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ABSTRACT Non-invasive crowd estimation has remained a challenging issue among researchers. Methods
such as image analysis and Wi-Fi/Bluetooth probing can always be used to identify and track people.
Lately, the authors have introduce a non-invasive method for crowd estimation based on ambient RF energy
measurements. In this paper, a sensitive sensor based on metamaterials is introduced to measure the variations
within an environment of the available RF energy levels for crowd estimation purposes. Considering human
body resonance at 2 GHz, a metamaterial absorber is designed to operate at 2.4 GHz while remaining
insensitive to polarisation and incident angle. This absorber, is equipped with a feed network and rectifier
to efficiently absorb and transfer the maximum available Wi-Fi energy into a measurable DC voltage.
To evaluate the performance of the sensor, the proposed structure is fabricated as an array, and its performance

is tested in both the lab and a controlled real-world environment.

INDEX TERMS Crowd estimation, metamaterial absorber, electromagnetic energy, EM energy.

I. INTRODUCTION

The rapid expansion of urban environments requires a
comprehensive understanding of city infrastructure, environ-
mental dynamics, and the dynamics of resident movement
and behavior. Effective urban management depends on opti-
mising public safety, transportation systems, and maximising
the efficient use of public spaces. One critical component
of these anlysis is the monitoring of crowd density and its
distribution which can directly impacts emergency response,
resource management, and overall urban livability.

Image processing techniques have been extensively used
for crowd monitoring due to their precision in detecting
and analysing human activity [1], [2], [3]. However, these
methods are inherently constrained by several limitations,
including high computational costs, the requirement for
extensive camera networks, and significant privacy concerns.
The strategic deployment of cameras, along with the con-
tinuous processing of high-resolution video feeds, demands
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considerable resources, making these systems difficult to
scale in rapidly expanding urban landscapes.

To overcome these challenges, researchers have explored
alternative sensing solutions that leverage the widespread
adoption of wireless communication technologies. Appro-
aches such as Wi-Fi and Bluetooth node scanning [4], [5],
[6], [7], [8], [9], Bluetooth Low Energy (BLE) [10], and
RFID-based detection systems [11] have been explored as
viable solutions. These methods rely on the ability to detect
wireless signals emitted by mobile devices or RFID tags,
enabling the estimation of crowd size and movement patterns.
However, their effectiveness depends on individuals carrying
devices, which can also introduce privacy concerns as one
can be tracked through the device’s unique layer 2 network
identifier.

A significant breakthrough in crowd density estimation
has emerged with the development of passive sensing
techniques that utilize commercial off-the-shelf (COTS) Wi-
Fi infrastructure. Unlike device-dependent methods, these
approaches do not require individuals to carry any specific
hardware. Instead, they analyze Wi-Fi Channel State Infor-
mation (CSI), which captures how wireless signals interact
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with the surrounding environment, including human presence
and motion [12], [13], [14], [15], [16]. CSI-based methods
leverage the modulation of Wi-Fi signals as they propagate
through space, interacting with obstacles such as walls,
furniture, and, most critically, human bodies. By examining
variations in signal attenuation, reflection, and scattering,
researchers can infer occupancy levels [17], [18], [19], move-
ment trajectories [20], [21], [22], and even specific human
activities within a monitored area [15], [23]. However, CSI is
highly environment dependent and sensitive to a wide range
of ambient factors, including changes in layout, humidity,
temperature fluctuations, and even subtle movements of
objects, which can significantly distort the signal profile [24],
[25]. These variations can degrade model accuracy and
stability, particularly if the system was trained under different
environmental conditions. In some cases, adversarial manip-
ulation of the environment, whether intentional or incidental,
can mislead CSI-based inference systems [26]. To address
this, researchers have developed mitigation strategies such
as signal filtering, domain adaptation, and robust feature
extraction to improve generalization and reliability [13],
[15], [27], [28]. Despite these challenges, CSI-based sensing
offers a privacy-preserving and infrastructure-compatible
alternative to camera-based monitoring, but its success hinges
on effective management of environmental variability.

Building upon the omnipresence of Wi-Fi signals, an inno-
vative approach has emerged that utilizes the measure-
ment of electromagnetic (EM) energy to assess crowd
density [29]. This technique operates on the principle
that human bodies interact with EM waves by absorbing,
scattering, and reflecting them. By measuring the energy
variations within specific frequency bands, researchers can
estimate the number of individuals present in a given
area without relying on mobile device signals or intrusive
imaging technologies. The accuracy of EM-based crowd
sensing is linked to the precision of the measurement
systems employed. To enhance sensitivity and efficiency,
recent studies have proposed the use of metamaterial perfect
absorbers (MPAs) as high-performance EM energy sen-
sors [30]. MPAs possess unique electromagnetic properties
that enable them to selectively absorb radiation within tar-
geted frequency bands. Their high efficiency, tunability, and
ability to be integrated into various surfaces make them an
ideal choice for large-scale, non-intrusive crowd monitoring
applications.

The utility of metamaterials extends beyond crowd sens-
ing [31] to include a wide array of applications across
multiple scientific and engineering domains. The unique
EM properties of MPAs enables advancements in fields
such as state detection of insulating oil [32], biosensing
for early cancer detection [33], and improvements in
energy efficiency, including solar cell performance enhance-
ment [34], thermal emitter optimization [35], and the
development of high-performance optical switches [36].
Among these various applications, the sensing capabilities
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of metamaterials have attracted significant research interest,
particularly in enhancing the precision and sensitivity of
detection systems across multiple frequency ranges such as
refining infrared spectral detection [37], measuring terahertz
power [38], and improving the accuracy of digital agriculture
and environmental monitoring, including CO, concentration
analysis [39] and humidity sensing [40]. Additionally,
advancements in soil moisture detection [41] and remote
water salinity measurement [42] demonstrate the growing
versatility of metamaterials in environmental monitoring.
Their chemical sensing capabilities have also been leveraged
to detect ethanol concentrations through resonance frequency
shifts, providing highly sensitive and selective detection
methods [43].

Despite these advancements, much of the research on
metamaterial-based sensors has predominantly focused on
high-frequency applications, particularly in the terahertz
regime [44], [45], [46], [47]. While these high-frequency
metamaterials have led to breakthroughs in spectroscopy,
biomedical imaging, and security screening, the challenge
remains in extending their utility to lower-frequency appli-
cations with compact and high-efficiency structures.

This study introduces a novel metamaterial-based sensor
optimised for human presence detection within the 2.4 GHz
Wi-Fi band. Unlike conventional imaging or device-based
crowd estimation methods, this sensor leverages passive elec-
tromagnetic energy absorption to detect human presence and
movement without requiring individuals to carry any specific
devices. The proposed metamaterial sensor is designed with
a compact periodic structure with dimensions of 19 x 19 x
1.2 mm?, designed to achieve perfect absorption (nearly
100%) in the targeted frequency bands. The integration of a
single via and an optimized feed network facilitates efficient
power transfer to the rectifier, ensuring minimal energy loss
while maximising signal acquisition. Such passive sensors
provide a sustainable and low-maintenance alternative to
active sensor grids, potentially enabling the development of
lifetime, battery-less devices that can significantly enhance
urban crowd density estimation and monitoring.

The remainder of this paper is organised as fol-
lows: Section II offers an overview of the use of EM
energy level measurements in crowd detection. Metamaterial
sensor designs and simulation results are discussed in
Section III. Section IV provides measurement results and V
concludes.

Il. EM ENERGY LEVELS AND CROWD ESTIMATION
In an environment saturated with electromagnetic (EM)

waves, every object introduced into the space alters the
distribution and availability of EM energy. The human body,
primarily composed of oxygen, carbon, and hydrogen [48],
exhibits unique electromagnetic properties, acting as a lossy
dielectric material. This means that as EM waves propagate
through a space, the human body interacts with them,
absorbing and scattering a portion of the energy due to
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TABLE 1. Simulation results for different numbers of bodies with various
body types [31].

[ Number of people | Sample type [ Average RF energy (dBm) |
0 0 0
1 Male -0.9
1 Female -0.86
1 Child -0.6
2 1 Male + 1 Female -1.7
2 1 Male + 1 Child -1.5

its dielectric composition. This phenomenon provides an
opportunity to utilize EM energy variations for human
presence detection; when individuals enter a given area, their
bodies absorb ambient EM energy across various frequency
bands, altering the local energy distribution.

As discussed in [29] and [31], a series of Finite-Difference
Time-Domain (FDTD)-based numerical simulations and
experiments are done to provide a clear understanding of
EM energy measures and number of people. In this paper
we will rely on the measurement results that presented
on these publications. For future reference, we represent
the data table form [31]. Table 1 shows the results of the
energy absorption of human body. The results indicate that
the minimum reduction in energy levels is approximately
0.6dB. It is important to note that absorption levels vary with
different body types; for example, bodies with higher fat
content tend to show greater absorption rates. Thus, utilising a
device that can monitor these variations with greater precision
would enhance the accuracy of these estimations.

IIl. SENSOR DESIGN AND SIMULATION RESULTS

Figure 1 represents the 2D models of the proposed structure
for the MPA unit cell with the size of 19 x 19 x 1 mm?>. The
proposed unit cell consists of two layers of Rogers 4003 with
€, = 3.55 and loss tangent of 0.0.0027. The metal surface
consists of a set of rings, where the radius of R = 1.55 mm
that are connected through symmetric lines with the length of
lg = 1.1 mm and line width of W; = 0.9 mm. This layer is
connected to the bottom layer using a via with the radius of
Ryiy = 0.25 mm to be connected to the power transmission
network. Mid layer that is acting as the ground plane is cut
around the via with the width of W, = 1mm. To ensure higher
efficiency of the transmission network [49] the thickness
of substrate for bottom layer (power transmission layer) is
indicated as hy = 0.2 mm.

Metamaterials are engineered materials composed of peri-
odic metallic structures, typically fabricated on a substrate
that modulates the electric permittivity, £(€2), and magnetic
permeability, ©(€2), in relation to the operating frequency.
This modulation is a result of the interaction between
capacitive and inductive elements within the structure, which
are activated by the induced surface currents. At the reso-
nance frequency, the effective impedance of the metamaterial
matches that of free space, satisfying the condition Z(2) =

e _
Q) = 1.
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FIGURE 1. Proposed structure of the metamaterial absorber. (a) Top layer.
(b) Side view.

The effective impedance can be derived using the reflection
and transmission coefficients, as follows:

2 Q2
Z(Q)z/(usu(sz)) SH® oy )

(1= S11())2 = S3(Q)’

And the absorption, A(£2), can be calculated according to
the definition:

AQ) =1-T(Q) — T(Q) 2)

where I'(Q) = |S11]? and T(2) = |52 2.

All metamaterial simulations in this work were performed
using CST STUDIO SUITE. The frequency domain solver
was employed to calculate the absorptivity for different
polarisations, incident angles, and S-parameters. A unit cell
boundary condition was applied to the structure, enabling
adjustments to the polarisation angle (¢) and the incident
angle (0). In the second part of the study, the finite integration
technique (FIT) and the time domain solver were utilised to
modify the input power.

A. EQUIVALENT CIRCUIT

To analyse the effect of each parts of proposed MPA structure
on the resonance frequency, Figure 2 (a) illustrates the
equivalent circuit based on transmission line theory [50],
interpreted as follows:

« Intrinsic impedance of air indicated as Zy: This part is
modeled as unlimited transmission line with constant
impedance of 370€2.

o Top layer resonator that specified as Zj: This part
is modeled as RLC circuit which includes R; as an
impedance of microstrip structure, L; as a inductance of
metallic path and C; as a created capacitance between
metallic patch and metal film.
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FIGURE 2. (a) Equivalent circuit of the proposed structure, (b) Simulation
results of the equivalent circuit model.

« Viaimpedance is modeled as Z,: This part is modeled as
a LC Circuit due to the created capacitance of via (C,)
and its inductive behaviour (L, ).

o And the substrate is ended with metal film is modeled
as Zy: This part is modeled as a transmission line which
Zy = 1962 is the impedance of dielectric and the length
of line is [ = 0.75mm. Moreover the metal film is
modeled as shortcut circuit. Zr can be computed using
transmission line theory as below:

p 2
Z1(Q) = jZstan(pl) = j. | ‘:—’g‘ooran(%h) 3)

Considering the desired resonance frequency for the
structure, the values of each RLC resonators are calculated
as: Ry =0.1Q,Ly = 1.03nH,C; = 4.13 pF, L, = 11pH,
C, = 0.07 pF. Figure 2 (b) presents the simulation results
of the equivalent circuit model alongside the results obtained
from CST for the structure. This comparison highlights the
correlation between the theoretical model and the full-wave
simulations, demonstrating the accuracy and consistency of
the equivalent circuit approach in representing the structure’s
behavior.
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FIGURE 3. Real and imaginary values of Z (2).

B. DESIGN PROCEDURE

The interaction between human body absorption and elec-
tromagnetic frequencies has been extensively researched,
with notable differences in absorption effects across various
frequencies [51], [52]. The human body shows two primary
resonance frequencies at 60 MHz and 2 GHz [53]. So,
measuring the variations of the available electromagnetic
energy in the presence of a human being can provide an
estimate of the number of people within the area. However,
the scarcity of ambient radio frequency (RF) energy at
60 MHz and the corresponding large size of the unit cell
at this frequency often necessitates a shift towards more
readily available frequencies, such as 2.4 GHz for Wi-
Fi, particularly in indoor settings. So, this design aims to
provide an accurate sensor to measure variations of Wi-Fi
bands at 2.4 GHz by leveraging properties of meta-material
perfect absorbers. Furthermore, the proposed symmetric
structure offers the capability of absorbing all possible
polarisations.

The proposed multi-layer design, offers two separate layers
for the absorption and power transmission network. This
layered approach decouples the absorption and transmission
functions, allowing for independent design optimisation.
While the impact of transmission lines in such systems is
generally minimal, fine-tuning may be necessary depending
on specific performance requirements.

Figure 3, illustrates the real and imaginary com-
ponents of the effective impedance, demonstrating the
metamaterial properties of the structure in targeted
frequency.

The structure is polarisation-insensitive, meaning it can
absorb EM energy regardless of the polarisation state of
incident waves. This characteristic enhances its robustness
in real-world conditions where wave orientations vary due to
reflections and scattering in indoor environments. Figure 4
shows the E-field, H-field and induced surface current
distribution for the absorber at 2.45 GHz. As illustrated in
Figure 4(1:a), horizontal rings on the structure are excited
when a horizontal linear polarised wave hits the absorber at
2.45 GHz. As the polarisation angle moves from 0 to 90, the
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FIGURE 4. (1:*) E-field distribution at (a) 2.45 GHz, TE; (b) 2.45 GHz,
TM.(2:*) H-field distribution at (a) 2.45 GHz, TE; (b) 2.45 GHz, TM.(3:*)
Induced surface current at (a) 2.45 GHz, TE; (b) 2.45 GHz, TM.
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FIGURE 5. Effect of the radius of the rings. (a) Various values of
R = 1.4mm, 1.5mm, 1.55mm, 1.6mm with Wg = 1mm.(b) Various values
of Wg = 1mm, 1.5mm, 2mm, 2.5mm with R = 1.55 mm.

E-field and surface current focus area moves to the vertical
set of rings (Figure 4(1:b) and (d)). So, the polarisation
insensitivity is guaranteed in the structure.

To investigate effect of parameters on the resonance
frequency, Figure 5 (a) illustrates the role of the radius of
the ring. As represented by manipulating the radius R of the
rings and adjusting the length L, of the lines, the equivalent
electrical length of the resonator changes, and the resonance
frequency can be adjusted.

With fixed radius for the rings as R = 1.55mm, the effect of
the ground plane gap, W, is investigated. Figure 5 (b) shows
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FIGURE 6. Power loss analysis in the structure.

the changes in absorption ratio and resonance frequencies
with a small change in gap width. With W, = 1 mm, the
resonance frequency of the structure slightly moves to higher
bands as 2.45 GHz. With W, = 2.5 mm, the resonance
frequency can cover broader bandwidth from 2.4 to 2.44 GHz.
The gap width of W, = 1 mm is fixed in this design.

Absorbers were traditionally designed to trap electromag-
netic waves and dissipate them. However, a higher efficiency
of the absorbers in catching signals enables new applications
in the field of sensing. Similar to most sensing applications,
the proposed sensing application in this paper requires the
detection of the changes of the available RF energy levels.
To provide this function, the loss of the system should be
minimal, and the absorbed power should be transmitted and
translated to a measurable parameter. Thus, a substrate of
Rogers RO4003 with the thickness of 4 = 1 mm and
he = 0.2 mm and loss tangent of 0.0.0027 is selected.
Figure 6 illustrates the simulation analysis of power loss
within the structure. During the simulations, the structure
is positioned in front of a transmitter emitting 0.5 W of
power. At the resonance frequency of 2.4 GHz, approximately
92% (0.48 W) of the transmitted power is absorbed by the
structure and 0.19 W dissipated as losses in the substrate.
Consequently, 0.29 W is effectively transferred to the
measurement point.

As mentioned, one of the challenges in using an absorber
as a sensor is to transfer the absorbed power and translate
it to a measurable parameter. There are various techniques to
measure the absorbed power such as using lumped resistors in
the top layer and measuring the voltage. However, any added
lumped devices on the top layer act as a parasitic element
and affect measurements. To avoid this problem, a via is
introduced in the structure. The via is used to transfer the
induced surface current to the lower layer of the structure
where a network of transmission lines and combiners, add up
all transferred energy and redirects it to a rectifier so the dc
voltage can be easily measured.

According to the application, the structure should be
insensitive to the polarisation and incident angle. Figure 7
shows the performance of the proposed structure with various
oblique angles and polarisations on TE and TM mode.

81729



IEEE Access

F. Tofigh, J. Lipman: Human Presence Detection Sensor Using Metamaterial Absorbers

Tetha=0
- = ~Tetha=10
Tetha=20|7

Tetha=50|

= = =Tetha = 60
i N R Tetha=70

0.4} N Kt Tetha = 80|

Absorption

0.2}

2 2.2 24 2.6 2.8 3
Frequency (GHz)

(a)

T
===
X
=
n
(=]

=]
=
-
=
1
5]
=

Absorption
=]
'y
o
=
n
=)

e
N

ﬁ
f
JN

2 2.2 2.4 2.6 2.8 3
Frequency (GHz)

()

036 { E Tetha=0
B - = ~Tetha=10
o ] Tetha = 20 1
i =30
c i =40
2 06f § =501
e = = =Tetha = 60
S 0 EE e Tetha =70
g 0.4 Tetha = 80
0.2 1
0 — i
2 2.2 24 2.6 28 3
Frequency (GHz)
(b)
1
0.9
0.98
0987
0.96
0% =
094
o ——Phi=0
| - = -Phi=10
| Phi = 20|
1 S et Phi = 30
c | T Phi = 40
2 0.6 { Phi = 50 1
2 | - - -Phi =60
2 1 S Phi =70
< 04¢ I T R Phi = 80|
1 Phi =90
{
0.2f 1
/
/
4
ol . — — S E—
2 2.2 2.4 2.6 2.8 3
Frequency (GHz)
(d)

FIGURE 7. Absorption ratio for different angles of the incident wave and polarisation.(a) Absorption ratio for ¢ in TE mode;
(b) Absorption ratio for ¢ in TM mode; (c) Absorption ratio for ¢ in TE mode; (d) Absorption ratio for ¢ in TM mode.

Despite a small shift at 2.4 GHz, the proposed absorber shows
good absorption (over 90%) from theta = 0 to theta = 70 at
both frequencies as shown in Figure 7(a) and (b) for both TE
and TM mode. The absorption ratio remains over 95% for
all polarisation angles ¢ in TE and TM mode, as shown in
Figure 7(c) and (d), respectively.

C. FEED NETWORK

In the design of metasurface arrays, particularly those
used for sensing or energy harvesting, the design of feed
networks play a critical role in transferring the RF energy
to the base measurement point.to the central measurement
or rectification point. The performance of the overall system
heavily relies on the feed network’s ability to minimize power
losses, maintain impedance matching, and ensure uniform
energy distribution across the array.
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To accommodate the feed network within the metasurface
architecture, an additional dielectric layer with a thickness
of 0.2 mm is incorporated beneath the ground plane. This
dedicated layer hosts the microstrip transmission lines that
channel the harvested RF energy toward a single rectifier
and load, as illustrated in Figure 8. Each resonance cell
is connected to the feed network through vertically drilled
vias, which facilitate the transfer of RF signals between the
metasurface layer and the feed network layer. Since each cell
represents a characteristic line impedance of 100£2, both the
vias and the feed network must be designed accurately to
ensure impedance matching. The design employs microstrip
transmission line theory to determine the optimal line widths
corresponding to specific impedance values.

To facilitate impedance transformation within the corpo-
rate feed network, a quarter-wavelength (Ag/4) transformer
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FIGURE 8. The structure of feed network.

TABLE 2. Feed network parameters and values.

[ Parameter | Value (mm) [ Parameter | Value (mm) |

TABLE 3. Impedance matching parameters and values.

dy 20 W1 0.12
do 34.58 Wa 0.45
d3 3.18 W3 1.2
Ag /4 16.6 Wy 0.24

is integrated. This transformer is essential for transition-
ing between different impedance levels while maintaining
minimal insertion loss. The width and length of the
quarter-wavelength transformer are set to 0.2 mm and
16.6 mm, respectively, based on the guided wavelength A,
at the operating frequency.

Although energy harvesting systems do not strictly require
adherence to a 502 impedance standard, a 502 load
was selected in this design. This choice simplifies the
measurement of AC power using conventional power meters
with a 50Q2 input impedance, ensuring compatibility with
standard laboratory equipment. The captured energy from
individual resonators is routed through the feed network,
aggregated, and delivered to a central measurement point.
The key physical parameters of the feed network, including
transmission line widths and segment lengths, are sum-
marised in Table 2.

The entire feed network design was simulated using Agi-
lent Advanced Design System (ADS). The results confirmed
the network’s ability to efficiently combine signals from
multiple cells with minimal degradation, ensuring reliable
energy transfer to the rectification stage.

VOLUME 13, 2025

Parameter | Value (mm) | Parameter | Value (mm)
I 7 Wi 3
la 2 Wa 3
I3 5 W3 13
lg 5 Wy 0.7
s 8 Ws 22
le 5 We 10
ls 8 Ws 1

D. IMPEDANCE MATCHING AND RECTIFIER

As discussed, the interaction between the human body and
electromagnetic (EM) energy leads to measurable changes
in radio frequency (RF) signal energy. By monitoring these
variations, it is possible to estimate the number of individuals
present in a given area. To facilitate accurate detection,
the metasurface sensor must be optimised for efficient
signal processing and energy conversion. This requires an
impedance matching network that ensures maximum power
transfer from the RF feed network to the rectifier, which
subsequently converts the captured RF energy into a DC
signal suitable for measurement and analysis using an
Analog-to-Digital Converters (ADC).

Figure 9 shows the design of the impedance matching
circuit, which is critical for ensuring efficient power transfer
from the sensor to the rectifier circuit. The circuit is designed
to match the standard 502 impedance to the input impedance
of the rectifier. This minimizes reflection losses, improves
RF-to-DC conversion efficiency, and ensures accurate signal
measurement.
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FIGURE 10. (a) Fabricated version of the rectifier circuit, (b) S(1,2) for
impedance matching circuit, (c) RF power conversion to DC voltage (mV).

The designed impedance matching circuit utilises
microstrip transmission lines, carefully dimensioned to create
the desired impedance transformation without relying on
lumped components, which can introduce parasitic capac-
itance and inductance, especially at high frequencies. The
design parameters, including the lengths (/;) and widths (W;)
of the transmission lines and stubs, are optimized based on
microstrip transmission line theory. The critical dimensions
are summarized in Table 3. The matching network includes
a short-circuited stub and series transmission lines to
accurately replicate the required resonator characteristics.
This network is connected to a rectifier, which consists
of a 33 pF capacitor in series with the cathode of a BAT
63-02V Schottky diode, enabling efficient conversion of the
RF energy into a measurable DC signal.

The fabricated rectifier circuit and the corresponding mea-
surement results are shown in Figures 10(a) and 10(b) and (c),
respectively. The measured S1; parameter (Figure 10(b)) of
the impedance matching network, demonstrating efficient
signal transmission with minimal losses across the desired
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frequency range. The RF-to-DC conversion efficiency in
Figure 10(c), illustrates the relationship between input RF
power and the corresponding DC output voltage (in mV).
The results confirm that the rectifier achieves high conversion
efficiency, validating the effectiveness of both the matching
network and the rectifier design.

IV. MPA AS A SENSOR

Metamaterial Perfect Absorbers (MPA) are capable of
achieving 100% efficiency at their resonance frequencies,
which makes them highly sensitive to small variations in
the surrounding electromagnetic environment. This unique
capability allows them to detect subtle changes in RF
energy levels, making them an excellent choice for replacing
traditional antennas in energy measurement applications.
Furthermore, metamaterial absorbers are cost-effective and
can be easily deployed on a large scale, which enhances their
practicality for real-world sensing applications, such as crowd
estimation.

The proposed approach is fabricated as an array to evaluate
its performance in a real-world environment. Figures 11(a)
shows the top layer of the fabricated 2 x 8 array of the
proposed structure on a substrate of Rogers 4003. The
structure is used to test its performance in comparison with
the simulation results. Then, the absorber is used to measure
the changes of the available RF energy levels in the lab and
real environment to validate its proposed application.

To test the fabricated absorber, the structure is fixed in front
of the EMC pyramid absorbers to avoid the reflection when
the power is radiating. Two AINFOMW quad-ridged horn
reference antennas are connected to a ROHDE & SCHWARZ
ZNLG6 vector network analyser (VNA) to measure parameters
S11 and S1. Figure 11(a) and (b) represent the measurement
setup of the proposed structure and measured Sj; in
comparison with simulation results, respectively. The mea-
surements demonstrate strong alignment with the simulation
results, exhibiting perfect absorption at the target resonance
frequency of 2.45 GHz, despite a minor shift in resonance
frequencies. Additionally, the proposed structure has been
tested to assess its performance under varying oblique angles
and polarisation conditions. The absorber maintains high
absorption efficiency, with strong performance observed
from & = 0to & = 70 and absorption consistently above
90% across all polarisation angles (¢).

Upon confirmation of the performance of the absorber, the
whole structure as a sensor is tested. Figure 12(a) represents
the measurement setup to test the performance of the structure
in the anechoic chamber with different input powers. The
sensor sits within 1.5 meters from the transmission power.
Figure 12(b) shows the measurement results for measurable
values for the voltage with respect to various levels of
transmitted power. Setting transmitting power as 0 dBm, the
measured voltage is 0.28 (mV) at 2.4 GHz.

The proposed metamaterial absorber in this study is
designed to function as a sensor by measuring fluctuations
in RF energy and converting these changes into DC voltage,
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FIGURE 11. (a) Absorption measurement setup, (b) S(1,1) measurements.

which can be easily measured. The sensitivity of the absorber,
as a crowd estimation sensor, is defined by the amount of
output voltage it generates in response to variations in the
surrounding RF energy levels.

A. CROWN ESTIMATION IN CONTROLLED ENVIRONMENT
To evaluate the performance of the proposed system in real-
world scenarios, a series of sensing units were installed
within a controlled room environment. The objective was to
measure DC voltage variations corresponding to the presence
of varying numbers of people. Given the anticipated low
magnitude of voltage variations, multiple sensing units were
connected in series to enhance measurement sensitivity. The
room setup is illustrated in Figure 13. For these experiments,
seven sensing units were configured in series, and the
baseline DC voltage was recorded under initial, undisturbed
conditions. The sensors were aligned along a single wall,
spaced at intervals of 50 cm. Notably, the room featured
a glass door and a section of glass wall, whose potential
influence on results is addressed later in the discussion.
Each test was repeated ten times to ensure reliability and
repeatability.

The presence of a human in the room caused a detectable
voltage drop. Although the measured voltages exhibited
slight fluctuations, the average of ten samples (collected
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TABLE 4. Normalised voltage measurements for different number of
people.

[ Number of People | Rescaled Voltage |

Empty room (0) 100
1 89
2 79
3 69
4 60
6 54

over 10 seconds) was calculated to obtain a consistent value.
It is important to note that the RF energy levels within the
room could vary slightly, which might influence the measured
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voltage values. On average, each individual caused a voltage
drop of approximately 3 mV in the system. Table 4 presents
the normalized voltage drops corresponding to different
numbers of people in the room, with an empty room serving
as the baseline (normalised to 100).

Interestingly, the voltage drop became detectable even
before a person fully entered the room. As a person
approached the glass door, the system recorded 0.5 mV drop
in the measured voltage. This level of sensitivity highlights
the system’s ability to detect human presence before physical
entry into the room.

V. CONCLUSION

A metamaterial-based human presence detection and crowd
estimation senor has been presented in this paper. The
proposed solution consists of a metamaterial absorber along
with a rectifier that offers a method to measure the variations
of RF energy in any environment. The proposed metamaterial
structure was fabricated as an array of 2 x 8 elements
and tested in an anechoic chamber. A number of sensing
units were manufactured and the combined performance was
tested in controlled real-world environment. Experimental
validation in controlled environments demonstrated that the
sensor consistently detected human presence, with mea-
surable voltage variations corresponding to different crowd
densities. Notably, the sensor was sensitive enough to register
human presence even before individuals fully entered the
monitored area. The proposed sensor design is compact, cost-
effective, and easily deployable in urban settings, making it
a viable addition to smart city infrastructure for applications
such as crowd monitoring, public safety optimization, and
resource management.
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