communication
and cellular systems using Q-learning. They considered the problem of co-channel interfer-
ence between the D2D and cellular users and proposed an algorithm that maximizes the
system throughput by controlling the power of the D2D users while fulfilling the quality
of service of the cellular users. The proposed method performed better compared with
the existing resource allocation algorithm. In [34], the authors presented an integrated
RadCom system to satisfy the requirements of next-generation ITS using a unique platform
and phase-coded OFDM waveform. The proposed system utilized the transmitted mes-
sages to control the phase sequence of the phase-coded OFDM waveform. Furthermore,
a marvelous radar data processing algorithm for a single scatter point target was presented
to attain high estimations for the range and velocity along with relatively high transmission
data rates simultaneously in a single pulse. In [35], an adaptive OFDM integrated radar
and communications waveform design method was proposed to enhance the effectiveness
of the spectrum resources. The CMI and DIR of the frequency-selective fading channel
were considered performance metrics for the radar system and the communication system,
respectively. Finally, the optimization problem was formulated and solved analytically in
terms of the CMI and DIR constraints. In [36], the authors proposed waveform design and
signal processing methods for RadCom systems using a frequency diversity array (FDA).
The proposed waveform is able to provide multi-directional transmission and execute tar-
get detection in a single pulse. The performance of the suggested waveform was examined
in terms of the ambiguity function, the transmitter and receiver beam patterns, and the bit
error rate. In [37], Gu Yabin et al. developed a frequency modulation (FM) approach for
RadCom systems based on an orthogonal frequency modulation function. The performance
of the proposed scheme was analyzed in terms of the demodulation procedure, ambiguity
function, and time-bandwidth product. Finally, the simulation stated the possibility of
integration of radar and communication systems in one joint platform. The research in [38]
presents a new technique for waveform design for RadCom systems based on the chirped
spread spectrum, and the authors also suggested a structure for RadCom systems. The
main feature of this system’s structure is that many functions can be carried out on the
same platform without interfering with each other. A single- and double-robust jamming
waveform design strategy was presented to minimize the power consumption of the jam-
ming spectrum. They used optimization techniques to design the jamming waveform
and also used the signal-to-interference-plus-noise ratio (SINR) thresholds and the mutual
information thresholds as constraints for power control in [39]. In [40], the authors com-
pared the performance of OFDM RadCom systems and universal frequency multi-carrier
(UFMC) RadCom systems over two different frequencies (24 GHz and 77 GHz) in order to
satisfy adequate wireless solutions and adopt the optimum parametrization for automotive
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RadCom systems. In [41], the authors presented a power allocation algorithm for the
coexistence of integrating RadCom systems for spectrum sharing with base station users.
The low-complexity heuristic approach was devised to produce a suboptimal outcome
while minimizing the power for IRCS and BS users. They took into account the radar
detection performance, the rate requirement for the base station users, and the latency
violation probability for air-to-ground (A2G) and fusion center communication.

While extensive efforts have been made in the study of waveform design for RadCom
systems, the debate still continues for achieving the best waveform design that will realize
the optimum performance for a radar system and a communication system. The primary
aim of this paper is to propose an integrated OFDM waveform design for RadCom systems
based on SCNR maximization for radar detection performance while satisfying the DIR
requirement for the communication system’s performance.

1.3. Major Contributions

This paper contributes to existing knowledge of waveform design for RadCom systems
by providing the following:

• An integrated OFDM waveform design for RadCom systems is presented and then
posed as an optimization model. The proposed waveform design for RadCom systems
is established to maximize the SCNR for the target detection performance of the radar
system while fulfilling the specified DIR threshold, which is considered a performance
metric for the communication system. As such, the principle concept of this paper is
to design an integrated waveform that can improve the detection performance of the
radar system.

• We precisely illustrate that the presented integrated OFDM waveform design has
been reformulated as an optimization problem. Then, we analytically prove that
the objective function is a convex set by deriving the first and second derivatives
regarding the integrated transmitted power. The first derivative indicates that the
objective function is a monotonically increasing function, while the second derivative
states that it is a decreasing function. In addition, the constraints are simplified
to be affine functions. Accordingly, the derived optimization problem is convex.
Consequently, the solution procedures are simplified.

• We introduce an optimal solution for the convex optimization problem by applying
the Lagrangian multipliers technique. Then, we use the Karush-Kuhn-Tucker (KKT)
optimality conditions to find an optimal solution and convert the optimization problem
to a nonlinear equation problem (aside from the bisection search algorithm) to propose
an efficient waveform design with relatively low computational complexity.

• Various simulation results are presented to demonstrate the effectiveness of the pro-
posed integrated OFDM waveform design for RadCom systems. More specifically,
the proposed strategy would provide subcarriers with better channel conditions (the
subcarriers which have less noise power), more transmit power. Moreover, it is shown
that by implementing the proposed integrated OFDM waveform design, the detection
performance of the RadCom system is competently enhanced.

The remaining part of this paper proceeds as follows. Section 2 presents the considered
RadCom system model, the integrated signal model, and the performance metrics for radar
and communication systems. The problem formulation for the proposed integrated OFDM
waveform is established and solved analytically based on SCNR maximization in Section 3.
The simulation results and performance analysis of the proposed waveform design are
shown in Section 4. Finally, the conclusion is drawn in Section 5.

2. System Model and Integrated Signal Model
2.1. System Model

Consider the integrated RadCom systems model shown in Figure 1. It consists of
a RadCom transceiver that radiates an OFDM waveform for the intended target and
communication receiver concurrently. The RadCom transceiver is able to support both the
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radar system’s and the communication system’s functions. The power spectrum of the
radar’s observational channel and the power spectrum characteristics of the communication
channel are assumed to be stationary. It is also supposed that the scattered signal from
the target at the communication receiver is much weaker than the direct path transmitted
signal, and hence it is ignored here for simplicity.

Target 

Clutter 

𝒙𝒏(t) 

𝒙𝒏(t) 

Communication receiver RadCom transceiver  

Figure 1. Integrated RadCom systems model.

2.2. Integrated Signal Model

For the RadCom transceiver with Nc subcarriers, the transmitted integrated OFDM
waveform xn(t) is expressed as follows [42,43]:

xn(t) =
1√
Nc

Nc−1

∑
n=0

anej2π( fo+n4 f )t, 0 ≤ t < T, (1)

where Nc refers to the total number of subcarrier indexes, an is the nth subcarrier amplitude,
4 f denotes the subcarrier spacing, fo represents the carrier frequency, and T refers to the
OFDM symbol time.

The received signal r(t) at the RadCom receiver in the continuous time domain is
written as follows:

r(t) = xn(t)⊗ hrc(t) + xn(t)hcc(t) + n(t), (2)

where the first term represents the echo signal from the target due to the RadCom trans-
mitted signal, the second term denotes the signal-dependent clutter due to the RadCom
transmitted signal, hcc(t) and hrc(t) represent the responses of the clutter channel and
observational channel, respectively, the convolution operation is represented by ⊗, and
n(t) refers to additive white Gaussian noise.

Hence, the Fourier transform of the received signal r(t) at the RadCom transceiver is
represented by [44]

r( f ) = Xn( f )hrc( f ) + Xn( f )hcc( f ) + N(n), (3)

Thus, the discrete signal spectrum for the received signal r( f ) can be written as follows:

r[n] = Xn[n]hrc[n] + Xn[n]hcc[n] + N[n], (4)
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In the end, the spectral variance of the RadCom transceiver’s signal r(t) has been
expressed as follows:

σ2
r [n] = |A[n]|2σ2

rc[n] + |A[n]|2Pcc[n]Lrr[n] + σ2
v [n], (5)

where σ2
r [n] represents the probabilistic model for the r(t) (r[n] ∼ CN (0, σ2

r [n])), |A[n]|2
refers to the OFDM waveform power, hrc[n] ∼ CN (0, σ2

rc[n]), Pcc[n] is the power spectral
density (PSD) of the clutter signal for the nth subcarrier, σ2

v [n] is the AWGN noise variance
for the nth subcarrier, and Lrr[n] denotes the path attenuation for the observational channel,
which can be calculated for the nth subcarrier as follows [44,45]:

Lrr[n] =
GtGrλ2

n
(4π)3d4

rc
, (6)

where Gt and Gr denote the TX/RX RadCom transceiver antenna gain, λn refers to the nth
subcarrier wavelength, and drc is the RadCom transceiver-target distance.

2.3. Performance Metrics for Radar and Communication Systems

Herein, we present the performance metrics for radar and communication systems.
We utilized the SCNR and DIR to measure the performance of the radar target detection
and the communication system, respectively.

2.3.1. Radar Detection Performance

The SCNR enables the estimation of the target detection at the RadCom transceiver.
Hence, the SCNR is an adequate metric for assessing radar target detection performance.
According to the RadCom transceiver’s received signal (Equation (5)), the SCNR is ex-
pressed as follows:

SCNR
4
=

Nc−1

∑
n=0

|A[n]|2σ2
rc[n]

|A[n]|2Pcc[n]Lrr[n] + σ2
v [n]

, (7)

At the RadCom transceiver, the radar target detection must be carried out in a noisy
environment, and it is uncertain for determining the existence of the target in the received
signal. Due to that, we built the binary hypothesis test as follows:{

H0 : σ2
r [n] = |A[n]|2Pcc[n]Lrr[n] + σ2

v [n],
H1 : σ2

r [n] = |A[n]|2σ2
rc[n] + σ2

v [n],
(8)

Suppose that the noise σ2
v [n] is an additive white Gaussian noise with known variance.

Hence, for the Neyman–Pearson criterion with a specified detection threshold of Th, we
decide the presence of the target ifH1 > Th. Furthermore, the detection probability for the
Neyman–Pearson detector is given by [46–48]

PD =
1
2

erfc{erfc−1(2PFA)−
√

SCNR}, (9)

where erfc(z) = 2√
π

∫ ∞
z e−t2

dt and PFA represent the complementary error function and the
probability of a false alarm, respectively.

2.3.2. Data Information Rate (DIR) Performance

For the wireless communication system, we consider the DIR a figure of merit. In
a frequency-selective fading channel, the DIR was enhanced by efficiently allocating the
transmitted power in all subcarriers [5,35,43]. Thus, the following is an expression for the
DIR in the Nth subcarrier:

DIRn = log(1 +
|A[n]|2Lcc[n]

σ2
v [n]

) nats, (10)



Remote Sens. 2023, 15, 3554 7 of 17

where Lcc[n] refers to the communication channel path loss, which can be computed for the
nth subcarrier by [8]

Lcc[n] =
G2

c λ2
n

(4π)2d2
c

, (11)

where Gc is the communication channel’s Tx/Rx antenna gain and dc denotes the distance
between the RadCom transceiver and the communication receiver.

3. Problem Formulation of the Proposed OFDM Waveform Design

In this section, the problem formulation for the proposed waveform design strategy
is completely described. Then, the optimization problem is posed and solved analytically.
Finally, the optimal integrated OFDM waveform design is derived.

3.1. Problem Formulation

The proposed integrated OFDM waveform design for RadCom systems will be ad-
dressed by maximizing the optimization problem of the SCNR with respect to the trans-
mitted integrated OFDM waveform power, which is an adaptable parameter related to
the SCNR and DIR, while meeting the minimum DIR for the communication receiver and
maintaining the power constraint to obtain better RadCom system performance. Mathe-
matically speaking, we can observe from Equation (9) that the probability of detection is a
monotonically increasing function of the SCNR, and consequently, maximizing the SCNR
improves PD. Hence, the optimization problem is formulated as a maximization model as
follows:

(P0) : max
|A[n]|2,n∈Nc

Nc−1

∑
n=0

|A[n]|2σ2
rc[n]

|A[n]|2Pcc[n]Lrr[n] + σ2
v [n]

s.t.


C1: ∑Nc−1

n=0 log(1 + |A[n]|2Lcc [n]
σ2

v [n]
) ≥ DIRth,

C2: ∑Nc−1
n=0 |A[n]|2 = Pmax,n,

C3: |A[n]|2 > 0, 0 ≤ n ≤ Nc − 1,

(12)

where constraint C1 denotes that the DIR for a communication receiver should be greater
than the minimum threshold DIRth and constraints C2 and C3 define the upper limit and
non-negativity of the power for the RadCom systems, respectively. For the purpose of
simplicity, let us define: 

|A[n]|2 = an,
σ2

rc[n] = bn,
Pcc[n]Lrr[n] = cn,
σ2

v [n] = dn,
ln(x) = log(x),
Lcc[n] = en,
mn = en

dn
,

Pmin,n = ( eDIRth−1
mn

),

Also, combine constraints C1 and C3. As a result, the recast form of the optimization
model P0 is written as follows:

(P1) : max
an ,n∈Nc

Nc−1

∑
n=0

anbn

ancn + dn

s.t.

{
C1 : ∑Nc−1

n=0 an = Pmax,n,
C2 : an ≥ Pmin,n, 0 ≤ n ≤ Nc − 1,

(13)
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The first and second derivatives of the objective function (SCNR) of optimization
problem P1 are written as follows:

∂

∂an

(
anbn

ancn + dn

)
=

bndn

(ancn + dn)2 > 0, (14)

∂2

∂a2
n

(
anbn

ancn + dn

)
= −2

bndncn

(ancn + dn)3 < 0, (15)

According to Equations (14) and (7), the objective function is monotonically increasing
with regard to an. Furthermore, the second derivative in Equation (15) indicates that the
objective function of P1 is concave and decreasing with regard to an. Furthermore, that
means the objective function is a convex set concerning an. Also, the first constraint C1 and
second constraint C2 are affine functions [49]. As a consequence, P1 is a convex problem.

3.2. Problem Solution

To address an optimal waveform design for RadCom systems, we utilized the Lagrange
multipliers technique, which is a well-known method for solving the constraint convex
optimization problem and obtaining the analytical closed-form solution [50,51] which can
be given by:

L(an, η, ψ) = −
Nc−1

∑
n=0

anbn

ancn + dn
− ηn

Nc−1

∑
n=0

(an − Pmin,n) + ψ

(
Nc−1

∑
n=0

an − Pmax,n

)
(16)

where η = [η1, η2, . . . , ηNc] and ψ refers to the Lagrange multipliers with non-negative
values related to the constraints of the optimization problem (P1).

According to this, the KKT optimality conditions are used to attain the global optimal
minimum point for P1. The KKT conditions are essential and sufficient conditions for
obtaining a∗n, η∗1 and η∗2 due to the convexity of P1. Hence, this can be presented as follows:

∂L(an, η, ψ)

∂an
= − bndn

(a∗ncn + dn)2 − η∗n + ψ∗ = 0, (17a)

η∗n(a∗n − Pmin,n) = 0, (17b)

a∗n − Pmin,n ≥ 0, (17c)

ψ∗
Nc−1

∑
n=0

a∗n − Pmax,n = 0, (17d)

η∗n ≥ 0, 0 ≤ n ≤ Nc − 1, (17e)

Based on the KKT optimality conditions, there are two possibilities concerning the
power allocation for each subcarrier: an = Pmin,n and an ≥ Pmin,n. It is apparent from the
KKT conditions and the complementary slackness equations in Equations (17a)–(17e) that
some cases should be investigated independently for the optimal solution a∗n as follows:

Case 1: If η∗n ≥ 0, then according to Equation (17b), we can obtain:

a∗n = Pmin,n, (18)

Case 2: If η∗n = 0, then according to Equation (17a), we have:

a∗n = −dn

cn
+

1
cn

√
bndn

ψ∗
, (19)
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In order to preserve the feasibility of the optimal solution a∗n, the condition ∑Nc−1
n=0 a∗n =

Pmax must be realized.
Finally, the optimal integrated OFDM waveform design with regard to the optimiza-

tion problem P0 that maximizes the SCNR for the RadCom system should satisfy the
following equation:

a∗n =

Pmin,n dn ≥
√

bndn
ψ∗ − cnPmin,n,

− dn
cn

+ 1
cn

√
bndn
ψ∗ dn <

√
bndn
ψ∗ − cnPmin,n,

(20)

where ψ∗ represents the water level, which is specified by the first constraint in problem P1:

Nc−1

∑
n=0

a∗n = Pmax,n, (21)

The KKT optimality conditions transform the problem P1 to a nonlinear Equation (20).
Here, we used the one-dimensional bisection search method to solve it. The integrated
OFDM waveform design for RadCom systems based on SCNR maximization and the
bisection search method are presented in Algorithms 1 and 2, respectively.

Algorithm 1: Integrated OFDM Waveform Design Strategy
Input: Set DIRth, Pmax,n, Nc and ite = 1;
Output: a∗n, ∀n ∈ Nc
for n=1,2, . . . , Nc do

Calculate aite
n by solving (20) ;

Calculate the achevied aite ←− ∑Nc−1
n=0 aite

n ;
Obtain ψ(ite+1) via Algorithm 2;

Update: a∗n ← aite
n for ∀n;

Algorithm 2: Bisection Method Algorithm for ψ

Input: ψ(ite), ψmin, ψmax.
Let: ψ(ite) ← (ψmin + ψmax)/2;

while
∣∣∣∣∑Nc−1

n=0 a(ite)n − Pmax,n
∣∣∣∣ 6= 0 do

for n = 1, 2, . . . , Nc, do
if ∑Nc−1

n=0 a(ite) < Pmax,n then
ψmax ← ψ(ite);

else
ψmin ← ψ(ite);

end if
ψ(ite) ← (ψmin + ψmax)/2;
Calculate aite

n from (20) and update a(ite);
ite← ite + 1;

Return: a(ite)n ;

4. Simulation Results and Performance Analysis

The simulation results and the detection performance analysis for the proposed wave-
form design are presented in detail in this section, based on the specified system parameters
and assumptions and using the MATLAB software program.

4.1. Numerical Set-Up

To obtain the simulation results, we considered the system model depicted in Figure 1,
which is composed of an integrated RadCom transceiver, a communication receiver, and
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the intended target. The integrated OFDM waveform design for RadCom systems that
maximizes the SCNR was designed according to the optimization problem P1 and setting
the DIR constraint. Thus, some default specifications were predefined and used in all
simulations. For instance, the bandwidth was set to BW = 512 MHz, the number of
subcarriers was Nc = 128, the subcarrier spacing was4 f = 4 MHz, the carrier frequency
was fo = 3 GHz, and the probability of a false alarm was PFA = 10−6. Table 1 presents the
RadCom system parameters.

As stated earlier, to solve the optimization problem P1, it was supposed that the Rad-
Com transceiver knew the power spectral density for the clutter, observational channel, and
noise. Therefore, Figures 2 and 3 illustrate the power spectral densities for the observational
channel and clutter, respectively.

Table 1. The parameters of the RadCom systems.

Parameter Value Parameter Value

drc 100 km dc 10 km
Gt 30 dB Gc 30 dB
Gr 30 dB Pmax,n(∀n) 600 W
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Figure 2. The PSD of the observational channel.
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Figure 3. The PSD of clutter.

4.2. Waveform Design Results

In this subsection, we elaborate upon the simulation findings. Figure 4 shows the
waveform design results for RadCom systems with different DIR thresholds, which give
insight into the integrated transmitted power allocation for the target detection perfor-
mance enhancement of RadCom systems. The results clearly show that the integrated
OFDM waveform design was specified by the PSD of the noise, clutter and observational
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channel. Specifically, our proposed integrated waveform design distributes the integrated
transmitted power to the subcarrier with less noise power and good channel conditions
(see the integrated waveform between subcarriers 0−20 and 100−120 at 2.5 nats) so as to
guarantee the optimum radar detection performance. Moreover, the integrated transmitted
power for the RadCom system was related to the DIR threshold. Mainly, increasing the
DIR threshold would monotonically increase the integrated transmitted power according
to the optimization problem P0 constraint (see the integrated waveform design results
between the subcarriers from 40 to 100 at DIR = 2.5 nats, DIR = 5 nats, DIR = 7.5 nats
and DIR = 10 nats). Hence, the demand for a high DIR requires more transmitted inte-
grated power at the RadCom transmitter to fulfill the desired DIR for the communication
system and improve the target detection performance due to an increase in the SCNR.

Finally, the simulation results revealed that, to satisfy the radar detection performance
of the radar system and the DIR of the communication system, the RadCom systems
efficiently distributed the integrated transmitted power, which indicates that our proposed
integrated OFDM waveform design worthily enhanced the probability of detection.

4.3. Detection Performance Analysis

In this subsection, we aim to evaluate the performance of the proposed integrated
OFDM waveform design for RadCom systems. Firstly, we consider the uniform power
allocation (UPA) for the OFDM waveform compared with the proposed integrated OFDM
waveform design to explain the efficiency of the proposed strategy. The UPA distributes
the integrated transmitted power uniformly for each subcarrier to satisfy the performance
of the radar system and the communication system. More specifically, we compared the
total integrated transmitted power for both techniques in Figure 5 and also adjusted the
DIR threshold for the presented waveform design and the uniform power allocation to
be the same to guarantee fairness. Figure 5 demonstrates that the proposed integrated
OFDM waveform design consumes less transmitted power compared with the uniform
power allocation technique. Specifically, the proposed integrated waveform design saved
the resource power with 2.98 dBW at DIR = 5 nats and 3.2 dBW at DIR = 10 nats. This
emphasizes the superiority of our proposed OFDM waveform design for RadCom systems.
In addition, Figure 5 reveals that increasing the DIR threshold led to an increase in the total
transmitted power to satisfy the constraints of the optimization problem P0. Moreover, this
result is compatible with the waveform design results in Figure 4.

Furthermore, to demonstrate the detection performance improvement for the proposed
integrated waveform, we provide a detection probability comparison for different DIR
requirements. As stated in Equation (9), the detection probability is a function of the SCNR,
and hence the SCNR is a monotonically increasing function of the transmitted power,
for which the maximization of the integrated transmitted power enhanced the detection
probability for RadCom systems. Figure 6 presents a comparison of the detection probability
for different DIR thresholds (DIR = 5 nats and 10 nats). We can notice from Figure 6 that
the detection probability improved for the more demanding DIR. Figure 6 shows that to
achieve more than 0.9 for the detection probability, the SCNR should be greater than 1.75 dB
for a 10 nats information rate and greater than 2.4 dB for a 5 nats information rate, which is
in agreement with the waveform design results in Figures 4 and 5.
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Figure 4. Integrated OFDM waveform design results with different DIR thresholds: (a) DIR = 2.5 nats,
(b) DIR = 5 nats, (c) DIR = 7.5 nats and (d) DIR = 10 nats.
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Figure 5. Comparing the total transmit power (dBW) of uniform power allocation with the proposed
integrated OFDM waveform design for DIR = 5 nats and DIR = 10 nat.
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Figure 6. Comparison of the detection performance for the proposed integrated OFDM waveform
design at different data information thresholds (DIR = 5 nats and DIR = 10 nats).

4.4. Computation Complexity

The computation complexity of Algorithm 1 depends on the total number of subcarriers
Nc and the bisection search method introduced in Algorithm 2. Specifically, in Algorithm 1,
the complexity mainly relies on Step 2, which has a time complexity of O(n). On the other
hand, the bisection search method has a complexity of O

[
log(ψmax−ψmin

ε )
]

[43,52]. Conse-
quently, the total computation complexity of the proposed algorithm can be expressed as
O
[
N log(ψmax−ψmin

ε )
]
. This demonstrates significant computational savings compared with

the exhaustive search method O
[
N(ψ∗−ψmin

ε )
]

[44]. Undoubtedly, the proposed algorithm
converged to the optimum solution much faster than the exhaustive search method. Addition-
ally, Algorithm 1 guarantees the achievement of the optimal solution and convergence to the
KKT point.

5. Discussion

Based on the results presented in Figures 4–6, our study concludes that the integrated
OFDM waveform design strategy is highly attractive for RadCom systems. The proposed
integrated OFDM waveform design strategy allocates the transmitted power to subcar-
riers with respective channel conditions, particularly subcarriers with less noise power.
Furthermore, we observed that increasing the DIR threshold increased the overall trans-
mitted power while maintaining the same tendency of power allocation (see Figure 4).
In comparison with the uniform power allocation strategy at the predefined DIR threshold
(as demonstrated in Figure 5), the proposed waveform design exhibited a significant im-
provement in total power consumption for the RadCom system. Moreover, the proposed
waveform design strategy enhanced the detection performance of the RadCom system
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as the DIR threshold increased. Figure 6 illustrates that our proposed integrated OFDM
waveform design achieved a detection probability of 0.9 at a low-level DIR and SCNR.
Notably, for a high DIR threshold, the RadCom system demanded a low SCNR to obtain
acceptable detection performance. Finally, the DIR threshold is adjustable, thereby indicat-
ing the flexibility of the proposed integrated OFDM waveform design strategy, which can
be applied to diverse applications based on varying DIR threshold values.

6. Conclusions

The RadCom system offers several advantages over traditional individual radar and
communication systems, including enhanced spectrum efficiency, minimized interference
and optimized utilization of hardware resources. However, implementing an effective
waveform design for a RadCom system remains a significant challenge. To address this,
an integrated OFDM waveform design strategy for RadCom systems based on SCNR
maximization is proposed in this paper. The key concept of this strategy is to employ
optimization techniques to design an integrated OFDM waveform for a RadCom system to
enhance the detection performance of the RadCom system. The problem is formulated as a
convex optimization problem, which is then solved analytically using KKT conditions and
bisection search methods. Therefore, it is straightforward to obtain the optimal solution
that satisfies the requirements of both the radar and communication systems. The obtained
results have demonstrated the superior performance of our proposed strategy compared
with a uniform power allocation strategy with the same DIR thresholds. More precisely,
the simulation results indicated that the proposed strategy allocated more transmit power
to the subcarriers with lower noise power. In our future work, the existing model will
be expanded to incorporate the off-target scattering signal at communication receivers.
Additionally, we will further investigate MIMO RadCom systems to design an integrated
OFDM waveform for MIMO RadCom system.

Author Contributions: Conceptualization, M.A.B.M.; validation, M.A.B.M. and G.C.; investigation,
M.A.B.M. and X.Y.; writing—original draft preparation, M.A.B.M.; writing—review and editing, X.Y.,
N.A.A.E. and M.F.; supervision, G.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under Grant U19B2017, Grant 62101097, Grant 62271126, and Grant 61871080; in part by ChangJiang
Scholar Program; and in part by the 111 Project under Grant B17008.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, Mohammad A. B. Mohammad, upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

UHF Ultra-high Frequency
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