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ABSTRACT This paper introduces an Integrated Sensing and Communication (ISAC) approach to safeguard
communication User Equipment (UE) from approaching objects or people, such as potential blockers,
without the need to scan the entire environment, while providing continuous communication services.
The proposed UE-centered ISAC system utilizes a communication-centric waveform, transmitted through
guard beams to monitor the area within the UE proximity. These guard beams are generated through a
multi-beamforming technique employing a shared analog array that also generates the communication beam.
The parameters for generating the guard beams are optimized to maximize sensing coverage while adhering
to the communication Signal-to-Noise Ratio (SNR) constraints. In comparison to the detection using the
communication-beam-only system, our optimized guard beams enhance the detection range and coverage
area by over 1.5 times while maintaining the required communication SNR. Our multi-stage sensing pipeline
applied to the guard beams significantly reduces the complexity of sensing signal processing required to
detect approaching blockers while maintaining accuracy comparable to that of exhaustive scanning based on
the grid-searching method. Furthermore, the guard beams approach reduces the impact on communication
SNR by 0.7 dB factor compared to exhaustive scanning with a balanced communication-sensing power
allocation, offering a less pronounced impact on the communication performance in an ISAC system.

INDEX TERMS Beam resource allocation, integrated sensing and communication, millimeter-Wave, mono-
static sensing, multi-beamforming.

I. INTRODUCTION
A. MOTIVATION
Millimeter-Wave (mmWave) communication has been con-
sidered as a key enabler of 5G-and-beyond wireless networks
due to its potential to achieve multi-Gbps throughput,

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Wang .

facilitated by the large bandwidth [1]. Nevertheless, relying
on directional beams to compensate for the significant
free-space propagation loss makes mmWave links vulnerable
to blockages such as moving objects or humans, resulting
in subsequent signal attenuation and performance degra-
dation. Human activities in proximity to User Equipment
(UE) can significantly impact the mmWave communication
performance. A human crossing a mmWave link can create
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shadowing lasting several hundred milliseconds [2], [3]. The
power attenuation induced by the human body, including
scattering [4] and absorption, can reach up to 34 dB [5].
Therefore, proactive detection of potential blockages before
they cast shadows over mmWave communication links is
essential. Subsequent countermeasures can then be activated
to maintain communication performance, such as re-steering
the communication beam to alternative paths or establishing
a new connection with another Base Station (BS). This is
where Integrated Sensing and Communication (ISAC) can
play a role in maintaining communication performance by
proactively sensing the environment to identify potential link
blockages.

ISAC, a key feature envisioned in 6G networks, enables
simultaneous sensing services while delivering communi-
cation to the user. By harnessing shared radio frequency
spectrum, waveform, and hardware resources for both
functionalities, ISAC enhances the efficiency of resource
utilization [6], [7]. Several ISAC use cases involve detecting
human presence and sensing the surrounding environ-
ment [8]. In the context of the blockage-aware system, ISAC
can be utilized to actively sense the surrounding environment
to detect the presence of potential blockers, providing an
anticipatory step in avoiding link blockages. Surveillance
and proximity detection are important in addressing safety
concerns within the factory and mining environments [9],
[10]. In addition, ambient radio frequency signals from the
environment can be utilized for spectrum sensing [11] and
presence detection [12].
To facilitate simultaneous communication and sensing

via analog beamforming, the use of multi-beams jointly
designed for communication and sensing, and generated
using phased array systems has been proposed in [13], [14],
and [15]. This shared phase array system, i.e., shared for both
communication and sensing functions, enables the dynamic
generation of multiple beams tailored for communication
and sensing purposes. This adaptability is achieved through
beamforming weight vector adjustment of each element via
the analog beamformer. The communication-centric wave-
form, such as Orthogonal Frequency-Division Multiplexing
(OFDM) or single carrier waveform, can be leveraged
to ensure communication performance while enabling the
extraction of echoed information from targets for sensing
purposes [16].

A notable challenge in generating multi-beams for com-
munication and sensing using a shared phase array lies
in beam resource allocation. There is a trade-off between
communication and sensing performance, given that both
functions share the same total power and antenna degrees
of freedom. An efficient beam resource allocation strategy
contributes to enhancing the overall communication and
sensing performance. This problem leads us to investigate
an efficient sensing strategy employing a simple joint
analog multi-beam where the scanning is focused around the
communication UE it protects.

B. RELATED WORKS
Numerous human blockage prediction methods in mmWave
communications incorporate cameras [17], [18], [19], [20],
radars [21], LiDARs [22], and sub-6 GHz channel behav-
iors [23], [24]. While effective, these approaches have the
drawback of relying on external sensors, increasing the cost
and system-level complexity of the communication system.
Furthermore, devices such as cameras may raise privacy
concerns. A human blockage prediction approach using an

FIGURE 1. Sensing around the UE using guard beams.

in-band mmWave beam is proposed in [25] to address these
challenges. The method utilizes fluctuation in the received
signal strength occurring before the shadowing event to
predict the future instance of a blockage. In this study, the
author relies on the mmWave communication beam to detect
incoming blockers in a bistatic scenario. Nevertheless, it is
important to note that the field of view of this communication
beam is limited, given that the mmWave base station typically
transmits a narrow and highly-directional beam towards the
user.

In our earlier study [26], we employ an extra beam, steered
at a specific angle away from the communication beam,
to broaden the detection area in a bistatic scenario. This extra
beam is generated using an additional Radio Frequency (RF)
chain and array. Detection is performed by observing the
received signal level fluctuation caused by the constructive
and destructive interferences from reflected signals when the
potential blocker approaches the mmWave links. Through
experimental evaluation, we demonstrate that early detection
of potential blockers is achievable with the additional beam,
improving the blockage detection performance obtained
solely through reliance on the communication beamwidth.

Leveraging multi-beams with analog arrays for commu-
nication and sensing purposes has been studied in [13],
[14], [27], [28], [29], and [30]. The works of [27] and [28]
optimize the beamforming weight vector with consideration
of beam quantization to generate the multi-beam, while
[29] and [30] focus on suppressing the reception in the
communication directions and cancelling full-duplexing
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related self-interference. Nevertheless, the existing literature
typically adopts a narrow sensing beam that undergoes
exhaustive sweeping across the sensing field of view to
detect and localize humanmovement in the environment. The
exhaustive scanning approach incurs significant overhead,
as beam scanning has to be executed multiple times to cover
the sensing field of view, particularly when dealing with
expansive coverage areas.

C. CONTRIBUTIONS
We present a UE-centered ISAC approach to safeguard the
communication user from approaching objects or people
potentially blocking the mmWave communication link by
utilizing guard beams. The term refers to the set of beams
that illuminate the area surrounding the communication UE
to locate the potential blockers. Fig. 1 illustrates how the
guard beams illuminate the area around the UE, extending
the detection coverage to detect and localize the approaching
potential blockers compared to the detection solely by
communication beam. The detailed contributions of this
paper are summarized as follows:

• Guard beams: We introduce the concept of analog-
multi-beamforming-based guard beams, efficient
sensing beams steered in directions surrounding the
communication beam, generated by an analog beam-
former using a shared phased array. Compared to the
guard beam proposed in our prior work [26], which
requires an additional RF chain and phased array to
steer a sensing beam independently, here we utilize
the same RF chain and phased array to perform both
communication and sensing functionalities. It allows the
BS to reuse the communication waveform to illuminate
the area around the communication UE, expanding the
sensing coverage beyond the directive communication
beam. Notably, this approach eliminates the need to scan
the entire environment to search for potential blockers.

• Optimized multi-beam design: We provide compre-
hensive design guidelines for generating the com-
munication beam and guard beams through analog
multi-beamforming technique. The steering direction of
guard beams dynamically changes based on the UE
position. The beamforming design involves selecting
optimal steering angles of guard beams and sensing
power allocation coefficients as function of UE position
relative to the BS array, with the goal of maximizing the
sensing coverage area around the UE while maintaining
the required communication performance.

• Multi-stage sensing pipeline:We propose amulti-stage
blocker detection and estimation strategy to accurately
determine a potential blocker’s range, velocity, and
direction of arrival (DoA), with the key principle of
utilizing different number of symbols for each stage.
By dividing the sensing signal processing into multiple
stages, the symbol resources can be utilized more
efficiently (i.e., the Doppler estimation requiring a

large number of symbols is only conducted upon target
detection that requires fewer symbols). Subsequently,
narrow beams are swept to refine the DoA estimation.
Our proposed dynamic scan model for DoA estimation,
which is based on the range information obtained in
the detection stage, achieves DoA estimation accuracy
comparable to the upper-bound fixed scan despite
employing fewer scans.

FIGURE 2. System architecture of ISAC-enabled BS employing multi-beam
based on analog beamforming.

• Enhanced sensing coverage and reduced sensing
complexity: We assess the sensing performance of
guard beams, considering detection range, sensing cov-
erage, and accuracy in sensing parameters estimation.
Our findings demonstrate that guard beams extend
the sensing coverage by over 1.5 times beyond the
capabilities of a communication beam alone in detecting
approaching blockers. In addition, guard beams facil-
itate DoA estimation, which is not possible with the
communication-beam-only. Moreover, the guard beams
approach achieves comparable accuracy in sensing
parameters estimation while reducing the complexity of
sensing signal processing, utilizing up to 13.83% fewer
symbols compared to the exhaustive scanning method.
This improvement is due to our multi-stage sensing
pipeline applied to the guard beams.

• Reduced impact on communication: We evaluate the
impact of guard beams on communication performance,
including the multi-path interference resulting from
additional illumination of the guard beams, and the
inherent communication gain reduction as both sensing
and communication share the same array. Our find-
ings show a 0.7 dB improvement in Signal-to-Noise
Ratio (SNR) compared to exhaustive scanning with
a balanced communication-sensing power allocation,
suggesting that the impact of guard beams on reducing
communication SNR is less pronounced than with the
exhaustive scanning approach.

II. SYSTEM MODEL
A. ISAC SYSTEM ARCHITECTURE
The system architecture of the ISAC-enabled BS is depicted
in Fig. 2. The BS adopts a monostatic configuration with
transmit (Tx) multi-beam capability. It employs a single Tx
RF chain connected to an analog Uniform Planar Array
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(UPA) capable of generating multi-directional Tx beams by
adjusting the phase and amplitude of the analog beamformer.
These beams include a Tx communication beam steered
towards the served UE and a set of Tx sensing beams
that illuminates the region around the UE. As a single
Tx front-end is used, the same waveform simultaneously
serves communication and sensing purposes. The BS system
architecture could be extended with additional Tx RF chains,
beamformers, and arrays to serve multiple users via hybrid
MIMO. However, our study narrows its focus to a singular
user scenario, delving into a more detailed mechanism
to protect a UE from potential approaching blockers by
employing sensing (guard) beams generated alongside the
communication beam.

We assume the BS is aware of the UE’s location relative
to itself, as the localization of an active user is one
of the 5G service requirements defined by 3GPP [31].
Periodic beam-sweeping can be employed to determine the
UE’s relative position, i.e., azimuth and elevation, with
respect to the BS [32]. The Tx beamformer steers the Tx
communication beam towards the UE direction and the
Tx sensing beams around the communication beam. Since
the Tx communication and sensing beams share the same
antenna arrays and power budget, the beamforming weight
vector for both communication and sensing will affect each
other. An analog receiving (Rx) UPA connected to an Rx
RF chain is utilized to receive back-scattered signals from
potential blockers. The steering direction of the Rx sensing
beams is aligned with the Tx sensing beams, maximizing
the combined Tx–Rx gain in the intended sensing directions.
Further detailed beamforming design for both Tx and Rx
beamformers is presented in Section III-A.
The analog signal is converted to a baseband signal

using an Analog-to-Digital Converter (ADC) for subsequent
sensing processing. It is worth noting that the monostatic
radar architecture causes self-interference due to Tx–Rx
coupling. However, as addressing self-interference is not
the primary focus of this work, we assume that state-
of-the-art self-interference cancellation in both analog and
digital domains (e.g., as presented in [33]) can effectively
address this issue. Additionally, an approach to mitigate the
interference in multi-beam communication and sensing using
analog arrays has been proposed in [30].

B. ISAC WAVEFORM AND CHANNEL MODELS
We adopt a communication-centric waveform to serve
both communication and sensing purposes. Specifically,
we consider the 5G-NR Time Division Duplex (TDD)-based
OFDM waveform [34] operating at the frequency carrier fc
with the bandwidth B. The OFDM waveform consists of K
subcarriers with the subcarrier spacing denoted as 1f . The
symbol period is denoted as Tp.
The BS transmits a directional Tx ISAC communication-

centric beam towards a UE, generated via the Tx beamformer,
and the UE generates the Rx beam towards the direction of BS

to receive the signals. We consider a deterministic multipath
channel model that accounts for the dominant Line-of-Sight
(LoS) path and specular reflections from the moving sensing
target. The received downlink signal of the k-th subcarrier
and l-th symbol at the UE resulting from multi-path P can be
expressed as follows:

yu(k, l) =
√
pt s(k, l)

P−1∑
p=0

αpe−j2π
(f0+k1f )dp

c + zu(k, l), (1)

where pt is the BS transmit power, s(k, l) represents the
transmitted signal, αp denotes the channel coefficient of the
p-th path, f0 is the center frequency of the first subcarrier, dp
is the p-th path distance between BS and UE, c is the speed of
light, and zu(k, l) represents the additive white Gaussian noise
at the UE. The p-th path gain βp = |αp|2 can be expressed as:

βp = gtxp g
rx
p ρp

(
λ

4π dp

)2

, (2)

where gtxp and grxp represent the BS Tx beamforming gain
and the UE Rx beamforming gain in the path p direction,
ρp denotes the scattering coefficient of the path p, and
λ = c/fc indicates the wavelength. Assuming no interference
from other downlink transmissions, the downlink SNR is
calculated as:

χu =
pt

∣∣ ∑P−1
p=0 αpe

−j2π fcdp/c
∣∣2

σ 2
u

, (3)

where σ 2
u represents the noise power and is formulated

as σ 2
u = k T BFu, with k being the Boltzmann constant,

T denoting the temperature, B representing the system
bandwidth and Fu being the noise figure of the UE.
The BS’s Rx RF chain captures the Channel State Informa-

tion (CSI), which contains the backscattered signals from the
target, i.e., the potential blocker. The received backscattered
signal of the k-th subcarrier and l-th symbol from all targets
Q at the Rx of BS after dividing with s(k, l) is formulated as:

ys(k, l) =
Q−1∑
q=0

αqej2πTpfqle−j2π
1fdq
c k
+ zs(k, l), (4)

where αq denotes the complex amplitude of the backscattered
signal from target q, Tp is the symbol period, fq denotes
the Doppler frequency, dq is the distance between the BS
and target q, and zs(k, l) represents the additive noise. The
Doppler shift can be expressed as fq = 2 vqfc/c, where vq is
the radial velocity of target q. The power of the q-th return
βq = |αq|

2 is expressed by:

βq =
ptgtxq g

rx
q λ

2ρq

(4π )3d4q
, (5)

where ρq is the Radar Cross Section (RCS), dq represents
the distance between BS and target, gtxq and grxq denote the
Tx and Rx beamforming gain of BS in the sensing direction,
respectively. Assuming there is no uplink interference from
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other UEs, the sensing SNR of the backscattered signal from
the q-th target is expressed as:

χq =
βq

σ 2
r
, (6)

where σ 2
r = k T BFr denotes the noise at the radar receiver

with Fr being the noise figure of BS receiver. The sensing
signal processing is further detailed in Section IV.

C. MULTI-BEAMFORMING USING UPA
For an UPA with size of M × N antenna elements, the
steering vector of the m-th horizontal element and n-th
vertical element for the azimuth angle θ and the elevation
angle φ can be respectively expressed as:

v̂m(θ, φ) = e−j
2π
λ
mdx sin θ cosφ, (7)

v̂n(θ, φ) = e−j
2π
λ
ndy sin θ sinφ . (8)

The steering vector of the (m, n)-th element of UPA(M×N )

is [35]:

v̂m,n(θ, φ) = v̂m(θ, φ) v̂n(θ, φ), (9)

where m = {0, . . . ,M − 1} and n = {0, . . . ,N −
1}. By considering a half-wavelength spacing between two
horizontal elements dx and vertical elements dy, the steering
vector becomes:

v̂m,n(θ, φ) = e−jπ sin θ(m cosφ+n sinφ). (10)

The overall array steering vector is denoted as V̂ ∈ C1×MN ,
where V̂ = {v̂1,1, . . . , v̂M ,N }.
To steer the beam towards an intended direction, a beam-

forming weight vector needs to be assigned to each element.
The weight vector of the (m, n)-th element for steering the
beam in the direction (θd , φd ) can be defined as follows:

ŵm,n(θd , φd ) = ejπ sin θd (m cosφd+n sinφd ). (11)

The beamforming weight vector of an array is denoted
as Ŵ ∈ C1×MN , where Ŵ = {ŵ1,1, . . . , ŵM ,N }.
The beamforming gain at the direction (θ, φ) for a given
beamforming direction (θd , φd ) can be expressed as:

g(θ, φ) =
∣∣∣ŴT(θd , φd )V̂(θ, φ)

∣∣∣2 . (12)

Multiple beams can be formed simultaneously by coher-
ently combining multiple weight vectors of communication
and sensing beams [14], [28]. The Tx beamformer assigns a
combined weight vector to each antenna element within the
Tx UPA, formulated as:

Ŵ tx
=

√
(1− η) Ŵc(θc, φc)+

√
η Ŵs(θs, φs), (13)

where Ŵc denotes the weight vector of the communication
beam steered at (θc, φc) and Ŵs represents the weight
vector of the sensing beam steered at (θs, φs). Meanwhile,
η represents the power allocation coefficient to adjust the
portion of gain allocated for communication and sensing

beams. The normalized Tx beamforming weight vector is
obtained through Ŵ tx

|Ŵ tx|
.

The communication beam is steered in the direction of UE
(θc, φc), established through a prior beam training process
between the BS and the UE, while the sensing beam is steered
in the intended sensing direction (θs, φs). On the Rx side,
the Rx beamformer of the BS assigns the following weight
vector:

Ŵ rx
= Ŵs(θs, φs), (14)

focusing the Rx beam towards the same direction as the
Tx sensing beam. The transmit and receive beamforming
gain, gtx and grx, are obtained by substituting (13) and (14)
to (12). The combined Tx–Rx gain in the (θ, φ) direction then
becomes:

gcomb(θ, φ) = gtx(θ, φ)grx(θ, φ). (15)

Note that the narrowband beamforming assumption is valid
thanks to a sufficiently small fraction bandwidth

( B
fc

)
,

making the phase shift variation across different subcarriers
negligible [28], [36].

III. PROPOSED GUARD BEAMS
Guard beams are composed of collective sensing beams
steered at certain angles away from the communication
beam to illuminate the potential blocking area around the
communication user. These beams create virtual barriers
that are capable of detecting the presence and localizing
the moving potential blockers upon entry. The guard beams
approach eliminates the need for exhaustive target search,
thereby making the detection faster and simplifying the
sensing signal processing compared to the grid-searching
method.

A. GENERATING THE GUARD BEAMS
Unlike the grid-searching approach, where the Tx sensing
beam is determined by the pre-defined codebook and is
independently steered from the Tx communication beam,
the steering direction of guard beams depends on the Tx
communication beam direction. Two sets of guard beams,
each containing NG sub-beams, are steered to scan the
potential blockers in two directions: the left and the right
sides of the UE. The user-defined parameter NG must be
an odd number greater than three, ensuring a contiguous
beamforming gain within the targeted area. Each sub-beam
is steered in different directions around the communication
beam, maintaining an identical separation angle δ away from
the communication beam. Notably, one sub-beam must be
steered at the same elevation as the communication beam,
providing sensing coverage in either the left or the right
direction. The angular space of the guard beams on each side
is divided equally as follows:

ψ =
180°
NG − 1

. (16)
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FIGURE 3. Generating the Tx guard beams with NG = 5 beams.

The steering angle of individual sub-beams depends on the
θc, φc, δ and ψ . The n-th sub-beam of the left guard beams is
steered in the following direction:

θLn = θc − δL sin (nψ),

φLn = φc + δL cos (nψ), (17)

while the n-th sub-beam of the right guard beams is steered
in:

θRn = θc + δR sin (nψ),

φRn = φc + δR cos (nψ), (18)

where n = {0, 1, . . . ,NG − 1}. Therefore, the beamforming
weight vectors of individual sub-beams of the left and right
guard beams can be formulated as the (θc, φc, δ)–dependent
function, as follows:

ŴLn(θc, φc, δL) = Ŵ (θc − δL sin (nψ), φc + δL cos (nψ))

(19)

ŴRn(θc, φc, δR) = Ŵ (θc + δR sin (nψ), φc + δR cos (nψ)) .

(20)

Fig. 3 illustrates the generation of both left and right guard
beams. The communication beam steered at (θc, φc) becomes
the center point, surrounded by NG = 5 sub-beams, each
positioned at a separation angle of δ from the communication
beam. In this example, we use δL = δR = 30° to show a clear
separation between the sub-beams.

In general, the normalized beamforming weight vector of
each guard beams side is obtained by combining the weight

vectors of all sub-beams, expressed as:

Ŵguard(θc, φc, δ) =

∑NG−1
n=0 Ŵn(θc, φc, δ)∣∣∣∑NG−1
n=0 Ŵn(θc, φc, δ)

∣∣∣ . (21)

Substituting Ŵguard(θc, φc, δ) to Ŵ tx
s in (13), the combined

Tx communication and guard beams weight vectors becomes
dependent on δ and η, as expressed as follows:

Ŵ tx(θc, φc, δ, η) =
√
(1− η) Ŵ tx

c (θc, φc)

+
√
ηŴguard(θc, φc, δ), (22)

followed by the weight vector normalization. In order to
receive an adequate backscattered signal power from the
potential blocker in the intended detection area, the Rx array
needs to align its beamforming towards the same direction as
the Tx guard beams. Thus, the beamforming weight vector
for Rx guard beams becomes:

Ŵ rx(θc, φc, δ) = Ŵguard(θc, φc, δ). (23)

B. OPTIMAL GUARD BEAMS PARAMETERS
As we consider a shared array for generating the Tx
communication and sensing beams, two guard beams
parameters – the guard beams separation angle δ and the
power allocation coefficient η – need to be optimized to
generate the sensing beams with sufficient beamforming gain
while maintaining the communication performance above the
specified threshold.

For communication, the primary constraint revolves
around attaining the minimum required SNR at the UE to
achieve a desired Modulation and Coding Scheme (MCS).
The 3GPP standard [37] specifies the required spectral
efficiency, which can be translated into SNR required for
achieving a certain MCS index. On the other hand, the IEEE
802.11ad and IEEE 802.11ay standards utilize the required
minimum received signal level and Error Vector Magnitude
(EVM) parameters, respectively, in determining the MCS
index [38], [39]. Since the Tx beamforming gain gtxu directly
impacts the SNR χu, as expressed in (2) and (3), we define
the minimum Tx beamforming gain of the BS to achieve a
minimum required communication SNR χmin

u given a user
distance du, expressed as:

gtxu
min(du) =

χmin
u (4πdu)2 σ 2

u

ptgrxu λ2
. (24)

For the sensing requirement, the constraint is the minimum
SNR required to detect a target. In an OFDM radar, the
minimum SNR required to detect a target, given a probability
of false alarm PFA, can be expressed as [40]:

χmin
q = 10

ln
(
1− KL√1−PFA

)
, (25)

whereK and L denote the number of subcarriers and symbols,
respectively. Using (6) and (25), the minimum combined Tx
and Rx beamforming gain to achieve the required minimum
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FIGURE 4. Detection range and sensing coverage.

SNR χmin
q for detecting a target with the range of dq can be

expressed as:

gcomb
q

min
(dq) =

χmin
q (4π )3d4qσ

2
r F

ptλ2ρq
. (26)

The detection coverage of guard beams is focused on the
potential blocking area around the UE, especially the region
between the BS and the UE. Therefore, the design of guard
beams is tailored to scan the potential blocker on both the
left and right sides of the UE. Given a communication beam
direction (θc, φc), we define an objective function to find the
optimal separation angle δ and power allocation coefficient
η that maximizes the detection range rd . Here, rd is defined
as the maximum distance from the UE to a detectable target
located at the BS coverage perimeter, as illustrated in Fig. 4.
Along this perimeter, the BS–target distance dq equals the
BS–UE distance du. The optimization problem for each set
of guard beams is formulated as follows:

max
η,δ

rd (du, δ) ≈ 2 du sin
(
δ

2

)
(27)

s.t. gtx (θc, φc, δ, η) ≥ gtxu
min(du) (27a)

gcomb (θs, φc, δ, η) ≥ gcomb
q

min
(dq) (27b)

θs : θs ∈ [θc, θc ± δ] (27c)

θc : θc ∈ [−90°+ δ, 90°− δ] (27d)

φc : φc ∈ [−90°+ δ, 90°− δ] (27e)

η : η ∈ [0, 1] (27f)

δ : δ ∈ [0°, δmax] (27g)

where gtx (θc, φc, δ, η) is the Tx beamforming gain in the
direction of communication beam and gcomb(θs, φc, δ, η)
represents the combined Tx–Rx beamforming gain within
the coverage of guard beams, covering the azimuth θs ∈
[θc, θc ± δ]. The negative or positive index indicates the left
or right guard beams, respectively.

For communication, the constraint involves a Tx gain
gtx (θc, φc, δ, η) being at least equal to gtxu

min(du), fulfilling
χmin
u for a UE at distance du. This constraint becomes crucial

as certain η and δ combinations could result in destructive
interference in the (θc, φc) direction. For the sensing purpose,

the combined Tx and Rx gain within the guard beams
coverage must be at least equal to the minimum combined
Tx and Rx gain gcomb

q
min

(dq), satisfying the sensing SNR
requirement χmin

q for target detection at a distance dq.
The power allocation coefficient η ranges from 0 to 1,

where higher values of η allocate more power to the guard
beams, as expressed in (22). Meanwhile, δ spans from 0° to
δmax, representing the maximum limit for the steering angle
of the guard beams. The limit of δmax is chosen considering
a non-contiguous detection coverage due to applying a
large δ. Furthermore, a larger δ limits the direction of the
communication beam since the BS field of view is limited up
to (θc, φc) ∈ [−90° + δ, 90° − δ]. Despite the practical field
of view limitation of the UPA is ±50° [41], our evaluation
extends up to ±90° limit in azimuth and elevation to provide
an understanding of the behaviour of guard beams beyond the
practical constraints.

IV. MULTI-STAGE DETECTION AND ESTIMATION
The sensing objective is to detect and localize dynamic
potential blockers, such as people or machines in the
surrounding environment, capable of shadowing the com-
munication beams between the BS and the UE. Therefore,
the system must be able to estimate the sensing parameters,
i.e., range, Doppler or velocity, and DoA of a potential
blocker. In a typical OFDM radar system [40], both range and
Doppler information of a target are obtained simultaneously
using high-resolution bins in the frequency and time (symbol)
dimensions, while multiple scans in different directions are
required to determine the target’s DoA. However, allocating a
large number of symbols for Doppler estimation is inefficient
when no target is present. To enhance the efficiency of symbol
utilization in detecting the potential blocker and estimating
its sensing parameters, we propose a multi-stage sensing
processing approach. This approach is divided into three
stages: 1) Target detection, direction, and range estimation;
2) Doppler estimation; and 3) DoA estimation. Each stage
requires a different number of symbols to obtain the desired
accuracy.

A. SENSING SIGNAL PROCESSING
Upon receiving the backscattered signal ys from (4), static
target removal is applied to remove detection of the static
clutters in the environment. It can be done using high-pass
filtering or removing the Direct Current (DC) component.
In this work, we consider the latter approach. The received
signal after DC component removal becomes:

yt (k, l) = ys(k, l)−
1
L

L∑
l′=1

ys(k, l ′). (28)

In order to reduce the sampling rate, CSI accumulation is
carried out across the subcarriers and symbols. This is often
used in digital radars (cf. [42]) and has the impact of reducing
memory consumption and complexity in the subsequent
signal processing, often with a negligible impact on the
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performance. The accumulation is carried out as follows:

ȳt (k, l) =
ζK−1∑
i=0

ζL−1∑
j=0

yr (ζK k + i, ζL l + j), (29)

where ζK and ζL denote the accumulation factors across
the subcarriers and symbols, respectively. The accumulation
provides a coherent processing gain of ζK ζL , and a reduction
in maximum unambiguous range and velocity by a factor
of ζK and ζL . Since the accumulation does not impact the
bandwidth or the integration time, the resolution in range
and Doppler remains unaffected. The effective number of
subcarriers and symbols after the accumulation becomes
Kd = K/ζK and Ld = L/ζL in the respective dimensions.

We consider periodogram-based processing [40] for the
computation of range-Doppler maps, derived through a
one-dimensional fast Fourier transform (FFT) over symbols
and inverse fast Fourier transform (IFFT) across subcarriers
after static target removal. To mitigate the impact of
sidelobes, a window function ωRD(k, l) is used. The resulting
range-Doppler maps are as follows:

Y (a, b) =
Ld−1∑
l=0

Kd−1∑
k=0

ωRD(k, l)ȳt (k, l)e
2πk
K ae−

2π l
L b, (30)

where a and b represent the corresponding range and Doppler
bins, respectively. The estimated 2-D distance between the
BS and the target q is defined as:

dq =
√
d2rd,q − hBS

2 (31)

where hBS is the BS antenna height and drd,q is the target
distance obtained after the range-Doppler processing.

The cell averaging Constant False Alarm Rate (CFAR)
detector is applied to the range-Doppler map in order to detect
the targets. The CFAR determines a threshold for each Cell
Under Test (CUT) based on the background noise calculated
from guard cells and training cells. The threshold is expressed
as follows [43]:

γ (a, b) = (PFA−1/NC − 1)pTC(a, b), (32)

where pTC(a, b) is the power in the NC training cells.
Accordingly, a target at the range-Doppler bin a and b
is considered present if |Y (a, b)|2 > γ (a, b). The output
of CFAR detection is a binary map, wherein all samples
surpassing the threshold are categorized as detection (‘1’),
while the remaining are classified as noise (‘0’). For each
target detected, the centroid of the binary detection in both
dimensions are calculated to estimate the target’s range and
velocity.

B. TARGET DETECTION, DIRECTION AND RANGE
ESTIMATION
In the initial stage, the focus is on detecting a target—
specifically, a potential blocker—approaching the UE.
It involves estimating the coarse direction, i.e., determining
whether the target is approaching from the left or right side

Algorithm 1 Target Detection, Direction, and Range
Estimation
Input: θc, φc, δopt, ηopt, K , LS1
Output: dq, DS1

1 while Q = 0 do
2 Scan the guard beams in DL & DR
3 for each D do
4 Tx–Rx beamforming: Ŵ tx & Ŵ rx (22)(23)
5 CSI collection: ys ∈ C(K×LS1) (4)
6 Static clutter removal: yt ∈ C(K×LS1) (28)
7 CSI accumulation: ȳt ∈ C(Kd×LdS1 ) (29)
8 2D FFT-IFFT: YS1 ∈ C(Kd×LdS1 ) (30)
9 CFAR detection: dq (32)
10 end
11 end
12 DS1← {DL ∨DR}

Algorithm 2 Doppler Estimation

Input: Ŵ tx, Ŵ rx, DS1, K , LS2
Output: vq

1 Scan the guard beams in DS1 using Ŵ tx & Ŵ rx

2 CSI collection: ys ∈ C(K×LS2) (4)
3 Static clutter removal: yt ∈ C(K×LS2) (28)
4 CSI accumulation: ȳt ∈ C(Kd×LdS2 ) (29)
5 2D FFT-IFFT: YS2 ∈ C(Kd×LdS2 ) (30)
6 CFAR detection: vq (32)

of the UE, and conducting range estimation. The process
for Stage 1 is presented in Algorithm 1. The guard beams
are scanned by default in two fixed directions: left DL and
right DR, covering the area around the UE within a range
of rd . Each scan utilizes all subcarriers K to ensure accurate
range estimation, based on the predefined range resolution
1r . During this stage, sensing employs a low-resolution 2D
FFT-IFFT in the Doppler dimension, utilizing only a limited
number of symbols, denoted as LS1. This results in coarse
velocity estimates. This approach is adopted to reduce the
initial sensing time and signal processing load, particularly
when no target is detected.

In the absence of a target, the BS continuously scans
in two directions using the two sets of guard beams. It’s
important to note that the BS is assumed to have knowledge
of the UE location, enabling it to track the UE’s location and
update both communication and guard beams accordingly.
Upon detection of a target by one of the guard beams, the
BS acquires the estimated target’s range dq based on (30)
and (31), and designates its coarse direction asDS1 = {DL ∨

DR}, where DL and DR indicates the target detection on
the left and right sides of the UE. In the case of multiple
targets detected on both sides, DS1 = {DL ,DR}, subsequent
Doppler and DoA estimations are performed for both sides
sequentially.
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Algorithm 3 DoA Estimation
Input: θc, φc, dq, 1p, DS1, δ, K , LS3
Output: θq

1 DetermineR (35)
2 Determine θr & φr (36),(37)
3 Scan the refinement beams inR directions
4 for r ≤ R do
5 Tx–Rx beamforming: Ŵ tx & Ŵ rx (38),(39)
6 CSI collection: ys ∈ C(K×LS3) (4)
7 Static clutter removal: yt ∈ C(K×LS3) (28)
8 CSI accumulation: ȳt ∈ C(Kd×LdS3 ) (29)
9 2D FFT-IFFT: YS3 ∈ C(Kd×LdS3 ) (30)
10 |Yr | ← |YS3|
11 end
12 Estimate θq (40)

C. DOPPLER ESTIMATION
Stage 2 focuses on estimating the velocity of a target
detected in the DS1 direction, as determined in Stage 1. The
process for Stage 2 is outlined in Algorithm 2. In this stage,
a high-resolution 2D FFT-IFFT in the Doppler dimension is
employed to precisely estimate the target’s radial velocity.
This involves using a larger number of symbols, denoted as
LS2 in (30), where LS2 ≫ LS1. The parameter LS2 is user-
defined, which depends on the desired attainable Doppler
resolution1v. In scenarios where multiple potential blockers
are detected on both sides of the guard beams, Doppler
estimation is performed for each side, doubling the required
symbols LS2.

D. DIRECTION OF ARRIVAL ESTIMATION
The final stage aims to estimate the DoA of the potential
blocker relative to the BS, denoted as θq. The process for
Stage 3 is summarized in Algorithm 3. Given that Stage 1
provides only the coarse direction DS1 of a detected target,
with the true azimuth lying within [θc : θc±δ], the maximum
position error resulting from azimuth deviation obtained in
Stage 1 can be expressed as:

1pD(dq) = 2 dq sin
(
δ

2

)
. (33)

A larger dq and/or δ lead to a larger position estimation error.
Therefore, a more refined azimuth estimation is required
in Stage 3, which can be achieved by scanning multiple
refinement beams within the azimuth [0° : 0° ± δ]. The
required number of scansR to achieve a desired position error
owing to DoA estimation error, denoted as1p, is formulated
as:

R =
⌈
1pD
1p

⌉
. (34)

Instead of using a fixed number of scans to obtain refined
DoA estimation, we propose a dynamicR, where the number
of scans is determined based on the dq information obtained

in Stage 1. By substituting (33) to (34), the number of scans
becomes a function of the target distance, as follows:

R(dq) =
⌈
2dq sin

(
δ
2

)
1p

⌉
. (35)

Therefore, with this model, a smaller dq can reduce the
number of required scans in this stage.

Each scan is performed using only a single sensing beam
at a time, steered in the azimuth:

θr =

{
±
1θr

2
,±

31θr
2

, . . . ,±
(2R− 1)1θr

2

}
, (36)

where 1θr = δ
R represents the angle resolution of the

refinement beam. The negative or positive index is used when
DS1 = DL or DS1 = DR, respectively. The elevation φr
remains constant for allR scans and is adjusted based on the
estimated target range dq, formulated as:

φr (dq) = − tan−1
(
hBS
dq

)
+ φBS, (37)

where φBS denotes the BS antenna down-tilt angle. The
beamforming weight vector of the sensing beam is defined
as Ŵr (θr , φr ). Using (13), the weight vector of the Tx
beamformer becomes:

Ŵ tx
=

√
(1− η) Ŵc(θc, φc)+

√
η Ŵr (θr , φr ), (38)

followed by the weight vector normalization. The Rx
beamformer is set to receive in the direction of the sensing
beam with the beamforming vector of:

Ŵ rx
= Ŵr (θr , φr ). (39)

The DoA estimation is carried out using low-resolution
2D FFT-IFFT in the Doppler dimension, where only a
few OFDM symbols are used. For each scan, LS3 symbols
are used in (30), where LS3 ≪ LS2. The investigation
into the minimum number of symbols LS3 that still yields
accurate DoA estimation is detailed in Section V-D. Using (4)
and (30), the collected CSI becomes ys ∈ C(K×LS3), and
the resulting periodogram becomes YS3 ∈ C(Kd×LdS3 ),
respectively. The BS computes the periodogram magnitude
|Yr | = |YS3| of all R scans, and estimates the azimuth
of potential blocker θq by choosing the θr resulting in the
maximum |Yr |, as expressed below:

θq = argmax {|Y1|, . . . , |YR|}. (40)

Notably, practical constraints such as array/hardware imper-
fections and beamforming quantization influence the beam
pattern and its angular resolution [27].

The BS localizes the potential blocker in the x–y axis by
using dq obtained in Stage 1 and θq obtained in Stage 3, as
follows:

px,y =
(
dq sin

(
θq

)
, dq cos

(
θq

))
. (41)

Meanwhile, vq is obtained through Stage 2. Using this
information, the BS can promptly and proactively identify
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FIGURE 5. Combined Tx–Rx gain of guard beams over various δ with (θc , φc ) = (0°, 0°), NG = 5 and η = 0.7.

FIGURE 6. Combined Tx–Rx gain of guard beams over various η with (θc , φc ) = (0°, 0°), NG = 5 and δ = 15°.

potential link blockages upon entering the coverage area.
This enables immediate follow-up actions to mitigate the
blockage, such as initiating a handover as suggested in [25]
and [44]. However, these mitigation strategies are outside the
scope of this paper.

V. NUMERICAL RESULTS AND ANALYSIS
A. SIMULATION PARAMETERS
We carried out simulations to evaluate the sensing perfor-
mance of guard beams, including the detection coverage area
and estimation accuracy, and the impact of guard beams
on the communication performance. Detailed simulation
parameters are provided in Table 1. We consider an ISAC BS
placed at a height of 15 m. Both Tx and Rx arrays of the BS
employ UPA(8×8), tilted down 10° to cover UEs at a lower
height. Static UE and mobile blockers, at a height of 1.5 m,
are placed within the field of view of the BS.

The BS transmits the OFDM waveform operating at
fc = 26 GHz with the bandwidth B of 384 MHz and
K = 1600 subcarriers, with the subcarrier spacing 1f being
240 kHz. The OFDM symbol duration Tp is 4.46µs including
the cyclic prefix duration. The transmit power pt is kept
fixed at 20 dBm with the beamforming gain depending on
the Tx weight vector. Meanwhile, the UE uses UPA(2×2) to
beamform towards the BS and has the noise figure Fu of 7 dB.

The potential blocker detection is performed within a
coherent processing interval spanning L symbols, with
varying numbers of symbols used in different sensing stages,
as discussed in Section IV. Taking the maximum number
of symbols used in each stage mentioned in Table 1, the
detection and sensing estimation can be performed within
11 ms, which is relatively faster than the potential blocker’s
movement. The probability of false alarm PFA is set to

TABLE 1. Simulation parameters.

be 10−6, with 10 training cells and 4 guard cells in both range
and Doppler dimensions used for CFAR detection. The radar
noise figure Fr is 7 dB. For our analysis, we assume a single
point reflection from each potential blocker, characterized by
a fixed RCS value of ρq = 1 for human targets [43].

B. GUARD BEAMS PARAMETERS EVALUATION
In this section, we assess two key parameters influencing the
generation guard beams: the separation angle δ and the power
allocation coefficients η. These parameters directly impact
the beam shape, consequently influencing the attainable
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FIGURE 7. δopt evaluation for different UE positions.

gain in both communication and sensing directions. For the
evaluation, we consider NG = 5 sub-beams on each side
of the guard beams. Fig. 5 and Fig. 6 depict the combined
Tx–Rx beam patterns of communication and guard beams
for different δ and η values, respectively. The communication
beam is steered at (θc, φc) = (0°, 0°) with the combined left
and right guard beams surrounding (θc, φc).
Without guard beams, a strong Tx–Rx beamforming gain

is observed in (θc, φc) direction, as depicted in Fig. 5(a).
Applying guard beams with δ = 10° extends the sensing
coverage in the azimuth directions, as illustrated in Fig. 5(b).
As the guard beams are steered away from the communication
beam, a noticeable coverage gap emerges between the
communication beam and each sub-guard beam. Moreover,
the communication gain undergoes a significant reduction
with increasing δ, as observed in Fig. 5(c) and Fig. 5(d).

Increasing η also influences the beam patterns, as presented
in Fig. 6. A larger η yields increased gain in the sensing
directions while concurrently reducing the communication
gain. These findings highlight the crucial need to identify
optimal values for δ and η that satisfy both communication
and sensing constraints.

To obtain the optimal parameters of guard beams, we con-
sider the minimum required communication SNR χmin

u ,
obtaining the highest MCS index for 64-QAM based on
3GPP TS 38.214 [37], and the minimum required sensing
SNR χmin

q with LS1 = 40, 160 and 640 symbols. Using the
greedy optimization algorithm to solve the problem in (27),
we evaluate the optimal steering angle δopt for different UE
positions, as presented in Fig. 7. In Fig. 7(a), the δopt over du
in y-axis, where θc = 0°, is assessed. The results are presented
in Fig. 7(c). Note that the left and the right guard beams are
symmetrical as θc = 0°, thereby δopt is applicable to both
sides.

At shorter distances, a large δopt can be applied, since both
the communication SNR χmin

u at θc and sensing SNR χmin
q

along [θc : θc±δ] constraints are satisfied at a short du. As the
du increases, the BS requires more beamforming gain in the
user direction to meet the χmin

u given a fixed transmit power
pt . Consequently, the δopt becomes smaller to concentrate the
beamforming around the θc direction. The same descending
trend is observed in each LS1, where using more symbols
enables the guard beams to have a larger δopt, thanks to a
more relaxed χmin

q constraint. Beyond a certain du, the δopt for
each LS1 reaches 0° as the constraints are no longer fulfilled,
indicating the distance limit of the guard beams.

Besides the impact of du, we also evaluate the influence
of communication beam azimuth θc on δopt, as depicted
in Fig. 7(b). By maintaining a constant du = 50 m and
φc, we evaluate the δopt for both the left and right guard
beams over different θc, as presented in Fig. 7(d). The
results show that both the left and the right guard beams
maintain the same δopt until a certain θc. Beyond that point,
the δopt gradually decreases as θc increases. This declining
trend in all evaluated number of symbols LS1 results from
the fact that the increasing θc corresponds to a decrease
in gtx (θc, φc). Consequently, δopt is reduced to concentrate
the beamforming gain around the communication beam,
fulfilling the communication constraint. It is important to note
that the trends in Fig. 7(d) are symmetrical for the negative θc.

C. DETECTION RANGE AND SENSING COVERAGE AREA
We assess the sensing coverage area, indicating the region
inside the BS perimeter where potential blockers are
detectable for a given a UE position. Additionally, we also
evaluate the detection range, which indicates the maximum
distance between the UE and a detectable target located
at the perimeter. Detection is performed for each target
position in the x–y grid area with a 0.5 m distance between
points. The sensing coverage area highly depends on the UE
location, as the steering angles of the guard beams follow the
communication beam direction.
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FIGURE 8. Sensing coverage and sensing SNR comparison.

Fig. 8 illustrates the comparison between sensing cov-
erage area and sensing SNR χq for detection using both
communication-beam-only, as the baseline, versus those
incorporating guard beams. The example is evaluated for the
UE at a distance du = 50 m from the BS with θc = 0°,
using LS1 = 160 coherent symbols. The yellow areas in
Fig. 8(a) and Fig. 8(c) indicate the regions where the target
is detectable. The results demonstrate that using guard beams
enhances both the detection range rd and the sensing coverage
in the potential blocking area, compared to the detection
using solely the communication beam. In both cases, the
detection coverage corresponds to the sensing SNR heatmap,
as presented in Fig. 8(b) and 8(d). In the communication-
beam-only case, the beam is concentrated toward the UE
direction. On the other hand, the presence of guard beams
directs beams to cover the left and right sides of the UE,
extending its sensing coverage.

Fig. 9 and Fig. 10 show the comparison of achievable target
detection range rd and sensing coverage area between the
communication-beam-only and the one using guard beams.
These metrics are evaluated across various BS–UE distances
du on the y-axis with θc = 0°. The results indicate that
the detection range and the sensing coverage area increase
as the UE moves away from the BS, owing to a larger

FIGURE 9. Max. detection range over BS–UE distance du (θc = 0°).

FIGURE 10. Sensing coverage area over BS–UE distance du (θc = 0°).

projected beam. Employingmore coherent symbols improved
the sensing coverage, as observed in both cases.

The results demonstrate that using guard beams provides
significant advantages compared to relying solely on the
communication beam, offering over 1.5 times greater average
detection range and sensing coverage area. Beyond du of
60 m, the detection range and sensing coverage area of guard
beams convergewith the baselinemethod, as observed in both
LS1 = 160 and LS1 = 240 cases. In these distances, the
guard beams can no longer be applied due to the inability to
fulfil the communication and sensing constraints given the
fixed BS transmit power, as discussed earlier in Section V-B.
Consequently, sensing relies only on the communication
beam beyond this point.

D. RANGE, VELOCITY AND DOA ESTIMATION ACCURACY
The use of guard beams only influences the channel gain in
the desired sensing area without compromising the accuracy
of range and velocity estimation. The only parameters
affecting the range and velocity estimation accuracy are
the number of subcarriers K and symbols LS2 used in
Stage 2, respectively. Table 2 presents the range and velocity
estimation error of all compared scanning methods, with the
communication-beam-only and exhaustive scanning methods
serving as baselines. The results align with the expected range
and velocity resolutions of 78.07 cm and 80.82 cm/s, obtained
using K = 1600 subcarriers and LS2 = 1600 symbols.
The estimation accuracy holds relevance only when the target
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FIGURE 11. DoA estimation error of dynamic R approach.

FIGURE 12. DoA estimation error comparison of different refinement
methods (LS3 = 160 symbols).

falls within the coverage area of each scanning method.
Having this range resolution allows differentiation between
two persons, and the velocity resolution is sufficient for
discerning the typical average human walking speed of
1.43 m/s [45].
We evaluate the DoA estimation error, defined as

the discrepancy between the estimated potential blocker’s
azimuth (40) obtained in Stage 3 and the actual value.
We place the UE at du = 50 m with θc = 0° from the BS and
randomly distribute a blocker within the potential blocking
area. We apply our dynamic R scanning approach and
evaluate the estimation error for various numbers of symbols
LS3. Fig. 11 shows the Cumulative Distribution Function
(CDF) of DoA estimation error for LS3 ranging from 40 to
240 symbols. It shows that using more integrated symbols
reduces the angle estimation error, attributed to a lower
sensing SNR χmin

q requirement (25). The DoA estimation
error starts converging at LS3 = 160 symbols, as using
beyond that number provides comparable DoA estimation
errors.

We compare the DoA estimation error of our proposed
dynamic scanning R(dq) approach and the fixed scanning
approach using a maximum number of scans Rmax. For
both approaches, the number of scans R is set to achieve a
desired position accuracy of 1p = ±0.5 m. Fig. 12 depicts
the CDF of angle estimation errors comparison among two
approaches, where the maximum number of scans for the UE
positioned at du = 50 m and θc = 0° isRmax = 24, making it
the lower bound of the DoA estimation error. It is shown that

TABLE 2. Range and velocity estimation.

TABLE 3. Computational complexity of sensing signal processing.

using onlyR = 4 scans leads to a larger DoA estimation error
as the angle resolution between the tested beams decreases.
Meanwhile, our proposed approach can achieve the same
performance as the lower bound requiring Rmax = 24 by
using onlyR = 15 scans on average.

E. COMPLEXITY OF SENSING SIGNAL PROCESSING
We evaluate the complexity of sensing signal processing of
each scanning method based on the number required sub-
carriers and symbols for range-Doppler estimation. However,
only the number of required symbols are considered for the
comparison since all sensing methods use the same number
of subcarriers. By taking O

(
N log(N )

)
as the complexity

of an FFT process over N samples [46], Table 3 presents
the complexity of range-Doppler estimation as function of
required symbols after CSI accumulation, LdS1 = LS1/ζL and
LdS2 = LS2/ζL , of each scanning method.

The exhaustive approach requires Nexh times LS2 symbols
for simultaneous detection range-Doppler estimation of a
potential blocker throughout the entire area. In contrast,
by applying multi-stage sensing pipeline, the guard beams
approach by default requires only two times LS1 symbols to
scan in both left and right directions. Larger symbols LS2 are
required only when a potential blocker is detected, ensuring
accurate Doppler estimation. Taking Nexh = 16 scans, LS1 =
160 symbols, and LS2= 1600 symbols, in the case of multiple
blockers detected on both sides, the guard beams only
requires 13.83% of the symbols needed by the exhaustive
scan. This highlights the efficiency of multi-stage sensing
implementation on the guard beams, particularly in reducing
the required symbols, accelerating the estimation process,
and subsequently minimizing sensing signal processing.
The communication-beam-only approach requires the least
number of symbols for range-Doppler estimation. However,
it lacks the capability to estimate the DoA.

F. IMPACT OF GUARD BEAM ILLUMINATION ON
COMMUNICATION CHANNEL
The presence of a potential blocker near the LoS link between
BS–UE influences the multipath propagation, causing inter-
ference at the UE. We define the interference zone as the area
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FIGURE 13. The interference zone where the communication SNR is influenced by the presence of an object or person in the vicinity of LoS path
(du = 30 m, θc = 0°).

FIGURE 14. Interference zone over BS–UE distance (θc = 0°).

where the SNR is influenced by the presence of an object
or person. The communication performance is evaluated
through the downlink communication SNR χu, defined in (3).
Fig. 13 compares the communication SNR performance
resulting from the presence of a target around the LoS link for
scenarios without andwith the guard beams. The color in each
point represents the SNR value, accounting for a dominant
LoS path and a NLoS path resulting from the single-point
target scattering at the specified position.

Fig. 13(a) and Fig. 13(b) describe the fluctuation of
communication SNR due to the presence of potential blocker
in the evaluated area, comparing scenarios without and
with guard beams, respectively. The regions with stable
SNR indicate the non-interference zone, observed when
the target is distant from the LoS link. In these regions,
the NLoS component is relatively weaker than the LoS
one, resulting in a dominant LoS channel. When the target
is close to the LoS path, the NLoS component resulting
from the target’s reflection becomes stronger, leading to
constructive and destructive interference at the UE. When
using communication-beam-only, the interference zone is
observed near the UE position, as illustrated in Fig. 13(a).
Employing the guard beams extends the interference zones
due to a larger illumination area, as shown in Fig. 13(b).
Fig. 14 presents the size of interference zone, evaluated

over BS–UE distance with θc = 0°. We apply the SNR

fluctuation threshold χσ , indicating the SNR fluctuation
tolerability due to the interference from the target. The
interference area is calculated when the SNR is beyond
χ̄0 ± χσ , where χ̄0 denotes the average SNR for the LoS
path. At the same du, the guard beams results in a larger
interference zone compared to the communication only. Both
the lower beamforming gain in the LoS direction and the
wider illumination around the LoS direction contribute to a
larger interference zone. A higher tolerable SNR fluctuation
threshold χσ reduces the size of interference zone for both
cases without and with the guard beams. Nevertheless,
the impacted interference zone still lies within the sensing
coverage area of guard beams, as shown in Fig. 13(c). In this
figure, the interference zone indicates the area where the UE
experiences the SNR fluctuation of up to 3 dB, while the
sensing coverage area indicates the detectability of the target
when using LS1 = 160 symbols. It shows the efficacy of
guard beams in protecting the communication link from being
impacted by the presence of potential blocker, particularly
near the LoS path.

G. COMPROMISE ON COMMUNICATION PERFORMANCE
Besides the fact that wider illumination of guard beams
causes the communication SNR fluctuation, we also analyze
the impact of sharing the array resources to generate
communication and guard beams on the achievable SNR
χu. As depicted in Fig. 13(a) and Fig. 13(b), using only
the communication beam yields a higher SNR than that
with the guard beams, thanks to a larger beamforming
gain towards the UE. Fig. 15 compares the communication
SNR performance between scenarios using communication
beam only and those incorporating guard beams at different
distances du. In the first case, the changes in the BS–UE
distance significantly influence the SNR. On the contrary,
the latter preserves similar SNR performance for different
BS–UE distances, guaranteeing the value that suffices the
communication SNR requirement while optimizing the array
resource to enhance the sensing coverage.
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FIGURE 15. Communication SNR for various du (θc = 0°).

FIGURE 16. Communication SNR performance of various sensing
methods.

We also evaluate the communication performance of the
exhaustive scan approach as the baseline for the grid-search
method. While the communication-beam-only and the guard
beams approaches are designed to detect targets around the
UE, the exhaustive scan aims to scan the entire environment
within the BS field of view. For the exhaustive scan approach,
we consider Nexh = 64 scans into 8 × 8 grid area in both
azimuth and elevation directions, based on a pre-defined
codebook. The communication beam is steered towards the
UE, while each sensing beam is sequentially steered based
on the codebook. The Tx beamformer applies (13) to generate
both the Tx communication and sensing beams, while the Rx
beamformer uses (14) to generate the Rx sensing beam. The η
is set to a minimum of 0.5 to distribute power equally among
the communication and sensing beams. The UE is randomly
positioned in a range of 20–60 m within the BS field of view.
The same fixed transmit power is applied across all methods
for fair comparison.

Fig. 16 shows the CDF of communication SNR, comparing
the three sensing approaches. The SNR performance of
the communication-beam-only method serves as the upper
bound since the Tx beam is only focused on the UE
direction, gaining the maximum achievable beamforming in
this direction. At the 50th percentile, the communication
SNRwhen applying the guard beams experiences a reduction
of ∼3 dB compared to the communication-only case,
while the exhaustive approach with a balanced sensing

and communication power (η = 0.5) exhibits a 3.7 dB
lower SNR than the communication-only case. Nevertheless,
a larger η might be necessary to further improve sensing
channel gain for detecting the distant target when using
the exhaustive approach, resulting in further communication
SNR reduction. Applying η = 0.6 and η = 0.7 results in SNR
degradations of 5.8 dB and 8.9 dB, respectively, compared
to the communication-only case, as the beamforming gain
in the direction of the UE decreases with increasing η.
This highlights the importance of optimizing guard beams
to minimize the reduction in communication SNR within a
shared array used for both communication and sensing.

VI. CONCLUSION
We present a UE-centered ISAC approach that enables
simultaneous communication with the UE while sensing the
area around it. Leveraging guard beams enhances sensing
coverage in the UE’s vicinity, facilitating the detection of
potential blockers without the need for exhaustive scanning of
the entire environment. We propose guidelines for generating
guard beams and optimizing the beamforming parameters to
maximize sensing coverage while meeting communication
performance constraints. Implementing multi-stage detection
and parameter estimation on guard beams significantly
reduces the computational complexity of signal processing
compared to exhaustive grid searching, while maintaining
comparable sensing accuracy. The optimized guard beams
maintains SNR performance, demonstrating their effec-
tiveness in balancing array resource allocation within a
shared analog array system to generate multiple beams for
communication and sensing purposes.

The UE-centered ISAC approach is ideal for scenarios
where full environmental sensing is not required. Apart from
the blockage detection, this approach can improve both user
and environmental safety by enabling proximity detection
for communication users, as envisioned in [9] and [10]. For
instance, employing guard beams to assist communication
with autonomous robots and guided vehicles in a factory
setting can extend the safety perimeter against approaching
objects or humans. In ground-to-air Unmanned Aerial
Vehicle (UAV) communication, guard beams can expand the
UAV’s safe zone against nearby flying objects, without the
need to scan the entire airspace. Adjusting guard beams and
sensing parameters, such as sub-beam power, and tailoring
optimization problems for diverse use cases are necessary and
represent potential areas for future development.
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