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Abstract—This paper introduces a sensing-centric joint com-
munication and millimeter-wave radar paradigm to facilitate
collaboration among intelligent vehicles. We first propose a chirp
waveform-based delay-Doppler quadrature amplitude modula-
tion (DD-QAM) that modulates data across delay, Doppler, and
amplitude dimensions. Building upon this modulation scheme,
we derive its achievable rate to quantify the communication
performance. We then introduce an extended Kalman filter-
based scheme for four-dimensional (4D) parameter estimation in
dynamic environments, enabling the active vehicles to accurately
estimate orientation and tangential-velocity beyond traditional
4D radar systems. Furthermore, in terms of communication, we
propose a dual-compensation-based demodulation and tracking
scheme that allows the passive vehicles to effectively demodulate
data without compromising their sensing functions. Simulation
results underscore the feasibility and superior performance of our
proposed methods, marking a significant advancement in the field
of autonomous vehicles. Simulation codes are provided to repro-
duce the results in this paper: https://github.com/LiZhuoRan(

Index Terms—Millimeter-wave, integrated sensing and com-
munications, joint communication and radar, autonomous
vehicles.
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I. INTRODUCTION

A. Prior Works

ADAR and communication technologies have paralleled

each other in their seven decades of evolution, sharing
many commonalities in hardware, waveform designs, and
algorithms [1], [2], [3], [4], [5], [6]. Their integration is
seen as a leap forward for next-generation networks, offering
synergy gains. Three primary waveform types underpin joint
communication and radar (JCR), which are communication-
centric design (CCD), sensing-centric design (SCD), and joint
design (JD), with JD representing an ideal but challenging goal
due to its novelty and complexity [7].

Orthogonal frequency division multiplexing (OFDM) is a
widely considered waveform in CCD-based JCR. OFDM can
achieve high-speed data transmission while also supporting
certain sensing functionalities [8]. However, in situations
where only essential control data needs to be transmitted,
rather than files, audio, or video, the high peak-to-average
power ratio of OFDM becomes the main concern. In scenarios
where there is a high demand for sensing, a lower requirement
for communication rates, and where communication capability
is an added benefit, the SCD is undoubtedly appealing.

A representative SCD waveform is the chirp. Chirp exhibits
simplicity in implementation, high tolerance to Doppler
effects, and constant modulus characteristics, making it highly
suitable for sensing applications. Chirp can be employed in
both pulse radar and continuous wave radar [9]. Pulse radar
systems, common in military and long-range surveillance, are
characterized by their large size and high peak radiated power.
They demand fast radio frequency switching to toggle between
transmit and receive modes [10]. In contrast, continuous-wave
radars are commonly employed in civil applications, with a
typical example being the millimeter-wave (mmWave) radar
used in automotive platforms [11], [12]. These systems are
designed under strict size, cost, and average-power constraints,
which favors characteristics such as constant-modulus trans-
missions, lower peak power, and seamless transmit/receive
integration. The MAJoRCom system using pulse radar was
proposed in [10], where the carrier frequency of the pulses,
the activated antennas for each pulse, and the correspondence
between them are all variable. These variations enable data
modulation. Similar to the MAJoRCom system, the FRaC sys-
tem proposed in [12] is a continuous-wave radar platform that
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modulates information via a combination of carrier selection,
antenna selection, and waveform permutation. However, it
makes the assumption of a perfectly known channel. Moreover,
the decoding algorithm employs the maximum likelihood
method with high computational complexity, making its imple-
mentation challenging.

Due to its low cost and powerful sensing capabilities,
mmWave radar, particularly chirp or frequency modulated
continuous wave (FMCW) based one, has become a key
sensor in intelligent autonomous vehicle systems [9], [13],
[14], [15]. Among the three major sensors (camera, lidar
and radar) in autonomous vehicle systems, the camera lacks
speed sensing capabilities and, like lidar, it is also sensitive
to the environment [16]. This makes cost-effective mmWave
radar systems indispensable [17], [18]. In the limited space
of onboard mmWave radar systems, higher integration is
required. Multiple-input multiple-output (MIMO) radar uti-
lizes a small number of antennas to expand the array aperture,
leading to an increase in angular resolution [19]. Notably,
the 76-81 GHz frequency band has been allocated for JCR
applications in autonomous vehicle systems, enabling both
high-precision sensing and potential communication capabili-
ties [20]. Nevertheless, the sensing capabilities of sensors on
a single vehicle are limited, which has led to the develop-
ment of collaborative localization methods among multiple
vehicles [21], [22]. Limited spectrum resources need efficient
spectrum utilization. However, a major issue with existing
mmWave radar systems is the inability to effectively reuse
time-frequency (TF) resources [23]. If many vehicles employ
mmWave radar systems, there will be severe mutual interfer-
ence. This creates an opportunity for an enhanced level of
collaboration among vehicles, facilitating JCR in autonomous
vehicle systems. The sensing process is practically continuous,
often manifesting as a tracking process characterized by its
parameters gradually changing and following a certain rule.
Therefore, data can be modulated onto the parameters with
additional offsets, and the receiver can demodulate the data
by identifying these offsets. However, existing mmWave radar
JCR systems, except some cognitive radar or adaptive wave-
form design, do not effectively utilize time series information
for data modulation [24], [25].

In the conventional communication domain, only long range
(LoRa) technology utilizes the characteristic of chirp in Inter-
net of Things [26]. Compared to mmWave radar systems,
LoRa technology operates at a lower frequency band with an
extremely narrow bandwidth, within the industrial scientific
medical bands, such as 433 MHz, 868 MHz, and 915 MHz.
Therefore, synchronization is sufficient and it does not require
complex channel estimation, where data demodulation is
achieved using a special dechirp process [27]. Extending the
idea of LoRa technology directly to mmWave encounters
challenges associated with non-ideal hardware characteristics
[28] and issues arising from excessively high sampling rates.
Therefore, extending LoRa technology directly to mmWave
is not trivial. Some studies have attempted to integrate LoRa
technology with sensing. The authors of [29] used the FMCW
non-linearity effect in radio frequency circuits to obtain LoRa
signals, but this method is not widely applicable.
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From the above review of the related work, we can draw
the following issues and limitations of the existing literature.

1) Some existing SCD-based JCR schemes are not suitable
for civilian use [10], and some schemes targeting civilian
applications make ideal assumptions and have high
algorithm complexity [12].

2) The extension of LoRa technology from lower fre-
quencies to the mmWave band faces challenges due
to imperfect hardware and excessive sampling rates,
making this extension difficult to achieve.

3) Current JCR solutions hardly capture time series for
data modulation on sensing parameters, such as delay
and Doppler. Since time series information is available,
it is possible to modulate the data on the sensing
parameters. Clearly, leveraging time series information
can be beneficial for JCR but the existing schemes have
not utilized this vital information.

B. Our Contributions

The above consideration motivates our current work. Specif-
ically, to bestow communication functionalities upon mmWave
radar systems, we propose a tracking-based data modulation
and demodulation scheme, committed to preserving the fun-
damental sensing capabilities unimpaired and to facilitating
seamless integration of communication and radar functionali-
ties. Our main contributions are summarized as follows.

e By employing a “listen-before-talk” regime, vehicles can
exploit the mixing property of chirp signals to identify
and select idle time-frequency resources for transmission.
Within the selected TF resources, vehicles can modulate
delay, Doppler, and amplitude data onto a single-frame
chirp signal, known as delay-Doppler quadrature ampli-
tude modulation (DD-QAM). Importantly, the same
transmitted chirp signal can be simultaneously used for
environment sensing by analyzing its reflections, thereby
enabling joint communication and radar functionality.
Moreover, the achievable rate of the proposed DD-QAM
is evaluated.

e By exploiting the tracking process, we use relative
movement to estimate the orientation. Based on the
orientation and the radial-velocity, the tangential-velocity
can also be estimated. Therefore, we propose an extended
Kalman filter (EKF)-based scheme for five-dimensional
(5D) parameter estimation. The SD parameters include
delay (or distance), Doppler (encompassing both tangen-
tial and radial velocity), azimuth angle, and elevation
angle, whereas conventional four-dimensional (4D) sens-
ing typically excludes tangential velocity. Additionally,
quasi-off-grid estimation of delay and Doppler can be
obtained through the effective use of spectrum leakage,
and true dynamic off-grid estimation can be obtained
during the tracking process.

e By leveraging the time-series information from the track-
ing process, vehicles can extract data by computing the
parameter difference between the prediction based on
previous parameters and the estimation derived from the
current observation. Subsequently, the current estimation
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results, excluding data, represent the true parameters
of the targets and are utilized for subsequent tracking.
Therefore, data can be modulated and demodulated with-
out compromising the sensing functionality. We refer to
this demodulation scheme as “dual-compensation-based
demodulation and tracking scheme.” The term ‘“dual-
compensation” refers to the need to compensate for target
parameters during data demodulation and to remove
modulated data during tracking.

C. Notations

Unless otherwise stated, normal-face letters, boldface lower-
case letters, boldface uppercase letters and calligraphic letters
denote scalar variables, column vectors, matrices and ten-
sors, respectively. The transpose and conjugate operators are
denoted by ()T and (-)*, respectively. | = +/—1 is the
imaginary unit, R and C are the sets of real-valued and
complex-valued numbers, respectively. For vector x € CV*1,
x[n] denotes the n-th element of x, len(x) denotes the
length of x, and x[n|(f) means extracting the element of
x indexed by [n], where 6 is the argument of x[n](6). For
matrix X € CN*M_X[n, m] denotes the (n,m)-th element of
X, X[n,m](f) means extracting the element of X indexed
by [n,m] with argument 6, and X[:;,m; : ms] denotes
the sub-matrix composed of the columns from the mq-th
column to ms-th column of X. For tensor ) € CV*XMxK
Y[n,m, k] denotes its (n,m, k)-th element. (i, 3) denotes
the Gaussian distribution with mean g and covariance >. The
magnitude of real- or complex-valued number s is denoted
by |s|. For real number s, |s| represents the largest integer
less than or equal to s, and [[s]] is the integer closest to s. E[-]
denotes the expectation operation, J(-) is the first-order partial
derivative operation and d(-) is the first-order total derivative
operation. 1, denotes the vector of size n x 1 with all the
elements being 1. ® represents the Hadamard product, ®
represents Kronecker product, and ® is the linear convolution
operator, while mod denotes the modulus operation. s;&ss
denotes the logical AND operation between s; and s,, and
x :y : z represents the sequence from x to z with spacing
y. The operator Avg(X) takes the arithmetic average over
multidimensional array X, and the operator < assigns the
value of the variable on the right to the left. The speed
of light is denoted as ¢, and II(¢) is the unit rectangular
window function, which equals to 1 in the interval [0,1) and
0 otherwise, while §(¢) denotes the unit impulse function.

II. OVERVIEW OF PROPOSED JCR PROCEDURE

Autonomous vehicles on the road need to sense the environ-
ment to ensure safety. Based on whether they actively transmit
JCR signals, autonomous vehicles are classified into two types:
active vehicle (AV) and passive vehicle (PV). AVs and PVs are
equipped with the same JCR transceivers. The only difference
between them lies in the roles each entity plays: the AV serves
as the active sensing party, responsible for modulating data
onto the signal, while the PV functions as the passive sensing
party, tasked with demodulating data from the signal. These
entities are capable of interchanging roles depending on actual
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Fig. 1. Organization of this paper.
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Fig. 2. TF diagram used to illustrate the relationships among parameters
and how data can be modulated in delay: (a) basic dechirp process; (b) data
modulation and demodulation process, wherein the data is modulated in delay.
The black chirp represents transmitted (Tx) one and the gray chirp represents
the received (Rx) one.

needs. In addition, vehicles that are neither AVs nor PVs are
referred to as “other vehicles”, and they only serve as targets
sensed by the AVs and PVs. These “other vehicles” can switch
to AVs or PVs based on their own needs.

The organization of this paper, namely, the proposed JCR
procedure utilizing the chirp waveform-based on DD-QAM, is
illustrated in Fig. 1. The AV transmits JCR signals and receives
echoes to sense the environment, while the PV receives JCR
signals to demodulate data and sense the environment. The
proposed chirp waveform-based DD-QAM scheme, which
modulates the data onto the delay, Doppler and complex
amplitude of the transmit signal, is detailed in Section III.
Section V covers parameter estimation techniques, and Sec-
tion VI contains target tracking and data demodulation
schemes. In Sections V and VI, Algorithm 1 summarizes the
parameter estimation process, while Algorithm 2 details target
tracking and data modulation of AV, and Algorithm 3 outlines
target tracking and data demodulation of PV. Algorithms 2
and 3 both depend on the estimated parameters provided by
Algorithm 1.

III. CHIRP WAVEFORM BASED DELAY-DOPPLER-QAM
FOR JCR

For the proposed chirp waveform-based DD-QAM scheme,
the data are modulated onto the delay, Doppler and complex
amplitude of the transmit signal.

A. Signal Model Under Single-Path Single-Input
Single-Output Channel

The transmitted single frame signal is defined as

ne

w(t) = (B%) Bu 1 ((t = noTo)/T) e ke

X ejs(tfncchTm)) (1)

)
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where P is the QAM symbol in one frame, 3 together
with [ represents the amplitude of the transmitted signal,
N, is the number of the chirps in one frame, Tp is the
chirp duration, 7® is the data modulated on delay, fP is
the data modulated on Doppler, and T, = T, + T, is the
total duration of one unit of one frame containing the guard
interval T};, which is used to separate two adjacent chirps [28].
T, is the effective sampling time within one chirp duration
T,. The relationship among some parameters is shown in
Fig. 2(a). The chirp’s tailing effect is attributed to the non-ideal
characteristics of the transmitter during the generation of high-
frequency chirps. In Fig. 2, f., denotes the cut-off frequency
of the LPF, indicating that the intermediate-frequency (IF)
signal will pass through the LPF before being sampled, with
the cut-off frequency set equal to the sampling frequency fs.
Tyg = Tien + Teom is the maximum delay containing the delay
Tien for sensing and the delay Tiop for communication.! For
simplicity and without loss of generality, Tyen =Teom =14/2 is
adopted. Ty can be calculated as f,/B=T;/ T... The received
signal mixes with the locally generated origin signal without
modulated data and passes through an LPF with a cut-off
frequency fou = fs. The received signals with delay larger than
Ty are filtered out in the analog domain since the frequency
after mixing exceeds f,,. Thus, as long as the time intervals
of different chirps exceed a certain threshold, they can be
separated by the LPF in the analog domain without mutual
interference. Inspired by this property, different vehicles can
be interleaved with 27y for interference mitigation. The chirp
signal s(t) is defined as

s(t) = 2m ((f. — B/2)t + at®/2), 2)

where f. is the carrier frequency, o = B/TC is the chirp
rate, and B is the bandwidth occupied by the chirp. The echo
channel is defined as

h(t) = Bnd (t —7(t)) , 3)

where 7(t) = 2(r + vt)/c is the delay of the echo channel,
in which r and v are the distance and radial-velocity between
the transmitter and the target, respectively, while f3; is the
channel gain. Therefore, the echo signal is defined as Yecho =

x(t) ® h(t) = Brz (t — 7(1)).
Let us mix the original signal Toig(t) =
Y, H((t—ncTc)/Tc) e*(t=neTe)  which is  not

modulated by AP, 7® and £, with the echo signal
Yecho(t). Here “mix” refers to the multiplication of Zoig (%)
with the conjugate of Yecho(), i.€., Y(t) = Zorig(t) - Yopo(t)-
We take only the part from T, — T, + n.T, to T, + n.T, of
the mixing results as

y(t)
=Y (1= n - (- T) /1)

XBJ WNCf(D) j (t neT, ) js(t 7(t)—neTe—1P )

A BpD Zn;—o n((t=nt— (.- 7)) /T.)

IExcept for the physical-layer design, recent vehicular MAC-layer protocols
reduce collision probability and coordinate time—frequency usage at the
network/system level [30], [31], [32].
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“)

where r® = ¢ . 7™, which can be regarded as another
form of data modulated on delay, T is the effective sampling
time within one chirp duration T., and B = PP together
with B®) represents the amplitude of the received signal.

The reason for the approximation ~ is due to the fact that
a(t(t) + ™)/2 <« f. and (7(t) + 7P)/2 < t. The
relationship among 7., T,, and T, is shown in Fig. 2(a).
We omit the noise term in (4) to simplify the expression, and
this simplification similarly applies to the received signal in
the subsequent text.

Let t = n;Ts +n.T, + T, —
after sampling is given by

T., and the received signal

y(t) |t:nf Ts +7LCTC +TC_TC

20 ™\ jorn, ( 2Lefe fg”)
© e 5 (o) e () sy
(5)
oy D) (D)
_ J4W<(fc+a(T ~Te)) 2 ta(T. T)M>
where = fe X
e fe === Y € CNiXNe € {0,1,-- , T.fs — 1} is

the index of the sampling points within one chirp, f, is the
sampling frequency, Ts = 1/fs is the sampling interval, and
Ny =T.fs. We utilize anTs < fe, QU(TC —Te) + fov/a <
r and av(TC —T.) < fev to obtain (5). A conclusion similar
to (5) can be found in [12].

B. Signal Model Under Multipath MIMO Channel

As shown in Fig. 3, the transmit and receive arrays
are placed on the x-z plane. The position of each ele-
ment in the transmit array (receive array) is defined
by ptx[ntx} = [nlx,adtx,ay 0, nlx,edlx,e]T (prx[nrx] =
[Mux,adix,as O, nrx’edrx,e]T), where “n” is the index of the
antenna starting from O and “d” is the antenna spacing, while
subscript “tx” (“rx”) represents “transmit” (“receive”), and
subscript “a” (“ ) stands for “azimuth” (“elevation”), which
represents horizontal (vertical) direction. Ny = N oNixe
(INVix = Nix,a Vix,) 1s the number of transmit (receive) antennas
arranged in N o (Vx,q) columns and Ny e (NVix,e) TOWs.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on January 11,2026 at 18:14:48 UTC from IEEE Xplore. Restrictions apply.
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Moreover, Ny q =Nix Mod Nix,q (Mrx,q =Nx Mod Nix o), and
Nix,e = I_nlx/Ntx,aJ (nrx,e = Lnrx/er,aJ)-

A frame of signal transmitted by the n-th antenna is
defined as

x[nx] (1) = (B(D))* By ZN:_ol I ((t — ncTc)/Tc) Q[nux, ne)

J2‘IT fi)D) e]G(t—’nCTC—T(D)) . (6)

Different values of Q[ny,n.] correspond to the different
slow-time MIMO radar waveform orthogonality schemes [19].
Q[nw, ne| allows the receiver to distinguish multiple transmit
antennas and extend the vehicle’s effective antenna aperture.
We adopt Doppler division multiplexing (DDM) scheme and
Q[ni, ne] = el?™enms/No [18], [19]. The channel is defined as

HO [Toax, Tx] (t)

5 8 () e 4 )
- =1 hl

) (t — >(t)) . €

Here the superscript “(-)” is either “(A)” or “(P)” depending
on whether it represents the AV’s echo channel or the channel
from the AV to the PV. The index [ for the AV’s echo channel
H®W [, nex] () indicates the /-th target and there are a total
of L® targets, while the index [ for the channel from the AV
to the PV H®) [ny, ny|(t) indicates the I-th path and there
are a total of L(P) paths.> The other terms in (7) are now
elaborated.

The superscript of di,; is always “(A)” as the AV is
the transmitter. For H®|ny, ny]t) H® [ntx,nrx](t))T,

A (A) s A A (A) A
dix )l = |:COS gDtx,l S et(x )l’ Cos (‘OEX )l Cos etx 0 sin (ng )l:|
denotes the wunit direction vector of the transmitter
with respect to the [-th target (the [-th path), and
dr(x)l = |:COS <p£x)l sin 9&?1, cos <p£x)l cos 9&?17 sin gpr(x) . is

the unit direction vector of the recelver w1th respect to the
[-th target (the /-th path), where Hl(x)l, <plx b 9( )l and gor(x)l are
the azimuth of departure (AoD), elevation of departure (EOD)
azimuth of arrival (AoA) and elevation of arrival (EoA) with

respect to the /-th target (the [-th path), respectively. For the

echo channel, Ht(f% H(Xl and @Ef)l <prx)l
The delay of the echo channel is TZ(A) (t)
2<rl(A)+vl(A)t /¢, where rl(A) and vl(A) are the distance

and radial-velocity between the [-th target and the AV,
respectively. The delay of the channel from the AV to PV is
given by Tl(P) (t) = (rPt) + viPt)/c, where rl(P) and vl(P)
represent the distance and the radial-velocity observed by the
PV associated with the [-th path, respectively. Moreover, vgp)
can be calculated according to the bi-static radar principle.
Specifically, r{" (t) = ras,i(t)+7ps, (t) and v = dr{? (t)/dt,
where ras;(f) is the distance between the AV and the /-th
scatterer, and rpg;(¢) is the distance between the PV and
the [-th scatterer. In the special case where the signal is

transmitted from the AV to the PV directly, v® = drap(t)/dt,

2We assume that each target corresponds to a single, dominant line-of-sight
path. This is a common and practical assumption in automotive radar research,
as non-line-of-sight paths suffer from significant attenuation at millimeter-
wave frequencies, rendering them unreliable for robust angle estimation [12].

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 25, 2026

where r®(t) = rap(t) is the distance between the AV and
the PV.

The schematic diagram of the transmit and receive array
architecture is depicted in Fig. 3, where we set diy, =
Nix,alix,q and dix e = Nix edix,e. Since the vehicle’s field of
view (FoV) is limited, dix, and dix . can be set to larger
than A/2 to increase the overall antenna aperture, where A
is the wavelength. This setting leads to the increase of the
angular resolution without increasing the number of antennas
and introducing the angle ambiguity. If the FoVs are 6 €
[ emaxa emax} and pEe [ Pmax, (pmaxL drx7a = )\/(2 sin emax)
and dixe =A/ (2810 @ryax).

We mix the original  signal = Xog(t) =
SV ((t—ncfc) /Tc) do(t=neTe)  which is  not
modulated by AP, 7 and f{®, with the echo signal.
Specifically, we mix “()” with “()” to obtain “(s)” as
illustrated in Fig. 2(b). The process to obtain the signal after
mixing and sampling at the AV is similar to the process used
to obtain the signal in (5), and it can be expressed as

y(A) [nf; Ne, nrx]
™ Ny—1
Q[nix, ncle

_Zl 1 Zn[X—O
nete fom e ((a)) ulnal+(a2)) paton

x B®) J‘ALTrfc”lfe

jAm ZLZs a( (A)Jr'“))) jor ne f(D)

LW Ny— (A)

_Z Z ﬂ(A B(D) JQT{‘Nf (f, . +f§D’) jom e (ff,/?,)-i-fi,[)))
=1 n=0

jorde ( (at™ o [T a® rx [Torx

222 ((a) pulnad+ (427 ol 1)7 )
where YW g CNs*Nex N BI(A) together with 3® is the
received complex amplitude of the I/-th target’s echo signal
to the AV, f(A) and fiAl) are the normalized delay (or dis-
tance) frequency and normalized Doppler (or radial-velocity)
frequency, respectively, which are given by

X Q[nt)U nc]e

f8) = 2Ny Toar™ /e € [0, Ny),
fl()J = 2N, T, foM /c e [0, N.), 9)

while f,(®) = N;T,ar®/c € {0,1,...,N; — 1} is the
data modulated in the delay. Note that f(A) + fr ®
Ny should remain valid to ensure that f(A) < Ny and
P < Ny — 1. Additionally, € {0,1,...,N. — 1} or

P e {0,1,...,N./N — 1} is the data modulated in the
Doppler depending on whether it is a beacon frame or a DDM
frame. The difference between a beacon frame and a DDM
frame will be elaborated in Section III-C. If a beacon frame is
used, only the first transmit antenna transmits. Owing to the
cyclic shift characteristic of discrete Fourier transform (DFT),
there is no constraint imposed on f(A)-i- fo ®) je., f(A)+f ()
can be equal to or larger than N,.

We assume that the PV has the same signal Xig(t) (“(D”
in Fig. 2(b)) as the AV, which can be used for mixing with
the signal received at the PV (“(3)” in Fig. 2(b)). Therefore,
the received signal after mixing and sampling at the PV can
be obtained similarly to that of the AV in (8) as

y(P) [nfv n(:a nrx]
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Nx—

DI Bl

« B(D) j277fc M ejQWfT,C ((dfof) Prx [ntx]"r (d,(:)l) Prx [nrx]>

(P),.(D)
P Qne,n 6]6'2” a4 ”) an e 1

L® Nyx—

=2 Zn[ . L8P Qg e 5 (£ +1) o)

J27T (f(P) -‘rf(D)) ]27‘!‘ < (d‘(XA;) Pix [nlx]+ (dﬁxp,)l)Tprx [n,x]>

)

(10)
where Y®) € CNs X NeXNo | apd
f(P) = NfTsozrgp)/c € [0, N¢/2),
£ = NTofe Je € [0, Ne/2), (11)

while ff,lfl) and fffl) represent the normalized delay (or dis-
tance) frequency and normalized Doppler (or radial-velocity)
frequency, respectively. Similarly, f(P) + f )< N + should be
satisfied.

Remark 1: For ease of description and without loss of
generality, we let f(A) € [0, Ny/2), f&) € [0, Ny/2) and

r l
D) ¢ {0,1,...,N;/2 — 1}. Therefore, f(A) f(D)
and f(P) + f,ED) < Ny always hold true.0J

Remark 2: We term this modulation scheme DD-QAM,
since data is modulated on delay, Doppler and complex ampli-
tude of the transmitted signal. The rationale of DD-QAM lies
in that temporal information in the tracking process can pro-
vide a prior dynamic and finite range for the parameters to be
estimated. As long as the data modulated onto the parameters
exceeds a certain distance, these parameters can be estimated,
while simultaneously achieving data transmission. Note that
the works in [10] and [12] adopted the inter-pulse modulation
while our scheme adopts the inter-frame modulation. This
distinction arises from our adoption of the DDM MIMO
radar waveform orthogonality scheme to distinguish different
transmit antennas at the receiver. Employing DDM for data
modulation per chirp proves infeasible, resulting in a lower
bit rate. By contrast, time-division multiplexing (TDM) does
not have the aforementioned issues. TDM has the potential
to enhance the bit rate by a factor of V., where N, is the
number of chirps in one frame. However, a drawback is that
only one antenna is active at any given time, which results in
an SNR loss of 101og;,(/Nx) dB. As TDM can be viewed as a
simplified and direct extension of DDM, we will not elaborate
on it here. Nevertheless, its performance will be evaluated in
the simulation section for comparison.

The main distinction between our DD-QAM scheme and the
existing chirp-based schemes lies in the domain used for data
modulation. Our DD-QAM leverages the unique transmission
and reception processes of mmWave radar systems [11]. In
this scheme, data is directly modulated onto the sensing
parameters, facilitating seamless integration of communication
and sensing, while also enabling low-complexity sensing and
demodulation algorithms. In contrast, the scheme proposed
in [10] and [12] modulates data via antenna and frequency
selection, necessitating the maximum likelihood algorithm at
the receiver for demodulation, which significantly increases
implementation complexity.[]
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Fig. 4. Schematic diagram illustrating the data modulation scheme of DD-
QAM: (a) beacon frame; (b) DDM frame. This RDM is presented from the
perspective of the AV or PV. It depicts two transmit antennas and one target
in a receive antenna via DDM waveform orthogonality. It shows the way to
modulate data in the variation of distance and velocity. The data modulated
in complex amplitude is hidden in the complex amplitude of the detected
position.

C. Proposed Beacon Frame Aided DDM for DD-QAM

DDM is a MIMO radar waveform orthogonality scheme.
However, it reduces the maximum detection velocity by a
factor of N [19]. To address this issue, we propose the beacon
frame aided DDM, which preserves the maximum detection
velocity. It is important to note that beacon frame aided
DDM and DD-QAM are two techniques operating in different
dimensions. The former is independent of communication and
helps the receiver to distinguish multiple transmit antennas,
and it extends the vehicle’s effective antenna aperture using
Q[nx, ne]. In contrast, the latter is a modulation scheme.

We can obtain the received signal after DFT at each receive
antenna as
Ny—1

=3 LY

X wrnslwe[ncle

Z(')[mf,mc,nrx Olng, ne, i

m,‘n,«

—j2m f f —j2m

(12)

where X(') € CNsxNex N and superscript “(-)” is either “(A)”
or “(P)” depending on whether it is the received signal of
the AV or the PV, while w; € CNf and w, € CMe are
the fast-time and slow-time window functions to mitigate the
impact of the spectrum leakage. Then, the range-Doppler map
(RDM) before the constant-false-alarm-rate (CFAR) detection,
Y )\ €CNr*Ne can be obtained as

Ylgl))M [ng,ne] = Z

to improve robustness. The RDM before detection is depicted
in Fig. 4. Employing the CFAR detection on YI%M yields
the detection result Ylgl))M,D € CNr*Ne | whose element

Ylgl))M,D [ng,n.] takes the value of 1 or 0, to indicate whether
there is a target or not in the grid [ns,n.]. To address both
velocity de-ambiguity and angle estimation [19], we use two
frames to obtain all 4D parameters. The first frame serves
as a beacon frame to mitigate the reduction in the maximum
detected velocity. The second DDM frame serves the purpose
of distinguishing different transmit antennas at the receiver.
Specifically, only the first transmit antenna is activated in
the beacon frame, ensuring that each target corresponds to

‘y() nf7nc;nrx} /era (13)

Nx=0
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TABLE 1
RESOLUTION AND RANGE OF THE 4D PARAMETERS

Parameters [unit] | Resolution [ Range

cTo feu
Distance [m] 2%1%} :((26221(3;—}:%)3 :
Radial- c_ (=1,1) x min(
Velocity [m/s] 2N.T,f. T ﬁ)
sin(EoA) [NA] NoeNoedne (— sin @max, SIN Pmax)
Sin(AoA) [NA] Moo Voot org | (— 517 Oman, 50 Ona)

D'We use rr(e's) and ’ur(e's) to represent distance and velocity resolution,
respectively, where superscript “(-)” is either “(A)” or “(P)” depending on
whether it is the received signal from the AV or the PV.

? This table is for the AV. The resolution and range of distance and radial-
velocity for the PV are twice those of the AV. The EoA resolution and
AoA resolution of the PV are A/ (N, edix,e) and A/ (Nix, o dix,q COS @),
respectively. The EoA range and AoA range of the PV are the same with
those of the AV.

a single detected region in the RDM. Therefore, the distance
and velocity of each target can be obtained uniquely, as shown
in Fig. 4(a). All transmit antennas are then activated in the
subsequent DDM frame, resulting in each target corresponding
to Ny detected regions in the RDM. Despite potential changes
in distance and velocity between the adjacent beacon frame
and DDM frame, they can still be recognized due to their
minimal variations, which will be verified through simulations.
The values of the corresponding detected regions on Ylg'l))M
can be used to determine the azimuth and elevation angles, as
shown in Fig. 4(b).

If there is no modulated data, the position detected on
the RDM in Fig. 4 should be within the blue square area.
In the presence of data modulation, the detected position is
within the red square area. Since the PV has relatively accurate
channel state information during tracking, it can demodulate
the data modulated on delay and Doppler by distinguishing the
difference between the red and blue squares. The maximum
index that can be modulated onto the delay is Ny/2 — 1, as
described in Remark 1. For the beacon frame, the maximum
detectable Doppler corresponds to the maximum data that can
be modulated on the Doppler. The difference in the maximum
data modulated on Doppler and delay arises from the cyclic
shift characteristic of the DFT in the Doppler domain, whereas
any signal whose delay beyond the maximum detectable delay
will be filtered out by the LPF. It should be noted that since N
antennas transmit signals simultaneously in the DDM frame,
the maximum data that can be modulated on the Doppler in
the DDM frame is the maximum detectable Doppler divided
by Ni.

D. Resolution, Range and Rate of Chirp Waveform Based
DD-QAM

The resolution and range of the distance, radial-velocity
and angle can be obtained through trigonometric relationships
illustrated in Fig. 2 and basic Fourier transform property [28].
Due to space limitations, the detailed derivation is omitted here
but the results are summarized in Table I. In general, f; < B.
Since the delay in the AV’s received signal is caused by two-
way distance while the delay in the PV’s received signal is
caused by only one-way distance, the resolution and range of
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the distance and velocity at the PV side are twice of those at
the AV side.
The number of bits that can be transmitted in one frame is

Ny = [logy(Ny/2)] + [logy(Ng)| + No,

where N, = |logy(N.)] or N, = [logy(N./Nix)| depending
on whether it is a beacon frame or a DDM frame, and N is
the order of QAM. Thus, the bit rate is N, /(N.T,) bits per
second. As for TDM, the number of bits that can be transmitted
in one frame is Ny tpm = [logy(Nf/2)] Ne+ |logy(Ng) | Ne,

where the bit rate is (|log,(Ny/2)| + [logy(Ng)]) /Te bits
per second.

(14)

IV. ACHIEVABLE RATE OF DD-QAM

In this section, we derive the achievable rate of the proposed
DD-QAM. To facilitate the derivation, we reformulate the
model from Section III into a more compact matrix input-
output form. As MIMO is a direct extension of the SISO case,
we illustrate the derivation using the SISO setting for clarity.

We define Xpp € CNs*Ne as transmitted delay-Doppler-
domain signal, and the received frequency-time-domain signal
Y € CNrXNe s given by

LP
Yer= B AeFR XopFl Ary + Wer, (15

where Ap; = diag(Ag;) and Ap; = diag(Ar,) are the /-
th single path frequency-domain channel and time-domain
channel, respectively. diag(-) is the diagonalization opera-
tor. Ag; € CNr and At € CNe are single-tone signals.
Fy, € CN+*Ns and Fy, € CNe*Ne are Fourier transform
matrices. Wgp € CNs*Ne is white Gaussian noise. We then
can transform the frequency-time-domain received signal Y g
to the delay-Doppler-domain received signal Ypp € CNs* Ve
as

Ypp = Fn, YrrFn,. (16)
By vectorizing Ypp, we can obtain
yop = HppXpp + Wpp, (17)

P T
where  Hpp = Zlel 5;(51) (FEIVF At F Nc> ®
(FNf AF’ZFIJ_IVf) € CNfNCXNfNC, Xpp = VCC(XDD> €
(CNf Ne ,  YoD = vec(YDD) S (CNf Ne , and
wpp = vec(Fy,WgrFy,) € CNrNeo xpp contains

only one non-zero element, which is a QAM symbol, and
its position follows a uniform distribution. It is worth noting
that an additional constraints on xpp is that the non-zero
element in the delay-domain can only be located at indices
{0,1,...,N;/2 — 1}. Moreover, the maximum normalized
frequencies of the corresponding single-tone signals Ag; and
Ar, are Nf1<,271 and N}Qfl, respectively. This is due to the
reason stated in Remark | and the adopted DDM scheme.
To facilitate the subsequent derivations, we define the total
number of possible codewords for xpp as M = Nj/2 x
N./Nx x Ng. The m-th basis symbol of xpp is denoted as
Xpp,m. Accordingly, for a fixed channel, the corresponding
codeword is given by c¢,, = Hppxpp,, and the codeword
difference is defined as A, v = ¢, — cyy. The additive
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noise is modeled as wpp ~ CN(0,02Iy). The index of

the codeword is denoted by s € {1,...,M}. Thus, the
transmission model can be written as
Y = ¢s + Wpp. (18)

Defining conditional entropy as h(y|s) and the entropy of the
received signal as h(y), the achievable rate can be computed
through mutual information as

I(s;y) = h(y) — h(yls)
= Esy (In(p(yls)/p(y))) /In2, (19)
where
p(y |s=m)=1/(mo*)M e I¥=enl®/o" (20)
and
= 1/MZ p(y | S=m')

e (=lly — e [?/0?) .

2D
Therefore, h(y|s = m) can be obtained as
hyls =m) =~ [ plyls =m)lnplyls = m)dy
= M In(no?) + M. (22)

Since h(y|s) = 47 >, h(y|s = m), we can obtain h(y|s) =
M In(mo?)+ M. Furthermore, we can derive h(y) as follows:

h(y) = — / p(y) Inp(y)dy
== MZ E(1H<M( MZ o~ IW+Dkml?/0” ))

(23)
By taking h(y) and Ah(y|s) into (19), we can numerically
compute I(s;y) as
I(s;y)
= 10g2M “Tnz ﬁEkE (IOgQZme_”w-‘rAk"mHz/oj)

24
V. DELAY-DOPPLER-ANGLE ESTIMATION SCHEME AT

JCR TRANSCEIVER

This section presents the parameter estimation scheme,
serving as the foundation for tracking and data demodulation
presented in Section VI

A. Problem Formulation

The delay-Doppler-angle estimation problem can be formu-
lated as

Nf—1N.—1 Ny—1

)
arg mln y n k) n( ) an
{f,( ) ( ) 01()( >l’<Prx)l 01<x)l <p((x )l }nfz:o nZO ’I’L; ! ]
S
N ~
i 3 g () b ] (Vo)
nx=0

9135

)

2
N, 2 = (- N (-
X bl( )[TLC] (fgll)> Pl( )[nf’ﬂ ntx] <0t(x)l7 Spt(x & efx X <pr(x?l) ’
2
st ) = cf(TD/(foTsa), o) = cf ) (ENT.f.),

F = 70+ £, = A+ A,

where the superscript “(-)” is either “(A)” or “(P)” depending
on whether it represents the AV’s received signal or the PV’s
received signal, £ = 2 or £ = 1 depending on whether it is
the received signal of the AV or the PV, and the index / in
the case “(A)” indicates the [-th target and there are a total
of L(®) targets, while the index [ in the case “(P)” indicates
the /-th path and there are a total of L® paths. Also AI(A),
fl(A), ﬁl(A), ér(f l), Ar(f ?, éff z) and <pt( ) are the estimates of
complex ampfitude " distance, radlal velocity, AoA, EoA,
AoD and EoD of the /-th target of the AV, respectively,
while B(P), ”(P), 0 P OI(f)l, Ar(f)l, O(P)l and SDt(x)z are the
estimates of complex amphtude distance, radial- velocity,
AoA, EoA, AoD, and EoD of the /-th path of the PV,
respectively. Additionally, f(Tl) is the estimated normalized
total delay (dlstance) fre(guency which comprises two parts,

fT( and fr , where f 1 is the part that comes from the

true target (path) parameters, while fT(D) is the part that
comes from the modulated data. The same is true for the
estimated normalized total Doppler (radial-velocity) ff)TlD

Furthermore, in (25), b0V [n](f) = el?™//N b(N)[n}(fl) =
6127mfl/N Pl() [nTX’ ntx] (at(x)l’ wl(x)l’ ar(;()l? ¢§x)l

]27'rf /(‘(( [x,) P [1a] + (dr(x)l) p”‘[n”(]) a() — [ 50)

’ tx,l cos SDtx l
sin Qt(x)l, cos Sbt(x)z cos Ht(x)l, sin gét(x)l} , and a® =

TX,[
[ cos gp( )l 51119“, cosgor(x?l cos@r(x)l7 smgpr(x)l] .

Since the detection is performed on the RDM, the detected
position can be directly used to derive the corresponding delay
and Doppler. Therefore, the problem in (25) can be efficiently
solved by first addressing the detection sub-problem, followed
by applying some angle estimation algorithms. In light of this,
cell averaging-CFAR is used to obtain the delay and Doppler
in the RDM. However, spectrum leakage can lead to multiple
detected positions for a single target (path). To address this
issue, we propose the “beacon frame-aided 4D-parameter
estimation scheme”, which leverages spectrum leakage rather
than being adversely affected by it. Note that the PV can
only obtain f,; M and Tou ™ in this scheme. fr i®) and fo (D)
are obtained by the PV usmg the scheme of Section VI,
since tracking process can provide prior information of f; f(P)

and fii).

(25)

B. Beacon Frame-Aided 4D-Parameter Estimation

The complete process using YRDM D Yl(z'l))M’D, 2(‘) and X(')
to obtain the target (path) list with 4D parameters is sum-
marized as the beacon frame-aided 4D- arameter estimation

scheme in Algorithm 1. YI({]))MD and y are obtained from

the beacon frame, while Yl(u))MD and Y are obtained from
the DDM frame, which follows the beacon frame immediately.

Due to spectrum leakage, each target (path) estimated from
the RDM has multiple similar parameter values. Therefore,
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Algorithm 1 Proposed Beacon Frame-Aided 4D-Parameter
Estimation Scheme
Input: Received signal after 2D DFT
y 4) e CNs*NexNu gnd y € CNsxNe ><N,x
RDM after CFAR detection Y}gl))MD e CNs e
and Yy € CN7*Ne, Thresholds for
determining whether it is the same target (path)
w, and w,;
Output: 4D parameters for [-th target (path)

) 50) A0 =) 20 )
LARENY 79rxlﬂ90rxl79txl7(ptx,l}’

le{l,---,LOY
1 for if :{0,1,-~- 7Nf—1} do
2 for i. = {0,1,--- ,N.— 1} do
3 Obtain distance and velocity associated with

target (path) on (iy, i.)-th grid in RDM

as (26)—(31);

4 Obtain DoA and DoD associated with target
(path) on (if, i.)-th grid in the RDM

as (32)—(34);

5 Obtain final 4D parameters of each target (path) by
averaging corresponding target (path) lists as (35).

each 4D parameter for each target (path) is stored in an
individual list. This process turns waste of spectrum leakage
into treasure, since we can obtain more precise estimates
through averaging all the values in the list. Since there are
six different 4D parameters, each target (path) has six lists.
Algorithm 1 maintains L) x 6 lists for L) targets (paths).
For each target (path), the six lists of 4D parameters, i.e., f“l' s

of ), 9&)1, cpt(x)l, 0,y and {or(;()l, le{1,---, L1}, contain the
same number of elements. However, due to varying levels of
spectrum leakage, the number of elements in these lists differs
among different targets (paths). Before performing CFAR
detection on the RDM, LG = 0. Then LO) is continuously
updated in the subsequent steps.

For each iy ={0,1,--- ,Ny — 1} and i.={0,1,--- , N, —
1} in Y}(zDMD and Ygpyp, We estimate the distance and the
velocity of the corresponding target (path) first. If

Yl(z%MD lif,(ic : No/Ni tic + (Nx — 1)Ne/Ni) mod N]
=1y, (26)
and
Avg (Yo [(ig — 1 :ip +1)
mod Ny, (i —1:i.+1) mod N,|) #0 27

are satisfied, the (if,i.)-th grid in YI({'J))M’D is considered
having a target (path). If L() =0, we assume the presence
of the first target (path) on the (if,i.)-th grid and create

parameters as
N./2 )l .
(28)

I

1=1; L0 =1; 8 = {Tr(e'ﬁif} o) = [”(e'z(i‘:_
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If LO) #0, we search for the /-th target (path) in the existing
target (path) lists that has the closest distance to iy and ¢
according to

arg mln Avg(t

)/rres - if‘

]Avg (@) /o8 —(ie=Ne/2)| 29)

where rr(gs) and vr(eg) are the distance and velomty resolutions
given in Table L. If both conditions |Avg( / rid—i f| < @,
and |Avg(vl )/vm —le— 1\27 | < w, are met, where w, and
w, are predefined thresholds, we include the (i,14.)-th grid
into the previous /-th target (path) lists as

i) = (87, rQigl o = (977 0

Tresf Vi Ureg N/2)] (30)

Otherwise, we assume the presence of a new target (path) on
the (iy,i.)-th grid and we create parameters as

=10 +1; JAO I SO +1;
£ = {reslf} o) = [ e — N/2)]

Second, we proceed to estimate angles of the /-th tar-
get (path) whose distance and velocity have already been
estimated in the preceding process. We are now detecting
the u-th detection position of the /-th target (path), where

u=Ilen (r( )2 =len \‘/l(')
transmitted by different antennas used to estimate angles on
the same receive antenna can be extracted as

P[?’lrx,.] y()[ [ }/Tres ( [ ]/Ures
+(0: No/Nw : No—N,/Ny)) mod N, s,
(32

(3D

. The complex amplitudes of signals

where P € CNraNoe X NoaNosse

If “(-)” is “(A)”, we can extend the antenna aperture, since
Ao0A equals AoD and EoA equals EoD. P’s columns represent
the indices of the transmit antennas, while P’s rows represent
the indices of the receive antennas. The elements in P are
then reordered to facilitate angle estimation as

[\_ntx/zvtx aJ X e+ |_an/er aJ (ntx mOd Ntx,a)er,a+
(nex mod Nix ) | <= Plny, nesl, (33)

where P € CVNeNoeXNuaNowa 3 P js the array response of
the extended array formed by transmit antennas and receive
antennas, resulting in the improvement of angle estimation
performance.

If “(-)” is “(P)”, we cannot extend the antenna aperture since
DoA no longer equals DoD. However, we can also utilize the
dimension brought by the transmit antennas, since the columns
or rows of P can be considered as multiple “snapshots” in
array signal processing. Therefore, subspace super-resolution
algorithms can be used to estimate the DoA and DoD.

However, regardless whether “(-)” is “(A)” or “(P)”, we
choose to use DFT with redundant-dictionary to estimate the
DoA and DoD with lower complexity [8]. While this approach

3By using the AIC and MDL criteria [33], we can determine the number
of different angles with the same distance and velocity in P. For simplicity,
we set the number of angles with the same distance and velocity as one in
this paper.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on January 11,2026 at 18:14:48 UTC from IEEE Xplore. Restrictions apply.



LI et al.: CHIRP DELAY-DOPPLER DOMAIN MODULATION-BASED JOINT COMMUNICATION AND RADAR

yields on-grid estimates within each frame, the tracking pro-
cess described in Section VI enables off-grid estimation, which
is validated by our simulations in Section VII. We define the

estimated AoA, EoA, AoD, and EoD as fo g (ﬁg&?if,ic’
o) 5()

i and @yl g . respectively. We include them into the
[-th ‘target (path) llsts as
o) — [p) a0 o0 () 50 .
etxl [ txl’etx i, 70] ) Qotxl - |:<ptxl’§0txzf zc] ’
o) o) 40 C o0 N
0 = {9 0( i £, ] ’ Sorx7 [(Pr(xh(prx if, zC:| .

rX,! X,00 VX, i ¢ i

(34)

Finally, after detecting the Ny x N, grids in S?I({']))M’D and
Y](Q'])MD through the above procedure, the final 4D parame-
ters for the [-th target (path) are obtained by averaging the
corresponding lists as

. —(- . =(+) ~(-
) = Avg (f«,( )) 3 = Avg (@l‘ >) Oy = Avg (efx’l)
AN =0 O\ = e
safx)z = Avg (sofx,)z) 1Ona = Avg 9rx,z) Py = Avg (sofx,)z) :
(35)

Remark 3: Although the aforementioned process requires
both the beacon frame and the DDM frame, the role of
the beacon frame is to unambiguously determine velocities
in the RDM. Therefore, upon obtaining 4D parameters in
the initial channel sensing stage, only the DDM frame is
needed in the subsequent process. This is because the 4D
parameters estimated in the last DDM frame can be used to
unambiguously determine velocities in the RDM of the current
frame, with the last DDM frame serving as the role of the
beacon frame.[]

C. Convergence and Complexity Analysis

Algorithm 1 performs detection on the RDM. The two
‘for’ loops are designed to systematically process each
detection point on the RDM. Each step within the loops
is a deterministic process without any iteration. There-
fore, the algorithm is guaranteed to complete and thus
converges.

The overall computational complexity of Algorithm 1 can
be analyzed by breaking it down into its primary components.
First, the generation of the RDM from the received signal,
as described in (12), requires performing a 2D-DFT for each
of the N receive antennas, resulting in a complexity of
O(NixNyN(log Ny + log N.)). Subsequently, CFAR detec-
tion is applied to the RDM, which has a linear complexity
of O(NyN,) with respect to the RDM size. The following
step involves iterating through each grid cell of the RDM to
perform target/path association ((26)—(27)), which also scales
linearly with the RDM size, contributing O(N;N,) to the
complexity. Finally, for the Lo targets/paths identified, angle
estimation is performed using a DFT-based search, leading to
a complexity of O(L() - Ny Ny (Go + G)), where Gy and
G, are the number of search grids for azimuth and eleva-
tion, respectively. Consequently, the total complexity is the
summation of these stages: O(N Ny N.(log Ny +log N.)) +
O(NfN.) + O(LY) - NuNi(Go + G)).
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Fig. 5. Geometric relationship and key parameters of the relative motion of
the AV and the PV from the perspective of AV. For simplicity and clarity,
other targets are not depicted.

Algorithm 2 Proposed Extended Kalman Filter-Based 5D
Parameter Estimation for AV
Input: Posterior mean vector ;L(j:)[:, n—N, LA)] € R* and posterior covariance matrix
E(_ﬁ)[:, n— N® € RY4 of state vector SP[:;n — N®] € R*, state
perturbation covariance matrix C(qf) € R***, and observation noise covariance
matrix C(ﬁ}\) € RA* 4;
Output Posterior mean vector p +)[ n) € R* and posterior covariance matrix E(j:)[:
n] € R*** of current state vector SV[:, n] € R*;
Oblam received signal, y(A and yW as (8);
Remove pre-modulated data of received signal as (38);
Perform DFT on :)7(A) and y<A> to obtain i< ) and X(A) as (12);
Obtain V{3, and Y&, as (13);
Perform CFAR detection on Y(A> and Y(A) to obtain Y]({D?V[D and Y]({g?vm
Obtain observation vector X(A)[ s n] through Algorithm 1;
/+*Information Fusion through EKFx/
//Prediction:
“(A) [ ] F(A)H(A) [
SV n] =FYEPL, 0 -
//Update:
9 j»w — an™W(s[:n]) lst
osTy: n] snl=p”
10 K® = s 2, n] (J<A)) (IOEA;
11 P‘(i)[ TL] — H<A)[ TL] + K® (X(A)[ n] _
12 2V n] = (T- KYIV) SV 2 n).

[NV I SO S

- N®Y
) (A) @\’ (A)
N¢ ](F ) +C®;

[c-BEEN]

(A)

[+ ]
,5n) (J(A)>T + C(qﬁ))712
B (L, m)):

VI. JOINT TRACKING AND DATA DEMODULATION

A. Proposed Extended Kalman Filter-Based 5D Parameter
Estimation for Active Vehicle

The goal of JCR in the AV side is to track the interested
targets by the chirp waveform carrying modulated data. 4D
parameters can be obtained with at most two frames by
using Algorithm 1. As a form of information fusion, track-
ing, which is the integration of the current observation with
historical prior information, can obtain more accurate results
than those obtained independently from two sources [34].
Therefore, we adopt tracking, aiming to obtain the orientation,
tangential-velocity and more accurate estimation of the other
4D parameters. The combination of tangential-velocity with
4D parameters, including distance, radial-velocity, azimuth
angle and elevation angle, constitutes 5D parameters. Com-
pared to [35], our approach leverages time series information
to estimate the tangential-velocity, thus alleviating additional
hardware requirements.

All targets are tracked by the AV. The following tracking
example focuses on one of the targets for illustration, but the
description in this subsection applies to all targets and tracking
all targets are considered in the simulations. For simplicity, we
omit the subscript “/”. The tracking problem to be solved by
the AV can be formulated as a Bayes minimum mean square

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on January 11,2026 at 18:14:48 UTC from IEEE Xplore. Restrictions apply.
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error problem as

) 2
arg mins(A)[i n] F [(S(A) [i,m] — §@A [i, n]) ] , (36)
where S™W[i, n] is the estimated i-th state variable of one target
in the n-th frame, while S [:, 7] is the true one.* We define
the estimated state vector in the n-th frame as

§VLn] = [Vl &Vl ¥, 900"

where &M[n], &M [n], ¥{V[n] and ¥{V[n] are the estimates
of the target’s distance in the x-direction, distance in the y-
direction, velocity in the x-direction and velocity in the y-
direction, respectively. As illustrated in Fig. 5, the origin of
the reference frame is the AV itself, the forward direction of
the AV is the positive direction of the y-axis, and the positive
x-axis is perpendicular to the y-axis. According to [34], EKF
can be used to solve the aforementioned problem.

Without loss of generality and to simplify the problem, we
only track the azimuth angle and assume that all targets are
moving in the horizontal plane. Since the modulated data is
known by the AV, AV can remove the pre-modulated data from
the echo, obtaining a return signal only “modulated” by the
target’s delay, velocity, and angle as

(37

y(A) [nfa Ne, nrx]

(A)
Yol BT w0 2w e £

(38)

where Y(*) [nf,Ne, Nix| is replaced by YA [nf, Ne, Ny if the
frame is a beacon frame. Then, Algorithm 1 is used to estimate
the 4D parameters of targets. To minimize the Bayes minimum
mean square error, we adopt the sequential linear minimum
mean square error estimation. For illustrative purpose, we
consider the tracking process of one target from the target
lists. The observation vector X [:, n] in the n-th frame is the
partial outputs of Algorithm 1 given by

. - T
XN = [0, 9], 60w, 39
where #4[n], ¥M[n],and 6Y[n] are the estimates of the
target’s distance, radial-velocity and AoA, respectively.

The state equation and observation equation can be formu-
lated as

SW[n] = FASOL p — NW] 4 q®),
{X(A)[:, n] =h®W (S(A)[:,n]) +w “0)
where u™ ~ N(0,CY) is the state perturbation with the
diagonal covariance matrix C* and w» ~ A/(0, C) is the
observation noise with the diagonal covariance matrix Cgﬁ),
while N represents that fusion is performed every N®W
frames by the AV. Note that for the sake of simplification,
we assume that errors across different states (or observations)
are uncorrelated, and their mean values are zero. Also since
the target to be tracked does not undergo significant changes
between consecutive frames, we conduct tracking once every
N®W frames, rather than tracking in each frame to reduce
computation complexity. In (40), h»(.) is the observation

“#Although s(t) is used to represent the chirp signal, we use S to represent
state variable to avoid too many symbol definitions, where ambiguities can

be resolved fhroush pontext. This applici o other sy mBOL eGSR B veHoaacddiaat e, PAYI0Rd, ot bs, them, extracied by, comparin
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function, whose input is the estimated state of the n-th frame
and whose output is the observation of the n-th frame, and
F® is the state transition matrix given by

1 0 N&T, 0
0 1 0 NWT,

F(A) — 0 0 . s 0 (41)
0 O 0 1

Furthermore, the output-input relationship of the observation
function h™(-) is defined as

= #®[n] cos P [n],

eV in)
eMn] =W [n]sin @V n], )
VW] = 9] sin 6V n]/ cos (6] — 6V[n])
viV[n] = ¥¥[n] cos6™[n]/ cos (B(A) [n] — 6™[n]
(42)
where 8™ [n] is the target’s orientation given by
6™ [n] = arcsin (A@"/((AJC)2 + (Ay)2)0'5) (43)

in which Az =&WM[n] — &M [n — N,], Ay=&M[n] —&Vn—
N,], and N, is the number of frames used as an interval for
orientation estimation.
We can obtain the input-output relationship of the observa-
tion function h™(.) through (42) as
0.
B0 = (@) ) + (&)’ )
~ (A
Y®[n] cos (0‘ 'In] — 6@ [n]) /sin6™n),
if [6W[n]| > 7 /4,

YW =

e YW [n] cos (é(A)[n] —6(A)[n]) / cos 6®n],
if [6W[n]| < /4,

0®n] = arcsin (egﬁ [n]/((6™)° [n] + (&™) [n])0'5) ,

(44)

where the condition about 6*)[n] is designed to prevent the
zero denominator. The proposed EKF-based S5D-parameter
estimation for AV is summarized in Algorithm 2, where
pMn], pPn), EM 0] and VL5 0] are the pre-
dictive mean, posterior mean, predictive variance and posterior
Variance of the state vector S(A)[:, n|, respectively, and J (A) =

3><4 . . .
}S[’n] —8W[n SIS is the Jacobian matrix to

hnearlze h(A)(S(A)[‘, n]), while K® is the Kalman gain used
to obtain posterior mean. The posterior mean and variance first
time used in Algorithm 2 are derived from the initial channel
sensing stage. Steps 7—12 is the standard EKF procedure [34].

B. Proposed Dual-Compensation-Based Demodulation and
Tracking for Passive Vehicle

The goal of JCR in the PV side is to track the AV and
estimate other paths while demodulating the data modulated
on the chirp waveform. The overall procedure is outlined as
follows. First, the PV predicts the current AV’s parameters
based on the previous AV’s parameters. Second, the current
estimation results are obtained from Algorithm 1, which are
used to represent the true parameters of AV and the payload
Ithe
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Algorithm 3 Proposed Dual-Compensation-Based Demodula-
tion and Tracking for PV

Input: Posterior mean vector p, [ n—1]€ R* and posterior covariance matrix ¢ )[ ,t
,n—1]€ R*X4 of state vector S(P)[ —1]e R?, state perturbation covariance
matrix C® € R*** and observation noise covariance matrix C*' € R**4,
received signal after mixing y® e cNs XNC X Nix (or y® e cNfxNe ><er)

Output: Demodulated data £ [n], £2[n] and ,8 (P)[
,n] € R* and posterior covariance matrix 3% )[ ,:,m] € R*X4 of current state
vector SP'[:, n] €R%;

[n] posterior mean vector gt

1 Perform DFT on 37(1)) (or y(">) to obtain Q(P) (or X(P)) as (12);
2 Obtain YI({DM (or Y(P) M) as (13);
3 Perform CFAR detection on YéPD)M (or YlgPD)M) to obtain ?lgPD)MD (or YS;)M_D);
4 Predict #'[n], ¥ [n] as #,[n], ¥, [n] according to y,(_?[:, n — 1] based
on (45), (46); o
5 Obtain observatlon vector X® [, n] = [#P[n], ¥®[n], 0" [n 1]" based on
Y (or YO, 1) through Algorithm 1; X X
6 Demodulate data modulated in distance and velocity, i.e., £ [n] and £ [n],
by comparing X®[:, n] with #,[n] and ¥, . [n] as (47) and (48);
7 Demodulate data modulated in amplitude, i.e., ﬁ D)[n], as (49);
8 Remove all data modulated in X®[:, n] as (52);
/*Information Fusion of the AV through EKF */
//PPrediction: ,
9 u"Ln] = FOul 0 - 1: ]
10 3P05n) = FOSPL:n - 1] (FP) + P
//Updat@YP)
(®) _ Oh (S[ n])
1 J asTT: | (ol =p®n)’
12 K® =3[ n (J‘P)) (J(P)Z}(P)[: ] <J“”)T + c‘”) B
13 DL, n] w®n] + KOXP[, 0] — h® (u®[:, n)));
14 2“’ [on] =1 —-KPIO)SPL, )

current observation results with the predicted parameters.
Third, the current estimation results, excluding payload data,
are used to represent the true parameters of AV. Finally, the
fusion of the AV’s parameters is obtained by combining the
predictions based on the previous AV’s parameters and the
current estimation results excluding the payload data. The term
“dual-compensation” stems from two perspectives: from the
demodulation viewpoint, AV’s parameters are compensated,
while from the tracking perspective, modulated data is elimi-
nated.

The problem for the PV to solve can also be formulated as
the 4D parameter estimation in (25) and the Bayes minimum
mean square error in (36). Since the parameters estimated
from the non-line-of-sight paths between the AV and PV do
not represent the parameters of the scatterers to the PV, the
PV only tracks and fuses the parameters of the AV. For other
paths, PV only performs parameter estimation as described in
Algorithm 1. The PV’s observation vector, state vector, state
equation, and observation equation are defined similar to those
of the AV, as specified in (39) and (40), with “(A)” replaced
by “(P)”. Note that N» is replaced by N’ = 1, as the
PV needs to demodulate data at each frame. The geometric
relationship illustrating the relative motion between the AV
and the PV, from the PV’s perspective, is similar to that of
Fig. 5. The detailed procedure for the PV to track the AV and
to demodulate data is described as follows.

The current distance and radial-velocity predicted by S(P{l
o — 1] = [eD[n—1],&[n — 1],9P[n - 1], v)[n
ie., #p[n] and ¥, .[n], are given by

n| = (( Pn 1A+V(P)n—1TN

Autﬁorlzed lic nsedTuse limite:
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0.5
+ 9P — 1]TCNC)2> , (45)

Vpr[n] = ¥ — 1]sin (ép) + (/;P) [n — 1] cos (ép> , (46)

where 6, = arcsin (ég’) [n—1]/ ((ég) [n — 1})2 +

0.5
(%P) [n— 1})2) ) The current observation vector

. - T
X®PLn] = |[#®n],¥P[n], 0" [n]} modulated with
data is obtained using Algorithm 1.

With the distance and radial-velocity predicted by the last

frame and the parameters estimated from the current frame,
£fD)[n] and £P[n] are calculated by

B0 = [[EV] = #pln]) /r@] | mod (v /2),

HMH mod (N,), if beacon frame
(P) c/ )

(47)

B =

HWH mod (ﬁ) if DDM frame.
res (48)

After £™[n] and £[n] are obtained, B(D)[n} is computed
according to (49), as shown at the bottom of the next page,
where W (-) is the function to find which QAM symbol has
the minimum distance to the input, 3[n — 1] is the estimated
complex amplitude of the last frame, and A € CN«*Nr is the
conjugate estimated array response matrix given by (51), as
shown at the bottom of the next page.

. .o ~ (P) ;(P) P)

in which 0, '[n], @y ’[n], 8, [n], and @, ’[n] are the
estimated AoD of the AV, EoD of the AV, AoA of the PV,
and EoA of the PV, respectively, and they are obtained by
Algorithm 1. Then 3[n] is updated according to (50), as shown
at the bottom of the next page. Finally, the observation vector

. - T
XP[:n]= {f"(P) [n],¥®[n],8® [n]} with the modulated data
removed is given by

®) 0

XP[:,n) = XLz 0] = [En]r 0.0 . 62

After the modulated data is removed, the EKF algorithm is
utilized to perform tracking [34], as shown in steps 9—14 of
Algorithm 3. The definitions of the variables are similar to
those given in Section VI-A. The posterior mean and variance
first time used in Algorithm 3 are derived from the initial
channel sensing stage.

(P) f(D) [ ]

resa v

C. Complexity Analysis

The computational complexities of Algorithm 2 and
Algorithm 3 are both dominated by the parameter estimation
routine detailed in Algorithm 1. The additional steps in each
algorithm introduce a lower-order computational overhead,
which we analyze as follows.

For Algorithm 2, the additional overhead stems from two
main operations. First, the data pre-compensation step (38)
involves element-wise operations on the received signal tensor,
leading to a complexity of O(NxNfN.). Second, the EKF
tracking stage operates on fixed, low-dimensional state (4D)
and observation (3D) vectors, resulting in a negligible constant
complexity of O(1) per target.

For Algorithm 3, the additional steps consist of data demod-

0 UNIVERSITY OF soZTHAM HON. Down oadelalmaauagdn%%mgs Ihe predistinnbased. demodwlatigp, for
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TABLE I
SIMULATION PARAMETERS

Parameter Value Unit [ Parameter Value Unit
fe 80 GHz T. 51.2 us

B 640 MHz | T. 51.2 x 68/60 s

fs 20 MHz | T, 51.2 X 64/60  ps
N, 128 NA Ty 50 x 4/60 ns
Ny 1024 NA Ten = Teom 51.2/60 ns
Nix 4 NA Ne.a 8 NA
Nix 16 NA Nix,e 2 NA
Ni,a 2 NA O max 60 degree
Nix,e 2 NA ©Omax 15 degree

delay and Doppler ((45)-(48)) has a constant complexity
of O(1). The demodulation of the QAM amplitude symbol
((49)—(51)) incurs a complexity of O(NxN./Ni). The final
EKF update, similar to the AV’s case, contributes a constant
complexity of O(1).

In both algorithms, the total complexity is dictated by the
initial parameter estimation, while the subsequent tracking and
demodulation steps do not significantly increase the overall
computational load.

VII. SIMULATION RESULTS
A. System Parameters and Performance Metrics

1) System Setup: The key system parameters are listed in
Table II. The time parameters in Table II can be obtained based
on the relationships shown in Fig. 2. The detailed calculation
process is omitted here due to space limitations. The other sys-
tem parameters are given as follows. @, =w, =1, N#» =10,
NP =1, Ng =4,16,64, i.e., QPSK, 16QAM, and 64QAM,
false alarm rate is 0.001, N, = 10, A\ = ¢/f, = 0.0037 m,
drx,o = 0.5774, and diy . = 1.9319). The noise power spec-
trum density at the receiver is set to 03sp = —174 dBm/Hz. The
complex channel coefficient of the two-way path is calculated

as fp = Baejg V GlerxSeH)\Q/\/(47T)3 (Rl)Q(R2)27 where 3,
is the atmospheric attenuation and is set to 2dB/km [36],
Serr 1s the effective reflection area of targets and is set to
4 in the simulations, £ € U(0, 27) is the random phase shift
of the channel, while Gy and G, are the antenna gains of
the transmit antenna and receive antenna, respectively, and
they are set to 1 in the simulations, Ry and Ry are the
distance from the transmitter to the target and the distance
from the target to the receiver, respectively. The complex
channel coefficient of the one-way path can be calculated as
B = Bael /GG A2 /4T R, where R is the distance from
the transmitter to the receiver. In the tracking simulation, the
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transmit power is fixed at 5dBm. Hanning window is chosen
as the window function for wy and w..

The system environment is configured as follows. The
coordinates of the AV (vehicle 1), the PV (vehicle 2) and
the other vehicle (vehicle 3) are (0,0,1)m, (—5,5,1) m and
(5,—10, 1) m, respectively. The velocities of the AV, the PV
and the vehicle 3 are 20 m/s, 25 m/s, and 30 m/s, respectively,
and they are oriented along the positive y-axis.

2) Performance Metrics: We adopt the hitrate as the metric
to evaluate the accuracy of the parameter estimation [12]. A
“hit” refers to the target (path) being detected. The aim of
our scheme is to estimate the parameters of the target (path)
within an acceptable margin of error, rather than pursuing the
theoretically optimal outcome. A hit happens when

2]~ xOfnl| < rd & 90 ) = v ]| < vl

res *

(53)

Let the total number of simulation runs be N, and the
number of hits therein be Ny Then the hitrate is Nt/ Ny
We also use the cumulative distribution function (CDF) to
evaluate the sensing accuracy of the proposed beacon frame-
aided 4D-parameter estimation scheme. As information fusion
is a continuous-time process, the evaluation of tracking per-
formance is essential. We present the true values, estimated
values, and fused values simultaneously to illustrate the
tracking process. Additionally, the tracking performance is
also evaluated by analyzing the errors between the true and
estimated values of orientation, velocity in the x-direction, and
velocity in the y-direction. Notably, these three parameters
cannot be obtained through conventional schemes without
the addition of extra hardware [35]. Furthermore, the symbol
error rate (SER) performance is presented to demonstrate the
communication capabilities of the DD-QAM.

B. Detection, Estimation and Demodulation Performance
Evaluation

We fix the state of the environment as the initial state as
specified in Section VII-A, and iterate 10000 times to obtain
results shown in Fig. 6. Fig. 6(a) shows the demodulation
performance of the PV, and several observations are note-
worthy. First, the reason for the worst SER being 1 is that
if the detection fails, no demodulation takes place. Second,
SERs derived from delay estimation, Doppler estimation, and
complex amplitude estimation are identical. This indicates that
successful detection leads to successful demodulation, and
there is no case where the detection is successful but the
demodulation fails. Third, when 7 is fixed at 50us, and B

~ (D)

B

Bin) = Ave (A © YO [[[1Vn]/rQ]|mod Ny, [ [vP [ /0lf)

(P)

A —jorde ((n.x mod Niy a)dis,a cos @ [n] sin B [n]+| -

A[ntxa nrx] =€

% 67j277% ((nm mod Niy,a)dix,q cos ) [n] sin éS) [n]+|

[n] =W(Avg (A oy® H[r(P) [n]/rrfs)ﬂmod Nf,Hv

(P>[n]/vr(eps)+01Nc/Ntx : Nc—Nc/Ntx”THOd N, D /B[n—l]),

(49)
+0:N./Ny: N, — Nc/leHmod Ne, ]) /8" n).
(50)
Jdu,e sin @)
5 e sin P[] (51)
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Fig. 6. Detection, estimation and demodulation performance under different values of bandwidth B, effective sampling time 7., and SNR settings: (a) SER;
(b) hitrate; (c) CDF. (a) is the PV’s data demodulation performance, (b) and (c) are the AV’s parameter estimation performance in estimating the distance,
radial-velocity, and AoA of the PV relative to itself. The SNR in (c) is set to —25dB.
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Fig. 7. Detection, estimation and demodulation performance with various QAM orders: (a) SER; (b) hitrate; (c) CDF. The SNR in (c) is set to —25dB.

varies from 640 MHz to 320 MHz and then to 160 MHz, the
required signal-to-noise ratio (SNR) increases gradually by 3
dB at the same SER. This is due to our fixed ratio of f,/B
at 1/32. With a larger bandwidth B, more sampling points are
obtained, resulting in an enhanced equivalent SNR through
coherent superposition.

Fig. 6(b) illustrates the detection performance of the AV
with hitrate as the metric. Since the success of detection means
the success of data demodulation, the curves of Fig. 6(b) corre-
spond one-to-one with those of Fig. 6(a). This correspondence
resonates with the concept of the proposed DD-QAM, as data
is modulated on “parameters”.

Fig. 6(c) further examines the parameter estimation per-
formance of Fig. 6(b) with the SNR set at —25dB. Only
successful detections in Fig. 6(b) are considered in the statis-
tics of Fig. 6(c). We opt for a search precision of 1° in
Ao0A to strike a balance between accuracy and computational
complexity.

It can be seen that the performance of AoA estima-
tion remains relatively consistent across different settings
of bandwidth B and effective sampling time 7,.. By con-
trast, the accuracy of the delay and radial-velocity estimation
improves significantly with either increased bandwidth or
longer observation time. This improvement arises from the
improved delay resolution provided by larger bandwidth and
the improved velocity resolution enabled by longer observation
time. Notably, Algorithm 1 uses arithmetic averaging of posi-
tions in the RDM affected by spectrum leakage. This approach

results in estimation errors for distance and radial-velocity
that are significantly lower than the resolutions presented in
Table I. In fact, we can achieve off-grid parameter estimation
during tracking with sequential estimation, thereby alleviating
the computational burden on each frame. This will be verified
in Figs. 10 and 11.

Fig. 7 illustrates the detection, estimation, and demod-
ulation performance for different QAM orders. As shown
in Fig. 7(a), the QAM order only affects the demodulation
performance—the higher the order, the worse the SER perfor-
mance. The QAM order has no significant impact on detection
and parameter estimation performance.

We select FRaC, which is also based on mmWave radar,
as our baseline for comparison [12]. This scheme divides a
full chirp into equal sub-chirps and assigns them to differ-
ent activated transmit antennas. Additionally, each sub-chirp
undergoes PSK modulation. Therefore, FRaC encodes commu-
nication bits from three sources: 1) the selection of activated
antennas, 2) the pairing relationship between antennas and
sub-chirps, and 3) the PSK modulation of each sub-chirp.
We adapt the FRaC scheme to the scenario presented in this
paper. Accordingly, our DD-QAM scheme also adopts a TDM
mode to align with FRaC. Specifically, with our 2 x 2 transmit
antenna array, FRaC selects two antennas for each transmis-
sion and employs QPSK modulation. In this configuration,
the antenna selection in FRaC encodes 2 bits, the antenna-
sub-chirp pairing encodes 1 bit, and the two QPSK symbols
encode 2 bits each, totaling 7 bits per chirp. In contrast, our
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DD-QAM scheme encodes 9 bits in the delay dimension and
2 bits with QPSK, for a total of 11 bits. The bits modulated
in the Doppler dimension are disregarded here as modulation
occurs only once per frame. Since the radar sensing front-end
for FRaC is similar to ours, their sensing performances are
comparable. However, FRaC requires a maximum likelihood
estimation detector for bit detection, whereas our method
directly demodulates bits from the radar detection results, thus
incurring no additional communication complexity overhead.

The SER performance comparison is illustrated in Fig. 8(a),
where each curve represents the SER where bits are only
modulated in the dimension mentioned in the legend. FRaC
achieves favorable communication performance only when
modulating bits using QPSK alone. The performance is
secondary when encoding information by swapping the
antenna-sub-chirp pairings, and worst for antenna selection.
If all three dimensions are modulated simultaneously, the bits
re nearly impossible to demodulate due to severe errors. This
issue arises from the coupling between the phase introduced by
the antenna elements and the phase from QPSK modulation,
which leads to ambiguity with multiple possible solutions.
Furthermore, our transmitter has an antenna spacing of 2\,
which introduces grating lobes that exacerbate this problem.
In contrast, our proposed scheme does not suffer from such
ambiguity in demodulation.

In Figs. 8(b) and 8(c), each curve represents the SER
where bits are only modulated in the dimension mentioned
in the legend. “All” indicates that all available dimensions are
utilized for modulation. In the legends for Figs. 8(b) and 8(c),
A denotes the modulation interval in the delay dimension,
measured in units of delay resolution. “Pred. Err” refers to the
normalized prediction error relative to the IF resolution. Pre-
diction error arises from the IF shift induced by the channel.

The channel’s IF represents the target’s delay/range, which
is estimated via a tracking process. Since data demodulation
relies on this predicted channel state, prediction errors directly
impact demodulation performance. As shown in Fig. 8(b),
similar to Fig. 8(a), simultaneous modulation in both spatial
and phase dimensions results in demodulation failure. When
modulating in a single dimension, QPSK achieves a lower SER
than spatial modulation. The performance of both schemes
deteriorates as the prediction error increases. In Fig. 8(c),
the demodulation performance of both delay modulation and
QPSK likewise degrades with increasing prediction error.
However, for delay modulation, the symbol errors can be
mitigated by increasing the delay modulation interval (A).
This is an advantage over FRaC, which cannot resolve errors
from prediction inaccuracies without resorting to additional
channel coding.

C. Achievable Rate Evaluation

Fig. 9(a) illustrates achievable rates of the proposed DDM
scheme in this paper, while Fig. 9(b) presents those of the
TDM scheme, which can be directly extended from the
proposed method. The achievable rate of conventional QAM
modulation alone is the lowest. By introducing the proposed
DD-domain modulation, the achievable rate improves by
14 bits/symbol in the DDM scheme and by 9 bits/symbol in
the TDM scheme. The 5 bits/symbol higher achievable rate
in the DDM compared to the TDM scheme originates from
additional modulation in the Doppler-domain. Although the
achievable rate of the DDM scheme appears higher than that of
the TDM scheme in Fig. 9, the symbol rate of TDM will actu-
ally be N, times that of DDM. This is because, in the TDM
scheme, both delay-domain and QAM data can be modulated
in each chirp. Consequently, the achievable data rate of TDM
significantly surpasses that of DDM. However, since the DDM
scheme transmits signals from all antennas simultaneously, it
achieves 10log;o(Nix) dB SNR gain advantage over TDM.
As shown Fig. 9(a), with four transmit antennas, the DDM
scheme exhibits an overall leftward shift of 27 dB compared
to the TDM scheme. The additional 21 dB gain results from
the accumulation of NN, chirps within a single frame.

D. Tracking Performance Evaluation

Fig. 10 shows the tracking process of the AV. In Fig. 10(a),
the green line represents the true parameter values, the red
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Fig. 11. PV (vehicle 2)’s tracking performance for AV (vehicle 1) and the path associated with vehicle 3: (a) distance, azimuth, and radial-velocity tracking
performance; (b) errors in PV’s estimation of AV’s orientation and x/y-direction velocities.

markers represent the measured values obtained using Algo-
rithm 1, and the blue markers represent the results fused
through Algorithm 2. The AV exhibits off-grid estimation
capabilities for distance (delay), AoA and radial-velocity
(Doppler). Moreover, the AV successfully establishes tracking
for new vehicles entering its FoV without disrupting its
ongoing tracking process for the PV. This showcases the
multi-target detection and tracking capabilities of Algorithm 2,
which is suitable for dynamic scenarios. Fig. 10(b) shows
that the velocities in the x- and y-directions as well as the
orientation can be obtained. In contrast to the conventional
schemes [35], the results of our scheme indicate that additional
parameters or features of targets can be obtained by exploiting
temporal information in multiple frames. Note that when the
PV and the vehicle 3 are not in the FoV of the AV, their true
parameters with respect to the AV are still plotted to show
their relative motion with the AV.

Similarly, Fig. 11 shows the tracking process of the PV. The
perspective in Fig. 10 is from the AV, while the perspective
in Fig. 11 is from the PV, both depicting the same underlying
physical process. The PV can obtain the off-grid estimation of
the AV’s parameters with respect to itself.

VIII. CONCLUSION

This paper has focused on improving communication func-
tionalities upon sensing-centric autonomous vehicles in the
mmWave band. Our original contribution has been three-
fold. First, in terms of waveform design, we have proposed
a DD-QAM-based chirp waveform, enabling efficient data
modulation onto delay, Doppler and complex amplitude of
transmitted signal. Second, for sensing, we have proposed
the beacon frame-aided 4D-parameter estimation scheme,
achieving quasi-off-grid estimation of delay and Doppler.
Furthermore, leveraging temporal information, we have pro-
posed an EKF-based S5D-parameter estimation scheme for
the AV. This scheme supports truly dynamic off-grid estima-
tions and additionally offers tangential-velocity and orientation
estimations. Third, for communication, we have proposed a
dual-compensation-based demodulation and tracking scheme
for the PV. This scheme leverages temporal information
to facilitate data demodulation without compromising sens-
ing functionality. Although our design emphasizes sensing,
it uncovers a promising path toward communication rate
improvement. The achievable bit rate may scale with the
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number of chirps per frame, suggesting a valuable direction
for future research.
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