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Abstract

Integrated Sensing and Communication (ISAC) systems are recognised as one of the key ingredients

of the sixth generation (6G) network. A challenging topic in ISAC is the design of a single waveform

combining both communication and sensing functionalities on the same time-frequency-space resources,

allowing to tune the performance of both with partial or full hardware sharing. This paper proposes a

dual-domain waveform design approach that superposes onto the frequency-time (FT) domain both the

legacy orthogonal frequency division multiplexing (OFDM) signal and a sensing one, purposely designed

in the delay-Doppler domain. With a proper power downscaling of the sensing signal w.r.t. OFDM, it is

possible to exceed regulatory bandwidth limitations proper of legacy multicarrier systems to increase the

sensing performance while leaving communication substantially unaffected. Numerical and experimental

results prove the effectiveness of the dual-domain waveform, notwithstanding a power abatement of at

least 30 dB of the signal used for sensing compared to the one used for communication. The dual-domain

ISAC waveform outperforms both OFDM and orthogonal time-frequency-space (OTFS) in terms of

Cramér-Rao bound on delay estimation (up to 20 dB), thanks to its superior resolution, with a negligible

penalty on the achievable rate.

I. INTRODUCTION

While the fifth generation (5G) network rollout is in full swing, academia and industry have

already initiated to speculate on the next generation of wireless communication, namely 6G [1].

Following the general trend of successive generations of communication systems, 6G is expected

to introduce new services, e.g., extended reality, high-fidelity hologram, and digital twin, with

more stringent requirements. Current spectrum allocations will run out swiftly once 6G use cases

start to be developed, which open up to millimeter-wave (mmWave, 30−300 GHz) and sub-THz

(> 100 GHz) bands to enable terabit connections.
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Pursuing higher frequencies and bandwidths paves the way to high-resolution sensing, and 6G

is expected to be the first generation of wireless networks with sensing embedded as a service [2]–

[5]. The research on integrated sensing and communication (ISAC) systems has accelerated in the

last decade due to a renewed interest in fusing the communication and sensing functionalities into

a single waveform, with complete sharing of frequency/time/space and hardware resources [6].

The most general approach to ISAC is optimizing one functionality leaving the other constrained

by a suitable metric, with an inherent trade-off between communication and sensing performance

to be tuned. Nevertheless, for 6G networks, communication is the primary functionality, while

sensing is added on top and shall not interfere. This approaach is known as communication-

centric ISAC and is the focus of this paper [7].

A. Related works

In communication-centric ISAC systems, the design of a single waveform is currently one of

the most challenging research aspects [7]. The goal is to add sensing functionality on top of the

communication waveform, e.g., orthogonal frequency division multiplexing (OFDM), possibly

with modifications, to support beam and blockage management (reduction of the beam training

time, and proactive blockage prediction). Waveform design via beampattern optimization refers

to ISAC systems in which the spatial correlation of the signal across the transmitting (Tx)

antennas is designed to guarantee a flexible beampattern for both communication and sensing

purposes [8]–[10]. Another approach consists of directly optimizing the resource allocation in

the frequency-time (FT) domain, by employing multicarrier signals, such as OFDM, whose

usage for sensing is explored in [10]–[13]. The seminal work in [11] was the first to suggest a

signal processing algorithm for an OFDM-based radar. The work in [14] proposes three power

minimization-based OFDM radar waveform designs for the coexistence between different radar

and communication terminals on the same spectrum. The authors of [15] employ information-

theoretic metrics applied to the communication and the sensing channels to design the OFDM

ISAC waveform. Differently, works [16], [17] consider splitting the available OFDM subcarriers

into radar and communication subsets, optimizing the radar mutual information according to a

communication or sensing-centric policy. The trade-off between the two functionalities is that

the radar subcarriers are used for sensing and the others for communication. Works [10], [12]

analyze the ISAC performance capabilities of 5G OFDM waveform, considering fully digital

arrays and multi-beam design to split the spatial resources between communication and sensing.
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In [13], the authors discuss the practical issues of 5G OFDM for delay/Doppler estimation, e.g.,

complexity of the processing chain, self-interference, etc. They demonstrate, with experimental

measurements, the feasibility of OFDM range/Doppler imaging. A leap forward has been made

in [18]. where the authors propose to fill the empty communication subcarriers with sensing pilots

(i.e., radar subcarriers). The power and phase of radar subcarriers are optimized by minimizing

the Cramér-Rao bound (CRB) on the delay and Doppler estimation for a single target while

limiting the peak-to-average power ratio. Another relevant contribution in waveform design using

optimized OFDM is in [19]. Here, the delay and Doppler CRB for multiple targets are derived,

with optimal time/frequency/power resource allocation. The authors point out the problem of the

ambiguity function of the generated waveform, whose sidelobes could mask weak targets that

are not known during optimization.

More recently, orthogonal time-frequency-space (OTFS) has been considered as a performing

candidate waveform for sensing purposes on top of communication ones [20]. Indeed, thanks

to its structure it is possible to easily localize the targets in the delay-Doppler (DD) domain,

providing sensing performance comparable to MIMO radars. In contrast to OFDM, in OTFS

modulation data symbols are placed in the DD domain, overcoming the OFDM issues in doubly-

selective channels [21]. In OTFS, Doppler is exploited as an additional source of diversity,

reducing pilot overhead without introducing inter-symbol interference. However, substantial

modification of the current 5G new radio (NR) is necessary to introduce OTFS, requiring

processing bursts of consecutive OFDM symbols, and this is in contrast with the low latency of

many 6G services. In [22], the authors derived an approximated maximum likelihood algorithm

and the corresponding CRB for an OTFS ISAC system. The work in [23] proposes an optimized

transmission framework based on the spatially spread OTFS modulation, leveraging the inherent

difference between communication and sensing channels (the path with the strongest echo power

for radar sensing may not be the strongest path for communication).

In all the aforementioned research works, the sensing accuracy on delay/range and Doppler/velocity

estimation is known to be limited by the allocated bandwidth and signal burst duration respec-

tively. The former is set by regulatory limits [24]. For instance, the OFDM-based 5G NR standard

at mmWave (28 GHz) employs contiguous spectra of 400 MHz (up to 1600 MHz with carrier

aggregation), although the potentially available bandwidth is 3 GHz [25]. Moreover, in practical

systems the Rx processing is based on discrete Fourier transform (DFT), thus the CRBs are rarely

achieved. In these settings, the CRB is not the only figure of metric to be considered and the
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ambiguity function determines instead the practical resolution capabilities. In addition, allocating

OFDM resources in FT with unequal power, possibly with an occupation factor < 100%, leads to

high sidelobes in the ambiguity function, with a non-negligible amount of energy spread outside

the main lobe. The OFDM waveform design by constraining the integrated sidelobe level of

the ambiguity function, as in [19], leads to complex optimizations increasing the computational

burden, calling for simple yet effective approaches.

B. Contributions

In this paper, we propose a novel waveform for monostatic ISAC setups at the base station

(BS). The waveform is obtained by superposition, in the FT domain, of the conventional OFDM

signal, used for communication, and a dedicated sensing signal. The latter consists of a single

pulse in the DD domain that maps into a 2D sinusoid in the FT domain. This limits the latency

and minimises the computational complexity. The sensing signal is power-optimized in order to

not interfere with legacy OFDM at the user equipment (UE) side. The advantages of the proposed

dual-domain approach are threefold: (i) with a suitable power allocation of the communication

and (mostly) sensing signals, it is possible to exceed regulatory bandwidth limits improving the

delay/range resolution of the ISAC system, leaving the achievable rate almost unaffected; (ii)

employing the 2D sinusoid for sensing, the sidelobes of the ambiguity function are minimal,

thanks to the whole coverage of FT resources (differently from legacy OFDM); (iii) the proposed

method does not require additional processing at the UE side and it requires only an IDFT-DFT

pair at the BS (sensing Rx) side.

The novel contributions and results of the paper can be summarized as follows:

• We propose and design an ISAC waveform combining the legacy OFDM signal with a

dedicated sensing signal properly power-scaled and superposed in the FT domain. With a

suitable power allocation (at least 30 dB less compared to OFDM), the sensing signal can

exceed regulatory spectrum constraints to increase the range resolution of the ISAC system,

fulfilling adjacent channel leakage ratio (ACLR) constraints [24]. We formulate a convex

power allocation problem under sensing and communication constraints, which is easily

solvable in practical systems.

• We compare the performance of the dual-domain, OFDM and OTFS ISAC waveforms in

terms of CRB on delay and Doppler estimation, mainlobe-to-total-energy ratio (MTER)

of the ambiguity function, and achievable rate. The MTER measures both the improved
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resolution brought by the proposed waveform and the amount of energy in the sidelobes.

The results highlight that the proposed dual-domain ISAC waveform can be effectively used

in the near-to-medium range (up to 60−80 m range @30 GHz carrier frequency). Moreover,

when the sensing signal occupies 5x (or more) bandwidth compared to OFDM/OTFS, the

dual-domain ISAC system exhibits negligible penalty in both CRB (computed under a single

target assumption) and achievable rate compared to OFDM and OTFS, increasing the range

resolution up to a factor 5. Moreover, the performance in the case of two targets reveals

that, in some conditions, the CRB on delay estimation of the dual-domain waveform is even

lower than that of OFDM/OTFS.

• We demonstrate the capabilities of the proposed ISAC system with a dedicated experimen-

tal test using off-the-shelf mm-Wave communication transceivers, showing the promising

application to practical systems.

C. Organization

The remainder of the paper is organized as follows: Section II outlines the considered scenario

and the channel model, Section III describes the proposed Tx ISAC waveform, Section IV details

the Rx communication and sensing signals at BS and UE, Section V outlines the optimal ISAC

power allocation, Section VI reports and discusses the simulation results while Section VII shows

the experimental demonstration. Finally, Section VIII concludes the paper.

D. Notation

Bold upper- and lower-case letters describe matrices and column vectors. Matrix transposition,

conjugation, conjugate transposition and Frobenius norm are indicated respectively as AT, A∗,

AH and ‖A‖F . [A]ij is the (i, j)-th entry of A. With ‖a‖Q = aHQa we denote the norm of a

weighted by matrix Q. diag(A) denotes the extraction of the diagonal of A, while diag(a) is

the diagonal matrix given by vector a. vec(A) denotes the vectorization by columns of matrix

A. Symbols ⊗ and � denote, respectively, the Kronecker and the Hadamard (element-wise)

product between two matrices/vectors, while ~~ is the 2D periodic convolution of signals. In

is the identity matrix of size n. Superscritps TD, FT and DD denote the time-delay (slow-fast

time), frequency-time and delay-Doppler domains, respectively. |A| denotes the cardinality of set

A. With a ∼ CN (µ,C) we denote a multi-variate circularly complex Gaussian random variable
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Fig. 1. Block scheme of the proposed dual-domain ISAC waveform: the BS employs the conventional OFDM scheme for

communication, and superposes a sensing signal to detect the targets in the environment, estimating their delays and Doppler

shifts in the DD domain. The Rx processing chain of the UE is not affected.

a with mean µ and covariance C. E[·] is the expectation operator, while R and C stand for the

set of real and complex numbers, respectively. δn is the Kronecker delta.

II. TIME-VARIANT SCENARIO

Let us consider the ISAC system depicted in Fig.1, where the ISAC node, i.e., BS, is equipped

with two antenna arrays of L elements each, one employed as a Tx and one as the sensing Rx

(full-duplex operation). The arrays can be either digital or analog. In the former case, the BS

can synthesize optimal beampatterns in Tx and Rx for communication and sensing, as detailed

in [8]. However, since the present analysis is independent of the specific implementation of the

spatial precoder, we hereafter consider for simplicity two analog arrays. With the Tx array, the

BS synthesizes an ISAC beam to serve K single-antenna UEs while estimating the delay and

Doppler of Q targets. Without loss of generality, we assume that (i) the Q targets do not comprise

the K UEs [26] and (ii) the K UEs are scheduled on disjoint portions of the FT resource grid.

In high-mobility scenarios, such as the vehicular one, the mmWave/sub-THz communication

channel between the BS and the k-th UE is spatially sparse and doubly selective, characterized by

a severe path loss frequencies and large Doppler shifts due to UEs’ motion. The communication

channel with the k-th UE in the time-delay (TD) domain is modelled as the sum of Uk paths [27]

hTD
k (t, τ) =

Uk∑
u=1

αu,k e
j2πνu,kt g(τ − τu,k) ζu,k (1)

where: (i) the amplitude of each path is αu,k ∼ CN (0, σ2
u,k), with σ2

u,k ∝ (f0Ru,k)
−2 (for distance

Ru,k and carrier frequency f0); (ii) νu,k is the Doppler shift for the u-th path; (iii) g(t) denotes
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the time response of the cascade of the pulse shaping and matched filters (iv) τk = Ru,k/c is the

path delay (v) ζu,k is the beamforming gain for the k-th UE, u-th path. Note that τ1,k = Rk/v

and ν1,k = f0Vk/v are proportional to the range Rk and radial velocity Vk of the k-th target,

where v is the speed of light.

Similarly, the sensing channel is composed of the two-way path between the BS and all the

Q targets in the environment:

hTD
sen(t, τ) =

Q∑
q=1

βq e
j2πνqt g(τ − τq) ζq (2)

where βq ∼ CN (0, σ2
q ), with σ2

q ∝ Γqf
−2
0 R−4

q is now the scattering amplitude of each target

(comprising the radar cross section Γq), τq = 2Rq/v, νq = 2f0Vq/v and ζq is the beamforming

gain for the sensing system. Notice that we are assuming that the channel includes only the

two-way LOS path between the BS and each target. Multiple reflections are characterized by a

higher path-loss (typically ∝ R−6) and are therefore not considered.

The sensing channel (2) can be further expressed in both frequency-time (FT) and delay-

Doppler (DD) domains by Fourier transforms over delay and time dimensions, obtaining respec-

tively [28]

hFT
sen(t, f) =

Q∑
q=1

βq e
j2πνqtG(f)e−j2πτqf ζq (3)

hDD
sen (ν, τ) =

Q∑
q=1

βq δ(ν − νq) g(τ − τq) ζq (4)

where G(f) is the Fourier transform of g(t). The same transformation can also be applied to

the communication channel (1).

III. TRANSMITTED ISAC WAVEFORM

The transmitted ISAC waveform consists of the superposition of two signals, i.e., a commu-

nication signal, designed in the FT-domain and a sensing signal, designed in the DD-domain,

as exemplified in Fig. 2 with an example of resource allocation for communication and sensing.

The proposed ISAC waveform exploits a certain pool of resources, M in frequency/delay and

N in time/Doppler. In the FT domain, the set of resources can be represented by the grid

ΛFT =
{
m∆f, nT

∣∣m = −M
2
, . . . ,

M

2
− 1, n = −N

2
, . . . ,

N

2
− 1
}
, (5)
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Fig. 2. Resource allocation for communication and sensing signals in the proposed ISAC dual-domain system

where ∆f denotes the sub-carrier spacing and T denotes the symbol duration of an OFDM

symbol, comprising the cyclic prefix, i.e., T = T ′ + Tcp, with ∆f = 1/T ′. Reciprocally, the set

of resources in the DD domain can be represented by grid

ΛDD =
{
`∆τ, p∆ν

∣∣ ` = 0, . . . ,M − 1, p = −N
2
, . . . ,

N

2
− 1
}

(6)

where ∆τ = 1/(M∆f) and ∆ν = 1/(NT ) denote the delay and Doppler resolutions, respec-

tively, which depend on the system bandwidth (M∆f) and the downlink burst duration (NT ).

The corresponding range and velocity resolutions are, respectively:

∆R =
c

2
∆τ, ∆V =

c

2f0

∆ν. (7)

The Tx ISAC signal matrix in FT domain is designed as:

XFT = ΣFT
com � SFT

com + σFT
senSFT

sen, (8)

where SFT
com ∈ CM×N is the FT communication signal matrix, SFT

sen ∈ CM×N is the FT sensing sig-

nal matrix, ΣFT
com ∈ RM×N

+ defines the square root of the allocated powers for the communication

signal while σFT
sen ≥ 0 is the amplitude of the sensing signal. The resulting bandwidth-integrated

powers of communication and sensing signals are, respectively:

PFT
com =

‖ΣFT
com‖2

F

N
, PFT

sen = M
(
σFT

sen

)2
. (9)
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As customary, the Tx signal XFT undergoes an M -point IFFT and a CP of duration Tcp is

appended before transmission. The notable characteristic of the proposed waveform is that the

sensing processing, i.e., target detection, position, and velocity estimation, is carried out in the

DD domain by means of an IDFT-DFT transformation XDD = FH
MXFTFN , where FM ∈ CM×M

and FN ∈ CN×N are DFT matrices such that ‖FM‖F =
√
M and ‖FN‖F =

√
N . When the

sensing signal in FT domain is a 2D sinusoid occupying all the MN resources (see Section

III-B for details), the corresponding DD mapping is an impulse whose amplitude is augmented

by
√
MN , i.e., (

σDD
sen

)2
=
(
σFT

sen

)2
MN (10)

and the communication signal is regarded as a disturbance affecting the sensing processing with

an average power on each DD bin that is(
σDD

com

)2
=
‖ΣFT

com‖2
F

MN
. (11)

The proper tuning of the communication and sensing powers allows (i) to serve the intended

UEs without suffering the distortion from the sensing signal at the UE side and (ii) to estimate

delay and Doppler of each target without suffering the interference from the communication

signal, increasing the resolution on delay estimation, as detailed in the following.

A. Communication signal

For the k-th UE, the BS allocates a portion of the FT resources

ΛFT
k =

{
m∆f, nT

}
⊆ ΛFT (12)

where ΛFT
k ∩ΛFT

` = ∅, for k 6= ` to avoid multi-user interference. For the purpose of this work,

we also define the FT resource grid effectively occupied by the whole communication signal as:

ΛFT
com = cvxhull

(⋃
k

ΛFT
k

)
(13)

where cvxhull (.) is the discrete convex hull of the union of the K allocated sets, as portrayed in

Fig. 2. The available communication resources in ΛFT
com are McomN , where Mcom is the maximum

number of subcarriers allowed by bandwidth regulation (e.g., 3300 subcarriers for 400 MHz

spectrum in the 5G NR frequency range (FR) 2 with ∆f = 120 kHz). Usually, Mcom < M , in
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the order of 20-to-50%, as detailed in Section I. Within ΛFT
com, the fraction of allocated resources

for OFDM is defined as

η =

∣∣⋃
k ΛFT

k

∣∣∣∣ΛFT
com

∣∣ =

∣∣⋃
k ΛFT

k

∣∣
McomN

, (14)

regulating the sparsity of the in-band allocated resources for communication. The k-th UE

communication signal in the FT domain is modelled as:

[
SFT
k

]
m,n

=

ak[m,n] if (m,n) ∈ ΛFT
k

0 otherwise
, (15)

where SFT
k ∈ CM×N and ak[m,n] is a random information symbol drawn from a QAM constel-

lation such that E[ak[m,n]a∗` [m,n]] = δk−`. The overall communication signal can therefore be

expressed as

SFT
com =

K∑
k=1

SFT
k . (16)

B. Sensing signal

The proposed sensing waveform is an impulse (or a combination of impulses) in the DD

domain, located in (`i, pi):

[
SDD

sen

]
`,p

=

1 if ` = `i, p = pi

0 otherwise
, (17)

where SDD
sen ∈ CM×N is the DD sensing signal matrix. The BS maps the sensing signal (17) from

the DD domain to the FT domain by means of a DFT-IDFT pair along the delay and Doppler

dimensions, respectively, obtaining a 2D sinusoid [28]:

SFT
sen = FMSDD

sen FH
N (18)

The (m,n)-th entry of SFT
sen is

[SFT
sen]m,n =

1√
MN

ej2π(
npi
N
−m`i

M ). (19)

IV. RECEIVED SIGNALS

In the following, we detail the Rx communication signal at the UE side and the Rx sensing

signal at the BS side, evaluating the signal-plus-distortion-and-noise ratio (SDNR) in both cases.
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A. Received communication signal at the UE

The signal received by the k-th UE in the FT domain, assuming perfect time-frequency

synchronization, can be expressed as

YFT
k = HFT

k �XFT + ZFT
k = HFT

k �ΣFT
com � SFT

com︸ ︷︷ ︸
communication signal BFT

k,com

+ HFT
k � σFT

senSFT
sen︸ ︷︷ ︸

sensing signal DFT
k,sen

+ZFT
k (20)

where
[
ZFT
k

]
m,n
∼ CN (0, σ2

z) is an additive white noise affecting the (m,n)-th FT bin and

[
HFT
k

]
m,n

=

Uk∑
u=1

αu,k e
j2π(νu,knT−m∆fτu,k)G(m∆f) ζu,k ∈ CM×N (21)

is k-th UE’s FT discrete channel matrix in (21). In (20), the communication signal accounts for

the signal for all the K UEs and the distortion due to the sensing signal is distinguished. The

communication SDNR at the (m,n)-th FT bin of the ΛFT
k grid is (before equalization):

γFT
k =

EΛFT
k

[∥∥[BFT
k,com

]∥∥2

F

]
EΛFT

k

[∥∥[DFT
k,sen

]∥∥2

F

]
+ EΛFT

k

[
‖[ZFT

k ]‖2

F

] (22)

where EΛFT
k

[·] is the expectation operator taken over the support ΛFT
k , defined by the FT resources

allocated for the k-th UE. The upper bound of (22) can be computed in closed form as

γFT
k ≤

κ2
(
σFT
k

)2

κ2 (σFT
sen)2 + σ2

z

(23)

where κ2 =
∑Uk

u=1 σ
2
u,kL denotes the maximum channel gain for the k-th UE and σFT

k is the

entry of ΣFT
com corresponding to the k-th UE, assuming equal power allocation across resources.

After time-frequency synchronization, the sensing signal in FT domain is known at the UE side,

which can possibly operate the cancellation of DFT
k,sen obtaining a higher SNR bound, where only

σ2
z is left at the denominator of (23). However, the ISAC system can be designed to avoid the

cancellation procedure at the UE reducing the Rx complexity. The achievable rate of the k-th

DL communication link is

C =
T ′

T ′ + Tcp
log2

(
1 + γFT

k

)
[bps/Hz] (24)

where the first term accounts for the loss due to the presence of CP.
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B. Received sensing signal at the BS

The Rx signal at the BS from the two-way propagation in the environment is directly dependent

on the chosen BF direction at the Rx panel. In the most general case, the Rx signal in the FT

domain can be expressed as

YFT
sen = HFT

sen �XFT + ZFT
sen = HFT

sen � σFT
senSFT

sen︸ ︷︷ ︸
sensing signal DFT

sen

+ HFT
sen �ΣFT

com � SFT
com︸ ︷︷ ︸

communication signal BFT
com

+ZFT
sen (25)

where [
HFT

sen

]
m,n

=

Q∑
q=1

βq e
j2π(νqnT−m∆fτq)G(m∆f) ζq,∈ CM×N (26)

is the discrete FT sensing channel matrix in (26), and the noise term
[
ZFT

sen

]
m,n
∼ CN (0, Lσ2

z)

in (25) is obtained after Rx BF.

Remark: While the communication channel HFT
k is considered after the usual time-frequency

synchronization at the Rx, the sensing channel HFT
sen does not include the effect of the synchro-

nization, retaining the true delay and Doppler shifts of the targets. This modelling assumption

is coherent with a practical system where Tx and Rx are perfectly clock-synchronized (as for

radars). It is important to remark that the signal in (25) is obtained by direct sampling the

continuous-time signal after the matched filtering, discarding the CP and operating an M -

point DFT. This processing chain is valid if the CP includes all the sensing echoes, thus

Tcp ≥ 2Rmax/v, otherwise other methods shall be used (e.g., cross-correlation with the TD

Rx signal).

The sensing processing is operated in the DD domain, hence, the received signal in DD can

be expressed as

YDD
sen = FM YFT

sen FH
N = HDD

sen ~~σDD
sen SDD

sen︸ ︷︷ ︸
sensing signal DDD

sen (τ ,ν)

+ HDD
sen ~~

(
ΣDD

com � SDD
com

)︸ ︷︷ ︸
communication signal BDD

com

+ZDD
sen (27)

where HDD
sen is the discrete DD sensing channel matrix whose entries are:

[
HDD

sen

]
`,p

=
1√
MN

Q∑
q=1

βqe
−j2πνqτq sin (π(p− νq/∆ν))

sin
(
π
N

(p− νq/∆ν)
) g(`− τq/∆τ) ζq. (28)

In (27), the sensing signal DDD
sen (τ ,ν) includes all the Q targets delays τ and Dopplers ν. The

general expression of the maximum likelihood estimator (MLE) is

(τ̂ , ν̂) = argmin
τ ,ν

(∥∥yDD
sen − dDD

sen

∥∥2

Cn

)
, (29)
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where yDD
sen = vec

(
YDD

sen

)
, dDD

sen = vec
(
DDD

sen

)
, and Cn is the covariance matrix of the noise

plus communication signal nDD
sen = vec

(
BDD

com + ZDD
sen

)
. For a single target Q = 1 and a diagonal

covariance matrix Cn = σ2
nIMN , the MLE over the DD grid simplifies to the 2D periodogram

[29]. However, in general, the multiple peaks selection, herein adopted, is sub-optimal due to

the coupling between the Q targets responses and the colored noise, i.e., non-diagonal Cn.

Remarkably, using a single sensing impulse in the DD domain allows the exploration of the

echoes of the Q targets without additional processing. The sensing performance for detecting

the q-th target depends on the sensing SDNR γDD
q,sen, computed as follows:

γDD
q,sen =

E
[∣∣∣[DDD

q,sen

]
˜̀
q ,p̃q

∣∣∣2]
∑Q

j=1
j 6=q

E
[∣∣∣[DDD

j,sen

]
˜̀
q ,p̃q

∣∣∣2]+ E
[∣∣∣[BDD

com]˜̀
q ,p̃q

∣∣∣2]+ E
[∣∣∣[ZDD

sen ]˜̀
q ,p̃q

∣∣∣2] (30)

where ˜̀
q = (τq/∆τ) + `i, and p̃q = (νq/∆ν) + pi are the delay and Doppler indexes of the

received q-th target pulse, respectively, while the sensing signal for the q-th target DDD
q,sen(τq, νq)

can be expressed as

DDD
q,sen(τq, νq) =

σDD
sen√
MN

βqe
−j2πνqτq sin (π(p− νq/∆ν − pi))

sin
(
π
N

(p− νq/∆ν − pi)
)g(`− τq/∆τ − `i) ζq. (31)

The upper bound of the SDNR γDD
q,sen in (30) can be computed as

γDD
q,sen ≤

κ2
q,sen

(
σDD

sen

)2∑Q
j=1
j 6=q

κ2
j,sen χq,j (σDD

sen )2 + κ2
sen (σDD

com)2 + σ2
z

(32)

where κ2
q,sen = σ2

q L
2, and κ2

sen =
∑Q

q=1 κ
2
q,sen. The term χq,j accounts for the coupling between

the q-th and j-th targets and it is defined as

χq,j =
1

(MN)2

∣∣∣∣∣ sin (π((νq − νj)/∆ν))

sin
(
π
N

((νq − νj)/∆ν)
)g(τq − τj

∆τ

)∣∣∣∣∣
2

≤ 1, (33)

where the equality holds only when the j-th target has the same delay and Doppler of the q-th

target. Now, the key observation is that the sensing SDNR in DD γDD
q,sen embeds the processing

gain MN (as expressed by (10) in Section III), thus it is directly proportionally to the employed

bandwidth M∆f and observation time NT . The processing gain allows mitigating the increased

path-loss of sensing (∝ R−4 compared to ∝ R−2 of the communication links) as well as the

disturbance from the OFDM communication signal. The power allocation, to enable proper

communication and sensing operations, is formalized as an optimization problem in the following

section.
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Relative ACLR: 28 dB

Absolute ACLR: 
-13 dBm/MHz
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Sen. Signal

Fig. 3. Example of superposition of a sensing signal to the legacy OFDM one. The former shall fall below the absolute (on

the power spectral density) and relative (on the bandwidth integrated power) ACLR limits.

V. ISAC POWER ALLOCATION

The proposed ISAC waveform allows the sensing signal to exceed the regulatory spectrum for

communications to increase the delay/range resolution. In other words, when the resource grid

used for sensing is significantly larger than the one set for communication, i.e., ΛFT
com ⊂ ΛFT,

Mcom < M , the range resolution can be enhanced provided that the sensing signal does not

exceed a given bandwidth-integrated power threshold expressed in terms of ACLR limit [24].

The problem is graphically portrayed in Fig. 3. The proposed ISAC waveform design consists

of optimizing the power allocation while (i) minimizing the total emitted power (ii) ensuring

a desired communication and sensing performance and (iii) enforcing regulatory constraints on

the out-of-band (OB) radiation. For instance, BS employed for 5G NR FR2 systems (BS type

2-O) are manufactured to work within the 24.25 − 33.4 GHz spectrum, on a typical 3 GHz of

bandwidth, while the maximum bandwidth for communication is fixed to 400 MHz for single

carrier and up to 1600 MHz with carrier aggregation [30].
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The power allocation problem can be formulated as:

minimize
σFT

sen,Σ
FT
com

PFT
tot = PFT

ib + PFT
ob (34a)

subject to γFT
k ≥ γFT

thr k = 1, ..., K (34b)

γDD
q,sen ≥ γDD

thr , q = 1, ..., Q (34c)

PFT
ib

PFT
ob

≥ ACLRrel (34d)(
σFT

sen

)2 ≤ ACLRabs∆f (34e)

[ΣFT
com]ij ≥ 0 ∀i, j (34f)

σFT
sen ≥ 0 (34g)

PFT
tot ≤ PFT

max (34h)

where PFT
ob = Mob

(
σFT

sen

)2 is the OB emitted power with Mob denoting the number of OB

sub-carriers, and

PFT
ib = PFT

com +Mcom

(
σFT

sen

)2
(35)

denotes the in-band (IB) emitted power, which consists of communication and sensing powers.

In (34a), constraints (34b) and (34c) set the desired communication and sensing performance in

terms of SDNR in FT and DD domains, respectively. For instance, γFT
thr can be set according to

a required data rate by the UEs, while γDD
thr shall guarantee a pre-defined probability of correct

detection [31]. Constraints (34d) and (34e) limit the relative OB radiation power w.r.t. IB and

the absolute power, measured with ACLRrel [dB] power gap and ACLRabs (usually specified

in terms of [dBm/MHz]). Constraint (34h) sets the total power budget. The problem in (34a) is

convex and can be cast within the geometric programming framework, and easily solvable [32].

VI. PERFORMANCE METRICS AND NUMERICAL RESULTS

This section validates the performance of the proposed ISAC design by presenting numerical

results. We compare the dual domain waveform with the conventional OFDM and the OTFS

in terms of: (i) CRB on delay and Doppler estimation of targets; (ii) MTER of the ambiguity

function (iii) achievable rate at the UEs. The CRB of the OTFS is derived in [22], and is not

reported here for brevity, while the CRB of the dual-domain and the OFDM is reported in

Appendix B for one and two targets. The MTER, derived from the ambiguity function of the
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TABLE I

SIMULATION PARAMETERS

Parameter Symbol Value(s)

Carrier frequency f 30 GHz

Bandwidth B 1 GHz

Transmitted power PFT
tot 43 dBm

Number of antennas L 100

Number of subcarriers M 1024

Number of symbols N 128

Symbol duration T ′ 1.024 µs

CP Tcp 0.102 µs

Sensing-to-comm FT ratio (σFT
sen/σ

FT
com)2 10−3

OFDM occupancy ratio η 50 %

Range R 50 m

10 20 30 40 50 60 70 80
-10

0

10

20

30

40

50

f0 = 30GHz

f0 = 150GHz

With OFDM cancellation

No OFDM cancellation

M = 2048

M = 4096

Fig. 4. Sensing SNR in the DD domain at the BS, after the IDFT+DFT (matched filter). For a fixed bandwidth B = 1 GHz, the

effective coverage range for the dual domain ISAC waveform depends on the number of subcarriers M . The OFDM cancellation

allows improving the performance only in very near range and for comparatively low carrier frequencies, while it is almost

useless in other settings.
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Tx ISAC waveform (Appendix A), measures the fractional energy ratio of the main lobe w.r.t.

the total, being therefore an indicator of delay-Doppler resolution of the ISAC system. The

achievable rate of dual-domain and OFDM waveforms is evaluated by using (24) (where we

use the SNR upper-bound for OFDM), while its expression for OTFS is again derived in [22].

Unless otherwise noted, we use the parameters in Table I for simulation parameters.

A. ISAC performance with single target

The first result we report is aimed at determining the effective sensing range of the dual-

domain ISAC signal. Fig. 4 shows the sensing SDNR in DD domain at the BS γDD
sen varying

the BS-target range R. We consider one target/UE, two carrier frequencies f0 = 30, 150 GHz

and M = 2048, 4096 subcarriers. Here, the OFDM communication signal occupies half of the

available bandwidth (Mcom/M = 0.5) and with 50% resource occupancy (η = 0.5). Blue curves

show the SDNR, while red curves the SNR (with perfect OFDM signal cancellation at the BS

Rx side). As expected, at lower frequencies, the Rx sensing signal in the near range is severely

affected by the communication signal, thus a proper cancellation at BS would enhance the

performance. It is interesting to notice that, for fixed bandwidth, the processing gain increases

with M , thus it is practically ruled by the subcarriers’ spacing ∆f . This allows trading between

the complexity of the Rx processing at the BS and the performance, still employing a DFT-based

approach.

The second set of results is related to the comparison between the sensing performance of

the dual-domain, OFDM and OTFS waveforms, fixing the total emitted power to PFT
tot = 43

dBm. As for Table I, the per-subcarrier power of the sensing signal in the dual-domain ISAC

waveform is (σFT
sen)2 = 10−3(σFT

com)2 (30 dB less compared to communication one), thus it is

PFT
com + PFT

sen = PFT
com +

M

Mcom

10−3PFT
com = PFT

tot (36)

The results highlight a power-bandwidth trade-off, suggesting that for Mcom/M ≤ 20% (as

currently available in 5G NR FR2 systems) the proposed dual-domain ISAC design is ad-

vantageous (comparable CRB, improved MTER) over OFDM and OTFS, notwithstanding a

due power abatement for sensing. For higher OFDM/OTFS fractional bandwidths, these latter

waveforms are preferable. Figs. 5 and 6 summarize the results. Fig. 5a shows the ratio between

the root CRB on delay estimation of the OFDM/OTFS and the root CRB of the dual-domain

waveforms, as a function of the percentage of OFDM-occupied FT resources η and for different
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Fig. 5. Sensing performance comparison between dual-domain, OFDM and OTFS waveforms, in terms of (5a) root CRB ratio

on delay estimation (single target 5b) MTER.

fractional communication bandwidths Mcom/M . When the performance metric is ≥ 0 dB we

have a clear advantage in using dual-domain, otherwise OFDM/OTFS is better. As expected, for

Mcom/M > 30%, the superior Tx power employed by OFDM outperforms the larger bandwidth

used by the sensing signal in the dual domain ISAC waveform, and the effect of the FT resource

sparsity for OFDM (η) is mild. Notice that OTFS, by definition, has the same performance as

OFDM for η → 1 (full resource occupation). It is however remarkable that, notwithstanding



19

-200 -100 0 100 200
0

0.5

1

Fig. 6. Slices of the ambiguity function of dual-domain and OFDM waveforms along the delay dimension, for different

communication-allocated bandwidths and η = 100 % occupation
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0
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OTFS

OFDM/Dual domain with sensing cancellation @UE

Dual domain

R = 10m

R = 60m

Fig. 7. Achievable rate as a function of the total emitted power varying the BS-UE range, for dual-domain, OFDM and OTFS

ISAC systems. Thanks to the proper power allocation for the sensing signal, there is no appreciable difference between the two

systems, except for very high spectral efficiencies.

(σFT
sen/σ

FT
com)2 = −30 dB, the dual-domain does not show any CRB penalty w.r.t OFDM/OTFS

when Mcom/M < 20 %. The usage of more bandwidth for sensing allows for filling the CRB

gap with OFDM, thanks to a quadratic weighting of base-band frequencies (see Appendix B),

outside the communication spectrum. As an example, consider the case Mcom/M = 10 %. The

ratio between the effective bandwidth of the sensing signal and the OFDM one is ∝ (M/Mcom)3,

thus, perfectly compensating the 30 dB of power penalty.

However, the true advantage of using the dual-domain waveform is shown in Fig. 5b. This

reports the MTER for the dual-domain, OFDM and OTFS. As the ambiguity function of the dual-

domain sensing signal is a perfect 2D-sinc in DD domain, as shown in Fig. 6, its MTER is around
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Fig. 8. Root CRB ratio on delay estimation (two targets) between the OFDM and dual-domain waveforms, varying the normalized

inter-delay spacing (τ2 − τ1)/∆τ .

80%. OTFS gets closer to this latter value but suffers a penalty due to the less Doppler resolution

(see Appendix A). For all the OFDM waveforms, the MTER strongly reduces with Mcom/M .

For instance, for Mcom/M = 30%, the MTER of OFDM drops from 20-to-40%. This means

that: (i) the main lobe of the ambiguity function (along the delay) is Mcom/M -times larger (less

resolution) and (ii) some of the energy is spread over the whole DD domain (increased probability

of masking weakly reflecting targets). The achieved ACLR, for the considered parameters, is no

less than 18 dB, and can however be set according to regulatory limits by tuning the sensing

power Psen.

Finally, we discuss in Fig. 7 the achievable rate of the dual-domain, OFDM and OTFS systems,

varying the Tx power and for R = 10, 60 m. The proposed dual-domain waveform is limited by

the superposed 2D sensing sinusoid, but it results in a negligible penalty compared to OFDM,

decreasing with the BS-UE distance, observed only for C ≥ 8 bps/Hz. Of course, as the sensing

signal is fixed and known, the UE can operate a suitable cancellation to reach the OFDM

performance, at the price of a slightly increased complexity of the UE Rx. OTFS, instead, does

not employ the CP, thus it gains over medium-to-high values of achievable rate.

B. Sensing performance with two targets

The advantages of dual-domain ISAC waveform are even more evident when we consider

the resolution of two closely-spaced targets along the delay/range dimension. Fig. 8 shows the
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Fig. 9. Sivers EVK06003 boards
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T2

Tx Rx

<latexit sha1_base64="fGzojAlck5eGlX9zdL468y9XeUE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilZ6bPS9frniVt05yCrxclKBHPV++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpHVR9a6qlw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDXt42F</latexit>

T1

<latexit sha1_base64="YwuniXOVBuGh2hpgiN7Ug9U606U=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DXjxGzAuSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/fbT6g0j2XDTBL0IzqUPOSMGis9NvqVfrHklt0FyDrxMlKCDPV+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4tTZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc14Y0/5TJJDUq2XBSmgpiYzP8mA66QGTGxhDLF7a2EjaiizNh0CjYEb/XlddKqlL2rcvWhWqrdZnHk4QzO4RI8uIYa3EMdmsBgCM/wCm+OcF6cd+dj2ZpzsplT+APn8wfZO42G</latexit>

T2

<latexit sha1_base64="p8k6+ucmjnw9wlZPsn+Xv1hdkl4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdadVj0YvHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJneZ33miSrNIPpppTH2BR5KFjGCTSfX+hRiUK27VnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqx6V9XaQ63SuM3jKMIJnMI5eHANDbiHJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPZ0KN1Q==</latexit>

5 m
<latexit sha1_base64="gxdX7RD9ZWmI4T+BKY8DMWTvafI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBgyy70qrHohePFewHtEvJptk2NskuSVYoS/+DFw+KePX/ePPfmLZ70OqDgcd7M8zMCxPOtPG8L6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2H45uZ336kSrNY3ptJQgOBh5JFjGBjpVbNrfXORL9c8VxvDvSX+DmpQI5Gv/zZG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWTza6foxCoDFMXKljRorv6cyLDQeiJC2ymwGellbyb+53VTE10FGZNJaqgki0VRypGJ0ex1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C+//Je0zl3/wq3eVSv16zyOIhzBMZyCD5dQh1toQBMIPMATvMCrEzvPzpvzvmgtOPnMIfyC8/ENSPSOTA==</latexit>

5.5 m

Corridor @DEIB - POLIMI

(a) Delay-Doppler Rx signal

<latexit sha1_base64="GaCaTm6r832+nW2LtGeawSIQCQ8=">AAACFHicbVDLSsNAFJ3UV62vqks3g6UgCDWRom6EoiJuihXsA5oSJpNJO3QmiTMToYR+hBt/xY0LRdy6cOffOG0jaOuBC4dz7uXee9yIUalM88vIzM0vLC5ll3Mrq2vrG/nNrYYMY4FJHYcsFC0XScJoQOqKKkZakSCIu4w03f75yG/eEyFpGNyqQUQ6HHUD6lOMlJac/L7NkeoJnlxfXlSH0L6LkQerzo+KQz48qMJTaJl20ckXzJI5BpwlVkoKIEXNyX/aXohjTgKFGZKybZmR6iRIKIoZGebsWJII4T7qkramAeJEdpLxU0NY1IoH/VDoChQcq78nEsSlHHBXd46OldPeSPzPa8fKP+kkNIhiRQI8WeTHDKoQjhKCHhUEKzbQBGFB9a0Q95BAWOkcczoEa/rlWdI4LFlHpfJNuVA5S+PIgh2wC/aABY5BBVyBGqgDDB7AE3gBr8aj8Wy8Ge+T1oyRzmyDPzA+vgGzF51P</latexit>

OFDM Mcom/M = 10%

<latexit sha1_base64="KFx/DD47MB1avm+hrRnOomFCXZs=">AAACFHicbVDLSsNAFJ34rPVVdelmsBQEoSalqBuhqIibYgX7gKaEyWTSDp1J4sxEKKEf4cZfceNCEbcu3Pk3TtsI2nrgwuGce7n3HjdiVCrT/DLm5hcWl5YzK9nVtfWNzdzWdkOGscCkjkMWipaLJGE0IHVFFSOtSBDEXUaabv985DfviZA0DG7VICIdjroB9SlGSktO7sDmSPUET64vL6pDaN/FyINV50fFIR8eVuEpLJl2wcnlzaI5BpwlVkryIEXNyX3aXohjTgKFGZKybZmR6iRIKIoZGWbtWJII4T7qkramAeJEdpLxU0NY0IoH/VDoChQcq78nEsSlHHBXd46OldPeSPzPa8fKP+kkNIhiRQI8WeTHDKoQjhKCHhUEKzbQBGFB9a0Q95BAWOkcszoEa/rlWdIoFa2jYvmmnK+cpXFkwC7YA/vAAsegAq5ADdQBBg/gCbyAV+PReDbejPdJ65yRzuyAPzA+vgG0np1Q</latexit>

OFDM Mcom/M = 20%

<latexit sha1_base64="+CcXilvxwu+02p9qgmeTjpf0xjo=">AAACFHicbVDLSsNAFJ34rPVVdelmsBQEoSZa1I1QVMRNsYJ9QBPCZDJph84kcWYilNCPcOOvuHGhiFsX7vwbpw9BWw9cOJxzL/fe48WMSmWaX8bM7Nz8wmJmKbu8srq2ntvYrMsoEZjUcMQi0fSQJIyGpKaoYqQZC4K4x0jD654P/MY9EZJG4a3qxcThqB3SgGKktOTm9myOVEfw9PryotKH9l2CfFhxf1Qc8f5+BZ7CQ9MuuLm8WTSHgNPEGpM8GKPq5j5tP8IJJ6HCDEnZssxYOSkSimJG+lk7kSRGuIvapKVpiDiRTjp8qg8LWvFhEAldoYJD9fdEiriUPe7pzsGxctIbiP95rUQFJ05KwzhRJMSjRUHCoIrgICHoU0GwYj1NEBZU3wpxBwmElc4xq0OwJl+eJvWDonVULN2U8uWzcRwZsA12wC6wwDEogytQBTWAwQN4Ai/g1Xg0no03433UOmOMZ7bAHxgf37YlnVE=</latexit>

OFDM Mcom/M = 30%

<latexit sha1_base64="d00w3gIaohvBFA7bnBqitfGW0B8=">AAACFHicbVDLSsNAFJ34rPVVdelmsBQEoSZSHxuhqIibYgX7gCaEyWTSDp1J4sxEKKEf4cZfceNCEbcu3Pk3Th+Cth64cDjnXu69x4sZlco0v4yZ2bn5hcXMUnZ5ZXVtPbexWZdRIjCp4YhFoukhSRgNSU1RxUgzFgRxj5GG1z0f+I17IiSNwlvVi4nDUTukAcVIacnN7dkcqY7g6fXlRaUP7bsE+bDi/qg44v39CjyFh6ZdcHN5s2gOAaeJNSZ5MEbVzX3afoQTTkKFGZKyZZmxclIkFMWM9LN2IkmMcBe1SUvTEHEinXT4VB8WtOLDIBK6QgWH6u+JFHEpe9zTnYNj5aQ3EP/zWokKTpyUhnGiSIhHi4KEQRXBQULQp4JgxXqaICyovhXiDhIIK51jVodgTb48TeoHReuoWLop5ctn4zgyYBvsgF1ggWNQBlegCmoAgwfwBF7Aq/FoPBtvxvuodcYYz2yBPzA+vgG5M51T</latexit>

OFDM Mcom/M = 50%

(b) Delay profile

ISAC Tx

ISAC Rx

Comm Rx T1
T25 m

5.5 m

4 m

OFDM Dual-domain

(c) Rx constellation

Fig. 10. Experimental results for the two static targets scenario: (a) delay-Doppler Rx signal and (b) delay profile (c) Rx

16-QAM constellation with and without the sensing signal.
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root CRB ratio on delay estimation (two targets) between OFDM and dual-domain, varying the

delay spacing (τ2 − τ1)/∆τ (normalized to the maximum delay resolution ∆τ = 1/(M∆f)).

The expression of the CRB is in Appendix B, where we consider two equally strong targets

(β2 = β1). OTFS performance is herein equal to OFDM one and not shown. Again, values

of the CRB ratio ≥ 0 (< 0) indicate an advantage in using dual-domain (OFDM), thus being

representative of the gain in using the proposed dual-domain ISAC waveform. Remarkably, the

dual-domain allows resolving two closely spaced targets below the resolution limit (τ2−τ1 ≤ ∆τ )

with much higher accuracy compared to OFDM (root CRB gain in the order of 5-10 dB), thanks

to a wider bandwidth (for Mcom/M < 20%), irrespective of power abatement for the sensing

signal. Compared to Fig. 5a (single target), the presence of two coupled targets pushes for the

usage of more bandwidth. It is also interesting to notice that operating a cancellation of the

OFDM signal at the BS side allows increasing the dual-domain performance of several dB in

some cases.

The results underline the practical benefits of a dual-domain ISAC waveform, that allows

increasing the delay/range resolution well beyond what is guaranteed by spectrum regulations

(OFDM and OTFS) requiring no additional processing at the UE side.

VII. EXPERIMENTAL DEMONSTRATION

To further demonstrate the feasibility of the proposed ISAC waveform, we experimentally test

its performance. The setup is composed of a pair (one Tx and one Rx) of mm-Wave EVK06003

communication transceivers from Sivers semiconductors, operating at f0 = 60 GHz, over a

bandwidth of B = 1 GHz and featuring analog 8× 2 arrays [33] (Fig. 9). The two EVK06003

transceivers operate as Tx for ISAC and Rx for sensing, and one single-antenna Rx is used as a

communication Rx. A Xilinx ZCU111 FPGA board controls all the RF boards [34], which are

time and frequency synchronized.

The first experiment includes the range estimation of two closely-spaced static metallic targets

(corner reflectors), respectively placed at 5 and 5.5 m from the Tx/Rx, and the reception of

the communication signal by a terminal at 4 m. The Tx dual domain ISAC signal generation

follows the procedure in Section III, employing the available Tx power Ptot = 0 dBm, fractional

bandwidth for communication Mcom/M = 10, 20, 30, 50%, subcarrier spacing ∆f = 1 MHz,

number of OFDM symbols N = 4096 (with duration T = 1 µs, thus using a burst of approx.

4 ms), OFDM in-band resource occupation η = 1 and (σFT
s /σFT

com)2 = 10−4 (−40 dB) to ensure
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<latexit sha1_base64="SwMINTMlSfhlUNhi8p7OOABTgrA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9WLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe2eMuw==</latexit>

0
<latexit sha1_base64="6o2dF80vVmJoCxYhtLLuSb5reYQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz04Ln9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aVTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ22TAFTIjJpZQpri9lbARVZQZG07JhuAtv7xKWrWqd1m9uK9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+rAjPY=</latexit>

10
<latexit sha1_base64="b4iXyf3HHELyTqt2Mr+XIGrmj6w=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6xHHC/YgOlAgFo2ilh3PP7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindZubivlms3eRwFOIYTOAMPrqAGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QNUQ40t</latexit>

-10
<latexit sha1_base64="m+NJlKUNw3SrPpnFBAQXZ1pC7jQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cF51e6WyW3FnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTSrFe+ycnFfLddu8jgKcAwncAYeXEEN7qAODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wdVyI0u</latexit>

-20
<latexit sha1_base64="C/CcPrGSEYlNkJLm4UVL6l5dZss=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh5rbL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV77J6cV+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+xFjPc=</latexit>

20

<latexit sha1_base64="YVKC3a4AjWfohT/gdF0RHtg7vZ0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqe4WUY9FLx4r2A/YriWbzrah2WRJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWqKDSp5FJ1QqKBMwFNwwyHTqKAxCGHdji6mfrtR1CaSXFvxgkEMRkIFjFKjJUeWsAlZWaM/fhMB71yxa26M+Bl4uWkgnI0euWvbl/SNAZhKCda+56bmCAjyjDKYVLqphoSQkdkAL6lgsSgg2x29QSfWKWPI6lsCYNn6u+JjMRaj+PQdsbEDPWiNxX/8/zURFdBxkSSGhB0vihKOTYSTyPAfaaAGj62hFDF7K2YDoki1NigSjYEb/HlZdKqVb2L6vldrVK/zuMooiN0jE6Rhy5RHd2iBmoiihR6Rq/ozXlyXpx352PeWnDymUP0B87nDxxCkkM=</latexit>

Velocity [m/s]

<latexit sha1_base64="fGzojAlck5eGlX9zdL468y9XeUE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilZ6bPS9frniVt05yCrxclKBHPV++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpHVR9a6qlw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDXt42F</latexit>

T1

<latexit sha1_base64="JgdCg9Tjl4XqF0/d5ofilq6ysiI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvXgRKvQL2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNpneZ332iSrNItswspr7AY8lCRrDJpIfW0BuWK27VXQCtEy8nFcjRHJa/BqOIJIJKQzjWuu+5sfFTrAwjnM5Lg0TTGJMpHtO+pRILqv10cescXVhlhMJI2ZIGLdTfEykWWs9EYDsFNhO96mXif14/MeGNnzIZJ4ZKslwUJhyZCGWPoxFTlBg+swQTxeytiEywwsTYeEo2BG/15XXSuap69WrtsVZp3OZxFOEMzuESPLiGBtxDE9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHckmN3A==</latexit>

MT1

<latexit sha1_base64="8HZmEtqLc6WbDxi85Wr7nC4yFMo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXgRKvQL2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNpneZ332iSrNItswspr7AY8lCRrDJpIfWsDYsV9yquwBaJ15OKpCjOSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsIbP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6V9X6Y73SuM3jKMIZnMMleHANDbiHJrSBwASe4RXeHOG8OO/Ox7K14OQzp/AHzucPc82N3Q==</latexit>

MT2

Tx Rx

<latexit sha1_base64="fGzojAlck5eGlX9zdL468y9XeUE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilZ6bPS9frniVt05yCrxclKBHPV++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpHVR9a6qlw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDXt42F</latexit>

T1

<latexit sha1_base64="p8k6+ucmjnw9wlZPsn+Xv1hdkl4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdadVj0YvHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJneZ33miSrNIPpppTH2BR5KFjGCTSfX+hRiUK27VnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqx6V9XaQ63SuM3jKMIJnMI5eHANDbiHJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPZ0KN1Q==</latexit>
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Fig. 11. Delay-Doppler Rx signal for one static and two moving targets, the latter two in the same direction with slightly

different velocities.

that the Tx ISAC signal does not saturate the full-scale range of the digital-to-analog converter

and such that the Tx impulse train corresponding to the 2D sensing sinusoid has the same peak

amplitude of the OFDM signal. Figure 10 shows both the DD Rx signal (Fig. 10a) and the delay

profile (normalized autocorrelation) of the Rx signal (for zero Doppler, Fig. 10a). The former

is obtained with the proposed ISAC signal, while the latter compares the delay profile of the

proposed ISAC signal (red curves) with the one achieved with OFDM (blue curves), varying

Mcom/M . Remarkably, the proposed ISAC signal allows clearly distinguishing the two targets

in the delay/range domain, notwithstanding the power abatement to cater ACLR regulations (the

achieved relative ACLR is ACLRrel = 28.8 dB. Differently, OFDM suffers from bandwidth

limitations and, for Mcom/M ≤ 30%, provides the range of the first (and strongest) target only.

As predicted by numerical results in the previous section, Fig. 10c shows that the presence of

the sensing signal does not affect the communication, herein a 16-QAM is considered, as the

SNR at the communication Rx is 18.71 dB (with only OFDM) while the SDNR is 18.18 dB

(for dual-domain). As a further confirmation of the validity of the proposed ISAC waveform, we

also report in Fig. 11 the DD Rx signal for a static target at 6 m distance from Tx/Rx and two

moving targets at 5 m and 12 m respectively, characterized by the same radial velocity of 1.22
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m/s (positive for a motion in the direction of Tx/Rx). Again, using a sensing signal with a very

limited emitted power but a large spectrum and sufficient duration, we can detect both static and

moving targets. These results demonstrate the practical feasibility of the proposed dual-domain

ISAC waveform to increase the resolution of bandwidth-constrained communication systems.

VIII. CONCLUSION

This paper proposes a novel dual-domain ISAC waveform design for communication-centric

approaches, based on the superposition of a properly designed large bandwidth sensing signal

with the legacy communication one (OFDM) in the FT domain. Through the definition of a proper

power allocation problem for the sensing signal, the latter can coexist with the communication

one without interference at the UE side. A peculiarity of the proposed approach is that it allows

the ISAC system to exceed regulatory spectrum limits with the aim of enhancing delay/range

resolution in medium-to-short ranges (60-100 m). Numerical results show the benefits of the

proposed ISAC method by comparing it with OFDM and OTFS in terms of CRB, ambiguity

function and achievable rate. In particular, although sensing signal power is reduced by 30 dB

compared to the communication one to comply with out-of-band emission limitations, the CRB

on delay estimation of the dual-domain ISAC waveform is comparable with the OFDM/OTFS

one when the excess bandwidth is around 80-90%. Remarkably, the achievable rate is not

practically affected by the presence of the sensing signal. An experimental demonstration shows

the feasibility of the proposed method, suggesting its usage as a possible solution for high-

resolution ISAC systems.

APPENDIX A

The ambiguity function of a signal for the K UEs is dependent on the specific resource

allocation strategy. In case of g(t) = rect(t/∆τ), we have [19]:

χ(τ, ν) ' pT (ν∗(ν)⊗ τ (τ)) (37)

for −1/(2T ) ≤ ν ≤ 1/(2T ) and 0 ≤ τ ≤ T ′, where p = (s� s∗) ∈ RMN×1 is the vector of

power allocation across FT resources (s ∈ CMN×1 is the Tx signal), and while

τ (τ) = [e−j2πm∆fτ ]
M
2
−1

m=−M
2

(38)

ν(ν) = [ej2πnTν ]
N
2
−1

n=−N
2

(39)
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are the frequency and time channel responses to a delay τ and a Doppler shift ν. For OFDM

signal, we have p = pcom = vec
(
ΣFT

com �ΣFT
com

)
. For the proposed dual-domain waveform, it is

p =
(
σFT

sen

)2
1T
MN , as the ambiguity is made by the sensing signal only. For OTFS, instead, the

Tx signal in FT domain occupies all the resources, such as in the dual-domain case, but there

is no CP in the Tx waveform. Thus, the ambiguity is approximated as in (37) where ν(ν) is

defined with T ′ instead of T . This means that, for fixed number of symbols N , the OTFS has

less Doppler resolution compared to OFDM and dual-domain but the achievable rate is higher.

The energy of the main lobe of the ambiguity function is

Emain =

√√√√√√
1

2M∆f∫
− 1

2M∆f

1
2NT∫

− 1
2NT

|χ(τ, ν)|2 dνdτ , (40)

which is evaluated considering the total available bandwidth B = M∆f . The MTER is

MTER =
Emain

E
. (41)

where E is the total energy of the waveform.

APPENDIX B

We derive the CRB for a generic signal in the FT domain defined over the resource grid ΛFT,

for two targets whose delays are τ1 and τ2, Doppler shifts ν1 and ν2 and scattering amplitudes β1

and β2. The following derivation is valid for the OFDM and the dual-domain ISAC waveforms.

The Rx signal in the FT domain is

y = β1 s� τ (τ1)⊗ ν(ν1) + β2 s� τ (τ2)⊗ ν(ν2) + z (42)

where y ∈ CMN×1 is the vector of Rx signal in FT domain, s is the vector of Tx signal,

z ∼ CN (0,Rz) is the additive Gaussian noise.

Consider for simplicity the upper-bound in which delay and Doppler estimation are decoupled,

thus the Fisher information matrix (FIM) is I = blkdiag(Iτ , Iν), where Iτ ∈ R2×2 is related to

delay and Iν ∈ R2×2 is related to Doppler. We have the following Fisher information terms:

Iτ1,τ1 = 2|β1|2pT
(
diag

(
R−1
z

)
� 4π2∆f 2(m�m)⊗ 1N

)
(43)

Iτ2,τ2 = 2|β2|2pT
(
diag

(
R−1
z

)
� 4π2∆f 2(m�m)⊗ 1N

)
(44)

Iτ1,τ2 = 2 pT<
{

diag
(
R−1
z

)
� 4π2β∗1β2∆f 2(m�m� τ 1,2)⊗ ν1,2

}
(45)
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Iν1,ν1 = 2|β1|2pT
(
diag

(
R−1
z

)
� (1M ⊗ 4π2T 2(n� n))

)
(46)

Iν2,ν2 = 2|β2|2pT
(
diag

(
R−1
z

)
� (1M ⊗ 4π2T 2(n� n))

)
(47)

Iν1,ν2 = 2 pT<
{

diag
(
R−1
z

)
� (τ 1,2 ⊗ 4π2T 2β∗1β2(n� n)� ν1,2)

}
(48)

where n = [−(N/2), ..., (N/2)− 1], m = [−(M/2), ..., (M/2)− 1] and

τ 1,2 = diag(τ (τ1)τ (τ2)H),

ν1,2 = diag(ν(ν1)ν(ν2)H)
(49)

are the cross-coupled delay and Doppler channel responses. For OFDM-based ISAC, only a

subset of the time-frequency resources are allocated, and Rz = σ2
zIMN . Differently, for the dual-

domain waveform, all the time-frequency resources are occupied by the sensing signal, and the

communication one acts as interference. Thus, we have p = (σFT
s )21MN and we can model the

noise covariance matrix as

Rz = σ2
zIMN + (|β1|2 + |β2|2)pcom (50)

where is the vector of power allocated on each single FT resource unit (subcarrier-symbol) for

communication. The CRB on delay and Doppler is therefore lower-bounded by

CRBτ = I−1
τ , CRBν = I−1

ν . (51)
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