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Abstract—Integrated sensing and communication (ISAC) is
emerging as a key technique for next-generation wireless systems.
In order to expedite the practical implementation of ISAC
in pervasive mobile networks, it is crucial to have widely
deployed base stations with radar sensing capabilities. Thus,
the utilization of standardized multiple-input multiple-output
(MIMO) orthogonal frequency division multiplexing (OFDM)
hardware architectures and waveforms is pivotal for realizing
seamless integration of effective communication and sensing
functionalities. In this paper, we introduce a novel joint angle-
range-velocity estimation algorithm for MIMO-OFDM ISAC
systems. This approach exclusively depends on the format of
conventional MIMO-OFDM waveforms that are widely adopted
in wireless communications. Specifically, the angle-range-velocity
information of potential targets is jointly extracted by utilizing
all the received echo signals within a coherent processing interval
(CPI). The proposed joint estimation algorithm can achieve larger
signal-to-noise-ratio (SNR) processing gains and higher resolu-
tion by fully exploiting the echo signals and jointly estimating
the angle-range-velocity information. A theoretical analysis for
maximum unambiguous range, resolution, and SNR processing
gains is provided to verify the advantages of the proposed joint
estimation algorithm. Finally, the results of extensive numerical
experiments are presented to demonstrate that the proposed
joint estimation approach can achieve significantly lower root-
mean-square-error (RMSE) performance for angle/range/velocity
estimation for both single- and multi-target scenarios.
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1. INTRODUCTION

EXT-GENERATION wireless systems are expected to

develop beyond traditional communication services and
further facilitate a series of innovative applications such as
intelligent transportation, manufacturing, healthcare, etc. These
emerging applications not only impose higher demands on com-
munication performance but also require more robust sensing
capabilities. In addition, with the exponential growth of wire-
less devices and communication demands, spectral resources
are becoming increasingly scarce. Radar frequency bands that
occupy large portions of the available spectrum are therefore
regarded as a promising choice for communication usage. From
a technical point of view, the technology trend of joint wire-
less communication and radar sensing is highly self-consistent,
as they both seek the use of higher frequencies, wider band-
widths, larger antenna arrays, more attention to line-of-sight
channels, and distributed dense deployments. Thus, wireless
communication and radar sensing exhibit increasing common-
ality in system design, hardware platforms, signal processing,
etc., which provides a strong motivation for integrating their
functionalities. Owing to these factors, integrated sensing and
communication (ISAC) has emerged, which focuses on the
coexistence, cooperation, and co-design of communication and
sensing systems. ISAC has been recognized as a key enabling
technology for sixth generation (6G) wireless systems [1] and
has aroused extensive research attention from both academia
and industry [2], [3], [4].

Many approaches for ISAC have been proposed, and these
approaches can be generally categorized as based on either
traditional radar system design, traditional communication sys-
tem design, or dual-functional designs that require special cus-
tomization. Radar-based ISAC systems focus on embedding
communication symbols into existing radar sensing signals,
e.g., linear frequency modulated continuous wave (LFMCW)
[5] or frequency-hopping (FH) radar [6]. Communication-based
ISAC systems rely on existing communication hardware ar-
chitectures and waveforms to perform dual-functional tasks
[71, [8], [9]. The third category of dual-functional systems are
not restricted to current radar/communication infrastructure or
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waveforms [10], [11]. Given the ubiquitous availability of wire-
less communication networks, communication-centric designs
are the most likely to facilitate the practical development of
ISAC, and thus it is critical to investigate the use of commu-
nication transceiver architectures and waveforms to empower
wireless networks with sensing capabilities.

In existing commercial wireless communication networks,
orthogonal frequency division multiplexing (OFDM) has been
widely adopted as the dominant waveform type. OFDM ben-
efits from its ability to overcome frequency selective fading
to achieve high spectral efficiency. In addition, OFDM pro-
vides satisfactory radar sensing performance by harnessing fre-
quency diversity to enhance target detection [12], [13] and
parameter estimation [14]. By exploiting the cyclic prefix (CP)
signal structure, OFDM can entirely eliminate inter-range-cell
interference [15], [16]. Due to the above, OFDM has been
recognized as an attractive practical candidate for realizing
ISAC. Since OFDM is communication-oriented, how to realize
high-performance radar sensing functionality based on existing
OFDM communication systems is a crucial task for facilitating
practical ISAC applications.

Many researchers have explored OFDM waveform design
and echo signal processing algorithms for ISAC systems, in
which the dual-functional OFDM waveform is optimized to
simultaneously perform single/multiple-user communications
and target detection/estimation/tracking. In particular, the sem-
inal work in [17] presented a novel algorithm for estimating
the range and velocity of potential targets using OFDM wave-
forms. High-resolution estimation methods have been presented
in [18], [19], [20], and a deep-learning algorithm for terahertz
systems was developed in [21]. In addition, subcarrier power
allocation has been investigated [22], [23], [24] to achieve a
better performance trade-off for OFDM ISAC systems. While
the studies [17], [18], [19], [20], [21], [22], [23], [24] above
have verified the potential viability of employing OFDM wave-
forms for ISAC, their scope was limited to exploring scenarios
involving only a single-antenna transmitter.

Multi-input multi-output (MIMO) architectures with multi-
ple transmit and receive antennas have been widely employed in
both communication and radar sensing systems. MIMO archi-
tectures provide additional spatial degrees-of-freedom (DoFs)
that can be exploited to achieve spatial multiplexing, spatial
diversity, and beamforming gain for both communication and
radar sensing functions [25], [26]. Thus, MIMO is regarded as a
key component of future ISAC systems. However, when OFDM
ISAC is implemented with multiple transmit antennas, the dual-
functional transmit waveforms include random communication
symbols that are subsequently mixed in the spatial domain and
influence the reflections from the targets. This greatly compli-
cates the data decoding and radar target parameter estimation,
and necessitates the use of advanced echo signal processing
algorithms in MIMO-OFDM ISAC systems.

To avoid the mixture of signals emitted from different anten-
nas, the authors in [27] proposed to allocate different subcar-
riers to each antenna, which makes the subsequent parameter
estimation much easier. However, since the available frequency
resources are not fully exploited, it is obvious that this method
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will significantly reduce the communication capacity. Later,
[8] proposed a compressed sensing (CS)-based method for
tackling radar parameter estimation using typical MIMO-
OFDM communication signals, but this approach is usually
computationally prohibitive. More recently, [28] and [29] in-
troduced a novel estimation strategy that involves first estimat-
ing the target angle information and then extracting the target
range and velocity. In particular, the authors of [28] employed
multiple signal classification (MUSIC) for angle estimation
and a two-dimensional (2D) discrete Fourier transform (DFT)
for range and velocity extraction. Although this MUSIC-based
approach can provide high-resolution angle estimation, it is
complex to implement and its performance degrades in sce-
narios with a large number of targets or low signal-to-noise
ratio (SNR). In [29], a suboptimal but efficient approach based
on the DFT and cross-correlation was proposed. Although this
approach is computationally friendly, the estimation of angle
and range only exploits the received echoes from one OFDM
symbol. Compared with traditional radar algorithms that are
performed during a coherent processing interval (CPI) cov-
ering multiple OFDM symbols, [29] suffers from low SNR
processing gain and has difficulty handling low SNR scenar-
ios. Moreover, the angle-range-velocity of potential targets are
sequentially estimated in both [28] and [29], which inevitably
leads to error propagation, and [29] relies on the cross-
correlation (ambiguity function) of the transmitted dual-
functional signals, which makes it sensitive to the randomness
in the communication information.

Motivated by the above findings, in this paper we focus
on echo signal processing for achieving better parameter esti-
mation performance in MIMO-OFDM ISAC systems. In par-
ticular, we consider a system in which a multi-antenna base
station (BS) transmits conventional OFDM waveforms to si-
multaneously serve multiple communication users and estimate
the parameters of multiple point-like targets via processing the
received echo signals. We propose a joint angle-range-velocity
estimation approach to fully exploit the available information
in the spatial, fast-time (frequency), and slow-time (temporal)
domains of the MIMO-OFDM echo signals. The main contri-
butions are outlined below.

* First, we propose a novel estimation method for processing
the echoes of MIMO-OFDM waveforms to jointly esti-
mate the targets’ angle, range, and velocity by fully uti-
lizing all the full three-dimensional (3D) data cube across
the spatial, fast-time, and slow-time domains. A DFT-
based spectral analysis is first conducted along the spatial
dimension to reallocate the signal power according to the
angular components. Then, a novel approach is proposed
to remove the random communication symbols contained
in the cube. Afterwards, spectral analysis along the fast-
and slow-time dimensions is performed. Finally, the angle-
range-velocity parameters are jointly estimated via peak
finding. This joint estimation strategy provides substantial
SNR processing gains compared with existing approaches
that rely on only part of the data cube. In addition, the
sensing resolution is significantly improved since the pa-
rameters are jointly rather than sequentially estimated.
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e Next, we provide a theoretical analysis for the maximum
unambiguous range, resolution, and SNR processing gain
obtained by the proposed joint estimation approach, from
which we gain valuable insights into the achievable sens-
ing performance improvements.

 Finally, simulation results are presented to validate the
feasibility and advantages of the proposed joint estimation
method. Compared to existing work, the proposed method
provides superior root-mean-squared-error (RMSE) per-
formance and SNR gains for angle-range-velocity es-
timation. Moreover, we show that, without sacrificing
communication performance, the use of conventional
MIMO-OFDM communication waveforms together with
the proposed estimation method leads to only a mi-
nor sensing performance loss compared to that achieved
by standard radar systems employing typical LFMCW
waveforms.

Notation: Lower-case, boldface lower-case, and upper-case
letters indicate scalars, column vectors, and matrices, respec-
tively. The operators ()7 and (-)¥ denote the transpose and
conjugate-transpose operations, respectively, E{-} represents
statistical expectation, |a| is the magnitude of scalar a, C de-
notes the set of complex numbers, and |- | rounds a real number
to the nearest integer less than or equal to it.

II. SYSTEM MODEL

We consider a mono-static MIMO-OFDM ISAC system as
illustrated in Fig. 1, in which a dual-functional BS equipped
with two separate uniform linear arrays (ULAs) of Ny trans-
mit antennas and M, receive antennas simultaneously per-
forms downlink multi-user communications and radar target
parameter estimation. We assume that the BS operates in full-
duplex mode with perfect self-interference (SI) cancellation
with the aid of advanced full-duplex techniques [30], [31], [32].

The considered MIMO-OFDM ISAC system.

Specifically, the BS transmits OFDM waveforms to commu-
nicate with K single-antenna users and simultaneously illu-
minates multiple point-like targets. Meanwhile, the received
echo signals are processed to estimate the angle-range-velocity
information of potential targets.

A. Transmitted Signal Model

In the considered OFDM system, the carrier frequency is fe,
and the wavelength is A\. = ¢/ f., where ¢ denotes the speed of
light. There are Ny-subcarriers with frequency spacing A f =
1/Tq, where Ty is the OFDM symbol duration. For the I-th
OFDM symbol, we denote the dual-functional baseband sig-
nal transmitted on the i-th subcarrier as x;[l] € CNex, i =
0,1,...,Ng—1,1=0,1,...,L — 1, where L is the frame
length of one CPIL.

As depicted in Fig. 1, the Ny Ny -dimensional frequency-
domain baseband signals x;[I] collected in different subcarriers
are rearranged into Ny, Ng-dimensional vectors collected from
different transmit antennas. Then, Ng-point inverse DFT (IDFT)
processors are utilized to transform these frequency-domain
vectors to the time domain. These signals are then arranged
serially in chronological order, and an N,-point CP of duration
T¢;, is inserted to avoid inter-symbol interference (ISI) for both
communication and sensing. The CP length should be greater
than the length of the channel impulse response to avoid ISI
for downlink communications. In order to eliminate ISI at the
sensing receiver, the CP duration should also be larger than the
roundtrip delay between the BS and the furthest target. After
conversion to analog, the baseband signal is expressed as

- t—IT
j27r1Aft t 1
lle rec <T >, (1)

where T' £ Ty + Ty, is the total symbol duration and rect(t/7")
denotes a rectangular pulse of duration 7. Finally, the

Ng—1L—-1

23 Y x

i=0 =0
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baseband analog signal is up-converted to the radio frequency
(RF) domain via Ny RF chains with carrier frequency f. and
then emitted through the antennas.

B. Communication Signal Model

After propagating through downlink communication chan-
nels, the OFDM signals are received by the single-antenna users
and then demodulated into communication symbols. The com-
munication receiver employs a series of operations including
down-conversion, analog-to-digital converting (ADC), CP re-
moval, serial-to-parallel conversion, and an Ng-point DFT. For
the k-th user, the frequency-domain signal on the ¢-th subcarrier
during the [-th OFDM symbol is written as

Y[l & hxi (1] + zi k[l )

where the vector h; , € CMVx denotes the frequency domain
channel between the BS and the k-th user, and z; , € CN(0, 02)
denotes additive white Gaussian noise (AWGN).

C. Sensing Signal Model

From the radar sensing perspective, the dual-functional BS
attempts to estimate the angle-range-velocity information of
multiple point-like targets by processing the received echo sig-
nals. We assume that there are () targets within the area of inter-
est, and the angle-range-velocity information of the ¢-th target
is denoted as 6, R, and v,, respectively, ¢ € O £ {1,...,Q}.
Note that the angle of arrival (AoA) and the angle of depar-
ture (AoD) are both equal to f, in the considered mono-static
ISAC system.

The emitted signals will first reach the () targets and then be
reflected back to the receive antennas of the BS. During this
process, signals will experience the relative propagation delay
between the transmit/receive antennas, the round-trip propaga-
tion delay between the array reference points, and potentially
a Doppler frequency shift. Thus, the baseband echo signal re-
ceived by the m-th antenna can be expressed as

Zﬁqa

e*j2‘n’md sin 0 /)\Lej27TfD,qt + E(m,t), 3)

X(t — 2R, /c)

where m =0,1,..., M, — 1. In (3), 3, is the attenuation co-
efficient of the g-th target with power E{|3,|*} = 03; a(0) £

[6j27r0dtsin G/AC’ eJ2m ldssin 19/)\C7 o ej27r(Ntx71)dtsin G/AC}T is the
transmit steering vector for AoD 6, where d; represents the
transmit antenna spacing; d, is the receive antenna spac-
ing; fp,,=2v,f./c indicates the Doppler frequency; and
Z(m, t) denotes independently and identically distributed (i.i.d.)
AWGN. It is generally assumed that the attenuation coefficient
and the angle-range-velocity of the targets are constant during
one CPI. Considering that the signal bandwidth is usually much
smaller than the carrier frequency, the phase shifts along the
spatial axis and the Doppler phase shift within one OFDM
symbol are respectively assumed to be identical on all subcarri-
ers. In addition, only first-order reflections from the targets are
considered due to high attenuation.
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As shown in Fig. 1, the baseband analog signals (3) are
first processed by ADCs with sampling frequency F, £ N,Af,
and the CP is removed from the digital samples. The resulting
sampled echo signals for the [-th symbol-slot can be written as

y(m,j,0) £ g(m, 1T + j/Fs + Top), 4)

where 7 =0,..., Ny — 1 is the sample index. After serial-to-
parallel conversion and application of an Ng-point DFT along
the sample index dimension, the echo signals are finally ob-
tained. The corresponding mathematical expression for the echo
signal received by the m-th receive antenna on the i-th subcar-
rier is acquired by substituting expressions (1) and (3) into (4)
and performing the DFT:

Zﬂq

m i, l ]6 J2mmd, sin 0/ Ac

e—j47rzAfR /c ]4‘ﬂ'lT’Uqfc/C + z(m7z,l) (Sa)
= Zﬂq X; ] mea(eq)eJiwr(Rq)
eJl“V(”‘Z) + z(m,i,1), (5b)

where z(m, i,1) ~ CN(0,02) denotes the DFT of the AWGN.
For conciseness, in (5b) we respectively define the digital fre-
quencies related to the angle, range, and velocity of the g-th
target as

wa(0,) & —27d, sin 0,/ A, (6a)
wr(Ry) & —47AfR,/c, (6b)
wy(vg) & 4nTv, f./c. (6¢)

In this paper, we focus on the radar sensing problem of
estimating the angle-range-velocity parameters of the targets
based on the received echo signals in (5) within one CPI. We see
from expression (5b) that the target angle, range, and velocity
are determined by the complex sinusoids of digital frequencies
we(8y), wir(Ry), and wy (vy), respectively. However, these sinu-
soidal functions are multiplied by the signal-dependent coeffi-
cient a¥ (6,)x;[l], which changes with the transmitted signals
and the target AoDs to be estimated. Thus, the target parameters
cannot be directly extracted by performing spectral analysis on
(5). In order to tackle this difficulty and improve the param-
eter estimation performance, we propose a novel joint angle-
range-velocity estimation method to remove the influence of
the signal-dependent coefficients and fully exploit the received
echo signals during one CPI.

III. JOINT ANGLE-RANGE-VELOCITY ESTIMATION

In this section, we focus on extracting the angle-range-
velocity information of potential targets from the echo signals
(5). A novel joint estimation method is proposed to fully exploit
the 3D data cube during one CPI and jointly estimate the target
parameters. Following traditional radar terminology, we refer
to the subcarrier dimension, i.e., {i =0, 1,..., Ny — 1}, as fast-
time and the symbol slot dimension, i.e., {{=0,1,..., L — 1},
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as slow-time. The dimension corresponding to the receive an-
tennas, i.e., {m =0,1,..., M, — 1}, is referred to as the spa-
tial dimension.

A. Echo Signal Observations

Based on the expression for the echo signals in (5), we have
the following observations.

e Along the spatial dimension for any given ¢, !, the echo
signals can be regarded as the summation of ) complex
sinusoids with frequencies w,(f,) and constant ampli-
tudes. Thus, the frequencies along the spatial dimension
are determined by only the target angle.

e Along the fast-time dimension for any given m,!, the
echo signals are composed of @ sinusoids with frequencies
wy(Ry), multiplied by the signal-dependent coefficients
a'’(0,)x;[l]. Thus, the digital frequencies along the fast-
time dimension are determined by the target range and
signal-dependent coefficients.

e Along the slow-time dimension for any given m, i, the
echo signals also consist of ) sinusoidal functions of fre-
quencies wy (v,), also multiplied by the signal-dependent
coefficients a” (6,)x;[l]. As a result, the digital frequen-
cies along the slow-time dimension are determined by the
target velocity and signal-dependent coefficients.

s The signal-dependent coefficient a’? (,)x;l] is related to
the angle 6, to be estimated and the transmitted signal
x;[1]. In the considered ISAC system, the transmitted dual-
functional signal x;[l] is embedded with random com-
munication symbols, which means that x;[I] will change
randomly for different indices ¢ and [. These signal-
dependent coefficients will cause random fluctuations in
the fast- and slow-time dimensions, and thus will signifi-
cantly hinder the analysis needed to obtain the range and
velocity information.

Based on the above observations, it is clear that the angle-
range-velocity information is fused across different dimen-
sions of the data cube, and the signal-dependent coefficients
a'’(0,)x;[l] are the major obstacle to extracting the target pa-
rameters. In the following, a novel joint estimation method
is developed to extract the angle-range-velocity information
coupled with the troublesome signal-dependent coefficient.

B. Step 1: Spectral Analysis Along the Spatial Dimension

We first analyze the frequency spectrum of the data cube
along the spatial dimension to determine the target angles 0.
In order to facilitate the analysis, the echo signal (5) is first re-
arranged as

Q
y(m,i, 1) =Y Alg,i,)e’™ ) 4 2(m,i,1),  (7)
q=1

where A(q, i,1) does not depend on the spatial index m and is
defined as

A(q,i,1) 2 B,atl (0,)x;[l]e? s (Ba) grlev (va), (8)
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According to expression (7), each sequence {y(m,i,l),m =
0,..., M. —1},Vi,Vl along the spatial dimension can be
viewed as a sum of noise and () complex sinusoids with angle-
dependent frequencies w,(6,) and amplitude A(q, i,1). While
one can easily obtain the angles of potential targets via spectral
analysis by using only one such sequence as in [29], this ignores
information from other available echo signals. Furthermore,
although the estimated angles could be used to remove the
signal-dependent coefficients, the angle estimation error will
be propagated and even amplified in the estimation of the other
parameters. Therefore, instead of directly obtaining angle infor-
mation, the main purpose of spectral analysis along the spatial
dimension is to capture the characteristics of echo signals in
different angular bins.

The angular spectral analysis can be conducted by vari-
ous algorithms, such as the DFT [33], MUSIC [34], ESPRIT
[35], compressed sensing based methods [8], [9], etc. Each
of these has its strengths and limitations. Detailed compar-
isons can be found in [36], [37]. Due to its superior robust-
ness and versatility, we will use the standard DFT approach
to develop the proposed joint estimation method that fully uti-
lizes all received echoes in one CPI. In particular, by applying
an N,-point (N, > M,) normalized DFT on {y(m,i,1),m =
0,..., My — 1}, we can obtain the sequences {Y; ;(1,), na =
—|Na/2], ..., | Na/2] — 1}, Vi, VI, given by

M,—1 B
D ylm,i e ?meat) ()
m=0

1
er

}/i.,l(na) ==

where the n,-th frequency component ranging from —7 to 7 is
defined as

~ 2mn,
Wa(na) 2 X]n .
a

(10)

Using the spectral analysis in (9), each echo signal (7),
composed of () complex sinusoids with frequency w,(¢,) and
amplitude A(q,1,[), is converted into the summation of N,
complex sinusoids with frequency @,(n,) and amplitude
Yi,l(na) as

[Na/2]—1

2.

na=—|Na/2]

y(m,i,l) = Vi (na)elm@a(ma), (11)

Thus, the echo signals are extracted into different bins corre-
sponding to the angles of potential targets, as shown in Fig. 2(b).
Specifically, the power present in the n,-th angular bin is
|Y; 1(na)|?, which is related to the probability of the existence of
targets whose angle-dependent frequencies w, () are approxi-
mately equal to &, (n,). Next, we will utilize this characteristic
to facilitate removal of the signal-dependent coefficient.

Let Q,,, denote the index set of the targets whose angles are
within the n,-th angular bin, and assume the set has cardinality
|Qn, | = Qn,. Itis obvious that Q,, € Q,0<Q,, <Q, Q,, N
Qn, =0, VYn, #n), and Zn Q,,. = Q. For the angles within
bin n,, we have the following approximation

wa(lq) = Wa(na), Vg€ Qp,. (12)
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With the definition (6a), the angles of the targets in the n,-th
angular bin can be further approximated as

A

04 ~ arcsin (— :ilraN;) Vg € Q,,, (13)
and we define 6,,, = arcsin (—na\./(d;Na)).

Substituting (7) and (8) into (9) and using the approximations

in (12) and (13), the amplitude of the n,-th angular bin can be

approximated as

Z Alq, i),

q€EQn,

~ D Bl

qE€Qn,

zlna

x;[l ]eﬂwr(R )eylwv(vq) (14)

where the noise component is ignored to focus on extracting
the desired parameters from the target echo signals. We ob-
serve that Y; ;(n,) consists of @Q,,, components, each of which
is the signal-dependent coefficient a’? (6,,,)x;[l] multiplied by
complex sinusoids whose frequencies are related to the range
and velocity of the targets. Since the signal-dependent coeffi-
cient changes along both the fast- and slow-time dimensions,
it hinders the estimation of range and velocity using standard
spectral analysis algorithms. Thus, the next step is to eliminate
the impact of this signal-dependent coefficient.

C. Step 2: Signal-Dependent Coefficients Removing

After spectral analysis along the spatial dimension, the am-
plitudes of the echo signals with different angle-dependent
frequencies are extracted. Then the signal-dependent term
a’l(6,,,)x;[l] is removed to eliminate its influence on the spec-
tral analysis along the fast- and slow-time dimensions to ex-
tract the estimates of range and velocity. Since the transmitted
signals x;[l] are known at the dual-functional BS, it would
be straightforward to use this information together with the
estimated target angle bins to remove the signal-dependent term
a’l(6,,)x;[l], as is done in [28] and [29]. However, only part
of the 3D data cube is used in this sequential strategy, and in
addition, the angle estimation errors will propagate and degrade
the subsequent range and velocity estimation. Moreover, the
method in [29] is sensitive to the ambiguity function associated
with the transmitted signals, and its performance degrades due
to the randomness of the communication symbols. To avoid
these drawbacks, we propose to completely remove the signal-
dependent term for each angular bin instead of only focusing

(c) Signal (15) (d) Final Signal (19)

A visualization of the proposed joint estimation process for the single-target scenario.

on the few estimated target angular bins associated with poten-
tial targets. Thus, our approach performs a joint angle-range-
velocity estimation to enhance performance by fully exploiting
all echo signals during each CPI.

From equation (14), we observe that the signal-dependent
term afl(6,,,)x;[l] could be directly removed by point-wise
division. However, since the magnitude of the signal-dependent
term is not identical for different angular bins, directly dividing
Y;(na) by the signal-dependent coefficient will destroy the
properties of the echo signals in the spatial dimension. In partic-
ular, the spatial characteristics of the echo signals are changed
after dividing Y; ;(n,) by different amplitude values, which will
deteriorate the angle estimation performance.

To eliminate the impact of the signal-dependent term, we
modify the data to maintain the spatial characteristics of the
echo signals, and not change the relationship between the pow-
ers of different angle bins. For this purpose, we introduce a
scaling factor «,, for the n,-th angular bin and propose to
modify Y; ;(n,) as follows:

Yi1(na) o
_— £ en il 0,

pia(n) 23 amall O ey 1 Gl £0. o
Yas(na), it a (0, )xil1] =0,

where the selection is to eliminate dividing by zero. Then, based
on the above discussions, the scaling factor «,, is chosen such
that the power of the n,-th angular bin remains unchanged, i.e.,

Dy = [Yiu(na)|
i, il

with leads to the following equation for the scaling factor:

; Vg, 16)

Yi l(nd)
afl (0,,)x;[]

Zi,l,aH(Ona)x71 [0 Yii(na)l?

‘ 2

> ilal (0,3 [1] 0

Qn, = A7)

a

According to the approximation in (14), we can further write
each sample in (15) as

Z ﬂq/a eﬂwr(R )eJlUJV('Uq)

qe Qna

yzl na (18)

where the special case with a’(6,,,)x;[l] = 0 can be ignored
without influencing the result. Now we clearly see from equa-
tion (18) that the resulting sequences obtained along the fast-
time dimension {y;;(n,.), Vi} or the slow-time dimension
{yi.1(ny), Vi1} are composed of @, sinusoidal functions whose
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frequencies are determined by the range I?, or the velocity v,.
Thus, it is straightforward to perform spectral analysis along the
two dimensions and jointly estimate the desired angle-range-
velocity information, as presented in the next subsection.

D. Step 3: Spectral Analysis along the Fast- and Slow-Time
Dimensions and Joint Estimation

In this section, we show how to employ a 2D-DFT operation
along the fast- and slow-time dimensions of the signal in (15) to
extract the echo signals into different range and Doppler bins.
Then, together with the previously obtained angular spectrum, a
joint angle-range-velocity estimation from the three dimensions
is proposed.

Specifically, a normalized (N, Ny)-point (N, > Ny, N, >
L) 2D-DFT analysis is implemented on the obtained sequences
{yi,1(na), Vi, v}, yielding the sequences {Y (na, 1y, ny), ny =

Ny +1,...,0, ny=—|Ny/2],..., | Ny/2] — 1}, ¥na. The
amplitude Y (n,, n,, ny) can be calculated as
] NemlL-od
. jlwv(nv) — 71wy (1y)
Y(naanranv - N ZO ; yll 6 )

19)

where the frequency components of the n,-th range bin and the
ny-th Doppler bin are respectively defined as

27,

Be(nr) 2 8, (20a)
27,

Bu(ny) 2 = (20b)

After the steps described above, the echo signals are extracted
into the N, x N, x N, angular-range-Doppler bins with the
amplitudes given in (19). Therefore, we can jointly estimate the
targets from these 3D bins via peak finding. In particular, we
can apply cell-averaging constant false alarm rate (CA-CFAR)
processing with a 3D cell to obtain several signal clusters with
high amplitudes, and then choose the maximum value of each
cluster as the peak, whose 3D coordinate we denote by 7.
Finally, the estimated angle-range-velocity of the ¢-th target,
defined as 0,, R,, 74, can be recovered using the 3D index

7?1 = {(na»nr7HV)} as

~ A
0, = arcsin (— ;raN; ), (21a)
~ CNy

=—— 21
Re=—onAp (21b)
~ CN,
'Uq = m (21C)

We observe that larger values for N,/N,/N, yield narrower
angular/range/Doppler bins and thus better estimation perfor-
mance. However, considering that the computational complex-
ity of the DFT increases with N,/N,/Ny, a proper value for the
size of the DFT should be selected. Our experiments indicate
that N, = 3Mx/N, = 3Ny/N, = 3L provides excellent perfor-
mance with relatively small computational cost. In addition,
interpolation-based approaches can be employed to compensate

3811

Algorithm 1 Proposed Joint Angle-Range-Velocity Estimator
Input: y(m,i,1), Nix, Mix, Ns, L, Nay Ny, Ny, dy, diy Ae, €,
foo T, Af, xi[l], Ym, i, l.
Output: 0,, R, v,.
1: Perform N,-point DFT on y(m,1,[) along the spatial di-
mension to obtain Y; ;(n,), Vi, [, n, in (9).
2: Calculate scaling factor o, in (17).
3: Remove signal-dependent coefficients to obtain y; ;(n,) in
(15).
4: Perform 2D-DFT along the fast- and slow-time dimensions
to obtain Y (n,, 1y, ny) in (19).
5. Find the peaks of [Y (n,, ny, ny), Yn,, n., ny] to obtain the
index set {7, Vq}.
6: Recover the estimated 9,1, Rq, and v, vq by (21).
7: Return 0, = 9(1, R, =Ry, and vy = vg.

for the performance loss due to smaller N,/N,/Ny, as discussed
in Sec. 3.35 of [37].

We emphasize that the angle-range-velocity information is
estimated jointly in the 3D space, rather than estimating these
quantities sequentially as in previous approaches, and thus the
proposed algorithm achieves better estimation performance, es-
pecially when the targets are closely spaced along a particular
dimension.

E. Summary and Complexity Analysis

Based on the above descriptions, the proposed joint
angle-range-velocity estimation approach is summarized in
Algorithm 1 and depicted in Fig. 2. In summary, spectral
analysis along the spatial dimension is first performed to
extract the angular components of the echo signals. Then,
a scaling factor is introduced to assist in removing the
signal-dependent term in each angular bin without destroying
the spatial characteristics of the echo signals. Afterwards, a
2D-DFT is performed for the fast- and slow-time dimensions
to extract the range and Doppler components of the signal
returns. Finally, the angle-range-velocity information is jointly
estimated by finding peaks among the obtained 3D bins.

Next, we provide a brief complexity analysis. In Step 1,
the complexity of the DFT along the spatial dimension is
of order O(N;LN,log M,y) via the Fast Fourier Trans-
form (FFT). In Step 2, the computational complexity is
mainly due to the multiplication a? (6,,, )x;[l], Vn., 4, [, which
is of order O(NyxN,N;L). In Step 3, the 2D-DFT re-
quires O(N,LN;log Ny + N,N.N,log L) operations. The
complexity of the CA-CFAR-based peak finding is of order
O(gN.N,N,), where the value of g is positively and linearly
related to the size of the search cells. Therefore, the total com-
putational complexity of the proposed algorithm is of order
O ((log Myx + Nix + log N + log L + g) My NsL). For com-
parison, the complexity of the state-of-the-art approaches in
[28] and [29] is also presented in Table I, where peak finding
factors g, ¢’, and ¢ are linearly related to the size of the cells
in the three, two, and one-dimensional searches, respectively.
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TABLE I
COMPUTATIONAL COMPLEXITY OF ESTIMATION METHODS FOR MIMO-OFDM ISAC SYSTEMS

Proposed

O ((log Myx + Nix + log Ny + log L + g) M« NsL)

Sequential [28] | O (NsL + Myy)

M2 + (Nix + log N5 + log L + g')QLN;)

Sequential [29]

O((log My + g")Mex Ns L + (Nix + log Ns + g")QNsL + (log L + g")QL)

We can observe that the complexity of the proposed method
is related to the size of the 3D data cube, i.e., M, N L, since
we jointly estimate the target parameters by fully exploiting the
received echo signals during one CPI. Moreover, our proposed
algorithm is more efficient than the method of [28] which re-
quires high-complexity eigenvalue decomposition operations.
While the algorithm proposed in [29] has lower computational
complexity, it will suffer from inferior performance since it only
utilizes part of the echo signal data cube. Numerical results in
Sec. V will further verify the efficiency of the proposed method.

IV. PERFORMANCE ANALYSIS

In this section we conduct a theoretical analysis to evaluate
the performance of the proposed joint estimation algorithm.
In particular, we derive the achievable maximum unambiguous
range and resolution achieved by the algorithm, which are two
key performance indicators generally considered in conven-
tional radar systems. Furthermore, the SNR processing gain that
representing the ability of the algorithm to overcome the noise
is also included.

A. Maximum Unambiguous Range

To avoid ambiguities, the frequencies related to the angle-

range-velocity information should satisfy the following
relationships:

—7m <w,(0) <, (22a)

—27 <w,(R) <0, (22b)

—m<wy(v) <7 (22¢)

Assuming these conditions are met, then from (6) the maximum
unambiguous range of the angle, range, and velocity can be
respectively calculated as

Omax = arcsin(\e/2d, ), (23a)
s C

Rnlax - 2Af7 (23b)
s C

Umax = T I (23¢)

The maximum unambiguous range is determined by the wave-
length, the antenna spacing, the frequency spacing, the symbol
duration, and the carrier frequency, but is independent of size
of the transmit antenna array and the transmit power budget.

B. Resolution

The proposed joint estimation algorithm estimates the targets
by distinguishing the angular-range-Doppler bins. Since these
bins are obtained using a DFT, the resolution is determined
using DFT analysis [33]. In particular, the DFT frequency

resolution for an N-point transform is 27 /N. Thus, according
to the definitions of the frequencies in (6), the resolution along
the spatial dimension A,, the fast-time dimension A, and the
slow-time dimension A, respectively, satisfy

wa(0+ A,) —wa(0) =27 /My, (24a)
wr(R+ A;) —wr(R) =27/ Ny, (24b)
wy(v+ Ay) —wy(v) =27/L, (24¢)
which results in
Ac
A, = Mond,’ (252)
c
A, = INAS (25b)
c
Av= i (25¢)

Since the proposed algorithm jointly uses the DFT along the
spatial, fast-time, and slow-time dimensions, the targets can be
separated when any one of the resolution requirements is satis-
fied. However, for the existing approaches that sequentially es-
timate the angle, range, and velocity parameters, the resolution
criterion for the first estimation step must be satisfied in order
to separate two different targets. Therefore, the proposed joint
estimation algorithm can greatly improve the target resolution.

C. SNR Processing Gain

In addition to the typical metrics of maximum unambiguous
range and resolution, robustness to noise is also a critical factor.
To evaluate this, the SNR processing gain, which is the ratio of
the output SNR to the input SNR, is analyzed in this subsection.

Based on the received echo signal model in (5), the input
SNR of the g¢-th target during one CPI can be calculated as

{ > |5
} (262)

||l>

SNR; [(]ermen )

m,i,l

e]zwr(R )ejlwv vg) }/ {Z| m,i, l
m,i,l

OFE{3 00 [2" (0g)x[l]1%}

- MrXNSLUSQ (260)
0330 [ (0)x[1]]? 260)
B NgLo? '

To derive the output SNR of the proposed algorithm, as-
sume that the ¢-th target is determined to be in the (ng,,n,,
ny)-th angle-range-Doppler bin, i.e., (wa(0y), wr(Ry), wy(vq))
~ (Wa(na), @ (n:), Wy (ny)). The amplitude Y (na,n,,ny) of
this bin can be calculated by substituting (18) into (19) as

Y (na, ne, ) = By/an,, .- 27
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Meanwhile, using the same procedure as that for processing
the target echo signals in (9), (15) and (19), the amplitude
Z(na, ny,ny) corresponding to the received AWGN z(m, i,1)
is given by

Z(na, e, ny)
z(m, 7;’ Z)B*Jmma(na)67JZQV(”V)67J'L.‘Dr(”r)

2 28
mz;l My N Lo, a (0, )xi[l] S
which follows
Z(na,mp,ny) ~CN(0,07,,.), (29)
with noise power
2
Is . (30

2 _
e Z M NZL202_Ja™ (0, )x; 1]

Thus, the output SNR of the ¢-th target can be calculated as

E a2
SNR,, £ 7“5(%0‘ i

Z,My

(31a)

MrXNELQO'%
T o /lal (0% [P
where (31b) is obtained due to the approximation in (13). Then,

the SNR processing gain for estimating the parameters of the
q-th target is given by

(31b)

SNRy, | MaNPLY/ Syl @oxl
SNRy ~ S 1/l 0P
< M NgL, (32b)

where the upper-bound (32b) is derived using the Cauchy-
Schwarz inequality, and equality holds if and only if the signal-
dependent coefficient has constant modulus, i.e., |a® (9)x;[l]| =
constant, vz, [. In summary, by fully utilizing the M, x Ny x
L-dimensional data cube of the received echo signals, the pro-
posed algorithm can provide up to an M, N;L-fold improve-
ment in SNR performance.

V. NUMERICAL RESULTS

In this section, we provide numerical experiments to verify
the advantages of the proposed joint estimation method in terms
of resolution and robustness to noise. It should be emphasized
that the proposed method is dedicated to processing the echoes
of MIMO-OFDM waveforms used in general communication
systems. Therefore, the processing at the communication end
is the same as that of conventional communication systems
and is ignored in the following simulations. Unless otherwise
specified, we use the settings based on the 3GPP 5G NR high-
frequency standard [38], [39], as listed in Table II. To focus
on the evaluation of the proposed algorithm and simplify the
transmit waveform design, we consider an ISAC scenario where
the communication user is also the target to be sensed’.

IThe proposed algorithm can be readily applied to more general ISAC
scenarios with separate communication users and sensing targets. In order to
achieve better performance in such scenarios, a more sophisticated transmit
waveform design should be investigated, which is beyond the scope of this

paper.
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TABLE II
SYSTEM SETTINGS

Parameter Symbol Value
Carrier frequency fe 28GHz
Subcarrier spacing Af 120kHz
Number of subcarriers Ng 512
OFDM symbol duration Ta 8.33us
CP duration Tep 0.59us
Total symbol duration T 8.92us
CPI length L 256
Number of transmit antennas Nix 16
Number of receive antennas My 16
Transmit antenna spacing dy 0.5¢/ fe
Receive antenna spacing dy 0.5¢/ fe

The targets are assumed to be randomly located at angles
between [—30°,30°], ranges between [40m, 80m]|, and radial
velocities between [—50m/s, 50m/s], where a negative veloc-
ity refers to movement away from the receiving platform. We
assume a zero-forcing (ZF) precoded communication waveform
as follows [40]:

X; [l] = WiSi[l], Vi, Z, (33)
where W; € CNe*X denotes the linear ZF beamformer, s; ] €
CX is the communication symbol vector whose elements are
independently drawn from a 16-quadrature amplitude modu-
lation (QAM) constellation. In addition to the proposed joint
estimation algorithm labeled “Proposed”, we also include three
benchmarks for comparisons. One is the proposed estimation
algorithm without scaling when removing the signal-dependent
coefficient (denoted as “W/o scal.”’) to show the importance of
maintaining the sum-of-sinusoids model in the spatial domain.
The other two are the state-of-the-art algorithms proposed in
[28] and [29]. These sequential estimation schemes are denoted
as “Sequential [28]” and “Sequential [29]”. In addition, the
performance of a radar system employing a standard LFMCW
waveform with the 3D-DFT estimation algorithm is also sim-
ulated, and is denoted as “3D-DFT, LFMCW”. The LFMCW
waveform does not carry random communication symbols, and
is known to exhibit excellent sensing performance given the
same time-frequency resources [41], e.g., the same power bud-
get, bandwidth, and beamforming pattern as the OFDM wave-
form. The LFMCW waveform emitted by Ny antennas within
one CPI is given as [42]

! NoAf(t—1T)2 t—1IT
xprMow (t) £ w ; 2™ (et 2o et ( T >,
(34)

where w € CVex*1 is the beamforming vector obtained using
the ZF scheme [40] in order to guarantee the same beampattern
as that of the OFDM waveform for a fair comparison. At the
receiver side, a standard LFMCW radar receiver with M,y
antennas uses the classic 3D-DFT estimation method [42], [43],
[44] to estimate the target parameters.

Both single- and multi-target scenarios are considered to
illustrate the parameter estimation performance, which is
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Fig. 3. Estimation performance versus SNR for different numbers of receive antennas, Myx = 4, 16, 64.
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Fig. 4.

evaluated in terms of the RMSE of the estimated angle/
range/velocity; for example, for the angle parameter
we have

Q
RMSE2 | |E é > (0 — 04)% 5, (35)
q=1

where 0, is the actual AoA of the g-target and gq is the estimate.

A. Single-Target Scenario

For the single target case, we set the numbers of angular,
range, and velocity bins of all the estimation methods the same,
respectively N, = M, Ny = Ng, and N, = L. We first show
the angle/range/velocity RMSE versus the SNR for different
numbers of receive antennas in Fig. 3. Not surprisingly, the
estimation error of all schemes decreases as the SNR or the
number of receive antennas increases. In addition, we observe
that the RMSE converges to an error floor at high SNR, since
the estimation error is lower bounded by the width of each
angular/range/Doppler bin. The RMSE floor for the angle es-
timate decreases as the number of receive antennas grows,
since a larger number of angular bins leads to a narrower bin
width. Since the spatial characteristics of the echo signals are
destroyed when the signal-dependent coefficient is removed,
angle estimation for the “W/o scal.’” approach is ineffective.

SNR (dB)

(b) Range estimation performance

SNR (dB)

(c) Velocity estimation performance

Estimation performance versus SNR for different CPI lengths, L = 16, 64, 256.

Without our proposed scaling, the range and velocity estimation
performance will also be significantly degraded. Moreover, our
proposed joint estimation algorithm significantly outperforms
both of the existing algorithms [28] and [29], since we exploit
the full 3D data cube. Most importantly, the sensing perfor-
mance obtained using the OFDM communication waveform is
very close to that achieved by the LFMCW radar waveform.
This result confirms the advantages of the proposed algorithm
and also indicates that the OFDM waveform is an attractive
candidate for future ISAC systems.

Next in Fig. 4 we show the RMSE performance for different
CPI lengths. As already noted, by fully utilizing the received
echo signals, the proposed algorithm achieves the lowest RMSE
at each SNR and its performance is very close to the LFMCW
radar-only scheme. Since only one OFDM symbol is utilized for
the angle estimation in [29], the estimation performance will
be limited for a large L. Specifically, when L increases from
16 to 256, the proposed method shows a notable performance
improvement of 10dB, while [28] only improves by about 5dB
and [29] by 0dB.

To further quantify the proposed algorithm’s robustness to
noise, in Fig. 5 we plot the output SNR for a 10dB input
SNR versus the number of receive antennas, subcarriers, and
CPI length, respectively. Since the algorithm “W/o scal.” cannot
provide correct results in this case, results for this approach are
not presented in the following simulations. In addition, given
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Fig. 5.

that the performance of the sequential strategy depends mainly
on the initial angle estimation results, the output SNR shown
for [28] and [29] is taken to be the output SNR of the angle
estimation only. We see that the output SNR of the proposed
algorithm increases linearly with the number of receive anten-
nas, subcarriers, and the CPI length. This is consistent with our
analytical expression (31b) and verifies that the proposed joint
estimation algorithm can fully exploit the echo signals from
all three dimensions. Comparatively, the output SNR obtained
by the sequential estimation algorithms [28] and [29] increases
only with the number of receive antennas M., since their
performance is mainly determined by the first-step angle es-
timation which is related to M,.. We observe that the proposed
algorithm has a substantially higher output SNR than its coun-
terparts, about 15dB higher than [28] and 45dB higher than
[29], and thus the proposed method is more reliable in handling
low SNR situations. Moreover, we see that the output SNR
obtained using the OFDM communication waveform together
with the proposed estimation algorithm is comparable to that
achieved by the radar-only LFMCW scheme.

For practical consideration, in Fig. 6, we show the execution
time per estimation versus the number of transmit antennas, re-
ceive antennas, subcarriers, and CPI length. We clearly observe
that the relationship between the execution times required by
different algorithms is consistent with the theoretical analysis in
Sec. ITI-E. Specifically, the algorithm in [29] that only utilizes
a portion of the echoes is the most computationally efficient,
the algorithm [28] using eigenvalue decomposition requires
the most execution time, and the proposed algorithm lies in
between them. Although the proposed algorithm is not the most
computationally efficient, the required execution time is still
acceptable. Moreover, the substantial estimation performance
improvement and the high achievable communication rate en-
able the proposed joint estimation algorithm to be a competitive
candidate for practical ISAC applications.

B. Multi-Target Scenario

In order to illustrate the estimation performance in terms
of resolution, we consider multi-target scenarios in this sec-
tion. To ensure satisfactory estimation performance, we set the

(b) Impact of the number of subcarriers

(c) Impact of CPI length

Output-SNR versus the number of receive antennas, subcarriers, and CPI length, respectively (input SNR: 10dB).
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Fig. 6. Execution time per estimation versus the number of transmit
antennas, receive antennas, subcarriers, and CPI length.

number of angular bins for the MUSIC-based angle estimation
algorithm [28] as IV, = 30, and set the number of angular,
range, and velocity bins for the other estimation approaches as
N, =3M,«, N, = 3N,, and N, = 3L. The number of receive
antennas is set as M, = 8.

We first present the RMSE versus the number of targets in
Fig. 7. We observe that when the number of targets equals
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Fig. 8.  Target estimation results.

the number of receive antennas, the RMSE of the sequential
method [29] increases quickly, while the proposed method
maintains a relatively stable performance thanks to the joint
estimation process. When the number of targets is greater than
the number of receive antennas, the sequential method [28] no
longer provides valid estimates since it is based on the MUSIC
method, which requires that the number of angles be less than
the number of antennas. Although the process of removing the
signal-dependent term introduces a certain performance loss,
the proposed algorithm using OFDM communication wave-
forms still achieves performance comparable to the LFMCW
radar-only scheme, which provides satisfactory communication
and sensing performance for ISAC applications.

In order to obtain better intuition about the performance gap,
in Fig. 8 we show the results for a specific case where Q =5
point-like targets exist with the angle-range-velocity parameters
listed in Table III. We see that the sequential method [29]
exhibits notably worse performance in localizing targets with
similar angles because it distinguishes the targets based only on
their angle information from the spatial dimension. Although
the method in [28] also initially observes the data cube from
one dimension, it employs the MUSIC method which provides

In this paper we proposed a novel algorithm for jointly es-
timating the parameters of multiple targets based on the use
of conventional MIMO-OFDM waveforms in an ISAC sys-
tem. The algorithm jointly estimates the angle-range-velocity
information of potential targets by fully exploiting the received
echo signals within a coherent processing interval. A theoreti-
cal analysis for the maximum unambiguous range, resolution,
and SNR processing gain was provided to evaluate the perfor-
mance of the proposed algorithm. Extensive simulation results
verified that the proposed approach can achieve much better
parameter estimation performance than the existing algorithms
using MIMO-OFDM communication waveforms, as well as
performance close to that achieved by a radar-only system
using LFMCW waveforms. Based on this initial work, we will
further investigate algorithm design for ultra-wideband (UWB)
MIMO-OFDM waveforms and transmit waveform design for
general ISAC scenarios in which the users and targets are in
different positions.
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