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Abstract

:

In this paper, an oblique aperture ridge waveguide operating at 2450 MHz is proposed, and, using the ridge waveguide, a permittivity measurement system is constructed which can measure the permittivity of materials during microwave heating. The system calculates the amplitudes of the scattering parameters by using the forward, reflected and transmitted powers of the power meters, and it reconstructs the permittivity of the material by combining the scattering parameters with an artificial neural network. The system is used to measure the complex permittivity of mixed solutions of methanol and ethanol with different ratios at room temperature, and the permittivity of methanol and ethanol with increasing temperature, from room temperature to 50 °C. The measured results are in good agreement with the reference data. The system allows simultaneous measurement of the permittivity with microwave heating and provides real-time, rapid changes in the permittivity during heating, avoiding thermal runaway and providing a reference for applications of microwave energy in the chemical industry.
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1. Introduction


There is a wide range of microwave applications in environmental science, medicine, chemistry, biology and our daily life [1,2,3,4,5,6,7,8]. These applications involve three main characteristics, i.e., microwave transmission, reflection and absorption in the medium [9,10,11], which are closely related to the complex permittivity of a medium. Complex permittivity can reflect the absorption, reflection and transmission ability of the medium to the electromagnetic waves during the interactions between the electromagnetic waves and the medium.



The permittivity of a material varies with changes in temperature. Due to variable permittivity, the microwave absorption ability of some materials can be changed during the microwave heating process, which may lead to the “thermal runaway” phenomenon, and even safety accidents. The emerging discipline of microwave chemistry has also flourished with the development of microwave heating. Microwaves can directly interact with a chemical system, and use its thermal effect to promote a variety of chemical reactions. The essence of chemical reactions is the renewal of substances with permittivity changing in the chemical reactions, and the permittivity real-time measurement of the reactants has become an important means of studying the principle of interactions between microwaves and reactants. Therefore, measurement of the complex permittivity during the microwave heating process is a prerequisite for the safe use of microwave energy.



Different permittivity measurement methods and systems have been proposed according to different physical forms of media, such as solid, liquid, and solid powder, and to different temperature environments. At present, the traditional measurement methods have been divided into two main categories: network parameter methods and resonant methods [12]. These methods both have their own advantages, but also have some limitations. In network parameter methods, the sensor and material are equivalent in a single or multi-port network that combines electromagnetic parameter measurement methods, such as the transmission/reflection method, free-space method, short-ended method, and open-ended method [13,14,15,16,17], and then its permittivity can be measured through a vector network analyzer and other instruments. Network parameter methods offer relatively high accuracy over a wide frequency band and require less sample preparation than resonant methods [18], and therefore, are suitable for the measurement of permittivity of high-loss materials. In resonant methods, electromagnetic parameters are measured by changing the resonant frequency and quality factor when a sample is inserted into a measurement cell [19,20]. Resonant methods have high measurement accuracy, but the measurement frequency is only a single point, which is widely used in the measurement of permittivity of low-loss materials [21]. In general, for low-loss material measurements, the accuracy is high when using resonant methods, which are commonly used in point frequency measurement [22]. For high-loss material measurements, network parameter methods are widely used. These methods have the advantages of large measurement bandwidth, low requirements for sample preparation and simple system structure.



In fact, it is difficult for devices to measure the permittivity of materials directly. In network parameter methods, the scattering parameters of the medium can be obtained from microwave measurements, and the relationship between the permittivity and the scattering parameters is complicated. Deep learning allows computing models composed of multiple processing layers to learn data representation with multiple abstract levels, and the models can learn very complex functions [23]. Deep learning has developed rapidly in recent years, especially the artificial neural network. Neural networks can be trained to map a set of inputs to a set of outputs, making a wide range of applications possible, such as electromagnetic inversion, resistivity data reconstruction and image recognition [24,25,26]. Therefore, in this study, we use an artificial neural network which is the main architecture for deep learning to obtain the permittivity through the scattering parameters.



In view of the above, in this paper, we propose an integrated microwave heating and complex permittivity measurement system based on deep learning with the transmission/reflection method. The scattering parameters of the system are calculated by collecting relevant powers from the microwave power meters, and the permittivity of the medium is reconstructed by combining with an artificial neural network algorithm. The system can measure the permittivity of liquid, solid, and solid powder, and simultaneously enables the measurement of the permittivity during microwave heating.




2. Materials and Methods


2.1. System Design


The proposed permittivity measurement system using an oblique aperture ridge waveguide based on deep learning is shown in Figure 1. The system is mainly composed of a solid-state microwave generator, a circulator, two bi-directional couplers, an oblique aperture ridge waveguide, two water loads, two microwave power meters, and a fiber optic thermometer. For measurements, a quartz test tube containing the sample to be measured is placed in the ridge waveguide. Two bi-directional couplers are connected at both ends of the ridge waveguide. By connecting the microwave power meters to the bi-directional couplers, the forward and reflected power is measured at the input of the ridge waveguide, and the transmitted power can be obtained at the output port of the ridge waveguide. Microwave power generated by the solid-state microwave generator is used for microwave heating and the permittivity measurement of materials. In order to protect the microwave generator, a circulator with a water load is connected between the microwave generator and a bi-directional coupler. At the same time, a water load is also connected at the end of the system to absorb the microwave energy transmitted through the ridge waveguide. A fiber optic thermometer is placed into the material, and the temperature is monitored in real time. Finally, the measured forward power, reflected power and transmitted power are calculated as the corresponding scattering parameters, which are then used as the input of the artificial neural network to reconstruct the permittivity of the corresponding material.




2.2. Core Measurement Equipment Design


The core equipment for measurements is designed at 2450 MHz, which is widely used in the chemical industry. The core device of the permittivity measurement system is an oblique aperture ridge waveguide, which consists of four parts: rectangular waveguide, ridge, measuring oblique aperture and observation hole, as shown in Figure 2. The waveguide length is L1, the waveguide width is W1, the waveguide height is H1, the ridge length is L2, the ridge width is W2 and the ridge height is H2. The size dimensions of the measuring device are listed in Table 1. The ridge waveguide is designed based on the standard rectangular waveguide BJ22, which bends the wide wall to form a ridge. Due to the ridge waveguide, the electromagnetic field is focused between the two ridges. The ridge waveguide has a hole in each of the two narrow walls, where the sample to be measured can be observed. To avoid leakage of electromagnetic energy, the observation holes extend outwards to form a circular waveguide, which operates in a cut-off state. The ridges of the broad walls have a measuring hole for the material to be measured. The circular waveguide formed from the measurement holes also operates in the cut-off state. The measurement holes form an oblique angle with the waveguide. This structure allows the sample to be located in the region with strong electric field, which improves the measurement sensitivity.



When the real part of the permittivity of the material to be measured varies from 1 to 40 and the loss tangent varies from 0.1 to 0.8, the scattering parameters are simulated using full-wave simulations. The simulation results show that the scattering parameters, i.e., |S11| and |S21|, can reflect a change in the permittivity of the material when the real part is 1–40 and the loss tangent is 0.1–0.8. By using the scattering parameters, the permittivity of the material to be measured can be reconstructed. Figure 3 and Figure 4 show the simulation results for the oblique aperture and the normal ridge waveguide [27] with a real part of 5 and a loss tangent of 0.1–0.8, and a loss tangent of 0.8 and a real part of 1–40, respectively. Comparing the scattering parameters of the oblique aperture and normal ridge waveguide, the scattering parameters of the oblique aperture ridge waveguide have a greater range of variation and higher measurement sensitivity for the same range of variation in loss tangent and the real part of the permittivity.




2.3. Artificial Neural Network Design


In this paper, the artificial neural network algorithm is used to reconstruct the complex permittivity. We used the artificial neural network to reconstruct the permittivity of the material by measuring the scattering parameters. The network is mainly composed of three parts: an input layer, four hidden layers and an output layer. The input vector of the input layer is the scattering parameters (|S11|, |S21|), and the output layer outputs two dielectric characteristic vectors (real part   ε ′  , loss tangent    tan δ   ), as shown in Figure 5. The output value of the layer    a i    (i = 1, 2, 3, 4, 5) is:


   a i  = f     ∑  j − 1  m    ω  i − 1    a  i − 1   +  b  i − 1        



(1)




where   m   is the number of neurons of the (i − 1) layer,    ω  i − 1     is the weight coefficient matrix of the (i − 1) layer,    a j  i − 1     is the output value of the j neuron of the (i − 1) layer,    b  i − 1     is the bias vector of the (i − 1) layer, f(x) is the activation function. The input layer    a 0    is the scattering parameter:


     a 0  =   [ |  S  11   | , |  S  21   | ]  T   



(2)







The output layer    a 5    is the permittivity:


   a 5  =   [  ε ′  , tan δ ]  T   



(3)







A portion of the simulation data as training samples is selected to complete the training of the neural network. To verify the prediction effect of the neural network, 40 groups of sample data, not used for training, are selected and input into the trained neural network. The prediction results with high accuracy are shown in Figure 6, since the relationship between the predicted value and the true permittivity is close to the theoretical curve y = x. The predicted mean absolute errors of the real part of the permittivity and the loss tangent are 1.15% and 3.56%, respectively, indicating that the neural network model is highly reliable.





3. Results


3.1. Room Temperature Experiment


The reliability of the microwave heating and measurement system were verified at room temperature. Methanol and ethanol are widely used chemical reagents; therefore, we chose methanol and ethanol solutions and their mixtures for measurement at 2450 MHz frequency. During the experiments, the solution to be tested was poured into a quartz test tube and placed in the oblique aperture ridge waveguide. The forward, reflected and transmitted powers were measured using the microwave power meters, and then the amplitudes of S11 and S21 were calculated from these powers. The whole measurement system was built according to Figure 1, and a photograph of the permittivity measurement system is shown in Figure 7.



The reference values of the complex permittivity of methanol and ethanol are 24.97 and 8.94, respectively. When methanol and ethanol are mixed in different ratios, the real part of their complex permittivity varies from 8.94 to 24.97. As calculated by Equation (4), the permittivity of the mixed solution gradually increases with the methanol concentration. Therefore, we prepared the mixed solution for measurement according to the equal proportional variation, and the measured values agreed with the reference values.



The reference values for pure solutions were obtained from [28], while the complex permittivity of mixed solutions is εeff = ε′ − jε″, where ε′ represents the real part of the complex permittivity and ε″ represents the imaginary part of the complex permittivity. It can be calculated from the Bruggeman formula [29] as:


   ε  e f f   =  1 4  [ ( 3 α − 1 )  ε i  + ( 2 − 3 α )  ε e  ] +  1 4    {   [ ( 1 − 3 α )  ε i  + ( 3 α − 2 )  ε e  ]  2  + 8  ε i   ε e  }    1 2     



(4)







In the formula, εeff is the permittivity of the mixed solution, εi is the permittivity of the blended solution, εe is the permittivity of the base solution, and α is the volume ratio of the blended solution to the mixed solution. The reference values of the permittivity of mixed solutions were calculated according to the Bruggeman formula, and the volume ratio α was varied by 20% for each group.



The total volume of solution to be measured was 100 mL and six solutions were prepared. In the first solution, only 100 mL of ethanol was used, each subsequent solution was mixed by reducing the ethanol amount by 20 mL and increasing the methanol amount by 20 mL until the sixth solution was only 100 mL of methanol solution. At room temperature, the permittivity was measured by adding 5 mL of each solution into a test tube, and the average of the three experimental tests were taken as the measured permittivity of material. The results of the experiments are shown in Table 2 and Table 3.



It can be seen from the measurement results in Table 2 and Table 3 that the microwave heating and measurement system is capable of accurately measuring the complex permittivity of methanol, ethanol solvents and their mixtures at room temperature, which is consistent with the theoretical values in the references. The relative error of the real part of the complex permittivity measurement is within 10%, and the relative error of the loss tangent measurement is also within 7%. In this experiment, the measurement error in the real part of the solution’s complex permittivity was the largest when methanol and ethanol were mixed at a ratio of 2:3. The error could be due to the change in the dielectric properties of the solution caused by the poor mutual solubility of the methanol and ethanol reagents. These errors may have also been caused by the differences in temperature and humidity in the experimental environment compared to in the literature. In addition to the complex structure of the measurement system and systematic errors in the individual microwave components, the inversion algorithm model may lead to some minor errors.




3.2. Increasing Temperature Experiment


After verifying the reliability of the system at room temperature, we further used the system to measure the permittivity of materials with increasing temperature during microwave heating. We chose methanol and ethanol as the materials to be tested in the warming experiment. The boiling point of methanol is 64.7 °C and that of ethanol is 78.3 °C. Considering the boiling points of the two organic reagents, the output power of the microwave generator was set to 10 W. The complex permittivity of the material was measured from room temperature to 50 °C, at 5 °C intervals. A fiber optic thermometer was used for real-time temperature monitoring. The forward, reflected and transmitted power at each temperature point were recorded to calculate the scattering parameters by using the power meters, and then the permittivity was reconstructed by using an artificial neural network. The measurement results are shown in Figure 8 and Figure 9.



Measurement of the complex permittivity of methanol and ethanol under increasing temperature conditions were compared with the results in [30]. Figure 8 and Figure 9 show that the results of this experiment at 2450 MHz have the same trend as the reference results at 2500 MHz, with only small differences in the specific values. This may be due to the fact that there is a deviation in frequency between the two experiments and the permittivity varies with the frequency, hence, the small deviation in the tested values at the two frequencies. In addition, there may be some minor errors in the purity of the organic reagents as well as in network of inversion algorithms, which can also lead to deviations in the measured values, but the accuracy of the measurements are not affected. In summary, we experimentally verified the accuracy and reliability of this microwave heating and complex permittivity measurement system. Moreover, we designed the system to use a quartz tube as a container for the material to be measured, thus, avoiding direct contact between the material and the measuring device, and allowing the measurement of the complex permittivity of corrosive materials.





4. Discussion


In this paper, a system for microwave heating and measurement of the complex permittivity was designed based on the transmission/reflection method, and it was experimentally verified that the system could achieve rapid and accurate measurement of the complex permittivity during microwave heating. The permittivity of methanol and ethanol and their mixed solutions were measured at room temperature. In addition, the permittivity of microwave-heated methanol and ethanol solutions were measured during the process of increasing temperature, and the results were in agreement with the references, indicating that the system could be used to measure the permittivity of a material at high temperatures. In general, the comparison of the experimental data with the simulation results showed good agreement. The small errors between the two results could be due to system errors introduced by coaxial cables and other devices, minor measurement errors in the power meters, inversion errors introduced by the artificial neural network algorithm and so on.



During the process of microwave heating and drying of materials, the rapid increase in temperature that some substances experience can lead to sudden changes in the permittivity of the substances. By measuring the permittivity of a substance under microwave heating conditions, the real-time variation of the substance’s permittivity with temperature can be obtained. In addition, a rapid change in permittivity can cause the absorption of microwave energy to increase rapidly, forming a positive feedback, resulting in “thermal runaway”. The system provides a method to measure the complex permittivity during microwave heating, which can obtain the change rule of the complex permittivity during the heating process in real time and control the microwave power in real time. By using the proposed microwave heating and permittivity measurement system, thermal runaway can effectively be avoided, providing safety guidance and support for applications of microwave energy.
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Figure 1. Permittivity measurement system at 2450 MHz. 
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Figure 2. Schematic of the oblique aperture ridge waveguide. 
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Figure 3. Sensitivity comparison results of oblique aperture ridge waveguide and normal ridge waveguide at     ε ′   = 5: (a) Sensitivity comparison results of |S11|; (b) sensitivity comparison results of |S21|. 
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Figure 4. Sensitivity comparison results of oblique aperture ridge waveguide and normal ridge waveguide at    tan δ    = 0.8: (a) Sensitivity comparison results of |S11|; (b) sensitivity comparison results of |S21|. 
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Figure 5. Neural network prediction model. 
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Figure 6. Permittivity prediction results: (a) Prediction effect of   ε ′  ; (b) prediction effect of    tan δ   . 
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Figure 7. Photo view of the permittivity measurement system. 
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Figure 8. Variations in methanol complex permittivity with temperature: (a) ε′; (b)    tan δ   . 
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Figure 9. Variations in ethanol complex permittivity with temperature: (a) ε′; (b)    tan δ   . 
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Table 1. Structure dimension table of the oblique aperture ridge waveguide.
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	Parameter
	Values (mm)





	L1
	237



	W1
	109.22



	H1
	54.61



	L2
	180



	W2
	34



	H2
	20
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Table 2. Real part of the permittivity of solutions.
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	Media (Volume Ratio)
	Reference ε′
	Measurement ε′
	Errors (%)





	Methanol:Ethanol = 0:5
	8.94
	9.69
	+8.4%



	Methanol:Ethanol = 1:4
	11.26
	12.06
	+7.1%



	Methanol:Ethanol = 2:3
	14.09
	15.48
	+9.8%



	Methanol:Ethanol = 3:2
	17.37
	17.36
	−0.06%



	Methanol:Ethanol = 4:1
	21.03
	20.79
	−1.1%



	Methanol:Ethanol = 5:0
	24.97
	24.96
	−0.04%
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Table 3. Loss tangent of solutions.
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	Media (Volume Ratio)
	Reference tanδ
	Measurement tanδ
	Errors (%)





	Methanol:Ethanol = 0:5
	0.85
	0.80
	−5.9%



	Methanol:Ethanol = 1:4
	0.78
	0.74
	−5.1%



	Methanol:Ethanol = 2:3
	0.72
	0.71
	−1.4%



	Methanol:Ethanol = 3:2
	0.66
	0.70
	+6.1%



	Methanol:Ethanol = 4:1
	0.62
	0.63
	+1.6%



	Methanol:Ethanol = 5:0
	0.58
	0.59
	+1.7%
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