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Abstract 

This review paper provides a rigorous and comprehensive analysis and sets up a 

unified electromagnetic (EM) framework for planar microstrip resonant filters for two 

seemingly different but electromagnetically similar applications: non-invasive blood 

glucose monitoring and structural tension sensing. This work connects biochemical 

and mechanical tracking, studying the convergence of high-frequency planar 

technologies and complex material media. Four important microwave resonator 

topologies are analysed in detail, including Split Ring Resonators (SRR), 

Complementary Split Ring Resonators (CSRR), Hairpin Resonators, and Stub-

Loaded Resonators (SLR). The underlying transduction physics is rigorously 

formulated, using the 3D vector cavity perturbation theory and conformal mapping 

expressions, coupled with modified first-order Cole-Cole dielectric relaxation 

equations. Mechanical strain deformation is explicitly linked to matrices of 

transmission lines to map physical elongation, Poisson's ratio, and substrate 

elastomeric variations directly to resonance perturbations. Performance benchmarks 

are synthesized through a quantitative meta-analysis of literature covering the last 

five years, highlighting the basic trade-offs among near-field localization, quality 

factor (QL), and linear correlation coefficient (R2). In addition, we tackle some of the 

key engineering challenges, including the high loss tangent of human tissue, water 

absorption damping between 2-10 GHz, and thermal-mechanical drift cross-

sensitivity. A multi-parameter calibration matrix framework, based on an isolated 

reference resonance peak, is described to overcome these multi-parameter 

interferences. Lastly, we discuss future directions for edge-computed machine 

learning calibration engines and passive, battery-free, chipless telemetry radio 

frequency identification (RFID) sensor tags for remote deployment. 

Keywords: Cavity Perturbation Theory, Complementary Split Ring Resonator 

(CSRR), Dielectric Characterization, Microstrip Resonator, Non-Invasive Glucose 

Sensing, Structural Health Monitoring (SHM), Tensile Strain Telemetry. 
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1.  Introduction 

Combining the capabilities of microwave engineering and high precision sensing has 

become a key enabler for future diagnostic and monitoring platforms [1-6]. Non-

invasive blood glucose monitoring for clinical diabetes management [7-12] and 

structural health monitoring (SHM) for aerospace, maritime and civil infrastructures 

[13-16] are two domains with important transduction accuracy challenges. Traditional 

blood glucose monitoring is based on the capillary blood glucose measurement of the 

fingertips, which causes physical discomfort and can lead to infections , resulting in 

suboptimal patient compliance. Non-invasive methods using optical, infrared or 

acoustic means are often constrained by poor depth penetration, high scattering in the 

skin layers and high sensitivity to ambient light or motion artifacts. At the same time, 

the traditional structural strain sensing method is based on the resistive strain gauge 

of foil strain gauges and fiber Bragg gratings (FBG). Foil gauges are effective, but are 

subject to catastrophic mechanical fatigue under cyclic loading, and are complex to 

measure through wiring [13]. FBGs are highly sensitive, yet fragile, costly, and the 

optical interrogation units are also expensive [16-20]. 

The low profile, low cost, fabrication in the standard printed circuit board (PCB) or 

flexible lithographic process, non-destructive operation,  and seamless integration 

with the wireless transceivers make planar microwave resonant filters an attractive 

solution for both fields [10], [18]. However, in real-world applications, these sensors 

need to address numerous electromagnetic and material hurdles. 

This is because there are several challenges to overcome for biological domain 

engineering. 

Human skin is a complex, multi-layered lossy dielectric material. At microwave 

frequencies (2-10 GHz), the extremely large loss tangent (tan δ ≈ 0.2 – 0.5) caused by 

the presence of free-water molecules in tissue leads high electromagnetic absorption 

and damping [15]. This damping has a pronounced effect on the loaded quality factor 

(QL) of the planar resonator, resulting in flat transmission/reflection (S21/S11) 

notches and obscuring up small permittivity changes [19]. The change of blood 

glucose from its normal fasting level (100 mg/dl) to its hyperglycemic level (400 

mg/dl) causes an extremely small change in the real part of the complex relative 

permittivity (𝛥𝜀𝑟
′  ≈ 0.05 per 100 mg/dl) [6]. Measuring this tiny change can be very 

difficult because it must be confined very closely to the skin to separate the change 

from variations in the thickness of the skin, moisture changes due to perspiration, and 

changes because of temperature drift [9]. 
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The challenges of structural domain engineering (SDE) are as follows: 

The planar microwave designs migrate from rigid, low-loss RF laminates (such as 

Rogers RO4003C) to highly flexible elastomeric matrices like polydimethylsiloxane 

(PDMS) [13], polyimide [1, 2] or EcoFlex [18] which lead to complex material 

challenges. The mechanical hysteresis of flexible substrates, which significantly 

changes their basic geometric shape over time when subjected to repeated stretching, 

has been reported [20]. Furthermore, the stress-strain response of elastomers is 

inherently non-linear at high strains [14]. This non-linearity results in calibration drift 

and necessitates mathematical models which can distinguish between changes in 

permittivity caused by geometric deformation and those caused by strain-induced 

changes in the intrinsic permittivity of the substrate [17]. 

2. Fundamental Electromagnetic Sensing Principles (Mathematical Foundation) 

2.1  Cavity Perturbation Mathematics 

The external change of material or mechanical properties of planar microstrip 

resonators is of fundamental importance and is based on 3D vector cavity 

perturbation theory [5-10]. If a localized near-field is perturbed by an analyte that is 

not dielectric (e.g., a structural deformation), the complex resonant frequency of the 

resonant structure changes from the unperturbed resonant frequency (𝜔0 ) to the 

perturbed resonant frequency (𝜔𝑚 ). This behaviour is determined by the precise 

vector integral equation that is derived from Maxwell's equations:  

(ωm− ω0)

ω0
 ≈ [ − ∫  

Vs
( (Δε) E_0 ·  Em

∗  + (Δμ) 𝐻0  ·  Hm
∗  ) dv ]  / [   

∫  
Vc

 ( ε3E0 ·  E0
∗ + μ3H0 ·  H0

∗ ) dv ]       (1) 

If the material is not magnetic and has a non-dielectric structure (e.g., biological 

tissues), Δμ = 0. The complex frequency has been broken down into the real resonant 

frequency (𝑓𝑟) and loaded quality factor (𝑄𝐿), such that 
𝜔𝑚

𝜔0
≈  (

𝑓𝑟,𝑚

𝑓𝑟
) +  𝑗 𝛥 (

1

2𝑄𝐿
) . 

The real part of the resonant frequency shift due to real changes in the permittivity 

(𝜀𝑟
′ ) is obtained by equating the real parts: 

   
𝛥𝑓𝑟

𝑓𝑟
  =  -0.5 ∗  [ ∫ (εr

′ −  1)ε0E0Vs
·  Em

∗ dV ] / [ ∫ ε(v)|E0|2dv
Vc

) ]        (2) 

According to equation (2) a rise in the permittivity (𝜀𝑟
′ ) of the analyte in the active 

volume (𝑉𝑠) in which the electric field (𝐸0) is concentrated corresponds to a decrease 

(red-shift) in the resonant frequency (𝛥𝑓𝑟 <  0). On the other hand, if the effective 

dielectric volume is changed or decreased, field distribution may render the result of a 

blue-shift. This shift is directly proportional to the total electric field energy in the 

perturbed region, which makes it so important to achieve high near-field localization 

to maximize sensitivity. 
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2.2  Conformal Mapping for Glucose Concentration 

The effects of blood glucose fluctuations on microstrip filters are quantified by 

modelling the physical system as a multi-layer lossy dielectric stack and using 

conformal mapping to convert this structure to parallel-planes [13-19]. The 

propagation constant and phase velocity of the microstrip line is determined by the 

total effective relative permittivity (𝜀𝑒𝑓𝑓) of the system which is given as: 

 

    εeff  =   qskin ∗ εskin
∗ + qfat ∗  εfat

∗ +  qblood ∗ εblood
∗ (𝐶𝑔𝑙) + (1 −  qskin −

   qfat −  qblood) ∗  𝜀𝑠𝑢𝑏         (3) 

where 𝑞𝑖 is the filling factors calculated by the conformal mapping transformations, 

and they represent the ratio of the electromagnetic energy stored in each tissue layer. 

The complex dielectric properties of the blood layer are strongly related to the 

glucose concentration (𝐶𝑔𝑙). This relationship is correctly described by including the 

𝐶𝑔𝑙 in a modified first order Cole Cole relaxation equation [10-18]: 

     εblood
∗ (𝐶𝑔𝑙)  =  ε ∞(𝐶𝑔𝑙) +  [ 𝜀𝑠(𝐶𝑔𝑙) −  𝜀∞(𝐶𝑔𝑙)] / [ 1 + (𝑗𝜔𝜏(𝐶𝑔𝑙))

1−𝛼
 ] −

               𝑗 ∗  [ 𝜎𝑖(𝐶𝑔𝑙) / (𝜔𝜀0) ]         (4) 

Scientific Rationale: In Equation (4), an increasing glucose concentration (𝐶𝑔𝑙) binds 

free water molecules, thereby restricting their rotational polarization degrees of 

freedom. This molecular binding directly induces a reduction in the static dielectric 

constant ( 𝜀𝑠 ) and alters the relaxation time (τ). Consequently, as glucose 

concentration increases, the real permittivity of blood (𝜀𝑏𝑙𝑜𝑜𝑑
′ ) decreases minutely. 

According to Equation (2) and (3), this reduction in permittivity increases the total 

effective resonant frequency, explaining the characteristic parametric blue-shift 

observed experimentally in blood glucose microwave sensors. 

2.3 Electromechanical Transmission Line Coupling for Tension Sensing 

When a microstrip resonant filter undergoes mechanical tensile strain ( 𝜀𝑥 ), its 

physical dimensions stretch longitudinally while contracting transversely and 

vertically according to the material's Poisson's ratio (ν) [1, 13]. The physical 

elongation changes the total length (L) of the resonator line, which is expressed as 

𝐿(𝜀𝑥) =  𝐿0(1 + 𝜀𝑥). Concurrently, the substrate thickness (h) contracts to ℎ(𝜀_𝑥)  =

 ℎ0(1 −  𝜈 𝜀𝑥 ). To map these variations to the scattering matrix and transmission 

properties, a modified transmission line matrix approach is implemented. The 

characteristic impedance (Z0) of a microstrip line is dynamically altered by the strain 

vector via:   

  𝑍0(𝜀𝑥) ≈ [ 
60

√𝜀𝑒𝑓𝑓(𝜀𝑥)
] * ln [ 8 ∗

ℎ(𝜀𝑥)

𝑊(𝜀𝑥)
+  𝑊(𝜀𝑥) / (4 *ℎ(𝜀𝑥)) ]      (5) 
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Because the fundamental resonance frequency of a λ/2 microstrip resonator is 

inversely proportional to its physical length and the square root of its effective 

permittivity, 𝑓𝑟 =  
𝑐

(2 ∗ 𝐿 ∗ √𝜀𝑒𝑓𝑓)
, structural elongation (increasing L) forces a profound 

downward shift (red-shift) in the resonance peak, allowing strain telemetry to be 

tracked directly via frequency monitoring. 

3. Critical Topological Analysis & Engineering Trade-Offs 

A choice for planar resonator topology directly dictates a sensor's spatial sensitivity, 

field localization, and robustness against external noise [1-20]. Below, we provide an 

in-depth analysis and quantitative comparison of four prominent layouts: Split Ring 

Resonators (SRR), Complementary Split Ring Resonators (CSRR), Hairpin 

Resonators, and Stub-Loaded Resonators (SLR). Table 1 provides a multi-axis trade-

off matrix. 

Table 1: Comprehensive Topological Comparison and Performance Trade-offs. 

Resonator 

Topology 

Field 

Localization 

Relative 

Sensitivity 

QL 

Range 

Linearity 

(R2) 

Key 

Disadvantages 

SRR 

Quasi-static 

magnetic; high 

split gap E-

field 

Moderate 

(15-40 

MHz/𝛥𝜀𝑟) 

High 

(150-450) 

0.972 - 

0.989 

Extremely small 

spatial zone; 

placement critical 

CSRR 

Etched ground 

slot; dense 

vertical D-

field 

Very High 

(80-210 

MHz/𝛥𝜀𝑟) 

Low-Mod 

(30-120) 

0.991 - 

0.998 

Tissue loading 

dampens Q; 

needs isolation 

barrier 

Hairpin 

Fringing E-

field at open 

parallel ends 

Low-Mod 

(10-30 

MHz/𝛥𝜀𝑟) 

Moderate 

(80-180) 

0.965 - 

0.982 

Bending 

distortion errors; 

lower local 

sensitivity 

SLR 

Multi-node 

across 

junctions & 

stub ends 

High (50-

130 

MHz/𝛥𝜀𝑟) 

Moderate 

(100-220) 

0.985 - 

0.994 

Complex design; 

high routing 

density risks 

coupling 

 

The principle of duality of is the main reason behind the performance gain of the 

CSRR in dielectric sensing. If metallic rings are replaced by slot tracks in a solid 

ground plane, the excitation of the magnetic field changes to the predominant 

perpendicular electric displacement flux density. This leads to an extremely dense 

near field that is concentrated in the etched slot gaps. The overlapping of the 

biological tissue layer or material analyte with the maximum electric field vector is 

maximized when this etched ground plane is placed in direct contact, providing up to 
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5 times higher sensitivity than typical microstrip line. This high density field 

concentration poses, however, a serious engineering problem when the media has 

high losses, as the imaginary part of permittivity couples strongly with the real part , 

resulting in a significant drop in the value of the quality factor [3-10, 19]. 

The near-field localization for wearable biomedical monitors requires ultra-high 

precision localization to eliminate measurement artifacts caused by surrounding air, 

body movements, and distance to clothing. The advantage of the CSRR is that it 

focuses the electric field into a sub-wavelength distance from the ground plane, which 

makes it easy to shield on the other side of the microstrip trace on the opposite side of 

the ground plane, and is the best solution for continuous wearable patches [6], [10]. 

Structural strain applications, on the other hand, involve strain distributions over 

macro-structures. In this domain, the use of CSRR and SRR topologies is completely 

inappropriate as the sensing zone is limited to a very small spatial area (typically < 2 

mm² at the split gap) where any slight misalignment or defect at the material level 

causes catastrophic calibration errors. Stub Loaded Resonators (SLR) or hairpin loops 

are much better for structural health monitoring. They possess fringing fields that 

extend along long parallel transmission junctions, averaging the mechanical strain 

over a wider geometric grid, and exhibiting high linearity (𝑅2 > 0.99), even when the 

scale of physical elongation is macro-scale [5-13]. 

Prior art is explored through a historical meta-analysis. A historical meta-analysis of 

prior art is conducted. 

State-of-the-art planar microwave filters are evaluated and distinct performance 

clusters are identified according to the design approach and applications. Ground-

plane etching processes are used to optimize contact with sub-tissue layers which 

carry blood, in order to achieve a maximum tracking resolution in non-invasive 

biochemical screening sensors. On the other hand, mechanical infrastructure 

telemetry requires long strip configurations and very flexible elastomers to allow for 

a large continuous geometry without loss of structure and mechanical damage. The 

current five-year review of microwave baselines shows a very systematic 

development trend, where the multi-axis trade-off mainly governs the development of 

sensors. The layouts can be split-gap ring or other variants that exhibit very high 

relative frequency shifts in response to small changes in the environmental dielectric 

properties, but are also very sensitive to positioning tolerances and local variations. 

On the other hand, designs with broad fringing field patterns show excellent 

correlation linearity over large dynamic ranges with a lower overall tracking 

resolution per unit shift of the design. 

Since this is the final step, the flow chart is presented here. This is the last step and 

thus the flow chart is presented here. 

A fundamental performance boundary is identified by the historical meta-analysis, 

defined by the operational frequency spectrum. Lower bands (1–3 GHz) have the 

advantage of a low insertion loss profile and a standard low cost interrogation 
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electronics. However, due to the relatively large guided wavelength they are not 

particularly useful for spatial resolution/near field localization. Moving to higher 

frequencies, such as the 5-10 GHz band [1, 9] and the sub-THz band [2] provides 

sensitivities that have never been seen before (for example 12.4 MHz/με at 250 GHz), 

and a very compact footprint that would be ideal for extreme integration. However, 

there are significant engineering penalties for high-frequency operations: (a) 

exponentially higher baseline insertion loss performance due to the skin-depth 

limitation of conductors and radiation loss; and (b) significant substrate scattering and 

parasitic coupling between neighbouring routing paths that require the use of 

expensive high-resolution Vector Network Analyzers (VNAs) or special millimeter-

wave interrogation equipment, rendering the system impractical for portable, low cost 

commercial deployment. 

4.  Numbers validation and Cross sensitivity reduction 

In order to test the analytical / mathematical models developed in Section 2, 

simulation models were run under high fidelity 3D finite element analysis (FEA) 

software. A human tissue block model was simulated with the circular ground-plane 

CSRR to observe the shifts in permittivity for various concentration ranges of glucose 

and the flexible elastomeric patch was subjected to structural elongation in the 

longitudinal direction. 

The simulated S21 transmission spectrum of the CSRR filter with different blood 

glucose levels is shown in Fig. 1. As glucose concentration is increased from 50 

mg/dL to 500 mg/dL, the response shows a clear blue-shift of the resonator with 

increasing glucose concentration, which is similar to the physical behavior obtained 

from Equation (4). At the same time, Figure 2 shows the tracking curve of the flexible 

strain sensor, which has been obtained by monitoring a linear downward red-shift of 

the resonant peak over the range of applied mechanical strain from 0 to 8000 με, 

confirming the electromechanical coupling model of equation (5). 

 
Fig. 1. S21 transmission coefficient response displaying parametric blue-shift 

across glucose levels (50 to 500 mg/dL)  
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Fig. 2. Parametric tracking curve showing linear downward resonance red-shift 

across applied mechanical strain (0 to 8000 με)  

4.1 Multi-Parameter Cross-Sensitivity Decoupling Matrix 

The major sensitivity to the target analyte (glucose or strain) is denoted by 𝑆11, the 

cross-sensitivity coefficient to ambient noise by 𝑆12, the reference channel's isolation 

from the analyte by 𝑆21≈0, and the reference channel's response to noise, by 𝑆22. The 

actual target analyte variation (𝛥𝑋𝑎𝑛𝑎𝑙𝑦𝑡𝑒) is perfectly removed in realtime, while 

online matrix inversion, calibration drift and false positive reading due to 

environmental and mechanical changes are eliminated [7-10], [13-18]. 

Let 𝛥𝑓1 be the frequency shift of the primary sensing active channel, and 𝛥𝑓2 be the 

frequency shift of the isolated reference channel. The following matrix equation is set 

up: 

 𝛥𝑓1 = 𝑆11 ∗ 𝛥𝑋𝑎𝑛𝑎𝑙𝑦𝑡𝑒+𝑆12 ∗ 𝛥𝑇𝑛𝑜𝑖𝑠𝑒                       (6) 

 𝛥𝑓2 = 𝑆21 ∗ 𝛥𝑋𝑎𝑛𝑎𝑙𝑦𝑡𝑒+𝑆22 ∗ 𝛥𝑇𝑛𝑜𝑖𝑠𝑒                        (7) 

 

Environmental and mechanical cross-sensitivity are a significant engineering 

challenge for deployment in the field. In an example for a wearable glucose monitor, 

the resonance peak will shift due to a small bend or skin stretching artifact causing a 

geometric perturbation, which will mimic a glucose change. Ambient thermal 

expansion is used in structural tension monitoring as if it were a mechanical tensile 

load. These interferences that involve multiple variables are resolved in this case by 

defining an isolated reference resonance peak that is not affected by the primary 

analyte, but is equally affected by ambient noise, and by using a 2x2 multi-parameter 

calibration matrix. 
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5. Conclusions and Future Directions: 

This review paper has summarized the fundamental principles of the 

electromagnetism that brought non-invasive biochemical glucose tracing and 

structural tensile strain telemetry together. The descriptive barriers from the 

prior art have been overcome by introducing clear mathematical mapping 

procedures, based on the 3D cavity perturbation, conformal mapping, Cole-

Cole dielectric relaxation, and electromechanical transmission line coupling 

matrices. Besides, multi-axis topological trade-offs and frequency-dependent 

bottlenecks are analysed, resulting in different selection rules for biomedical 

versus structural applications. 

Going forward, the focus will be on two key areas: (1) Embedding the edge-

computed machine learning calibration engines that support these non-linear 

matrix inversions directly into the ultra-low power microcontroller to achieve 

a zero-information loss across the entire process, which would eliminate the 

need for complex multivariable drift; (2) Transforming these planar filters into 

passive, battery-free, chip less and telemetry radio frequency identification 

(RFID) sensor tags. These sensors can then be interrogated remotely using a 

separate antenna reader, enabling zero-power wearable diagnostics and 

permanent, maintenance-free monitoring of structures deep within an 

aerospace or civil infrastructure. 
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