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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.



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]—
[S]. 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.



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



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:

o 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.

o 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



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/OTES, 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/OTES.

o 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 |lI| outlines the considered scenario
and the channel model, Section [lII| describes the proposed Tx ISAC waveform, Section [[V|details
the Rx communication and sensing signals at BS and UE, Section [V] outlines the optimal ISAC
power allocation, Section |V 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*,
A" and ||A]|r. [A];; is the (i, 7)-th entry of A. With ||a]q = aQa 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. I,
is the identity matrix of size n. Superscritps TD, F'T and DD denote the time-delay (slow-fast
time), frequency-time and delay-Doppler domains, respectively. |.4| denotes the cardinality of set

A. With a ~ CN (u, 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 p and covariance C. E[-] is the expectation operator, while R and C stand for the

set of real and complex numbers, respectively. 9,, is the Kronecker delta.

II. TIME-VARIANT SCENARIO

Let us consider the ISAC system depicted in Fig[I} 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 () targets. Without loss of generality, we assume that (i) the () 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 %£-th UE in the time-delay (TD) domain is modelled as the sum of U}, paths [27]

U
hi () = Z Qe €2 (T — Ty 1) Cuk (1)
u=1

where: (i) the amplitude of each path is v, ~ CN(0, 07 ), with o7, o< (foRy)~? (for distance

R, x and carrier frequency fo); (ii) v, is the Doppler shift for the u-th path; (iii) g(t) denotes



the time response of the cascade of the pulse shaping and matched filters (iv) 7, = R, ;/c is the
path delay (v) (,x is the beamforming gain for the k-th UE, u-th path. Note that 7, = Ry /v
and vy = foVi/v are proportional to the range R and radial velocity Vj 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

() targets in the environment:
Q .
hin (6,7) = Y By ™ g(1 = 7,) G, 2)
q=1

where 8, ~ CN (0,02), with 02 < Tyfy QR;4 is now the scattering amplitude of each target
(comprising the radar cross section I'y), 7, = 2R, /v, v, = 2foV,/v and (, 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 oc R~%) 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]]

Q

hin(t, f) = Y Be ™' G(f)e T ¢, 3)
q=1
Q

hls)eg(y, T) = Z Byd(v —vg) g(1 —14) G 4)
q=1

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

the communication channel ().

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

FT _ M Mo NN
A —{mAf,nT’m— 5 g 1,n= SRR 1}, (5)
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Fig. 2. Resource allocation for communication and sensing signals in the proposed ISAC dual-domain system

where Af denotes the sub-carrier spacing and 7' denotes the symbol duration of an OFDM
symbol, comprising the cyclic prefix, i.e., T'=T"+ T,,, with Af = 1/T". Reciprocally, the set

of resources in the DD domain can be represented by grid
N N
ADD:{gAT,pAVIEICL...,M—l,p:—57...7?—1} (6)

where A7 = 1/(MAf) and Av = 1/(NT) denote the delay and Doppler resolutions, respec-
tively, which depend on the system bandwidth (M Af) and the downlink burst duration (NT').

The corresponding range and velocity resolutions are, respectively:

C C

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

XFT — ZFT ® SFT + O'FTSFT (8)

com com sen —sen’

where SET € CM*¥ is the FT communication signal matrix, SET € CM*¥ is the FT sensing sig-

nal matrix, X251 € Rf *N' defines the square root of the allocated powers for the communication

com

F1 > 0 is the amplitude of the sensing signal. The resulting bandwidth-integrated

signal while o,

powers of communication and sensing signals are, respectively:

EFT 2
FT _ H comHF PFT _ M(UFT)Q_ 9)

com N ? sen sen



As customary, the Tx signal X*T undergoes an M-point IFFT and a CP of duration T, 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 XPP = FI, X*1Fy, where F), € CM**M
and Fy € CV*V are DFT matrices such that ||Fy||r = VM and ||[Fy||r = v/N. When the
sensing signal in FT domain is a 2D sinusoid occupying all the M N resources (see Section
for details), the corresponding DD mapping is an impulse whose amplitude is augmented
by VMN, ie.,

(02P)* = (o) M N (10)

sen

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

an average power on each DD bin that is

FT |12

com

MN

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 (i) 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
AFT = {mAf,nT} C ATT (12)

where AFT N AT = (), for k # ¢ 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:

APT = cvxhull (U A5T> (13)
k

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 ACFOTm are M., N, where M., 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 Af = 120 kHz). Usually, M, < M, in



the order of 20-to-50%, as detailed in Section [IL Within AT | the fraction of allocated resources

for OFDM is defined as
CURATT  TUAET
‘AFT McomN 7

com

(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:

s arm,n] if (m,n) € A} " as)
k m,n = )
0 otherwise

where S} € CM*N and ag[m, n] is a random information symbol drawn from a QAM constel-
lation such that E[ag[m, n]a;[m,n]] = dx_,. The overall communication signal can therefore be

expressed as

K
Stom =Y _Si". (16)
k=1

B. Sensing signal

The proposed sensing waveform is an impulse (or a combination of impulses) in the DD
domain, located in (¢;, p;):
o0 L ifl="0,p=pi

sen } Lp = ) )
0 otherwise

7)

where SPD € CM*¥ is the DD sensing signal matrix. The BS maps the sensing signal from

sen

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]:

Sim = FuSOUFx (18)
The (m,n)-th entry of SET is
[Sg{l]mm — ;ej%(nﬁi_%i)' (19)

vVMN

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.



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

VT = HT o X 42T = B o ST o ST T o olts T valT

communication signal BFT sensing signal DF'T

k,com k,sen

where [Z{T]  ~ CN(0,0?) is an additive white noise affecting the (m,n)-th FT bin and

Uy
_ Zau,k €j27r(1/u,kanmAfTu,k)G<mAf> Cu,k c CMXN (21)

u=1

(H;']

m,n

is k-th UE’s FT discrete channel matrix in 2I)). 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 A" grid is (before equalization):

Eagr [||(BEL) 7]

By [H[DFT 3]+ Eagr [10ZE713]

k,sen

FT

Tk (22)

where E AFT -] is the expectation operator taken over the support A} ', defined by the FT resources
allocated for the k-th UE. The upper bound of can be computed in closed form as
w? (ofT)?

T K2 (USFEE) + o2

o (23)

where #? = Y% 52, L denotes the maximum channel gain for the k-th UE and of7 is the

entry of Efon 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 D{Z  obtaining a higher SNR bound, where only

k,sen

o2 is left at the denominator of (23). However, the ISAC system can be designed to avoid the

z

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

DL communication link is

U

o log, (147, ") [bps/Hz] (24)
cp

where the first term accounts for the loss due to the presence of CP.



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 — HFT ® XFT + ZFT — HFT ® O'FTSFT +HFT ® EFT ® SFT +ZFT

sen sen sen sen sen — sen sen com com sen (25)
. J/

Vv Vv
sensing signal DET communication signal BEX

sen com

where

sen

Q
[HFT}mn — Z Bq ejQTr(anT—mAf’rq)G(mAf> an c C]\/[XN (26)
q=1

is the discrete FT sensing channel matrix in (26), and the noise term [Z5T]  ~ CN(0, Lo?)
in (25)) is obtained after Rx BF.

Remark: While the communication channel H} ! is considered after the usual time-frequency

FT

synchronization at the Rx, the sensing channel H_

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 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
Tep > 2Rpnaq/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

YED = Fu YELRY = D © 90b0SED + B @ @ (D), o SIR) 228,

sensing signal DRD (7,v/) communication signal BDR,

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

L o S0 (7(p — v/ Av))
VN ; P (B0 = v/ D)

In (27), the sensing signal DPP (7 v) includes all the () targets delays 7 and Dopplers v. The

sen

[HDD

sen } Lp

gl — 7,/ AT) . (28)

general expression of the maximum likelihood estimator (MLE) is

(T,v) = argmin <Hys’£ — dDDH2 ) , (29)

T,V



DD _ DD) DD _ DD - : - -
where y,,, = vec (Ysen) d..,, = vec (Dsen), and C,, is the covariance matrix of the noise

plus communication signal n2P = vec (BCDO]?n + ZS%E) For a single target () = 1 and a diagonal
covariance matrix C,, = 021y, 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 () targets responses and the colored noise, i.e., non-diagonal C,,.
Remarkably, using a single sensing impulse in the DD domain allows the exploration of the

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

the ¢-th target depends on the sensing SDNR 7q son» computed as follows:

2
= || i022.);, ]
asen = . (30)
Z?¢1 E |i‘ [DJ!:,)SIZH] quﬁq :| +E [’[Bcom]f :| +E U [Zsen]gq,;ﬁq :|
J74

where (, = (1,/AT) + {;, and p, = (v,/Av) + p; are the delay and Doppler indexes of the
received g-th target pulse, respectively, while the sensing signal for the g¢-th target Dq D (T, V)

can be expressed as

DDD (Tq7 Vq) — O-S]zlr? ﬁqefj%ruqfq SlIl (:(p — VQ/AV — pz))
sin (N(p — v,/ Av — pz))

aeen vVMN
The upper bound of the SDNR 720 can be computed as

K2 (JSDe]I? ) 2

gl — 7,/ AT — £;) (. (€2))

q,sen
ﬁ)/q,sen — (32)
Z] 1 Jsen Xa.j (O-s]?eg) + ngn (0-2321) + O-z
i74q
where /<;q sen = Oy 212, and K2 = Z(?:l Kgsen- Lhe term x, ; accounts for the coupling between

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

_ 1 sin (7((v, — v;)/Av)) Ty — T 2
Xq.j (MN)? |sin (£ ((vg — V].)/AV))Q < s >

<1, (33)

where the equality holds only when the j-th target has the same delay and Doppler of the g-th
target. Now, the key observation is that the sensing SDNR in DD %1 o, €mbeds the processing
gain M N (as expressed by (10) in Section [[TI), thus it is directly proportionally to the employed
bandwidth M A f and observation time NT'. The processing gain allows mitigating the increased

~4 compared to oc R? of the communication links) as well as the

path-loss of sensing (o< R
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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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., AfT C AFT,
Mo, < 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
2-0) 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].



The power allocation problem can be formulated as:

miglénfﬁe PEl = Pyt 4+ PRT (34a)
subjectto 5T > bt k=1,...K (34b)
Vorn = Ve g=1,..,Q (34c)
pET
PIFT Z ACLRrel (34(1)
ob
(05T)? < ACLR, A f (34e)
[Stomlij = 0 Vi, j (34f)
Oten > 0 (34g)
PEY < P (34h)

where PET = M, (UET)Q is the OB emitted power with M, denoting the number of OB

sen

sub-carriers, and

PET = PET 4 Moo (051)° (35)

com sen

denotes the in-band (IB) emitted power, which consists of communication and sensing powers.
In , constraints (34b) and (34c)) set the desired communication and sensing performance in
terms of SDNR in FT and DD domains, respectively. For instance, 7T can be set according to
a required data rate by the UEs, while 72" shall guarantee a pre-defined probability of correct
detection [31]]. Constraints (34d) and limit the relative OB radiation power w.r.t. IB and
the absolute power, measured with ACLRrel [dB] power gap and ACLR,;,s (usually specified
in terms of [dBm/MHz]). Constraint sets the total power budget. The problem in 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 [Bf for one and two targets. The MTER, derived from the ambiguity function of the



TABLE 1

SIMULATION PARAMETERS

Parameter Symbol Value(s)
Carrier frequency f 30 GHz
Bandwidth B 1 GHz
Transmitted power PET 43 dBm
Number of antennas L 100
Number of subcarriers M 1024
Number of symbols N 128
Symbol duration T’ 1.024 pus
CP Tep 0.102 ps
Sensing-to-comm FT ratio | (ol /ofT)2 | 1073
OFDM occupancy ratio n 20 %
Range R 50 m
50¢

DD

S
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No OFDM cancellation
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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.



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 OTES 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 2P varying
the BS-target range R. We consider one target/UE, two carrier frequencies f, = 30,150 GHz
and M = 2048,4096 subcarriers. Here, the OFDM communication signal occupies half of the
available bandwidth (M.,,/M = 0.5) and with 50% resource occupancy (n = 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 A 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 Pl = 43
dBm. As for Table [, the per-subcarrier power of the sensing signal in the dual-domain ISAC
waveform is (¢£1)? = 1073(oEL )2 (30 dB less compared to communication one), thus it is

M
P+ Py = Ph +~——107°PLL =PI (36)

com sen com M com
com

The results highlight a power-bandwidth trade-off, suggesting that for M..,,/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/OTEFS fractional bandwidths, these latter
waveforms are preferable. Figs. [5] and [6] summarize the results. Fig. [Sa shows the ratio between
the root CRB on delay estimation of the OFDM/OTFES and the root CRB of the dual-domain

waveforms, as a function of the percentage of OFDM-occupied FT resources 7 and for different
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Fig. 5. Sensing performance comparison between dual-domain, OFDM and OTFS waveforms, in terms of (3a) root CRB ratio

on delay estimation (single target [5b) MTER.

fractional communication bandwidths M,.,,/M. When the performance metric is > 0 dB we
have a clear advantage in using dual-domain, otherwise OFDM/OTES is better. As expected, for
Meom /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 (7)) is mild. Notice that OTFS, by definition, has the same performance as

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

(oFT/oET )2 = —30 dB, the dual-domain does not show any CRB penalty w.r.t OFDM/OTFS
when Mo /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 Moy /M = 10 %. The
ratio between the effective bandwidth of the sensing signal and the OFDM one is o< (M /Mo )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. [f] 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 (12 — 71)/AT.

80%. OTFS gets closer to this latter value but suffers a penalty due to the less Doppler resolution
(see Appendix . For all the OFDM waveforms, the MTER strongly reduces with M., /M.
For instance, for M., /M = 30%, the MTER of OFDM drops from 20-t0-40%. This means
that: (i) the main lobe of the ambiguity function (along the delay) is Mo, /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 Fie,.

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. [§] shows the
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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 (75 — 71)/A7 (normalized to the maximum delay resolution A7 = 1/(MAf)).
The expression of the CRB is in Appendix B, where we consider two equally strong targets
(B2 = [1). OTES 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 (7, —7; < A7)
with much higher accuracy compared to OFDM (root CRB gain in the order of 5-10 dB), thanks
to a wider bandwidth (for Mo /M < 20%), irrespective of power abatement for the sensing
signal. Compared to Fig. [54] (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 OTFES) 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 f, = 60 GHz, over a
bandwidth of B = 1 GHz and featuring analog 8 x 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 [[II, employing the available Tx power P,,; = 0 dBm, fractional
bandwidth for communication M.,,/M = 10,20, 30,50%, subcarrier spacing Af = 1 MHz,
number of OFDM symbols N = 4096 (with duration 7" = 1 us, thus using a burst of approx.

4 ms), OFDM in-band resource occupation = 1 and (657 /oET )2 = 107* (—40 dB) to ensure

com
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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. and the delay
profile (normalized autocorrelation) of the Rx signal (for zero Doppler, Fig. [I0a). 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
Meom/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 ACLR,, = 28.8 dB. Differently, OFDM suffers from bandwidth
limitations and, for Mo, /M < 30%, provides the range of the first (and strongest) target only.
As predicted by numerical results in the previous section, Fig. 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 ¢(t) = rect(t/Ar), we have [19]:

x(m,v) ~p" (v (v)@7(7)) (37)

for —1/(27) < v < 1/(2T) and 0 < 7 < 7", where p = (s ®s*) € RMNx! ig the vector of

power allocation across FT resources (s € CM*¥*! is the Tx signal), and while

M _
5 —1

’T(T) _ [€7j27rmAfT] o (38)

' N_
— [€]2ﬂnsz] 2 v (39)
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are the frequency and time channel responses to a delay 7 and a Doppler shift v. For OFDM

signal, we have p = pcom = vec (EFT o X ) For the proposed dual-domain waveform, it is

com com

p= (USFGE)Q 17,5, 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 where v(v) is
defined with 7" instead of 7. This means that, for fixed number of symbols NV, 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

1

2MAf ONT

Erain = / |x(T,v)|? dvdr, (40)

T 2MAf ~ 2NT

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

MTER = 41
E @
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 A7,
for two targets whose delays are 71 and 75, Doppler shifts 14 and v, and scattering amplitudes 3,
and [,. The following derivation is valid for the OFDM and the dual-domain ISAC waveforms.

The Rx signal in the FT domain is
y=0s07(n)@v()+BsOT(r)@v(n)+z (42)

where y € CMN*! ig the vector of Rx signal in FT domain, s is the vector of Tx signal,
z ~ CN(0,R,) 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(I,,I,), where L. € R**? is related to

delay and I,, € R?*? is related to Doppler. We have the following Fisher information terms:
I 7 =2|6:’p" (diag (R;') © 47°Af*(mOmM) ® 1y) (43)
Ly = 2|5)*P" (diag (RZ_I) 4T A (MmOmM) ® 1y) (44)

Iy 7 = 2p ™R {diag (R;!) © 47°B; BAf2(MOM O T15) @ V15 ) (45)
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L, =26:°p" (diag (R;') ® (1y ® 47°T*(n ® n))) (46)
Ly, =2|B°p" (diag (R;') ® (1 ® 47°T*(n ® n))) 47)
Ly, =2 pIR {diag (R;l) O (T12® 47T B B2 (n ® n) © 1/1,2)} (48)

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

Tio = diag(T(Tl)T(TQ)H), )

Vig = diag (v (v1)v(2)")
are the cross-coupled delay and Doppler channel responses. For OFDM-based ISAC, only a
subset of the time-frequency resources are allocated, and R, = afI un- 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 = (¢'7)%1,,y and we can model the

noise covariance matrix as

Rz = UzIMN + (|Bl’2 + ‘52‘2)pc0m (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

CRB, =1_, CRB, =1, 51
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