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Abstract—This paper proposes space-time adaptive processing
(STAP) for integrated sensing and communication (ISAC) sys-
tems. In the scenarios where a moving ISAC transceiver is sensing
targets, clutter with nonzero Doppler shift complicates the task
of distinguishing targets from clutter. The proposed algorithm
improves target sensing performance by suppressing clutter
with nonzero Doppler shift via leveraging the STAP algorithm.
Through pre-processing, the proposed algorithm converts the
echo of the transmitted communication signal into a radar-
like data cube. Then, the proposed algorithm utilizes the range
cells near the target to suppress clutter in the target’s range
cell and estimate the target’s parameters. Simulation results
demonstrate the superiority of the proposed algorithm in clutter
suppression and target sensing in mobile ISAC systems, providing
a convincing case for its adoption over existing ISAC target
sensing algorithms.

Index Terms—ISAC, moving target sensing, STAP, clutter
suppression, moving transceiver

I. INTRODUCTION

Integrated sensing and communications (ISAC) has been
considered a key technology for next-generation communica-
tions since it can provide high-quality wireless connectivity
and robust sensing capabilities, which the B5G/6G demands
[1]. The primary function of ISAC is to utilize communication
signals for dual purposes: environmental sensing and high-
quality communication [1]—[3]. This dual functionality allows
ISAC to efficiently share spectrum resources while minimizing
equipment size and energy consumption [4]. Due to these
advantages, ISAC has gained significant attention, and both the
International Telecommunication Union and Hexa-X-II regard
it as a key enabler for future wireless communication systems
(51, [6].

One of the notable technologies for ISAC is echo signal
processing, focusing on estimating the target’s parameters such
as location, range, and velocity [7]-[9]. Most of the echo
signal processing studies for ISAC have mainly considered
the ideal scenario where the ISAC transceiver only receives
reflected signal from the target of interest [10]-[12]. However,
in practical applications, the ISAC transceiver receives the
reflected signals not only from targets but also from clutter that
interferes with target sensing. This clutter from surrounding
objects such as ground, buildings, and trees causes interfer-
ence, degrading the target sensing performance.

This work was supported by the National Research Foundation of
Korea(NRF) grant funded by the Korea government(MSIT) (No. NRF-
2023R1A2C3002890).

Although clutter reflection critically degrades sensing per-
formance in ISAC, only a few studies have considered clutter
environments. In [13], an optimization framework is proposed
to maximize the sensing beamforming gain for targets, subject
to the power constraints of each clutter. In [14], a space-time
adaptive processing (STAP) algorithm is adopted for clutter
suppression in ISAC systems. However, the clutter suppression
algorithms proposed in [13] and [14] are unsuitable for practi-
cal scenarios because these algorithms require prior knowledge
of the clutter, which is commonly unavailable. In [15], a
Doppler-domain clutter suppression algorithm was proposed
by assuming that the Doppler frequency of static clutter is zero.
Similarly, in [16], a search space-based clutter suppression
algorithm was proposed, relying on the same assumption.
However, the algorithms in [15] and [16] are not applicable
to the mobile ISAC systems, where the clutter has a non-
negligible Doppler shift due to the mobility of the ISAC
transceiver.

To enhance target sensing performance in mobile ISAC
applications, such as simultaneous localization and mapping
[17] and vehicle-to-everything (V2X) communication [18],
this paper proposes an ISAC-STAP algorithm. The proposed
algorithm first pre-processes the received echo signal by
converting the subcarrier & beam domain into the range &
antenna domain. After pre-processing, the clutter in the target’s
range is suppressed using the neighboring range cells, and
the target’s channel parameters are estimated in the mobile
ISAC systems. Here, the performance of clutter suppression
is reinforced by leveraging spatio-temporal adaptive filtering,
which enables more accurate target sensing compared to
existing target sensing algorithms in ISAC systems.

Notations: For a matrix A, its transpose, Hermitian trans-
pose, and inverse are respectively denoted as AT, AM and
A~!. The symbol represents the imaginary unit of complex
numbers, ( = —1). Iy denotes a N x N identity matrix.
A i :] and A [: j] denote the i-th row and the j-th column of
the matrix A. Similarly, A[i : :] and A[: : j] represent the
i-th slice along the first dimension and the j-th slice along the
third dimension of a 3D tensor .4, repectively. E [-] denotes the
statistical expectation operator and ® denotes the Kronecker
product.

II. SYSTEM MODEL

We consider an ISAC system in which a moving ISAC
transceiver is monostatically sensing targets in a cluttered
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Fig. 1. The considered ISAC framework. The moving ISAC transceiver
transmits sensing beams for dynamic target sensing in mobile ISAC systems
with static clutter and moving target.

environment. A uniform linear array (ULA) antenna consisting
of M elements is attached vertically to the direction of the
ISAC transceiver’s moving direction. The spacing between the
antenna elements is set as d = A 2, where \ is the carrier
wavelength.

During an ISAC sensing duration, the ISAC transceiver
transmits and receives the echo signal reflected by the targets
and clutter for N time slots, where the time slot duration
is T as shown in Fig. 1. Here, we assume that the channel
is stationary within a time slot [19]. For ISAC sensing and
communication, the ISAC transceiver transmits ) codebook
beams in a time slot, where the ISAC signal of each beam is
modulated as OFDM with L subcarriers. The frequency of the
l-th subcarrier is f; = fo+{Afforl=01--- L—1, where
fo is the carrier frequency and A f is the subcarrier spacing.

The transmitted ISAC signal of ULA is the multiplication
of beamforming vector w, and OFDM data symbol s,, 4
represented as [15]

CMXI (1)

Xnqgl = WgSn gl

where n, ¢ and [ are the index of time slot, beam and
subcarrier respectively. The codebook beamforming vector wy
is represented as

P
wy = gralé,) €M @)

where Pr is the transmission power of ISAC transceiver and
a(¢,) is the steering vector for the angle ¢,. The steering
vector for a general angle 6 is formulated as
a(g): [1 eﬂ-siné eﬂ'(M—l)sinO T (CI\/I><1 (3)
The transmitted signal is reflected by the targets and clutter,
and is received with the same beam used for the transmission.
The received echo signal corressponding to the transmitted
signal x,, 4, is expressed as [15]

H
ynql:WanlX7qu+anl 4

where z, 4 is the additive white Gaussian noise with the noise
power o2 o1 The round-trip channel H,, ; for K targets and
P static clutter is represented as [15]

K P
H, =Y Hyn i +» H,,,
k=1 p=1
where Hy, ,, ; is the round-trip channel of k-th target and H; nl

is the round-trip channel of p-th clutter. Here, Hy ,,; and
H, , , are represented as

(CMXM (5)

27

“a(@a (@) (6

H,; = age 2rfofp knT o— 27 fi

/

e T Sb T 2 a (g) M (6) (D)

;o nil —
where (o 74 0r) and (B, 7, 0,) are the channel fading
factor, distance and angle pair of the k-th target and the p-
th clutter respectively and c is the speed of light. fpj =
2 (vR—vi) k(0y) cand f,, =2 vg k(0]) c are the
relative Doppler shift of the k-th target and the p-th clutter,
where v is the velocity of ISAC transceiver and vy is the
velocity of k-th target. k(6) is a unit vector pointing towards
0 direction. Note that, due to the transceiver’s mobility, the
clutter’s relative Doppler shift is also nonzero, making it
challenging to distinguish the target. Eventually, the echo
tensor Y  CNX@*L j5 measured by stacking y,, , 1, whose
(n g l)-th element is Y[n q ] = yn ¢4

III. ISAC-STAP FOR CLUTTER SUPPRESSION AND
TARGET SENSING

In this section, we propose the ISAC-STAP algorithm,
which suppresses the clutter with nonzero Doppler shift and
estimates the target parameters. The proposed algorithm con-
verts the echo tensor into a radar-like data cube through
pre-processing. Thereafter, the proposed algorithm detects the
targets by suppressing the clutter via estimating the clutter
covariance matrix by utilizing range cells near the target range.

A. Pre-processing of the Echo Tensor

The basic idea of STAP is to design a filter that removes
clutter signals by finding out clutter information from the
measurement. Since prior STAP algorithms utilize pulsed
radar, the measurement has the range domain and the clutter
in the target range is eliminated by using clutter information in
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the range where the target is not present. However, the ISAC
transceiver system under consideration does not operate within
a specific range domain, and the target’s echo signal impacts
all the elements of the measurement. Therefore, the proposed
algorithm pre-processes the measurement by converting echo
tensor ) into a radar-like data cube.

The key idea of the pre-processing is to convert the domain
of ) same as the domain of radar data cube, which are array
antenna elements, time slots and range bins. Interestingly,
the domains of OFDM subcarrier and range, as well as
beam and antenna array elements, are all discrete Fourier
transform (DFT) related. By implementing two-dimensional
DFT (2D-DFT), the ) is pre-processed to a radar-like data
cube Y CNXGmxGr a5 in Fig. 2, and the elements are
calculated as

Vinijl=sh,;Vn:sr; (8)

where s4 ; C®*1 is the DFT vector to vurtual antenna
elements, and sp ; CL*1 is the DFT vector to range bins
respectively expressed as

. . T
SAi= |:1 e~ Tsin bi ... e~ 7(Q—1) sin ¢,i} (9)

27 27 T
Spj = [1 e~ 2TEAL L o QWT(L—l)Af} (10)
where ¢; fori =1 2 --- G, is the angle bins and r; for
j=12 ... @G, isthe range bins. G, and G, are the number

of virtual antenna elements (same with number of angle bins)
and range bins respectively.

B. Clutter Suppression and Target Sensing

Since the distribution of clutter changes over time due to the
mobility of ISAC transceiver, it is not possible to obtain clutter
information in advance. Therefore, the proposed approach
employs the principle of sample matrix inversion (SMI) STAP
[20], which does not require any prior information about
clutter or targets.

The principle of SMI STAP is to construct a spatio-temporal
adaptive filter that maximizes the signal-to-interference-plus-
noise ratio (SINR) for the cell under test. By applying the filter
across the entire range, the ranges with values higher than the
threshold are determined as the target range. For the decision
of the presence of a target-of-interest in j-th range, the scalar
output z;, is calculated as [20]

zj = whn,; (11)
where w;  CNEmx1 is the weight vector that maximizes
SINR in j-th range and n; = vec (y[: : ]]) CNGmx1 g

the space-time snapshot of j-th range. The optimal weight
vector w for j-th range follows [20]

wi = R;lv(u 0) (12)

where R; is the interference covariance matrix which is
unknown in practice. v(v 6) is the space-time steering vector
expressed as

v(v ¢) = a(v) ® b(¢) (13)

TABLE I.  Simulation parameters

Parameter Description Value

fo Carrier frequency 24.125 GHz
Af Subcarrier spacing 120 kHz
M Number of ULA element 32

N Number of OFDM symbols 64

Q Number of sensing beam 121

L Number of OFDM subcarriers 128

P Number of clutters 5000
Gm Number of angle bins 121

G Number of range bins 128

where a(v) is the temporal steering vector for the radial
velocity v

(CNXl

(14)

T
a(u) — |:1 e~ 2mv L e~ 27T(N71)V§:|

and b(¢) is spatial steering vector for the angle ¢

. A T
b(¢) _ {1 ewsm(i) ew(Gm—l)mn(b} CGmxl (15)

Since the interference covariance matrix R; for the target
range is unknown, it is estimated by the training range cells
which are near to the target range cell. The interference
covariance matrix is estimated as [21]

1 R
Rj=—=> nn
r=1

where R is the number of training range cells, and 7, £ are
the training range cells. While suppressing clutter, the actual
target signal suffers from unintentional suppression along with
the clutter, which refers to target self-whitening. To prevent
target self-whitening, the STAP processor excludes the several
adjacent cells, referred to as guard cells, from the training
range cells. Finally, with the estimated interference covariance
matrix, the weight vector w; for j-th range is constructed as

(16)

w; = R;lv(u 0) (17)

IV. SIMULATION RESULTS AND DISCUSSIONS

In the simulation, we first verify the clutter suppression
and the target range estimation availability of the proposed
algorithm in a single episode. Then, we analyze the root mean
square error (RMSE) performance of the target parameter
estimation over the velocity of ISAC transceiver. To verify
the effectiveness in the mobile ISAC systems, the proposed
algorithm is compared with H. Luo et al. [15]. The parameter
settings that are used in every simulation are listed in Table I.

First, we consider an episode where ISAC transceiver is
sensing two targets while moving with a velocity of vp =
[50 0] m/s. The targets parameters are set as

= 7498995 m [10 10]" m/s
—m 4 70 711 m [—-30 —30]" m/s

01 m1 V1

Oy 79 Vo = (18)

Normalized power spectrum at the target 1’s range is shown
in Fig. 3, where Fig. 3a, Fig. 3b and Fig. 3c are the spectrum
before clutter suppression, after processing the algorithm of
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Fig. 4. Target range scanning results.

[15], and after processing ISAC-STAP respectively. Since
the ISAC transceiver has the mobility, we can observe from
the power distribution in Fig.3a that the clutter has a non-
zero radial velocity with varying values across angles. The
power spectrums after clutter suppression show the different
strategies of [15] and ISAC-STAP. Since H. Luo et al. [15]
suppresses the signal with zero velocity, the clutter spectrum
remains, and the target is suppressed as shown in Fig. 3b.
Therefore, there is a high probability that the clutter might
be mistaken as the target. On the other hand, ISAC-STAP
accurately removes clutter by using the surrounding ranges
information, leaving only the target signal as shown in Fig. 3c.
This improvement demonstrates the robustness of the proposed
algorithm in suppressing the clutter caused by the mobility of
the ISAC transceiver.

The target range scanning results are shown in Fig. 4.
The range spectrum output is calculated by dB scaling the
scalar output z; in (11) to decide the range of a target-of-
interest. The echo signal without clutter suppression shows
significant fluctuations along the ranges, indicating high levels
of interference within the signal. Even though H. Luo et
al. [15] reduces the overall spectrum by suppressing the zero-
velocity components, there is no improvement in SINR, so the
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Fig. 5. RMSE of target’s parameter estimation along the ISAC transceiver
speed.

target range estimation performance remains unchanged. In
contrast, the proposed algorithm effectively suppresses clutter
across the range, resulting in distinct peaks at the target ranges,
enabling clear target sensing.

The RMSE results of the target’s parameter estimation over
the speed of a moving ISAC transceiver are shown in Fig. 5,
comparing the algorithm of H.Luo et al. [15] and the proposed
ISAC-STAP. Here, Fig. 5a and Fig. 5b are the RMSEs of angle
estimation and radial velocity estimation, respectively. Fig. Sa
shows that the angle estimation RMSE of both H. Luo et al.
[15] and ISAC-STAP are low when the ISAC transceiver’s
speed is zero. However, the angle estimation performance of
H. Luo et al. [15] significantly decreases as the transceiver
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speed increases. Since H. Luo et al. [15] suppressed the signal
with zero velocity, the target’s angle estimation performance
is degraded due to the remaining clutter. In contrast, the
proposed algorithm maintains a stable angle estimation RMSE
regardless of the transceiver’s speed since it successfully
suppresses the clutter. Moreover, the RMSE result of radial
velocity shows a similar tendency as shown in Fig. 5b due to
the aforementioned reason. The simulation results of Fig. 5a
and Fig. 5b indicate that the proposed algorithm is the best
option for the mobile ISAC system.

V. CONCLUSION

In this paper, we present an ISAC-STAP algorithm for a
moving ISAC transceiver. The proposed algorithm first pre-
processes the echo signal by converting the subcarrier domain
to the range domain to obtain target-free clutter information.
After pre-processing, the spatio-temporal adaptive filter is
applied to suppress clutter, improving the target sensing perfor-
mance. Simulation results show that the proposed algorithm is
superior to the benchmark algorithm in mobile ISAC systems.
Further extension is developing the efficient target sensing
algorithm to account for more complex environments, such as
dynamic interference between vehicles and non-line-of-sight
(NLOS) conditions in mobile ISAC systems.
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