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Demonstration of Multi-Target Wireless Sensing
Using High-Scanning-Rate Coupled-Patch Antenna

Shuguang Xiao, Zhaoxin Chang, Jiachen Du, Ge Zhang, Amir K. Rashid, Yi Huang, Chaijie Duan,
Daqing Zhang, Fellow, IEEE, and Qingfeng Zhang, Senior Member, IEEE

Abstract—This paper proposes a frequency-diverse multi-
target wireless sensing system for integrated sensing and com-
munication (ISAC) applications. A coupled-patch antenna (CPA)
with frequency-dependent beam scanning capability is employed
as the key component for multi-target localization and respiration
detection. Owing to the high scanning rate of 25.8◦ per 1%
bandwidth, the designed CPA is able to continuously scan an
angle range of 93◦ across broadside as frequency varies from 3.26
GHz to 3.38 GHz, which well fits the ISAC application in Sub-
6 GHz frequency. Four examples are given to demonstrate the
benefit of high-scanning-rate CPA for multi-target localization,
respiration detection, and surrounding interference mitigation.

Index Terms—Frequency diverse, high scanning rate, coupled-
patch antenna, multi-target sensing, respiration detection.

I. INTRODUCTION

The integration of sensing and communication (ISAC) holds
great promise as a cutting-edge research domain, envisioned
to revolutionize future communication systems with their dual
capabilities in information exchange and sensing function-
ality [1], [2]. The ingenious integration of wireless sensing
within the confines of a robust communication infrastructure
has emerged as a pivotal part of ISAC.

In the complex tapestry of a multi-target wireless sensing
environment, where the propensity for mutual occlusion is rife,
the ability to discern individual targets hinges upon the acuity
of the angular resolution in delineating their respective vistas.
This, in turn, is intricately interwoven with the capacity for
interference mitigation, ensuring that each target’s visibility is
not obscured by others [3]. Conventional multi-target sensing
solutions mainly include AOA estimation scheme [4], [5]
and digital beamforming scheme [6]. However, these signal
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Fig. 1: Proposed multi-target sensing architecture using frequency-diverse CPA.

processing algorithms [7] ultimately rely on the utilization
of multiple antennas at the expense of bulky, expensive and
complex electronic systems [8]. Recently, microwave imaging
and sensing using frequency scanning antenna (FSA) has been
proposed [9], [10]. It features simple and low-cost architecture
owing to its beam scanning capability based on a single leaky-
wave antenna. However, the leaky-wave antennas used in [9],
[10] have relatively low scanning rates, which are defined as
the ratio of scan range to relative bandwidth. As a result,
their significant utilization of extensive spectrum resources for
beam scanning, coupled with the need for high sampling rates
in analog-to-digital (A/D) converters in baseband systems,
renders them unsuitable for integration into ISAC application.
Various techniques have been proposed to enhance the scan-
ning rate of FSA [11]–[22]. Among these, coupled waveguide
resonator antenna [21] and coupled-patch arrays (CPAs) [22]
with extremely high scanning rate are the most promising can-
didates for ISAC. However, the coupled waveguide resonator
antenna [21] is bulky and CPAs in [22] has limited scanning
range of 37◦ in the forward quadrant only. Therefore, low-
profile planar FSAs with extremely high scanning rate and
wide scanning range is highly desired and their applications
to multi-target sensing need to be demonstrated.

In this letter, we demonstrate a frequency-diverse multi-
target sensing system based on a wide-angle and high
scanning-rate CPA for ISAC. The designed CPA is able to
continuously scan an angle range of 93◦ in both forward and
backward quadrants as frequency varies from 3.26 GHz to
3.38 GHz within the frequency band of Sub-6 GHz wireless
communication. Four application examples are provided to
show the benefits of wide-angle and high scanning-rate CPA
for multi-target sensing.

II. PRINCIPLE

A. Wireless Sensing Using Frequency-Diverse CPA

Fig. 1 shows the architecture of the proposed frequency-
diverse multi-target wireless sensing system, where a wide-
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angle and high scanning-rate CPA serves as the transmitter and
an omni-directional antenna is employed as the receiver. In a
nutshell, we replace the transmitting antenna in the traditional
wireless communication system with a wide-angle and high
scanning-rate CPA. Since signals of different frequencies are
transmitted to different angles by CPA, by analyzing the
signal of each frequency component, information from differ-
ent angles can be identified. Therefore, by using frequency-
diverse CPA, such a single input single output (SISO) wireless
system enables beam scanning capability which is usually
achieved by expensive multiple input multiple output (MIMO)
technology in traditional wireless sensing system [23]–[26]. So
the proposed method provides a simple and low-cost system
architecture for wireless sensing.

Although wireless sensing has demonstrated promising per-
formance in many applications, it still faces one fundamental
challenge, that is, low capability to distinguish multiple targets
and/or interfering objects. When there are multiple targets
and/or interfering objects in the environment, the reflection
signals from these objects are superimposed at the receiver.
Therefore, how to separate each target signal from the received
signal becomes a key challenge. The proposed frequency-
diverse wireless sensing system, incorporating CPA as the
key feature, exhibits significant advantages in distinguishing
multiple targets compared to conventional SISO wireless sys-
tems utilizing all omnidirectional antennas. To better show
these benefits, let us now consider respiration detection of
human body as the application scenario. In this case, the
interference may come from strong Line-of-Sight (LoS) static
path from environment, other moving targets, and self move-
ment. The impact of interference on received signals can be
characterized using the channel state information (CSI), which
contains both target and interference information [27]–[29].
Denote the transmitted signal as s(t), the received signal
is the convolution of the CSI and the transmitted signal,
y(t) = H(f, t) ∗ s(t). Mathematically, CSI is expressed by

H(f, t) =

N∑
n=1

An(f, t)e
−jk0dn(t), (1)

where N is the number of reflecting paths contributed by
both target and interference, k0 is wave number at frequency
f , An(f, t) is the reflection amplitude of the n-th path,
and dn(t) is the length of the n-th reflection path. The
sum of all the paths in (1) can be divided into two parts,
H(f, t) = Hint(f, t) +Htar(f, t), where Htar(f, t) denotes the
contribution by the target that we want to detect, and Hint(f, t)
denotes the rest contribution from interference. So the CSI
in (1) can be reformulated as

H(f, t) = Hint(f, t) +Atar(f, t)e
−jk0dtar(t), (2)

where Atar(f, t) and dtar(t) are the complex attenuation and
length of the target path Htar(f, t).

In some special cases where there is only static interference,
it is easy to distinguish Htar(f, t) from Hint(f, t) by using pure
signal processing. Let us use Hs = Hint(f, t) to denote this
static interference. As shown in Fig. 2, the CSI can be repre-
sented as the addition of two vectors on the complex plane.
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Fig. 2: Illustration of CSI on the complex plane.

The static vector is the sum of all static object-reflected signals,
which is constant. The dynamic vector corresponding to the
target-reflected signal rotates with respect to the static vector
as respiration is going on. As the target inhales and exhales
during respiration, the dynamic reflection path length increases
and decreases accordingly. Thus, the dynamic vector rotates
on the complex plane and the phase change is determined by
the displacement of respiration [30]. In this static interference
case, the constant static vector Hs can be approximated as the
center of dynamic vector and hence can be easily removed by
pure signal processing [31].

In the cases where the interference comes from moving
objects, e.g. a person walking around or the respiration from
another person, the interference vector Hint(f, t) will be com-
plicated and pure signal processing is almost impossible if no
prior information about the interference is available. This has
become the most challenging problem in wireless sensing [32].
The proposed frequency-diverse sensing system using CPA
provides a new perspective to look into this problem from the
physical layer. CPA transmits different frequencies to different
directions, which naturally divides physical channels through
angle-frequency correspondence. Therefore, one is able to
remove interference from unwanted angles through frequency
selection. We will design four sensing examples to illustrate
this in Sec. III.

B. Design of Wide-Angle and High Scanning-Rate CPA

We design a wide-angle and high-scanning-rate CPA for this
sensing system. Fig. 3 shows the configuration of CPA and
the corresponding circuit model. It consists of twelve patch
resonators which couple with each other through alternating
iris windows and gaps. The iris is formed by using via hole
array in the middle of patch and a window is left for wave
coupling. Such iris windows are equivalent to magnetic cou-
plers, which are denoted as J12, J34, . . . , J11,12 in Fig. 3(b).
The coupling gaps are equivalent to electric couplers, which
are denoted as J23, . . . , J10,11 in Fig. 3(b). The employment
of alternating magnetic and electric couplings is the key to
realize continuous beam scanning across broadside, which has
been well explained in [21]. The designed CPA is modeled
by a coupled-resonator network in Fig. 3(b). One employs
a coupling matrix, M , to describe all the coupling values
between resonators. The reflection coefficient at the port, S11,
can be calculated using M by

S11(ω) = 1 + 2[jM + jωI +R]−1
1,1, (3)

where I is an identity matrix and R has zeros in all the
entries except for (1,1) being one. By using (3), one is able to



3

Y

X

Z

295

9524.91.723.3

29.71.3

4 4 3 3

8.2
7

1

35.7

Unit: mm

1.7 1.7 1.7 1.7 1.7

Feed port

(a)

(b)

L
2
C

2
G

2

L
3
C

3
G

3

J
S1

J
23

J
34

L
1
C

1
G

1
J
12

G
12

L
12
C

12

J
11,12

G
11

L
11
C

11

J
10,11

Port

Fig. 3: (a) Configuration and (b) equivalent circuit of the designed CPA.

synthesize and tune the reflection response. In summary, the
high-quality resonators featuring sharp phase change within
a narrow frequency band provide an extremely high scanning
rate for CPA [21], and the coupling matrix theory in filters [33]
provide a good tool to tune the desired response.

The proposed CPA is designed on a double-layer printed
circuit board (PCB). It employs a 0.787 mm thick substrate,
with dielectric constant and loss tangent of 2.2 and 0.0009,
respectively. Fig. 4(a) shows the photograph of fabricated
prototype and the measured reflection response. Note that the
reflection is below −10 dB within the operational frequency
band 3.23 − 3.38 GHz for wireless sensing. Although the
designed CPA is able to work in an even wider frequency
band, the selected band 3.26 − 3.38 GHz is good enough
for experimental demonstration of multi-target sensing in
Sub-6 GHz indoor wireless communication band. Fig. 4(b)
shows the measured beam angles and realized gains within
3.26−3.38 GHz. The beam continuously scans from −55◦ to
38◦ within 3.26−3.38 GHz, which is equivalent to a scanning
rate of 25.8◦ per 1% bandwidth. This design has a much
wider scanning range (93◦) and higher scanning rate than other
reported CPAs, e.g. [22]. The measured average gain is about
5.8 dBi within the operational frequency band.

In summary, we designed a wide-angle and high scanning-
rate CPA for experimental demonstration of multi-target wire-
less sensing within the operational frequency band 3.26 −
3.38 GHz. It scans an angle range of 93◦ and exhibits a
high scanning rate of 25.8◦ per 1%. The system demonstration
based on the designed CPA will be introduced in the forth-
coming section.

III. SYSTEM DEMONSTRATION OF WIRELESS SENSING

For experimental demonstration of the proposed wireless
sensing system in Fig. 1, we employ the designed CPA in
Fig. 3(a) as the transmitting antenna and use an omnidirec-
tional antenna as the receiving antenna. For proof of concept,
we use a Keysight N5227A vector network analyzer (VNA)
to serve as the transceiver, which sends signals within the
operational frequency band at a step of 10 MHz. The ground
truth value of respiration rate is collected through a NUL-236
belt [34]. Four different cases are given to demonstrate the
benefits of proposed wireless sensing system based on CPA.
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Fig. 4: Measured responses of the designed CPA: (a) reflection response; (b) beam
angle and realized gain versus frequency.

A. Case I: Single-Target Localization Using Respiration De-
tection

In the first case, we demonstrate the localization of a
single target according to respiration detection. As shown
in Fig. 5 (a), we let a single target sit at four different
locations corresponding to four angles with respect to the
transmitting CPA. The principle for localization of the target is
that the received signal at the frequency corresponding to the
user’s angle should show obvious signal fluctuations caused by
respiration. Meanwhile, the fluctuations at other frequencies
are not obvious because the signals at these frequencies are
sent to angles where the target does not exist.

Based on the above principle, we introduce the procedure
of estimating the angle of the target as follows. Firstly, we
use VNA to collect the transmission parameters (S21) at
various frequencies corresponding to different transmission
angles. The sampling rate of data is 13 Hz, corresponding
to collecting once after every 77 ms. So we have a time
series of complex signals for each frequency. We subsequently
perform the Fast Fourier Transform (FFT) for the complex
signals of each frequency. Since the signal fluctuation is caused
by periodic respiration, the spectrum after FFT shows an
energy peak at the respiration rate. We sum up the energy
within the respiration frequency band (0.1 Hz - 0.4 Hz) as the
breath energy (BE). Then, we compute the BEs at different
frequencies and locate the frequency of maximum BE. Finally,
we convert the frequency to angle according to Fig. 4(b).

In Fig. 5 (a), we let the target sit at -50°, -25°, 0°, and 25°,
respectively. The corresponding BEs across all frequencies of
each location are shown in Fig. 5(b). It can be seen that the
peak value of BE appears at 3.27 GHz, 3.3 GHz, 3.33 GHz,
and 3.36 GHz, aligning with the angle of the target according
to Fig. 4(b). In summary, the proposed frequency-diverse
wireless sensing system based on CPA is able to accurately
identify a single target sitting at different locations through
respiration detection.

B. Case II: Multi-Target Localization using Respiration

In the second case, we demonstrate the simultaneous local-
ization of multiple targets according to respiration detection.
As shown in Fig. 6 (a), three targets sit side by side in front
of CPA. The left two targets are separated by 30 cm, while
the right two targets are only 10 cm apart. We utilize a similar
signal processing scheme as the Case I. As shown in Fig. 6
(b), the peak values of BE appear at 3.29 GHz, 3.33 GHz, and
3.36 GHz respectively. These three frequencies correspond to
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Fig. 5: Localization of a single target at different locations: (a) experiment setup; (b)
breath energies (BEs) versus frequency at different locations (L1, L2, L3, and L4).
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Fig. 6: Simultaneous localization of multiple targets at different locations: (a)
experiment setup; (b) BEs of different targets (T1, T2, and T3).

-40°, 0°, and 24°, respectively, which are consistent with the
targets’ locations. One should note that if some targets exhibit
the same respiration rate in this case, it is still possible to
identify them using advanced signal processing algorithm [35].
In summary, we successfully demonstrate the capability of the
proposed system for multi-target sensing.

C. Case III: Mitigating Interference from Moving Person

In the third case, we consider a more challenging application
scenario where the target is interfered by a moving person.
Since the movement scale of the interfering person (e.g.,
walking) may be larger than respiration of the target person,
separating the respiration signal from the interference signal
poses a significant challenge for conventional wireless sensing
systems. As shown in Fig. 7 (a), the sensing target is breathing
normally while the interfering object is walking near the
target with 1 m distance away. We calculate the BE for
each frequency corresponding to each transmitting beam of
CPA. The angle with the highest BE is identified as the
angle of target. We further extract the respiration waveform
using the signal of this frequency aligning with the angle
of target. As shown in Fig. 7 (b), despite the interference
from moving person nearby, the target’s respiration waveform
can still be observed clearly. In summary, we demonstrate
that the proposed wireless sensing system is able to mitigate
interference from a moving person in the environment.

D. Case IV: Mitigating Interference from Self-Body Motion

In the fourth case, we demonstrate that the proposed sensing
system achieves fine-grained respiration monitoring under self-
body motion interference. Currently, most sensing systems
require the target to stay static during the sensing process. If
the body is also in motion, the fluctuations of these movements
mix with the fluctuations induced by respiration. It is hard to
extract the respiration from the received signal because the
body motion has a larger scale [36]. Here we demonstrate that
CPA is able to solve this issue. The key idea is that the body
area near the target area (i.e., chest for respiration monitoring)
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Fig. 7: Mitigating interference from a moving person: (a) experiment setup; (b)
extracted respiration signal.
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experiment setup; (b) extracted respiration signals before and after motion elimination.

exhibits the same body motion as the target area, but no target
motion (i.e., respiration). So one transmits two beams to these
two areas by controlling frequency of CPA and subsequently
subtracts the reflected signals from these two areas. This will
eliminate the body motion while retaining the target motion.
As shown in Fig. 8 (a), the transmitting antenna is placed along
the vertical direction so that signals of different frequencies are
sent to different parts of the human body. The person shakes
his body back and forth in front of the antennas. We extracted
the reflected signal of the abdomen (3.31 GHz, corresponding
to -24°) and the reflected signal of the chest (3.33 GHz,
corresponding to 0°) respectively. As shown in Fig. 8 (b),
raw abdomen displacement is dominated by large-scale and
high-frequency body shake. After body motion elimination,
the displacement of abdomen is consistent with the periodic
fluctuations caused by respiration. In summary, the proposed
sensing system can eliminate body motion in respiration
monitoring.

One should note that all the above experiments are con-
ducted in a relatively open environment, where light-of-sight
paths are the main contributions. In the real-world applications,
multiple path may slightly complicate the signal processing.
Moreover, the quality of transceivers also affect the signal-to-
noise ratio and may bring in errors to the sensing result. We
will explore these in future research.

IV. CONCLUSIONS
We have demonstrated a frequency-diverse multi-target

wireless sensing system based on wide-angle and high
scanning-rate CPA for ISAC applications. Four examples were
given to demonstrate the benefit of high-scanning-rate CPA for
multi-target localization, respiration detection, and surround-
ing interference mitigation. Although the proposed CPA is not
suitable for light-of-sight point-to-point communication, it is
still applicable for wireless indoor communication where rich
scattering exists. In future research, we will further enhance
scanning range and gain of CPA, and explore optimal balance
between sensing and communication in ISAC application.
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