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Abstract 

Two new microwave sensors, an open cylindrical cavity resonator with a T-shaped excitation 

element and a flanged coaxial line sensor, are used for the non-destructive thickness 

measurement of surface coatings on a unidirectional carbon fibre-reinforced polymer (CFRP) 

laminate. Both sensors are found insensitive to the anisotropy of the composite substrate, 

offering easy implementation. Three commercially available plastic films, polyethylene (PE), 

polyethylene terephthalate (PET) and polyvinyl chloride (PVC) are used to simulate the 

coating. In the setup, the microwave sensors are directly mounted on the 4 mm thick 

composite plate. The coating affects the surface impedance of the composite, causing changes 

to the signal reflection. Calibration is performed by the measurement of samples with known 

coating thicknesses. For the cavity resonator, a linear relationship is obtained between the 

resonance frequency shift and the thickness; the difference between the measured and actual 

thickness values is around 17 μm. For the coaxial line sensor, the phase variation increases 

with increasing thickness. For both sensors used, the estimation error for a coating thickness 

in the region of 200 μm is well within 10%. 

1. Introduction 

The surfaces of an aeroplane are commonly painted for decorative and functional purposes, 

e.g., minimisation of aerodynamic drag, resistance to chemicals and protection from erosion, 

extreme thermal cycles and high levels of ultraviolet exposure. The coating should be thick 

enough for these functions, while it cannot be too thick to increase the weight, reducing the 

aircraft performance, fuel efficiency and lightning protection[1]. The painting process is 

mostly done manually, so the evenness of the coating cannot be guaranteed and a high 

level of thickness variation can be found [2]. Repainting is required when the coating is 

excessively thick. Conventionally, the thickness is checked by weight measurement, which 
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can lead to an unwanted cycle delay of few days and pose difficulties for large components. 

Local thickness information cannot be obtained by this approach either. For better quality 

control and inspection, non-destructive measurement methods can be utilised, such as 

ultrasonics [3], terahertz scanning [4], guided waves [5] and eddy current testing [6]. However, 

each method has its limitations and specific ranges of applicability. For example, ultrasonic 

testing usually needs couplants (e.g., water or gel) and is accurate for very thick coatings. The 

terahertz equipment is intricate and not suitable for on-site tests. For guided waves, 

transducers should be permanently bonded on the surface. The eddy current testing is mostly 

applied to high-conductivity substrates like metals, where strong currents can be induced. 

However, carbon fibre-reinforced polymer (CFRP) composites that are increasingly used in 

aircraft have relatively low electrical conductivities [7]. There is a great demand for a sensor 

that can be readily used for thin coatings on CFRP. 

In recent years, microwave testing as an emerging technique has received considerable 

interest [8]–[10]. The microwave methods have the advantages of no need for couplants or 

transducers, easy experimental setup and low signal power consumption. In terms of coating 

thickness measurement, some preliminary research was conducted using open cylindrical 

cavity resonators and rectangular waveguides. Takeuchi et al. [11] developed a cavity resonator 

and chose the TM011 mode resonance frequency as a thickness indicator. Coated composite 

panels were measured with the thickness ranging from 50.8 μm to 203.2 μm. Using the fitting 

equation from calibration, the results agreed well with those by a commercial instrument 

following the standard wedge cut method (a destructive approach). Hinken [12] designed a 

TE012 mode cavity and calibrated with one type of plastic foil. For each of the three substrates 

(i.e., CFRP, a copper sheet and CFRP with copper mesh), a calibration curve was generated 

by five points, covering the thickness from 0 to 400 μm with an interval of 100 μm. The 
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thickness of a new sample could be estimated from the calibration data. In both references, the 

information about the CFRP type (e.g., unidirectional (UD), multi-directional or woven) and 

the designs of the sensors were not provided. 

Zoughi et al. [13] applied an open-ended X-band (8-12 GHz) rectangular waveguide to 

measure coatings on a woven composite substrate. Three dielectrics, i.e., 1.69 mm garolite 

fiberglass-epoxy, 5.35 mm polyethylene (PE) and 1.28 mm nylon sheets, were used to 

simulate the coating. An analytical model was employed to compute the thickness from the 

reflection coefficients, and the estimation errors were within 15 %. The composite plate was 

shown electrically isotropic due to the woven structure. In comparison, UD CFRP is more 

conductive along the fibres. As the electric field in the waveguide is parallel to the narrow 

dimension, the portion of the signal reflection is strongly associated with the angle between 

that dimension and the fibre orientation [14]. Therefore, special attention should be paid to 

when the waveguide approach is used for UD CFRP. The positioning of the waveguide in the 

measurement should be kept the same as that in the calibration. 

In the present work, an open cylindrical cavity resonator with simple excitation and a flanged 

coaxial line sensor are proposed. Special probe placement with respect to the fibre orientation 

of the CFRP substrate is not needed due to the symmetric electric fields generated. The sensor 

design and related detection principles are presented in detail. The anisotropy of a UD CFRP 

plate is examined first using an X-band waveguide. Three types of dielectric foils are used as 

coatings for calibration. The effect of the coating thickness on the signal response over a wide 

frequency range is investigated, and the frequency that can provide the optimal performance 

is analysed. The accuracy of the thickness measurement is studied to show the sensors’ 

effectiveness. 
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2. Materials and methods 

2.1. Cavity resonator sensor 

The diagram of the cavity resonator sensor is illustrated in Figure 1. The open cavity consists 

of a cylindrical wall and an endplate. The radius of the cavity (r) is 46 mm, and the height (h) 

is 40 mm. A SubMiniature version A (SMA) connector was mounted on the endplate for 

power transfer. The inner conductor of the connector was extended 2 mm out of the endplate 

and soldered to a 35 mm long copper wire. The extended conductor and the horizontal bar 

produce a T-shaped projecting structure for resonance excitation: the former can induce 

transverse magnetic (TMnml) modes and the latter can excite both TM and transverse electric 

(TEnml) modes. TM and TE modes mean that the magnetic and electric fields only exist in the 

plane transverse to the axis of the cylinder, respectively [15]. Subscript n is the number of full-

period variations along the circumference of the cylinder, m is the number of zeros of the field 

intensity in the radial direction, and l is the number of half-period variations along the axial 

direction. The resonance frequencies of the TMnml and TEnml modes in an air-filled closed 

cylindrical cavity can be computed by 

2 2

TM 2nml

nmpc lf
r h

π
π

   = +   
  

                                                    (1a) 

2 2

TE 2nml

nmpc lf
r h

π
π

′   = +   
  

                                                    (1b) 

where c is the speed of light in free space. pnm is the m-th root of the Bessel function of first 

kind Jn, and p'nm is the m-th root of the derivative of Jn. 

In the test, the sensor and the composite form a closed cavity. When a coating layer is 

introduced on top of the composite, the surface impedance becomes a function of the coating 

thickness and electrical properties of both coating and CFRP. The effective surface impedance 
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increases with increasing coating thickness. According to the perturbation theory, the increase 

of the surface impedance can result in a smaller resonance frequency and a lower quality 

factor due to more dielectric and radiation loss. 

 

Figure 1 Schematic diagram of the open cavity resonator 

2.2. Coaxial line probe 

The structure of the open coaxial line sensor is presented in Figure 2, where the 

electromagnetic fields in the line are rotationally symmetric. The outer conductor of a 

conventional coaxial line probe for permittivity characterisation generally has a small outer 

diameter (less than 20 mm) [16]. Here a large aluminium flange was made with an outer 

diameter of 80 mm, so the sensor can be easily placed on a surface. A SMA connector was 

also used for signal feed. 

Well-established analytical modelling of radiation from an open-ended coaxial line into 

stratified dielectrics can be found in the literature. The present setup can be approximated by 

one of the models where a dielectric sample is backed by an infinitely large medium [17]. 

Microwave signals have low penetration in conductive composites [14]. Thus, the thickness of 

the composite used is electrically large and can be viewed as infinity in that regard. The 

reflection coefficient Γ at the aperture can be expressed as 

1
1

y
y

−
Γ =

+
                                                                        (2a) 
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where εr1 is the relative permittivity of the coating layer. εrc is the relative permittivity of the 

dielectric (i.e., Teflon) in the coaxial line. a and b are the inner and outer radii of the Teflon 

ring, respectively. For the present sensor, a=0.65 mm and b=2.05 mm. J0 is the zero-order 

Bessel function of first kind. k0=ω/c is the free-space wavenumber, and ω is the angular 

frequency. The function F(ζ) associated with the boundary conditions can be given by 
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                      (3) 

where d is the coating thickness and εr2 is the relative permittivity of the composite. 

As indicated in Equations (2) and (3), it is not straightforward to retrieve the thickness from 

the analytical model. It should be noted that the reference plane of the complex reflection 

coefficient S11 acquired from the analyser may not be exactly at the aperture where Γ is 

defined. Hence, appropriate correction is needed, further exacerbating the thickness 

determination. Here a simple calibration approach is adopted by recording the signals for 

different coatings. For a new signal, the thickness can be interpolated from the calibration 

curve produced for the specific material. 

  

(a) (b) 

Figure 2 Open coaxial line sensor for coating thickness measurement: (a) photograph; (b) 

schematic diagram of the setup (not to scale) 
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2.3. Experimental setup 

The signals for the two sensors were generated by a Fieldfox N9951A portable microwave 

analyser (Keysight Technologies, Santa Rosa, CA), and the sensor was connected to the 

analyser by a coaxial cable. A factory calibration known as CalReady was performed at 

the test port connector (i.e., Port 1). For both sensors are one-port devices, only the S11 data 

were collected from the analyser by a LAN cable. The power of the signal was set to -15 dBm 

(i.e., 0.032 mW), which was too low to cause any heating effect. Three commercially 

available plastic films, PE, polyethylene terephthalate (PET) and polyvinyl chloride (PVC), 

were used to simulate the coating and placed on a 4 mm thick UD T300 CFRP laminate. The 

measurement of thin dielectric layers is common practice in the calibration of a new 

coating thickness sensor, as an even surface can be provided. The permittivity values of 

PE, PET and PVC at 3 GHz are 2.25-j6.75×10-4 [18], 2.87-j2.74×10-2 [19] and 2.84-j1.57×10-2 

[18], respectively. Due to the low-loss characteristic, the permittivity values of these materials 

do not significantly change in the GHz range. For a single layer, the thicknesses of PE, PET 

and PVC measured by a digital calliper (Pro’s Kit co. Ltd., Shanghai, China) were 

approximately 40 μm, 50 μm and 280 μm, respectively. For PE and PET, up to 25 layers were 

tested with the maximum thickness over 1 mm, same as typical aircraft painting. For PVC, 

due to the larger layer thickness, up to seven layers were tested. Plastic pieces with 

dimensions of 150 mm×120 mm (larger than the probe aperture) were cut and stacked onto 

the composite. The sensor was gently pressed against the films to eliminate air gaps between 

the foils. Three consecutive measurements were taken for each thickness case. 

A commercial eddy current technique-based coating thickness gauge (Uni-Trend 

Technology Co., Ltd, Dongguan, China) was also employed. When the gauge was 
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directly placed on the composite, no indication of the thickness was given, showing the 

inapplicability. 

3. Results and discussion 

3.1. Material anisotropy of UD CFRP 

The signal responses at five angles (θ) between the electric field inside the waveguide and the 

fibres, i.e., 0º, 30º, 45º, 60º and 90º, are shown in Figure 3, where the curves do not overlap. 

For the case where the electric field is parallel to the fibres (i.e., θ=0º), the energy reflected is 

the highest as would be expected. The maximum magnitude difference between the 0º and 90º 

cases is approximately 10%, confirming that the electrical conductivity of the composite plate 

is not homogeneous and the waveguide approach could not be applied for the measurement of 

coated UD CFRP. In comparison, the reflection coefficients were hardly changed when the 

two microwave sensors designed were rotated on the composite. 

 

Figure 3 Reflectivity measurement of the composite with the waveguide placed at different angles 

3.2. Cavity resonator 

Over a wide frequency range, a number of resonances can be excited in a closed cavity. As 

reported in the literature [20], the fundamental mode TM010 has the lowest resonance frequency 

(around 2.49 GHz for the cavity designed) and quality factor, so higher modes are of interest 
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here. The reflection coefficients for the composite plate over a frequency range of 4-10 GHz 

are presented in Figure 4, where more modes exist at higher frequencies and the difference 

between adjacent resonance frequencies becomes smaller. To avoid interference and increased 

fabrication cost of the microwave circuit at high frequencies, two low resonance frequencies 

(i.e., 4.495 GHz and 4.893 GHz) are chosen for further analysis. 4.495 GHz corresponds to 

the frequency in the TM011 mode (denoted by fr1), while 4.893 GHz corresponds to the 

frequency in the TE211 mode (denoted by fr2). The real resonance frequency of each mode is 

slightly lower than the ideal one (i.e., 4.502 GHz for the TM011 mode and 4.907 GHz for the 

TE211 mode), as the electrical conductivity of the composite is lower than that of a perfect 

conductor. Detailed field distributions of the two modes can be referred to in [21]. 

The shifts of the two frequencies with respect to the total thickness of the stacked dielectric 

layers d are shown in Figure 5, where the frequency decreases with increasing thickness and 

linear trends are observed. The relationship between the resonance frequency and coating 

thickness is obtained using regression analysis. 

1 1 1rf k d c= +                                                                    (4a) 

2 2 2rf k d c= +                                                                   (4b) 

where k1, k2, c1 and c2 are the regression constants, and the values obtained are listed in Table 

1. The high coefficients of determination imply good fitting. For each mode, the regression 

constants for the three coating materials are similar, suggesting that the frequency change is 

independent of the material. The average measurement sensitivities using fr1 and fr2 are around 

81.95 kHz/μm and 64.18 kHz/μm, respectively. The standard deviation of the frequency 

measurement is up to 1.25 MHz, so the minimum thickness differences that can be detected 

from the fr1 and fr2 measurements are 16.81 μm and 20.15 μm, respectively. Therefore, the 

estimation error can be well below 10 % when d is larger than 200 μm. 
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Figure 4 Response of the resonant cavity for the composite plate 

in terms of reflection coefficient versus frequency 

  
(a) (b) 

Figure 5 Variation of resonance frequency with respect to total thickness (d) of the stacked 

dielectric layers on the composite: (a) resonance frequency of the TM011 mode, fr1; (b) 

resonance frequency of the TE211 mode, fr2 

Table 1 Regression constants and coefficients of determination (R2) in Equations (4a) and (4b) 

 PE PET PVC 

k1 -7.436×10-5 -8.421×10-5 -8.728×10-5 

c1 4.497 4.498 4.502 

R2 (4a) 0.9988 0.9989 0.9997 

k2 -6.205×10-5 -6.514×10-5 -6.536×10-5 

c2 4.894 4.895 4.896 

R2 (4b) 0.9998 0.9997 0.9999 
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For the fitting functions obtained, the independence of the coating material is examined with 

thin Flame Retardant 4 (FR4) woven fiberglass-epoxy sheets (typical εr of 4.32-j0.10), which 

are also readily available. Five FR4 samples with thicknesses of 0.15 mm, 0.35 mm, 0.45 mm, 

0.71 mm and 0.80 mm were separately placed on the CFRP plate. The average k1, k2, c1 and c2 

in Table 1 are used for the prediction of the resonance frequency. As presented in Figure 6, 

for both fr1 and fr2, good agreement is seen between the tests and the estimation, and 

especially a better fit is observed in fr2. Hence, the TE211 mode resonance frequency could be 

potentially used for a wide range of dielectrics. 

 

Figure 6 Comparison between the measured and predicted resonance frequencies for a 

fiberglass-epoxy coating using the fitting functions from the calibration 

3.3. Open-ended coaxial probe 

The coaxial probe was first used to measure the PE layers. As given in Figure 7 (a), over the 

whole frequency range from 1 GHz to 18 GHz, there is no pattern between the magnitude 

variation and the thickness change. In terms of the phase, in Figure 7 (b), the curves for 

different thicknesses over 1.30-1.40 GHz show that at an arbitrary frequency the phase 

increases with increasing thickness and gradually stabilises, demonstrating a good 

correlation. The phase curves over the full frequency range are not presented here, as they 

are closely spaced and cannot be readily differentiated. At nine selected frequencies, the phase 
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variations with respect to the reference case of CFRP only are shown in Figure 7 (c), where 

the largest dynamic changes are observed at 16 GHz. This frequency is also used in the 

analysis of the PET and PVC cases. As demonstrated in Figure 8, at thickness d below 250 

μm the phase differences between the three foil cases are small. The PET and PVC curves 

overlap for the similar dielectric properties, and at d≥250 μm the phase changes are lower 

than those of PE.  

Polynomials can be introduced to fit the points, and the monotonic characteristic of the fitted 

curves suggests that they can be employed for the thickness determination. A high estimation 

accuracy with an error of less than 10% can be achieved at thicknesses below 500 μm due to 

the high rates of change. Taking the fitted function of PET as an example (i.e., 

S11=7.9129×10-14d5-4.6959×10-10d4+1.0338×10-6d3-1.0874×10-3d2+0.5789d+0.8745), given 

the phase value 93.51º at 250 mm, the thickness estimated is 257.48 mm, which 

corresponds to an error of 2.99%. 

  
(a) (b) 
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(c) 

Figure 7 Signal response of the PE coating using the coaxial line sensor developed (each case 

is represented by ‘L+number of layer’): (a) magnitude of S11 over 1-18 GHz; (b) phase of S11 

over 1.30-1.40 GHz; (c) phase differences between the coating and non-coating cases at nine 

selected frequencies from 2 GHz to 18 GHz 

 

Figure 8 Relationship between the phase response and the total thickness for the three coating 

materials at 16 GHz (the standard deviations of the data points are also provided) 

4. Concluding remarks 

Two new microwave sensors have been developed for the thickness measurement of dielectric 

coatings on unidirectional CFRP plates. The sensors can be positioned without the need to 

consider the anisotropy of the composite. In terms of measurement accuracy, the two sensors 

complement each other: the cavity resonator sensor is more suitable for relatively thick 

coatings, while the coaxial line sensor better suits thin coatings. For the cavity sensor, a linear 
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relationship exists between the resonance frequency and coating thickness. It is suggested that 

the sensor can be employed for materials that are not used in the calibration. For the coaxial 

sensor, a monotonic relationship can be established between the phase shift and coating 

thickness. In near future work, the effectiveness of the two sensors for more realistic coated 

composites will be explored, like painted surfaces. 
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The thickness of surface coating on unidirectional carbon fiber-reinforced polymer 

composites is measured with two new microwave sensors. From the experiments, good 

correlation is found between the coating thickness and the parameter of interest (i.e., the 

resonance frequency for the open cavity resonator sensor and phase for the coaxial line 

sensor).  
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