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Abstract—Orthogonal frequency division multiplexing
(OFDM) signals have been widely studied as a potential
waveform used in integrated sensing and communication (ISAC)
systems. High-computational effort, however, is required to
estimate the azimuth of the target and suppress the interference
from the nontarget directions. Moreover, along the nontarget
directions, the transmitted confidential information can be easily
intercepted by the eavesdroppers. In this article, directional
modulation (DM) technology combined with OFDM waveforms,
namely, OFDM-DM, is proposed for ISAC systems. From
the sensing perspective, the interference from the nontarget
direction can be suppressed, and 3-D radar images can be
calculated without consuming extra computational resources.
From a communication perspective, the OFDM-DM signals
provide a secured physical-layer wireless transmission link and
thus the confidential information can be securely delivered
to the target. The efficacy of the proposed OFDM-DM ISAC
waveforms is validated via numerical results for both sensing and
communication functionalities by comparison with the traditional
OFDM ISAC waveforms.

Index Terms—Directional modulation (DM), integrated sensing
and communication (ISAC), orthogonal frequency division
multiplexing (OFDM), radar sensing.
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I. INTRODUCTION

INTEGRATED sensing and communication (ISAC) refers
to achieving both wireless sensing and wireless com-

munications functionalities with a single waveform on a
transceiver platform. This is possible because the front-end
architecture for wireless communications and that for radar
sensing systems are becoming more similar [1]. Noted that
the ISAC has also been labeled as radar-communications
(RadCom) [2], dual-function radar communications [3], or
joint radar and communications (JRCs) [4]. Some advantages
have been demonstrated in an ISAC system. For example,
a communication transmitter can use radar sensing func-
tion to locate and/or track the legitimate users for accurate
beamforming and/or authentication purpose, thus enhancing
the communication performance [5], [6]. On the other hand,
with the functionality of wireless communications, the coop-
erative radar sensor networks can be constructed. The two
functionalities of radar sensing and communication therefore
benefit each other. They can also share frequency spectrum
resources. Thus, the spectral efficiency can be significantly
improved [7], [8], [9], [10]. In addition, the ISAC systems
could enjoy smaller size and low-cost hardware components
due to the high integration [7], [11], [12]. In recent years,
the research on ISAC has intensely studied. For example,
the ISAC’s theoretical boundary in [13] and [14], ISAC
design for secure transmissions in [15] and [16], and ISAC
assisted environment reconstruction in [17]. One of the biggest
challenges in ISAC development is the signal waveform
design, which requires delivering information bit streams and
achieving radar sensing simultaneously. Conventionally, for
radar sensing purpose, the waveforms may require supe-
rior autocorrelation properties, while for the better wireless
communication, broadband waveforms that support high-
data rates are preferred. Thus, the ISAC waveform design
needs to strike a balance on functionalities of radar sensing
and wireless communications [18]. As for ISAC waveform
synthesis, the communication-centric design has attracted a
lot of interest [4]. Here, the communication-centric design
refers to achieving radar sensing as a secondary function in
communication systems, for example, orthogonal frequency
division multiplexing (OFDM) ISAC systems reported in [18].
This type of ISAC systems has many potential applica-
tion scenarios particularly in vehicle-to-vehicle (V2V) or
vehicle-to-everything (V2X), where the vehicles sense the
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surrounding environment and communications among vehicles
and/or infrastructures simultaneously. In [19], the concept of
V2V communication and ranging system was first proposed,
where spread spectrum technique was adopted to synthesize
the radiated signals at the transmitter end. Later, Chirp signals
were investigated in ISAC systems [20]. However, achieving
high-data rate is difficult for these Chirp ISAC signals.
This issue was addressed by using multicarrier signals, such
as OFDM [21]. The advantages of OFDM ISAC systems
include: low-computational complexity in estimating target
Doppler information [22] and the capacity of estimating
the time delay and Doppler information for multiple radar
targets [23], [24]. However, as is well known, the OFDM
signals have high-peak-to-average power ratio (PAPR) that
significantly reduces transmitter power efficiency. This also
exists in the OFDM ISAC systems. Thus, the constant enve-
lope OFDM (CE-OFDM) ISAC signals with a PAPR of 0 dB
were developed in [25]. Meanwhile, the index modulation for
OFDM (OFDM-IM) waveforms were also proposed [26]. It
has been shown that the OFDM-IM signals can achieve higher
spectral efficiency than that of OFDM ISAC systems without
consuming additional bandwidth. In the above V2V ISAC
systems, however, two problems exist, i.e., high-computational
effort is required to estimate the azimuth of the target and
suppress the interference from the nontarget directions [27],
and information leakage occurs due to the omni-directional
information waveforms. Thus, it will pose a threat for the road
safety.

Directional modulation (DM), different with the communi-
cation security technology in conventional wireless systems
in [28] and [29], that are capable of projecting digitally
encoded information signals into a prespecified spatial direc-
tion while simultaneously distorting the constellation formats
of the same signals in all other directions [30]. It can provide
a physical layer secured wireless communication. In recent
years, different approaches were proposed to synthesize the
DM waveforms, such as the far-field array pattern separation
approach [31], where the radiated array patterns were divided
into two parts, i.e., information and interference patterns,
the orthogonal vector approach [32], the MIMO-inspired DM
approach [33] and so on. It is worth noting that most of
the DM works were forced on the synthesis approaches of
the DM waveforms. Until recently, DM waveforms have been
found useful in locating targets [34]. Because the bit-error-
rate (BER) detected at a transceiver in monostatic arrangement
could be used as an indicator of the presence of the targets
in free space. Later, the DM waveforms were further studied
in locating multiple targets and simultaneously delivering data
streams to those targets [35]. On the other research front,
time-modulated arrays (TMAs) have been intensively studied
in recent years in manipulating its radiation patterns because
of its additional degree of freedom in designing the array
patterns [36]. TMA was first proposed to synthesize ultralow
sidelobe level (SLL) array patterns [37]. Later, different
algorithms were developed to optimize the TMA array pat-
terns [38], [39], [40], [41]. Recently, the TMA technique was
found useful in many applications, such as beamforming [42],
direction findings [43], [44], and DM waveform synthesis [45],

Fig. 1. V2V ISAC application scenario example.

[46], [47], [48], [49]. In [49], the three-state TMA was
developed to synthesize OFDM-DM waveforms, which can
secure the OFDM signals in a preselected direction and distort
the constellation points of OFDM signals along all other
directions.

In this article, inspired by the superiorities of DM wave-
forms in locating targets, we propose the OFDM-DM ISAC
scheme. Compared with the popular OFDM ISAC, the advan-
tages can be summarized as follows.

1) The proposed OFDM-DM ISAC waveform scheme
not only can obtain the range and relative velocity
information but also able to estimate the azimuth of
the target by calculating the BER at the transceiver end
instead of using the complex algorithms, such as the
multiple signal classification (MUSIC) algorithm.

2) The interference from the nontarget directions can be
automatically suppressed without consuming additional
computational resources in the process of range-velocity
radar sensing.

3) The proposed OFDM-DM ISAC signals can project the
bit stream information signals only along the target
directions, which enables physical-layer security in V2V
wireless communications, enhancing road safety.

The remainder of this article is organized as follows. In
Section II, the V2V ISAC application scenario examples
are first described, followed by the architecture structure of
OFDM-DM transceiver and the radar sensing principles. In
Section III, simulation results are presented to demonstrate
the effectiveness of the proposed scheme, wherein the BERs
at the transceiver end are first simulated, followed by the
discussions of carrier frequency offset (CFO) effect and
the radar sensing performance with suppressed interference
from nontarget directions. Finally, conclusions are given in
Section IV.

II. PROPOSED OFDM-DM ISAC SYSTEMS

A. V2V ISAC Application Scenario Examples

In Fig. 1, a V2V ISAC application scenario example is
depicted, wherein the lead lorry in the platoons is manually
driven and it will communicate with the rest of the con-
voy wirelessly. While other trailing “self-driving” lorries are
required to maintain communication links and sense their
surroundings using radar technologies. In this application

Authorized licensed use limited to: Henan Polytechnic University. Downloaded on September 01,2024 at 04:18:36 UTC from IEEE Xplore.  Restrictions apply. 



29590 IEEE INTERNET OF THINGS JOURNAL, VOL. 11, NO. 18, 15 SEPTEMBER 2024

Fig. 2. Architectural block of the proposed OFDM-DM ISAC system.

scenario, the lorries at the back will radiate ISAC signals
and receive backscattering signals. From the perspective of
communication, the information bit streams mapped onto the
ISAC signals need to be securely transmitted to the target
lorry. From radar sensing perspective, the target parameters,
such as range, relative velocity, and azimuthal angle, need to
be estimated from the received backscattering signals. Here,
the interference signals from the nontarget directions will be
added in the received backscattering signals, seen in Fig. 1.

B. OFDM-DM ISAC System Architecture

In this section, the architectural block of the OFDM-DM
ISAC system is introduced, seen in Fig. 2. In the proposed
OFDM-DM ISAC system, the transmitter and the receiver are
co-located, i.e., monostatic arrangement. The OFDM signals
s(t) synthesized at the transmitter end go through the DM
synthesis network and radiated by an N-element array, where
s(t) can be expressed as

s(t) =
Nsym−1∑

μ=0

Nc−1∑

n=0

a(μNc + n)ej2π(f0+fn)t

· rect

(
t − μTOFDM

TOFDM

)
(1)

with Nsym denoting the total number of transmitted symbols,
Nc being the total number of subcarriers in each OFDM
symbol, TOFDM being the duration of each total OFDM frame,
including a symbol duration Tp and a guard interval duration,
a(μNc + n) being a complex number which represents the
magnitude and phase states of quadrature amplitude modu-
lation (QAM) scheme of nth subcarrier in the μth OFDM
symbol, and rect(t/TOFDM) describing a rectangular window
of duration TOFDM. f0 denotes the radio frequency (RF) carrier
frequency, and fn is chosen as

fn = nfp = n/Tp n = 0, . . . , Nc − 1 (2)

in order to guarantee the orthogonality.
The OFDM signals pass through the DM synthesis network

and its architecture is depicted in Fig. 3. In the proposed DM
synthesis network TMA technique is adopted, where the RF
switches can be configured as one of three possible states,
namely, ON, OFF, and flipping, responding to “+1,” “0,” and
“−1,” respectively. Uk(t) is the time domain function of the
RF switch that is attached to the kth antenna element. For
better illustration, an RF switch function example is shown
in Fig. 4. It can be observed that in each RF switch, the
parameters σ on

k , �σ
(1)
k , �σ

(2)
k can be configured. It is assumed

that the spacing between each two antenna elements in a linear

Fig. 3. TMA OFDM-DM transmitter architecture.

Fig. 4. Illustration of an example RF switch function Uk(t) in time domain.

array is identical and to be λ0/2, where λ0 is the wavelength
corresponding to the first OFDM subcarrier frequency f0. In
Fig. 3, ϕk denotes the phase delay in the kth antenna branch,
which can be configured to steer the beamforming direction
toward where the target is present along θtar. Here, ϕk is thus
designed as in (3)

ϕk = −(k − 1)π cos θtar. (3)

The radiated signals from the antenna transmitter end to the
far-field can be expressed as

E(θ, t) = 1√
K

·
K∑

k=1

(
s(t) · ejϕk · Uk(t) · ej(k−1)π cos θ

)
. (4)

Since Uk(t) is a periodic function, which can be expanded in
Fourier series as

Uk(t) =
∞∑

l=−∞
clkej2π lfpt (5)

where clk is the lth Fourier coefficient for the time sequence
function of the kth switch which can be mathematically
written as

clk = 1

Tp

∫ Tp

0
Uk(t)e

−j2π lfptdt

=
sin
(

lπ�τ
(1)
k

)

lπ
e
−jlπ

(
2τ on

k +�τ
(1)
k

)

−
sin
(

lπ�τ
(2)
k

)

lπ
e
−jlπ

(
2(τ on

k +�τ
(1)
k )+�τ

(2)
k

)

. (6)

Authorized licensed use limited to: Henan Polytechnic University. Downloaded on September 01,2024 at 04:18:36 UTC from IEEE Xplore.  Restrictions apply. 



HUANG et al.: ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING DIRECTIONAL MODULATION 29591

In (6), τ on
k = σ on

k /Tp, �τ
(1)
k = �σ

(1)
k /Tp, and �τ

(2)
k =

�σ
(2)
k /Tp, which denote the normalized switch “ON” time

instant, the ON time periods of “+1” and “−1,” respectively,
and l ∈ Z. Substituting (3), (5) and (6) into (4), thus, (4) can
be rewritten as

E(θ, t) = 1√
K

· s(t) ·
∞∑

l=−∞

⎡

⎣ej2π lfpt
K∑

k=1

⎛

⎝
sin
(

lπ�τ
(1)
k

)

lπ
︸ ︷︷ ︸

P
(

l,K,τ on
k ,�τ

(1)
k ,�τ

(2)
k ,t,θ

)

−
sin
(

lπ�τ
(2)
k

)

lπ
e
−jlπ

(
�τ

(1)
k +�τ

(2)
k

)
⎞

⎠

︸ ︷︷ ︸

·e
−jlπ

(
2τ on

k +�τ
(1)
k

)

· ej(k−1)π(cos θ−cos θtar)

⎤

⎦

︸ ︷︷ ︸

. (7)

By carefully design these parameters, for example, when (8)
is satisfied, the DM symbols can be synthesized along the
desired direction θtar

{
P
(
l �= 0, K, τ on

k ,�τ (1),�τ (2), t, θ = θtar
) = 0

P
(
l = 0, K, τ on

k ,�τ (1),�τ (2), t, θ = θtar
) �= 0

. (8)

For (8), one of the solution sets is shown in (9) as
⎧
⎪⎪⎨

⎪⎪⎩

�τ
(1)
k �= �τ

(2)
k

τ on
k , �τ

(1)
k , �τ

(2)
k ∈

{
η−1

K |η = 1, 2, . . . , K
}

τ on
p �= τ on

q ,�τ
(1)
p = �τ

(1)
q , �τ

(2)
p = �τ

(2)
q , when p �= q.

(9)

When the �τ
(1)
k , �τ

(2)
k are set to be independent of k, denoted

as �τ(1), �τ(2), substituting (9) into (7), along the target
direction, the received OFDM-DM signals become

ER(θtar, t) =
(
�τ(1) − �τ(2)

)
· √

K · s(t). (10)

While along other directions, i.e., θ �= θtar, the received xth
subcarriers in the μth OFDM symbol is

ERx(θ, t) = 1√
K

·
Nc−1∑

n=0

[
a(μNc + n)ej2π(f0+nfp)t

·P
(

l = x − n, K, τ on
k ,�τ (1),�τ (2), t, θ

)]
. (11)

It can be observed that the data modulated onto the xth
subcarrier is corrupted by the random data delivered by all
subcarriers. Thus, the transmitted bit information can only
be delivered along the desired target direction. Therefore, the
BER main beam demodulated from the backscattering signals
at the transceiver end can be used as indictor of the direction of
radar target [34]. In the proposed OFDM-DM ISAC scheme,
it is assumed that the transmitter and receiver are co-located,
and the target direction is first to be estimated. Different with
the conventional DM, here the synthesized DM beams will be
scanning in the angular domain with the help of changing the
phase delay in each antenna branch, i.e., configuring ϕk. The
detected BER of backscattering signals will drop to a very

low value only when the beam scanning direction aligns with
the target direction. In this way the unknown targets can be
localized, and when the target equips with a suitable receiver,
information can be delivered to the target. Actually, in the
proposed OFDM-DM ISAC system, the ISAC performs three
procedures: 1) scanning; 2) authentication; and 3) estimation.
In other words, ϕk is first configured to scan the DM beams,
and at the transceiver the possible directions of radar targets
can be obtained by observing low-BER beams in spatial
domain. To identify the target direction, an authentication
operation needs to be performed. Once the target direction is
identified, a secure communication link will be constructed,
and followed by estimating the range-velocity radar profiles
of the target.

C. OFDM-DM ISAC Radar Sensing

In this section, the principle of OFDM-DM ISAC signal
waveforms for radar sensing by using the 2-D fast Fourier
transform (2-D FFT) approach is introduced. Here, the radar
sensing refers to estimating the radar profiles of range and
relative velocity of the target. In the proposed OFDM-DM
ISAC scheme, once the direction of the target location is
identified, a secured communication link from the transmitter
to the target along the direction θtar can be established. It is
assumed that a target locates in range Rtar and with a Doppler
shift fD due to a relative movement, the backscattering signal
at the transceiver can be expressed as (after normalizing out
channel attenuation)

y(t) =
((

�τ(1) − �τ(2)
)

· √
K
)

·
Nsym−1∑

μ=0

ej2π fDt
NC−1∑

n=0

(
a(μNc + n)ej2π(f0+fn)t

· e
−j2π(f0+fn)

2Rtar
c0

)
rect

(
t − μTOFDM − 2Rtar

c0

TOFDM

)
. (12)

In order to obtain the radar profiles of the target, here
the 2-D FFT operation is adopted [21], wherein element-
wise complex division (EWCD) needs to be first performed
to remove the transmitted information from the received
information symbols. At the transceiver end, along the target’s
direction, after EWCD is applied, a matrix (Mdiv1)μ,n in (13)
is obtained in which every column corresponds to one OFDM
symbol and every row corresponds to one subcarrier

(Mdiv1)μ,n =
(
�τ(1) − �τ(2)

)
· √

K · (−→zR ⊗ −→zD
)
. (13)

The operator “
⊗

” in (13) refers to dyadic product, and

−→zR =
(

0 e
−j2π fp

2Rtar
c0 · · · e

−j2π(Nc−1)fp
2Rtar

c0

)
(14)

−→zD =
(

0 e
j2πTOFDM

2Vtarf0
c0

· · · e
j2π(Nsym−1)TOFDM

2Vtarf0
c0

)
. (15)

It can be found that, along the target’s direction, the
information of range and Doppler is well preserved and
the information symbols can be completely removed from the
backscattering signals. When discrete Fourier transform (DFT)
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and inverse DFT (IDFT) operations are, respectively, applied
onto every row and column of the matrix (Mdiv1)μ,n, the radar
profiles of range Rtar and relative velocity Vtar can be obtained.
While, along the nontarget’s directions, θ �= θtar, when EWCD
is applied, the resulting matrix can be expressed as (16), shown
at the bottom of the page, where

mdiv2 =
(

1√
K

NC−1∑

n=0

[
P
(

l = x − n, K, τ on
k ,�τ (1),�τ (2), t, θ

)

·a(μ · Nc + n)

])
/
a(μ · Nc + n) (17)

and “
⊙

” refers to a Hadamard product. In the vector −→zR , the
nth element is e−j2π(n−1)fp([2Rinter]/c0). Similarly, in the vector−→zD , the μth element is ej2π(μ−1)TOFDM([2Vinterf0]/c0), where Rinter
and Vinter, respectively, denote the range and relative velocity
of the interference sources (e.g., cars). From (16) and (17),
it can be observed that the information of range and relative
velocity is chaotic, i.e., the linear feature between the elements
of every row and column in the matrix is distorted. When 2-D
FFT approach is applied for radar imagining, the radar profiles
of interference sources will thus be suppressed.

III. SIMULATION RESULTS AND DISCUSSION

A. Estimation of Angular Azimuth

In this section, the angular azimuth of the target vehicle
estimated by calculating the BERs at the transceiver with
OFDM-DM ISAC signals is shown with its performance ana-
lyzed. In the simulation example, it is assumed that N = 16,
Nc = 1024, Nsym = 256, Tp = 11 us, TOFDM = 12.375 us,
�ξ = |�τ(1) − �τ(2)| = 4/16, and the target vehicle locates
in front of the transceiver, i.e., θtar = 90◦. In Fig. 5, the BERs
obtained by demodulating the backscattering binary phase shift
keying (BPSK) OFDM-DM signals from the vehicle target are
simulated at signal-to-noise ratio (SNR) of 23 dB. Here, SNR
is measured along the target vehicle backscattering direction
of 90◦, and the noise power is assumed identical along every
backscattering direction in free space. For comparison purpose,
the BERs of radiating traditional BPSK OFDM ISAC signals
are also depicted in Fig. 5. It can be observed that high-
BER SLLs are present in angular domain in the OFDM ISAC
scheme. Thus, the angular azimuth of the target vehicle cannot
be given by the BER main beams. While in the proposed
OFDM-DM ISAC scheme, it can be observed that only along
the target vehicle’s direction, a BER main beam is shaped,
thus being an indicator of the target direction.

Noted that in a conventional antenna array, to achieve low
sidelobes, tapering is normally applied, which can reduce the
sidelobes at the expense to the main beam beamwidth. This

Fig. 5. Calculated BERs of the proposed OFDM-DM and traditional OFDM
ISAC schemes at the transceiver end.

may require high-resolution analog-to-digital converter for
synthesizing ultralow sidelobes. While, another method to syn-
thesize the desired array patterns, namely, constant modulus
shaped beam synthesis approach, can achieve the desired pat-
terns by only changing the phases with a fixed magnitude for
each antenna element. Moreover, ultralow sidelobes can also
be achieved by using TMA array [37], where “time” is used
as a fourth dimension in designing the array patterns through
configuring the ON and OFF states of RF switches. In this
article, TMA array was employed to synthesize the OFDM-
DM symbols. The essence of the OFDM-DM is radiating
spatially orthogonal artificial interference that masks/distorts
the genuine information. Thus, the low sidelobes indicate
that the little artificial interference energy is projected along
the sidelobe directions, which would result in widened BER
main beam and high-BER sidelobes. Thus, the low-sidelobe
patterns are not imperative in synthesizing the TMA OFDM-
DM scheme.

In Fig. 6, the BERs of BPSK and QPSK modulated OFDM-
DM ISAC schemes are simulated at different SNR levels,
where the choices of different SNR levels are equivalent to
different distances between the ISAC transmitter vehicle and
the target vehicle. It can be observed that at the same SNR
level, for example, 15 dB, higher modulation order enjoys
narrower BER beamwidth, which indicates better azimuth
resolution. Meanwhile, it can be observed that the lower SNR
levels the narrower BER beamwidth can be achieved when a
same modulation scheme is applied. It is noted that in Fig. 6,
the value of �ξ is set to be a constant value of 4/16. In order
to study the factors of controlling azimuth resolution, we set
different �ξ values in the QPSK OFDM-DM ISAC scheme
and the simulation results are depicted in Fig. 7.

(Mdiv2)μ,n =

⎛

⎜⎜⎜⎝

(mdiv2)μ=0,n=0 (mdiv2)μ=1,n=0 · · · (mdiv2)μ=Nsym−1,n=0

(mdiv2)μ=0,n=1 (mdiv2)μ=1,n=1 · · · (mdiv2)μ=Nsym−1,n=1
...

...
. . .

...

(mdiv2)μ=0,n=Nc−1 (mdiv2)μ=1,n=Nc−1 · · · (mdiv2)μ=Nsym−1,n=Nc−1

⎞

⎟⎟⎟⎠
 (−→zR ⊗ −→zD
)
. (16)
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Fig. 6. Calculated BERs of BPSK and QPSK OFDM-DM ISAC schemes
with different SNR levels.

Fig. 7. Calculated BERs of QPSK OFDM-DM ISAC schemes for different
�ξ values with SNR = 23 dB.

TABLE I
CALCULATED AZIMUTHAL ANGLE RESOLUTION OF QPSK OFDM-DM

SCHEME FOR DIFFERENT �ξ VALUES WITH SNR = 23 dB

In Fig. 7, it can be observed that at a fixed SNR level, the
smaller �ξ values correspond to narrower BER beamwidth.
In this article, the azimuthal angle resolution is dependent on
the DM beamwidth defined as the angle of BER main beam
values smaller than 10−3. In the proposed system as shown
in Fig. 7, with smaller �ξ values, we have narrower BER
beamwidth. In other words, the azimuthal resolution can be
flexibly adjusted by setting different �ξ values via controlling
the TMA RF switches. For example, when �ξ = 2/16, the
BER beamwidth is 1.1◦, while when �ξ = 11/16, the BER
beamwidth is 3.2◦, see Table I.

From the communication perspective, when the target vehi-
cles are equipped with suitable receivers, information can be
delivered to the target vehicle. Because the radiated waveforms
are DM signals thus only along the target vehicle direction the
correct information is preserved, and along all other directions
the constellation diagrams applied onto the OFDM signals
are distorted. Thus, it can secure the wireless communication,
enabling a high level of road safety.

B. Discussions of Computational Complexity and CFO

In terms of the comparison of computational complexity, in the
conventional OFDM ISAC scheme, the azimuthal angle could be
obtained by Direction of Arrival (DoA) estimation algorithms.
For example, the MUSIC algorithm, which is a subspace-based
method that requires the following operations, such as estimating
the correlation matrix, finding eigen decomposition of the
estimated correlation matrix and the span of noise subspace,
and searching larger peaks be performed. These operations will
have complexity of O{(βK2 + K3 + (K − γ ) · Kβ3)}, where β,
γ , and K refer to the number of snapshots, signal sources, and
antenna elements, respectively. Thus, the MUSIC algorithm has
the computational complexity in the order of O(K3). While in
the proposed OFDM-DM ISAC scheme, the BER can be treated
as an indicator of the azimuthal angle of the target vehicles.
This is because in the OFDM-DM ISAC scheme the transmitter
and receiver are assumed to be co-located. When the DM beam
direction aligns with the target direction, the detected BER of
backscattering signals will drop to a very low value. In this
way the azimuthal angle of the target can be estimated, and
this approach only needs to calculate the BER values, which
is also performed to obtain the received modulation symbol
matrix in the OFDM ISAC system. Thus, comparing with the
OFDM ISAC scheme, the proposed OFDM-DM ISAC scheme
can estimate the target azimuth without consuming additional
computational resources. As for radar imaging, the OFDM-
DM and OFDM ISAC schemes have similar computational
complexity.

From communication perspective, CFO is a problem for
the traditional OFDM ISAC communication, which also exists
in the OFDM-DM ISAC scheme. Basically, in the OFDM
communication system, when the CFO occurs, the received
signal will be shifted in frequency, which could result in inter-
carrier interference. In Fig. 8, the communication performance
of OFDM ISAC systems with CFO is depicted via the
metric of error vector magnitude (EVM), whose calculation
is chosen to be a standard QPSK constellation pattern. It
can be observed that when CFO occurs, it will distort the
QPSK constellation patterns, and larger frequency offset will
lead to higher levels of distortion. This CFO issue, however,
can be estimated and compensated through some approaches,
for example, maximum likelihood (ML) estimation. In this
approach, the CFO values can be estimated using the long
training sequence-preamble, which includes two long symbols,
say training symbols # 1 and # 2. The estimated CFO value
∧
f� can be given by [50]

∧
f� = − B

2πNc
∠
(Nc−1∑

h=0

whw∗
h+Nc

)
(18)
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Fig. 8. CFO for OFDM ISAC (a) EVM versus CFO and (b) distorted QPSK
constellation points in in-phase and quadrature (IQ) space.

where wh refers to the hth sample point of the received training
symbol # 1, which is a complex number, while, wh+Nc denotes
the hth sample point of the received training symbol # 2.
B is the bandwidth of the OFDM signal, and B = Nc · fp.
Notation “∠” denotes the argument of a complex number. It
is noted that the range of the estimated CFO by using this ML
approach is within [−B/2Nc, B/2Nc], which is [−156.25 kHz,
156.25 kHz] in the 802.11a OFDM standard. Since with a
carrier frequency of 24 GHz, the Doppler shift of 1 kHz
corresponds to a relative velocity of 6.25 m/s (or, 22.5 km/h).
The Doppler shift in V2V applications would be in this range.

When this approach is adopted in the proposed scheme,
for example, in Fig. 9, at SNR = 23 dB, the BER along
the desired direction is depicted with different CFO values.
For comparison purpose, the BER performance without CFO
compensation is also depicted. It can be observed that when
the CFO is compensated, the BER performance will be
significantly improved.

C. Radar Sensing Performance

In this section, the radar profiles of range and relative
velocity of the target vehicle are estimated by radiating the
OFDM-DM ISAC signals and are compared with those in
the OFDM ISAC scheme. Particularly, the anti-interference
ability of the OFDM-DM ISAC system is validated. In the
simulation examples, the parameters of OFDM are set to be
identical with that in Section A. Moreover, it assumed that
along the target’s direction Rtar = 45 m and Vtar = 25 m/s,
and along the nontarget’s directions, we set two interference
sources, i.e., two illegitimate cars with the range and relative
velocities, respectively, are Rinter1 = 30 m, Vinter1 = 10 m/s

Fig. 9. Communication performance with CFO compensation (a) BER and
(b) QPSK constellation points in IQ space.

(a) (b)

(c) (d)

Fig. 10. Radar images obtained by different ISAC schemes at SNR level of
23 dB with Vtar = 25 m/s, Vinter1 = 10 m/s, Vinter2 = 35 m/s, respectively,
for (a) and (b), and Vtar = −25 m/s, Vinter1 = −10 m/s, Vinter2 = −35 m/s,
respectively, for (c) and (d). (a) Traditional OFDM ISAC scheme; (b) proposed
OFDM-DM ISAC scheme with �τ(1) = 15/16, �τ(2) = 1/16; (c) traditional
OFDM ISAC scheme with negative velocity values; and (d) proposed OFDM-
DM ISAC scheme with �τ(1) = 15/16, �τ(2) = 1/16.

and Rinter2 = 60 m, Vinter2 = 35 m/s. �ξ is set to be a constant
value with �τ(1) = 15/16 and �τ(2) = 1/16. In Fig. 10,
the radar images in this application example are calculated at
SNR level of 23 dB. Here, the SNR is assumed to be 23 dB
as an example to keep consistent with that in Section III
part A. Since the relative velocity value could be negative,
thus, negative relative velocity values also are depicted for
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(a) (b) (c)

Fig. 11. Radar images obtained by traditional OFDM ISAC scheme at SNR level of 23 dB: (a) range-velocity radar images; (b) 1-D range profiles of the
radar images with Vinter1 = 25 m/s; and (c) 1-D relative velocity profiles of the radar images with Rinter2 = 45 m.

(a) (b) (c)

Fig. 12. Radar images obtained by proposed OFDM-DM ISAC scheme at SNR level of 23 dB with �τ(1) = 15/16, �τ(2) = 1/16: (a) range-velocity radar
image; (b) 1-D range profile of the radar image with Vtar = 25 m/s; and (c) 1-D relative velocity profile of the radar image with Rtar = 45 m.

comparison purpose. In Fig. 10(a), it can be observed that
by radiating the OFDM ISAC signals three different range-
velocity radar images occur, including the target vehicle as
well as the two interference sources. Thus, an ambiguity exists
in estimating the information of range and relative velocity
of the target vehicle in a traditional OFDM ISAC scheme.
While, in Fig. 10(b), it can be observed that only the target
vehicle’s radar image can be calculated, and the ambiguities in
range-velocity domain are eliminated in the proposed OFDM-
DM ISAC scheme. When the relative velocity is negative
value, see in Fig. 10(c) and (d), we have the same conclusion.
Thus, whether the relative velocity is positive or negative.
The ambiguity problem in a traditional OFDM ISAC scheme
can be eliminated in the proposed OFDM-DM ISAC scheme.
In other words, the proposed OFDM-DM ISAC scheme can
eliminate the target ambiguity issue regardless the Doppler
shifter is positive or negative.

For better illustration of the radar sensing performance of
the OFDM-DM ISAC system, we set Rinter1 = 50 m, Vinter1 =
25 m/s and Rinter2 = 45 m, Vinter2 = 30 m/s. In Fig. 11, it
can be observed that the ambiguity of the target vehicle still
exists in the OFDM ISAC scheme and in Fig. 11(b) and (c),
it can be observed that two peaks occurs, which indicate the
information of the target vehicle cannot be identified in range
and velocity domains. In Fig. 12(b), it can be observed that in
the range domain, only a single peak with SLLs of around −40
dB suggests that the target vehicle’s range information can be
correctly identified and the interference in range domain is
suppressed. Similar conclusion can be obtained in the velocity
domain, seen in Fig. 12(c). For comparison purpose, the radar

images obtained at SNR level of 10 dB is also depicted in
Fig. 13. In Fig. 13, it can be observed that SLLs are increased
in range and velocity domains at lower SNR levels but the
target information of range and relative velocity can still be
estimated and identified.

In Fig. 14, the radar images obtained by the OFDM-DM
ISAC scheme are depicted with different �ξ values, while
other parameter values are kept identical with those in Fig. 12.
From Fig. 14, it can be observed that when the value of
�ξ increases, the SLLs in range-velocity domain will be
suppressed. On the other hand, as we have discussed in
Section III-A, a greater �ξ value will lead to a wider BER
beamwidth. This is because larger �ξ means higher power
efficiency, suggesting that little energy is consumed in the
process of radiating orthogonal interference, both in the spatial
domain and in the frequency domain. In other words, better
radar sensing performance can be obtained with larger �ξ

values.
In Fig. 15, the radar range profiles are depicted with �ξ set

to be a constant value, say, �ξ = 5/16, where |�τ(1)−�τ(2)|.
Here, for the identical �ξ , the values of �τ(1) and �τ(2) are
set to be different for each Figure for comparison purpose.
In Fig. 15(d) and (e), it can be observed that lower SLLs
could be achieved with smaller values of “�τ(1)�τ (2).” This
is because when “|�τ(1) − �τ(2)|” is set to be identical, the
SLLs of the radar profiles of the target in range and velocity
domains are impacted by “�τ(1)�τ (2).” The larger values of
“�τ(1)�τ (2),” the higher SLLs of the radar profiles will be
obtained because the �τ(1)�τ (2) determines the power of the
injected orthogonal interference.
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(a) (b) (c)

Fig. 13. Radar images obtained by proposed OFDM-DM ISAC scheme at SNR level of 10 dB with �τ(1) = 15/16, �τ(2) = 1/16: (a) range-velocity radar
image; (b) 1-D range profile of the radar image with Vtar = 25 m/s; and (c) 1-D relative velocity profile of the radar image with Rtar = 45 m.

Fig. 14. Radar images obtained by proposed OFDM-DM ISAC scheme at SNR level of 23 dB with (a) �ξ = 2/16; (b) �ξ = 8/16; (c) �ξ = 11/16;
(d) 1-D range profile of the radar image with Vtar = 25 m/s; and (e) 1-D relative velocity profile of the radar image with Rtar = 45 m.

It is noted that in this proposed scheme, we consider a
platooning application scenario, which is a typical scenario
in practice. In this case, the lorries at the back only need
to radiate ISAC signals and sensing the lorries ahead. For
each lorry in the platooning, only a single target vehicle
needs to be estimated. When we consider a multiple-target
scenario, it indicates that the proposed OFDM-DM scheme
needs to sensing multiple vehicles. For this purpose, we need
to synthesize multiple DM beams simultaneously, and this
requires to synthesize multiple nulls with the TMA arrays.
For example, for synthesizing two nulls, the optimization
algorithms, such as particle swarm optimization, can be
used to obtain the solution sets, and configuring the RF
switches accordingly. The resulting two DM beams would
imping on two target vehicles, and their velocities can be
estimated simultaneously. This multiple-target application sce-
nario will be study in the future and will be report in due
course.

In the OFDM-DM ISAC systems, from radar sensing
perspective, some aspects are now emphasized as follows.

1) The interference signals along the nontarget’s directions
can be suppressed, and the target ambiguities in range-
velocity domain are eliminated.

2) The greater �ξ indicates higher beamforming gains,
resulting in lower SLLs of the radar profiles in range
and velocity domains.

3) When �ξ is fixed, �τ(1) and �τ(2) could be chosen
differently. The smaller �τ(1)�τ (2) the better radar
sensing performance.

4) The values of �ξ , �τ(1) and �τ(2) could be flexibly
controlled in the RF switch functions in the TMAs.

For the ISAC there is a performance tradeoff between the
performance of radar sensing and wireless communications. In
the proposed scheme, higher beamforming gains could achieve
better radar range profiles where the SLLs will be significantly
suppressed in range-velocity domain. On the other hand, this
would lead to a wider BER beamwidth since less energy is
consumed for radiating orthogonal interference. The required
tradeoff should be different for various application scenarios.
Thus, the flexibility of dynamically changing the tradeoff is
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Fig. 15. Radar images obtained by proposed OFDM-DM ISAC scheme at SNR level of 23 dB with (a) �τ(1) = 6/16, �τ(2) = 1/16; (b) �τ(1) = 8/16,
�τ(2) = 3/16; (c) �τ(1) = 10/16, �τ(2) = 5/16. (d) 1-D range profile of the radar image with Vtar = 25 m/s; and (e) 1-D relative velocity profile of the
radar image with Rtar = 45 m.

preferable, which, in the proposed scheme, can be achieved
by adjusting the values of “�τ(1)�τ (2)” via RF switches.
In this article, we consider a platooning application scenario,
in which the two vehicle platoons are required to maintain
communication links and sense their surroundings using radar
technologies. The channel here is assumed to be Line-of-Sight
(LoS), and, the clutter from the nontarget directions would
affect the radar performance. This issue can be addressed
by the proposed scheme since when we transmit OFDM-DM
ISAC signals for radar sensing, the effects of backscattering
signals from the nontarget directions would be suppressed.
As for the antenna coupling effects, some methods, for
example, antenna to antenna isolation and coupling correc-
tion, could be used to reduce the coupling effects. In this
article, we first propose that OFDM-DM ISAC concept, and
show its advantages compared with the OFDM ISAC. We
are making efforts to implement proof-of-concept prototypes,
and those results will be reported separately in our future
work.

IV. CONCLUSION

In this article, the OFDM-DM waveform signals were
proposed for ISAC systems, and the proposed OFDM-DM
ISAC scheme here not only inherits the advantages of the
popular OFDM ISAC systems but also exhibits promising
features, such as 1) using BER as an indicator of the
presence of a target; 2) suppressing the interference from
the nontarget directions and eliminating the target ambigu-
ity in range and velocity domains; 3) the radar sensing
performance can be flexibly adjusted; and 4) finally enabling
a level of physical-layer security when communicating to
the targets. The proposed OFDM-DM ISAC scheme here
therefore is useful in a variety of scenarios, such as V2V,

where high-security level and anti-interference ability are
required.
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