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Abstract 

The rapid deployment of fifth-generation (5G) wireless communication in Internet of Medical Things 
(IoMT) environments has increased the demand for compact, efficient, and highly sensitive microwave 

sensing technologies capable of operating within the sub-6 GHz spectrum. This study presents the 
design and performance evaluation of a metamaterial-inspired electromagnetic absorber intended for 

miniaturized 5G IoMT microwave sensor applications. The proposed absorber employs a 
subwavelength patterned metallic resonator, dielectric substrate, and continuous metallic ground plane 

to achieve strong electromagnetic confinement and enhanced absorption. An equivalent inductor–
capacitor (LC) circuit model is developed to establish the relationship between geometrical parameters 

and resonance frequency, while full-wave electromagnetic analysis is considered for evaluating the 

reflection coefficient, absorption, impedance matching, electric-field enhancement, and surface-current 
distributions. Parametric optimization is performed by varying resonator dimensions, slot gap, 

substrate thickness, and periodicity to obtain a compact sub-6 GHz response. The sensing mechanism 
is established through dielectric loading, where variations in the permittivity of the target material 

produce measurable resonance frequency shifts. Sensitivity, bandwidth, quality factor, and figure of 
merit are subsequently considered as principal performance indicators. The proposed architecture 

provides a promising foundation for compact, low-profile, and highly responsive microwave sensors for 
wireless biomedical monitoring and next-generation IoMT healthcare applications for future healthcare 

systems. 
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INTRODUCTION 

The integration of 5G communication with the Internet of Medical Things (IoMT) is enabling 

increasingly connected healthcare environments in which medical sensors, wearable devices, 

monitoring systems, and intelligent diagnostic 

platforms exchange information with low latency 

and improved network reliability. Within this 

technological transition, sub-6 GHz frequencies 

remain important because they provide favorable 

propagation characteristics, practical coverage, and 

comparatively manageable hardware requirements 

for healthcare environments. However, the 

miniaturization of microwave sensors operating in 

these frequency bands remains challenging because 

conventional resonant structures generally require 

dimensions related to a significant fraction of the 

operating wavelength. Metamaterial-inspired 

structures provide an attractive approach for 

overcoming this limitation through artificial 
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electromagnetic loading and subwavelength resonances. Carefully engineered metallic patterns can 

introduce enhanced inductive and capacitive effects, allowing the resonance frequency to be reduced 

without proportionally increasing the physical dimensions. In absorber configurations, a patterned 

metallic resonator, dielectric substrate, and conductive ground plane can provide impedance matching, 

suppressed transmission, and strong electromagnetic energy confinement. For IoMT applications, these 

characteristics are particularly useful because localized electromagnetic fields can interact strongly with 

biological materials and sensing layers. Changes in dielectric properties can consequently modify the 

effective capacitance and produce detectable resonance shifts. Therefore, this study investigates a 

compact metamaterial-inspired absorber designed for sub-6 GHz 5G IoMT microwave sensing, 

emphasizing electromagnetic absorption, miniaturization, sensitivity, bandwidth, and sensing 

performance. Recent research on metamaterial absorbers has demonstrated their strong potential for 

electromagnetic absorption, miniaturized microwave structures, and sensing applications relevant to 

next-generation wireless and IoMT systems. 

 
Figure 1 presents a systematic three-phase workflow adopted for developing and validating the 

proposed sub-6 GHz metamaterial-inspired absorber for 5G IoMT microwave sensing applications. 
Phase I—Design and Optimization begin with the selection and development of the metamaterial unit 
cell geometry, including split-ring resonator configurations. Computer simulation technology (CST) or 
high-frequency structure simulator (HFSS) full-wave simulations are then employed to optimize the 
geometrical parameters, substrate properties, boundary conditions, and equivalent-circuit 
characteristics. The absorption response is evaluated under normal and oblique electromagnetic 
incidence to achieve strong resonance and impedance matching. Phase II—Fabrication and 
Measurement convert the optimized numerical design into a physical prototype using printed circuit 
board (PCB) fabrication or photolithographic techniques. Experimental characterization is performed 
using a vector network analyzer, horn antennas, and an anechoic chamber, where reflection and 
transmission coefficients, 𝑆11and 𝑆21, are measured. These parameters are subsequently used to 
calculate absorptivity. Phase III—Performance Evaluation and Sensing Validation assesses polarization 
independence, angular stability from 0∘to 60∘, fractional bandwidth, and structural miniaturization. 
Finally, the absorber is integrated into a representative 5G IoMT sensing environment to evaluate 
resonance shifts caused by target analytes and demonstrate sensitive dielectric-material detection. 

 
To harness the benefits of engineered coding elements to control electromagnetic absorption while 

maintaining compact resonances, broadband microwave coding metamaterial absorbers have been 
developed [1]. A resistor-loaded meander-wire structure to achieve a compact low-frequency broadband 

 

 
Figure 1. Systematic research workflow for the design, fabrication, and validation of the sub-6 GHz 

metamaterial-inspired absorber for 5G IoMT microwave sensors. 
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microwave absorber was proposed [2], where both the extended current paths and resistive loading 

contribute to reducing the operating frequency and providing broadband absorption. A wideband 

metamaterial absorber with angle- and polarization independence was studied, and its electromagnetic 

stability was enhanced under different incidence angles and polarizations [3]. The SNG/DNG 

metamaterial absorber was designed to obtain better interaction between the incident waves and the 

sensing material, and it was shown that a negative-permeability and negative-permittivity response can 

enhance this interaction [4]. The combination of plasmonic and Mie resonances was also explored, and 

dual-band metamaterial absorption was demonstrated; multiple resonance mechanisms can be added to 

a compact absorber structure [5]. 
 
Finally, a single negative metamaterial absorber was designed using a modified split-ring-resonator 

configuration that spans four band gaps in the S, C, X, and Ku microwave frequency bands, highlighting 
the power of resonator design for multiband microwave absorption [6]. A further development of the 
aforementioned angle-insensitive metamaterial absorber was carried out using equivalent-circuit 
analysis, and it was demonstrated that the behavior of the resonant absorber can be described and 
optimized using circuit-based modeling [7]. An ultrawideband electromagnetic metamaterial absorber 
comprising double-layer carbon metapatterns was proposed that can be formed to absorb wideband 
electromagnetic energy using coherent absorption and surface-plasmon-polariton effects [8]. A strong 
metamaterial-based microfluidic sensor for low-dielectric-constant liquids was created, which shows 
that the microwave response changes significantly under different sensing conditions, such that the 
localized resonant fields can induce sensitive changes [9]. Furthermore, highly sensitive microwave 
metamaterial-inspired sensors were also explored for metal detection, where resonator-based frequency 
responses were found to be successful for effective metal identification [10]. A multiband metamaterial-
based microwave sensor for mercury contamination sensing was developed, which illustrates the 
possibility of using engineered resonators for environmental and chemical-sensing applications of 
metamaterials [11]. 

 
A thin, flexible, and sensitive microwave sensor based on a flexible metamaterial was designed to 

measure the complex permittivity, and the advantages of such a thin, flexible, and sensitive structure 
for material characterization were discussed [12]. An asymmetric metamaterial structure with high 
microwave sensing sensitivity was also proposed, such that structural asymmetry can be used to boost 
the electromagnetic interaction in the structure, which leads to high sensing sensitivity [13]. Further 
review studies showed that metamaterial absorbers can be considered multifunctional platforms of 
electromagnetic fields for sensing, shielding, imaging, and reducing the radar cross-section [14]. There 
has also been significant progress in research on RF/microwave absorbers, with miniaturization, 
bandwidth improvement, polarization independence, and tunability being key research areas [15]. A 
systematic broadband metamaterial absorber review revealed important design principles such as 
engineered resonances, impedance matching, tunability, and multifunction integration [16]. A narrow-
band metamaterial microwave sensor with an ultrahigh quality factor was developed, revealing the 
ability of sharp absorption resonances to enhance frequency-resolution-based sensing [17]. Compact 
geometry and polarization stability are critical characteristics in the practical design of a sensor, with 
the polarization-insensitive absorbers proposed in the above-mentioned work [18] being shaped as 
Archimedean spirals of ultrathin width for use in microwave sensing. To have multiple microwave 
sensing bands, a modified circular-ring-resonator-based metamaterial absorber was presented for S-,  
X-, and Ku-band sensing [19]. 

 
The review of resonator-loaded microwave sensors, which are based on metamaterials, has 

pinpointed the applications of dielectric characterization, resonance frequency tracking, and compact 
integration of metamaterial-based sensors [20]. In recent years, the sub-6 GHz spectrum of 5G, 
especially the 3.5 GHz band, has garnered more research interest, as is the case with absorber designs 
around this 5G spectrum, especially in the context of compact wireless healthcare and IoMT systems. 
Despite the successful progress in increasing the absorption efficiency, multiband operation, 
polarization independence, and sensing sensitivity, a path forward is still needed to integrate high-
absorption miniaturized sub-6 GHz metamaterial absorbers with the 5G-enabled IoMT microwave 
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sensing platform. To this end, the present study aims to develop a compact absorber architecture that 
solves the issues of resonance miniaturization, impedance matching, electromagnetic confinement, 
sensing sensitivity, and practical integration aspects for 5G IoT applications. 

 

MATHEMATICAL FORMULATION OF THE METAMATERIAL-INSPIRED ABSORBER 

Electromagnetic and Geometrical Modeling 

 

The proposed absorber is modeled as a periodic subwavelength unit cell consisting of a patterned 

metallic resonator, dielectric substrate, and metallic ground plane. The fundamental resonance is 

governed by the effective inductive and capacitive loading of the resonator. 

𝜆0 =
𝑐

𝑓𝑟
 (1) 

where 𝜆0is the free-space wavelength at resonance, 𝑐is the speed of light in free space, and 𝑓𝑟is the 

resonant frequency. For sub-6 GHz operation, the unit cell dimensions must remain substantially 

smaller than 𝜆0. 

 

The normalized electrical size of the unit cell is expressed as 

𝜂𝑝 =
𝑝

𝜆0
=

𝑝𝑓𝑟

𝑐
, 𝜂𝑝 ≪ 1  (2) 

where 𝑝denotes the periodicity of the unit cell. A small 𝜂𝑝confirms that the absorber behaves as an 

electrically compact metamaterial surface. 

 

For a resonator with an effective current path 𝑙eff, the equivalent inductance can be approximately 

represented as 

𝐿eff = 𝜇0𝑙eff [ln   (
2𝑙eff

𝑟eff
) −

3

4
] + 𝐿geo,  (3) 

where 𝜇0is the permeability of free space, 𝑟effis the equivalent conductor radius, and 𝐿geoaccounts 

for the additional geometric loading produced by bends, slots, and folded current paths. 

The capacitive loading generated by the resonator gap is approximated by 

𝐶eff = 𝜀0𝜀eff
𝐴𝑔

𝑔
+ 𝐶fr, (4) 

where 𝐴𝑔is the effective gap area, 𝑔is the slot/gap width, 𝜀effis the effective dielectric constant 

surrounding the gap, and 𝐶frrepresents the fringing capacitance. Equation (4) shows that decreasing the 

gap increases the capacitive loading and consequently lowers the resonance frequency. 

 

The effective dielectric constant for a microstrip-like resonator can be approximated by 

𝜀eff =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
(1 +

12ℎ

𝑤𝑟
)
−1/2

 (5) 

where 𝜀𝑟is the relative permittivity of the substrate, ℎis its thickness, and 𝑤𝑟is the effective resonator 

width. 

 

The equivalent LC resonance is consequently obtained as 

𝑓𝑟 =
1

2𝜋√𝐿eff𝐶eff
 (6) 

which provides the principal design relationship between resonator geometry, substrate properties, 

and operating frequency. 

 

Equivalent-Circuit and Impedance Derivation 
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The impedance of the resonant branch is modeled by 

𝑍LC(𝜔) = 𝑅eff + 𝑗𝜔𝐿eff +
1

𝑗𝜔𝐶eff
,  (7) 

where 𝑅effrepresents the combined metallic and dielectric loss resistance, and 𝜔 = 2𝜋𝑓is the angular 

frequency. 

 

At resonance, the reactive components cancel according to 

𝜔𝑟𝐿eff =
1

𝜔𝑟𝐶eff
, (8) 

Yielding 

𝜔𝑟 =
1

√𝐿eff𝐶eff
 (9) 

The absorber input impedance can be expressed using its equivalent series/parallel resonant network 

as 

𝑍in(𝜔) = 𝑅eff + 𝑗𝑋eff(𝜔),  (10) 

where 𝑋effdenotes the net reactive impedance of the resonator-substrate configuration. 

 

For an absorber backed by a continuous metallic ground plane, the transmission coefficient is ideally 

negligible: 

∣ 𝑆21(𝑓) ∣→ 0.  (11) 

 

The reflection coefficient at the absorber interface is therefore 

Γ(𝑓) = 𝑆11(𝑓) =
𝑍in(𝑓)−𝑍0

𝑍in(𝑓)+𝑍0
,  (12) 

where 𝑍0 ≈ 377 Ωis the free-space impedance. 

 

Maximum absorption is achieved when the real and imaginary parts simultaneously satisfy 

Re{𝑍in(𝑓𝑟)} ≈ 𝑍0, Im{𝑍in(𝑓𝑟)} ≈ 0 .  (13) 

Under this impedance-matching condition, 

Γ(𝑓𝑟) ≈ 0,  (14) 

and the incident wave is minimally reflected. 

 

Absorption and Electromagnetic Energy 

 

The reflection, transmission, and absorption coefficients satisfy the power-conservation relation 

𝐴(𝑓) + 𝑅(𝑓) + 𝑇(𝑓) = 1 ,  (15) 

Where, 

𝑅(𝑓) =∣ 𝑆11(𝑓) ∣
2, 𝑇(𝑓) =∣ 𝑆21(𝑓) ∣

2 .  (16) 

 

Consequently, the general absorption coefficient is 

𝐴(𝑓) = 1−∣ 𝑆11(𝑓) ∣
2 −∣ 𝑆21(𝑓) ∣

2 (17) 

 

and, for the ground-backed configuration, 
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𝐴(𝑓) ≈ 1−∣ 𝑆11(𝑓) ∣
2 (18) 

The maximum theoretical absorption at resonance is therefore obtained from 

𝐴max = 1 − ∣∣
∣𝑍in(𝑓𝑟)−𝑍0
𝑍in(𝑓𝑟)+𝑍0∣

∣∣
2
.  (19) 

Equation (19) directly demonstrates the importance of impedance matching for high-performance 

absorption. 

 

The electromagnetic energy density within the dielectric region is approximately 

𝑊𝑒 =
1

4
𝜀0𝜀𝑟 ∣ 𝐸 ∣2,  (20) 

where 𝐸 is the local electric-field intensity. Strong electric-field confinement around the resonator 

gap increases 𝑊𝑒, thereby enhancing the interaction with the sensing material. 

 

Similarly, the magnetic energy density is 

𝑊𝑚 =
1

4
𝜇0𝜇𝑟 ∣ 𝐻 ∣2,  (21) 

where 𝐻is the magnetic-field intensity and 𝜇𝑟is the relative permeability. 

 

The total stored electromagnetic energy can consequently be represented as 

𝑊stored = ∫ (
1

4
𝜀0𝜀𝑟 ∣ 𝐸 ∣2+

1

4
𝜇0𝜇𝑟 ∣ 𝐻 ∣2)

𝑉

𝑑𝑉.  (22) 

Loss and Quality Factor Formulation 

 

The absorbed power associated with dielectric and conductor losses is 

𝑃loss =
1

2
∫ [𝜎 ∣ 𝐸 ∣2+𝜔𝜀0𝜀𝑟 tan 𝛿 ∣ 𝐸 ∣2]
𝑉

𝑑𝑉,  (23) 

where 𝜎is the effective conductivity and tan 𝛿is the dielectric loss tangent. 

 

The resonance quality factor is then expressed as 

𝑄 =
𝜔𝑟𝑊stored

𝑃loss
.  (24) 

For practical characterization, the quality factor can also be determined from the −3dB bandwidth: 

𝑄 =
𝑓𝑟

Δ𝑓3dB
,  (25) 

where Δ𝑓3dB = 𝑓2 − 𝑓1represents the resonance bandwidth between the lower and upper half-power 

frequencies. 

 

IoMT Sensing Formulation 

 

When a sensing material with relative permittivity 𝜀𝑠 is placed over the resonator, the effective 

capacitance changes according to 

𝐶eff
′ = 𝐶eff + Δ𝐶𝑠(𝜀𝑠, 𝑡𝑠),  (26) 

where 𝑡𝑠is the sensing-layer thickness and Δ𝐶𝑠represents the additional capacitive loading produced 

by the sensing material. 

 

The corresponding shifted resonance is 
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𝑓𝑟
′ =

1

2𝜋√𝐿eff
′ 𝐶eff

′
,

 (27) 

where 𝐿eff
′ and 𝐶eff

′ denote the effective inductance and capacitance after sensor loading. 

The resonance frequency shift is therefore 

Δ𝑓𝑟 = 𝑓𝑟
′ − 𝑓𝑟,  (28) 

and the dielectric sensitivity is defined as 

𝑆𝑓 =
Δ𝑓𝑟

Δ𝜀𝑠
 [GHz/RIU] (29) 

where RIU denotes the refractive index unit when the refractive index is used as the sensing variable. 

Finally, a normalized sensor figure of merit combining sensitivity and resonance sharpness can be 
defined as 

FOM =
∣𝑆𝑓∣

Δ𝑓3dB
=

∣Δ𝑓𝑟∣

Δ𝜀𝑠 Δ𝑓3dB
 (30) 

where FOM represents the overall sensing effectiveness, 𝑆𝑓 is the frequency sensitivity, and Δ𝑓3dBis 

the resonance bandwidth. 
 
Equations (1)–(6) establish the miniaturization and resonance conditions, showing how the physical 

dimensions, substrate, inductance, and capacitance determine the sub-6 GHz operating frequency. 
Equations (7)–(19) establish the impedance-matching and absorption mechanism, demonstrating that 
maximum absorption occurs when the absorber impedance approaches the free-space impedance while 
transmission remains suppressed by the ground plane. Equations (20)–(25) quantify the 
electric/magnetic energy confinement, losses, and resonance quality. Finally, Equations (26)–(30) 
establish the IoMT sensing mechanism, where the interaction with a dielectric sensing material modifies 
the effective capacitance and shifts the resonance. Thus, the final FOM in Equation (30) provides a 
unified metric connecting the resonance shift, sensitivity, and bandwidth for evaluating the proposed 
miniaturized 5G-IoMT microwave absorber. 
 

CONCLUSION 

The proposed study presents a compact metamaterial-inspired absorber for sub-6 GHz 5G-enabled 
Internet of Things (IoMT) microwave sensing, addressing the growing requirement for miniaturized, 
sensitive, and electromagnetically efficient healthcare sensing platforms. The developed concept 
combines a patterned resonator, dielectric substrate, and conducting ground plane to establish strong 
inductive-capacitive loading, impedance matching, suppressed transmission, and localized 
electromagnetic-field enhancement. The mathematical formulation demonstrates that resonance can be 
controlled through effective inductance and capacitance, while absorption is governed primarily by 
impedance matching between the absorber and free space. The proposed sensing mechanism exploits 
dielectric loading to produce measurable resonance frequency shifts, enabling the characterization of 
target materials and potentially biological parameters. The performance can be assessed through the 
absorption coefficient, resonance frequency, bandwidth, quality factor, sensitivity, and figure of merit. 
Overall, the proposed architecture provides a promising foundation for compact, low-profile, high-
sensitivity microwave sensors integrated with future 5G IoMT healthcare systems, with experimental 
fabrication and measurement representing important next steps for practical validation. 
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    𝜀  r


  h


    w  r


    f  r =  1  2 𝜋    L eff   C eff


    Z LC  ( 𝜔 ) =   R eff + j 𝜔   L eff +  1  j 𝜔   C eff ,      


    R eff


  𝜔 = 2 𝜋 f


    𝜔  r   L eff =  1    𝜔  r   C eff ,


    𝜔  r =  1     L eff   C eff      


    Z in  ( 𝜔 ) =   R eff + j   X eff  ( 𝜔 ) ,      


    X eff


  ∣   S 21  ( f ) ∣ → 0 .      


  Γ  ( f ) =   S 11  ( f ) =     Z in  ( f ) −   Z 0    Z in  ( f ) +   Z 0     ,  


    Z 0 ≈ 377   Ω


  Re ⁡  {   Z in  (   f  r ) } ≈   Z 0 ,   Im ⁡  {   Z in  (   f  r ) } ≈ 0     .  


  Γ  (   f  r ) ≈ 0 ,      


  A  ( f ) + R  ( f ) + T  ( f ) = 1     ,  


  R  ( f ) = ∣   S 11  ( f )  ∣ 2 ,   T  ( f ) = ∣   S 21  ( f )  ∣ 2     .  


  A  ( f ) = 1 − ∣   S 11  ( f )  ∣ 2 − ∣   S 21  ( f )  ∣ 2


  A  ( f ) ≈ 1 − ∣   S 11  ( f )  ∣ 2


        A max = 1 −    ∣     Z in  (   f  r ) −   Z 0    Z in  (   f  r ) +   Z 0 ∣ 2 .  


        W  e =  1 4   𝜀 0   𝜀  r ∣ E  ∣ 2 ,  


  E


    W  e


        W  m =  1 4   𝜇 0   𝜇  r ∣ H  ∣ 2 ,  


  H


    𝜇  r


        W stored =   ∫  V   (  1 4   𝜀 0   𝜀  r ∣ E  ∣ 2 +  1 4   𝜇 0   𝜇  r ∣ H  ∣ 2 ) d V .  


        P loss =  1 2   ∫  V   [ 𝜎 ∣ E  ∣ 2 + 𝜔   𝜀 0   𝜀  r  tan ⁡  𝛿 ∣ E  ∣ 2 ] d V ,  


  𝜎


   tan ⁡  𝛿


      Q =     𝜔  r   W stored    P loss .  


  − 3


      Q =     f  r  Δ   f  3 dB ,  


  Δ   f  3 dB =   f 2 −   f 1


    𝜀  s


        C eff ′ =   C eff + Δ   C  s  (    𝜀  s ,    t  s ) ,  


    t  s


  Δ   C  s


        f  r ′ =  1  2 𝜋    L eff ′   C eff ′ ,  


    L eff ′


    C eff ′


      Δ   f  r =   f  r ′ −   f  r ,  


    S  f =   Δ   f  r  Δ   𝜀  s
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  FOM =   ∣   S  f ∣  Δ   f  3 dB =   ∣ Δ   f  r ∣  Δ   𝜀  s   Δ   f  3 dB


    S  f


  Δ   f  3 dB

