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Abstract: This research focusses on the methods for expanding the working space to radiate the electromagnetic fields 

of 2.45 GHz within a dielectric load by using only one square patch radiator together with a plus-like electromagnetic 

band gap (EBG). One port of square patch generates a high transmission power to distribute the symmetrically 

electromagnetic field distribution. Electromagnetic band gap structure has a unique band gap characteristic where it 

can suppress the surface wave and continuously increase electric fields distribution on dielectric load under test with 

dimension of 300×300 mm2 when the thickness dimension is optimized. A dielectric heating applicator using 

microstrip patch with EBG structure has a low-loss dielectric because of the structure of system which has no gap 

between applicator surface and dielectric load. This paper provides a comparison of the simulation of electric 

distribution in microwave chamber when the applicators are copper plate, square patch microstrip and square patch 

generator surrounded by EBG. In the simulation results, an electric distribution in the dielectric load was compared 

when the dielectric constant was 4.7. The maximum percentage of electric fields distribution that was evenly 

distributed in dielectric load was about 99.97% at middle surface with a thickness of 5 mm by using square patch 

generator surrounded by EBG as the applicator. In addition, the simulation results were confirmed with the results of 

the dielectric heating measurement of the dielectric load as rice which is a popular grain in the commercial application 

of dielectric industrial drying. 

Keywords: Electromagnetic band gap, Dielectric heating, Rice, Electric field distribution, Applicator. 

 

 

1. Introduction 

The thermal phenomena of using the profit of 

electromagnetic waves is an important topic in 

scientific and engineering research [1-3]. At present, 

various types of heating processes have been 

developed, such as induction heating and dielectric 

heating. Induction heating or magnetic field heating 

is the process of heating an electrically conducting 

object of metallic material by inducting a magnetic 

field to carry an electric current through it, especially 

with steel objects. Most current flows through objects 

at the level of skin depth, this causes a current to flow 

around the work piece until it is heated to the surface 

of the work piece. The thermal process occurring 

depends on the volume of current being induced and 

the equivalent resistance along the path through 

which the current passes, and then transferred to other 

areas by conduction and convection. Moreover, 

another electromagnetic field application is dielectric 

heating or electric field heating, this process is used 

to heat non-metal materials [4, 5]. Dielectric heating 

is a process that can directly transfer heat into a 

dielectric material that is suitable for the resonant 

frequency without affecting other materials, owing to 

the heating that occurs when dielectric molecules 

vibrate and cause friction between the polar 
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molecules to generate heat [6,7]. Dielectric heating is 

applied on the principle of frequency conductivity in 

the form of an electric field by transmitting power to 

the dielectric medium based on Eq. (1) [8],  

 

𝑃 = 𝐸2𝜎 = 2𝜋𝑓𝐸2𝜀𝑜𝜀′′       (1) 

 

Where E is the rms of electric field strength on 

the material (𝑉/𝑚), 𝑃 is the power density (𝑊/𝑚3), 

𝜎  is conductivity, 𝑓  is frequency ( 𝐻𝑧 ), 𝜀𝑜  is 

permittivity of free space (𝐹/𝑚), 𝜀′′ is loss factor of 

material. The changing rate of the temperature 

increased,  ∆𝑇/∆𝑡 in ℃/𝑠, in the dielectric material 

caused by the conversion of energy from the electric 

field to heat in the material as Eq. (2). Where, 𝑐𝑝 is 

specified heat of the material (𝑘𝐽/𝑘𝑔℃), 𝜌 is density 

of the material (𝑘/𝑚3) 
 

∆𝑇

∆𝑡
=

𝑃

𝜌𝑐𝑝
                        (2) 

 

Dielectric heating is classified into two 

operations in the high frequency range: a radio 

frequency (RF) alternating electric field heating and 

microwave electromagnetic radiation heat dielectric 

material [9,10]. The radio wave heating process is 

caused by an electric field between the electrode 

plates, which is a line of electric force in the radio 

frequency band from 27 MHz to 40 MHz [11]. In 

terms of microwave heating, the frequency is used at 

915 MHz or 2.45 GHz. The principle of operation of 

microwave heating is transverse wave in waveguide 

from one place to another. Each resonant frequency 

has different ability to penetrate into materials [12]. 

Radio frequency and microwave dielectric heating 

technology, both electromagnetic heating processes, 

have more applications in agriculture such as in the 

drying industry, fruit preservation industry, wood 

drying [13-16]. In addition, dielectric heating can 

also be applied to living organisms or pests in 

agriculture, such as the control of rice weevils or 

worms that are embedded or hidden within 

agricultural products or seeds and plants [17-19]. The 

type of the frequency band to use depends on the 

properties of the electromagnetic or material that 

requires heat. Radio frequency heating is suitable for 

materials that are combined and have distinct 

dielectric loss values. Microwave heating is distinct 

from RF heating in that an electromagnetic wave is 

launched from small dimension emitter at high 

frequency with shorter wavelength. This wavelength 

is suitable for materials containing water molecules 

or polar molecules. This will absorb the energy of the 

 
(a) 

 

 
(b) 

Figure. 1 Structure of: (a) plate emitter in RF heating and 

(b) microstrip patch emitter in MW heating 

 

waves that pass through it and generate heat [20]. Fig. 

1 shows the difference in the dimension of the emitter 

at RF and MW frequencies. The emitter of MW 

heating is smaller than the one in RF heating, so the 

area to radiate electric distribution or heating power 

is less followed. This is the reason why microwaves 

are not used in large industries; the application area 

is too small due to wavelength limitation. Even so, 

MW heating has the ability to heat very well. 

Therefore, it can be said that if the efficiency of the 

microwave emitter can be enhanced into a more 

usable area, it will be very good for the dielectric 

heating technology. 

Periodic structures are suitable for expanding the 

working space of MW heating application. There are 

abundant in nature and have several characteristics 

such as frequency stop band, pass band, and band 

gaps [21-23]. The domain of the applications is seen 

in filter designs, grating, frequency selective surfaces 

(FSS), photonic crystals and photonic band gap 

(PBG). They are classified under definition of 

Electromagnetic Band Gap (EBG) structure [24]. The 

novel shapes of mushroom-like EBG structures were 

considered in our previous paper [25], unique 

properties have made them applicable in many 

antenna and microwave application. EBG structures 

are periodic structures which can suppress the 

propagation of electromagnetic waves in particular 

frequency bands, increase in-phase reflection 

coefficient bandwidth and distribute electromagnetic 

field based on the dimensional periodicity of EBG 

structure. They are categorized into many shapes 

according to resonant bandwidth such as square 

shape, plus shape, and cross shape. Thus, the 

remainder of the paper concentrating on expanding 

the working space of MW dielectric heating by using 

a square microstrip emitter together with EBG 
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surface. A microstrip emitter performs as an external 

source which activates the EBG performance. 

The rest of this article is organized as follows: 

Section 2 presents the designed model and simulation 

results of plus shape EBG and designed applicator. 

Section 3 describes electric field distribution at 

dielectric load analysis. The performances of square 

patch around by plus shaped EBG applicator is 

validated to investigate the simulated results in 4. 

Section 5 summarizes the paper and describes future 

work. 

2. Designed model and simulation results of 

plus shape EBG unit cell and applicator 

In this section, a plus shaped EBG was simulated 

to exhibit the performance of reflection phase and 

band gap. Both incident plane wave and suspended 

microstrip line approach were utilized to investigate 

the performance of this shape. Moreover, a square 

patch microstrip with input impedance of 13.8 ohms 

was designed to perform ability to radiate electric 

field distribution of an emitter compared with a 

copper plate and a square patch microstrip with the 

EBG. 

2.1 Plus shape EBG configurations 

The parameters of the EBG structure are labeled 

in Fig. 2 and Table 1. The configuration consisted of 

three parts that are: plus shaped patches, 

polypropylene substrate and ground plane. The 

conducting patches were connected to ground plane 

with small pin, called vias. One element of the EBG 

is that it looked like mushroom whereby the patches 

array was seen to be the unit cell by considering vias 

by vias, which is smaller than the wavelength at 2.45 

GHz. The operation of the EBG unit cell is performed 

based on lumped-circuit (LC) elements as illustrated 

in Fig. 3. The LC model introduced an inductor (L) 

and capacitor (C), which were due to the current 

flowing through the vias and the gap between 

adjacent patches, respectively. The impedance of 

resonance circuit can be approximated by the 

following formulas [24]: 

 

𝑍 =
𝑗𝜔𝐿

1−𝜔2𝐿𝐶
                         (3) 

 

The resonance frequency of the circuit is given by: 

 

𝜔𝑜 =
1

√𝐿𝐶
                     (4) 

 

The value of the capacitor can be proven using a 

parallel circuit calculation technique between  

 
Figure. 2 Unit cell of plus shaped EBG 

 

 
Figure. 3 LC model for plus shaped EBG structure 

 

capacitor and inductor as shown in the following 

equation: 
 

𝐶 =
𝑊𝜀𝑜(1+𝜀𝑟)

𝜋
cos−1 (

2𝑊+𝑔

𝑔
)       (5) 

 

The value of the inductor arose from the current that 

flowed through the vias and patch in Fig. 2 (b): 

 

𝐿 = 𝜇𝑡                                (6) 

 

where, 𝜇 is permeability and 𝜀 is permittivity. 

The interesting EBG characteristics are not 

reflected the in-transmission wave and suppressed 

the surface wave in the resonance band gap. Fig. 4 (a) 

depicts a model for plus shaped EBG analysis based 

on periodic boundary condition [26]. When the 

incident wave is a plane wave in CST software that is 

traveling to the EBG surface for the distance of half 

wavelength 4 (b), the reflection phase of the EBG 

structure varies with frequency as plotted in Fig. 5 (a). 

At a certain frequency, the reflection phase is zero 

degrees which does not exist in perfect electric 

conductor reflector plane. Additionally, the 

microstrip line with two port sets over the surface of 

EBG unit cell as shown in Fig. 4 (c) [27]. The 

frequency band gap characteristic through which the 

surface wave cannot propagate is illustrated in Fig. 5 

(b). Only transmission coefficient S21 is presented for 

lucidity at frequency range with S21 below -20 dB 

extend from 2.3 to 2.55 GHz. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure. 4 Sketch of simulated EBG characteristics: (a) 

periodic boundary condition, (b) 1 element of EBG, and 

(c) plus liked EBG unit cell with suspended microstrip 

structure 

2.2 Square patch microstrip emitter 

An emitter of dielectric heating system should have a 

symmetrical and low-profile structure because the 

EBG elements can be arranged in an orderly manner. 

A microstrip antenna or printed antenna that consists 

of three layers, same as the proposed EBG, is mostly 

used at microwave frequencies. Therefore, this 

research designed a square patch microstrip at 2.45 

GHz for utilizing emitter of applicator in dielectric 

heating system as shown in Fig. 6, based on patch 

microstrip antenna theory [28]. Input impedance of 

patch emitter is dependent on the magnetron tube 

impedance that is 13.8 ohms at 2.45 GHz. Due to the  

Table 1. The parameters of plus shaped EBG 

Parameters Size (mm) 

Patch width (𝑊) 43.75 

Gap width (𝑔) 1.012 

Substrate thickness 𝑡 () 2.00 

Dielectric constant (𝜀𝑟) 2.20 

Radius of vias (𝑟) 2.00 

Width of unit cell (𝑊 + 𝑔) 44.50 

 

 
(a) 

 

 
(b) 

Figure .5 Simulated results of EBG characteristics: (a) 

reflection phase of 1 element plus shaped EBG and (b) S-

Parameter of suspended microstrip on plus shaped EBG 

unit cell 

 

Table 2. Parameters of square patch emitter 

Parameters Size (mm) 

Width of square patch (𝑊𝑃) 84.875 

Length of square patch (𝐿𝑃) 84.875 

Width of ground plane (𝑊) 56.250 

Length of ground plane (𝐿) 56.250 

Dielectric constant (𝜀𝑟) 2.20 

Substrate thickness (𝜀𝑟) 2.00 

 

symmetrical design of the structure, the width and 

length of the patch were adjusted. The results of the 

adjustment are shown in Fig. 7. Table 2 compiles the 

parameters value of the proposed emitter. 

2.3 Comparison of E-fields distribution on various 

emitter 

In this section, the various electromagnetic 

emitters   of   the   dielectric   heating   systems   are 
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Figure. 6 The configuration of square patch microstrip 

emitter 

 

 
Figure. 7 Simulated S11 of square patch microstrip 

emitter when width and length are varied 

2.3.1. Plate applicator 

Fig. 8 (a) shows plate emitter components 

comprising of cooper plates, feed point and ground. 

The total size of cooper plate is 300×300 mm2. The 

electric fields distribution on plate applicator surface  

 

 
(a) 

 

 
(b) 

Figure. 8 A plate applicator: (a) structure and (b) electric 

field distribution simulation result 

 
(a) 

 

 
(b) 

Figure. 9 A patch microstrip emitter: (a) structure and (b) 

electric field distribution simulation result 

 

illustrated in Fig. 8 (b) confirms that the heating 

intensity occurred at the center of emitter and spread 

out with only a small radius when the maximum 

electric field intensity was 50 V/m. If this power 

distribution type is used, result of electric fields 

distribution will radiate in very small area of heating. 

The problem may have to be solved by adding more 

power sources [29,30]. 

2.3.2 Square patch microstrip emitter 

A square patch microstrip was designed to 

generate electromagnetic fields and waves at 

frequency of 2.45 GHz by matching the input 

impedance with magnetron source of 13.8 ohms. All 

dimensions were optimized with structural symmetry 

conditions to obtain symmetrical electric fields 

distribution as well. The total sizes were 83×83 mm2 

when thickness of substrate was 2 mm. The square 

patch emitter was located on the center of substrate 

and ground plane and fed at the middle point of 

structure, as illustrated in Fig. 9 (a). Due to the 

matching between the source and the emitter, Fig. 9 

(b) shows a wider area of electric near field 

distribution when the total area size is equal to plate 

emitter and the maximum electric field intensity is 50 

V/m. Furthermore, the working area was improved 

by using EBG structure. 

2.3.3 Square patch microstrip emitter surrounded with 

EBG 

A symmetrical microstrip patch emitter with plus 

shaped EBG was simulated to analyze the electric  
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(a) 

 

 
 

 
(b) 

 

 
 

 
(c) 

 

 
 

 
(d) 

Figure. 10 A microstrip emitter with variously 

arrangement of plus shaped EBG and electric field 

distribution on surface 

 

fields distribution as illustrated in Fig. 10. This 

started with the analysis of only one round EBG 

arrangement around the symmetric emitter as shown 

in Figs. 10 (a) and (b). The second arrangement in Fig. 

10 (b) could propagate an electric field in 

symmetrical square form which is suitable for 

dielectric load structure. Observing the area of the 

surrounding electric field, it was found that the 

electric field could continue to spread further, thus 

surrounding more of the EBG as denoted in Figs. 10 

(c) and (d). The electric field could not be distributed 

at the edges of structure evenly when the area size 

was increased to 400×400 mm2, but it could be 

distributed when the area was 300×300 mm2. 

Therefore, the arrangement of double round plus 

liked EBG was used for 2.45 GHz microwave 

applicator. 

3. Dielectric load and microwave chamber 

The dielectric load in this research was rice with 

dielectric constant of 4.7. Rice is an important 

economic crop requiring post-harvest drying process. 

In terms of dielectric heating simulation, the 

dielectric load dimension specified the width and 

length as 300×300 mm2 owing to the results of 

simulating the working space of the applicator in the 

previous section although, the parameter h should be 

analyzed as denoted in Fig. 11 (a). In general, 

microwave chambers at 2.45 GHz consist of multi 

sources with rotating table to scatter the microwave 

into the product [31]. The advantage of the multi-

mode chamber is the even microwave field that 

enables the heating of large or complex shaped 
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Table 3. The view perspective of electric field distribution at darious position on dielectric load 

Thickness 

   (mm) 

           3D view 

        yz plane 

  (middle surface) 

xy plane 

(middle layer) 

xy plane 

(top layer) 

Scale 

 

 

5 

 
 

 

 

 

 
 
 

 

 
 

 

 

 

 

 

 
10 

 

 

 

 

 
 

 

 

 
 

 

 

 

 

 

 
15 

 

 
 
 

 

 

 
 

 

 

 
 

 

 

 

 

 

 
20 

 

 

 
 

 

 
 

 

 

 
 

 

 

 

 

 

 
25 

 

 

 
 

 

 

 
 

 

 

 

 

 

 

 

30 
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(a) 

 

 
(b) 

Figure. 11 Sketch of: (a) a dielectric load structure and 

(b) proposed applicator 

 

products. However, the distance that microwave field 

travels from the microwave generator to the product 

or dielectric load occurring causes the occurrence of 

a free space propagation loss. Consequently, this 

research aimed to reduce the losses that occur 

microwave chamber by using patch microstrip 

emitter with EBG surface and placing dielectric load 

close to microwave emitter as shown in Fig. 11 (b). 

The ground plane was an enclosed microwave 

chamber at top, bottom, left and right sides. In the 

simulation setting, the source was set up with input 

impedance of 13.8 ohms. 

The simulation results of electric field 

distribution at the dielectric load in Table 3 show the 

ability to radiate an electric field to the dielectric load 

in perspective view, moreover the middle surface of 

dielectric load in yz plane and xy plane are shown 

altogether. The parameter h was varied from 5 mm to 

30 mm by setting the value increments of 5 mm. The 

electric field distribution effect was uniform and 

could cover the entire work piece when a dielectric 

load had a thickness of 5 mm and 10 mm with the 

percentage of electric field distribution of 99.97% 

and 98.80% at middle surface, respectively. However, 

when the thickness was adjusted to 15 mm and 20 

mm, the electric field was evenly distributed in the 

middle of the load but a fade of electric field intensity 

occurred at the edge of the load. As a result, the 

percentage of electric field distribution was 95.09% 

and 83.18% at middle surface, respectively. It was 

observed that the electric field intensity diffused 

slightly at the upper surface of the load than at the 

central surface of the load due to the nature of the 

electric field will find the ground plane. Furthermore, 

Table 4. Percentage of electric field distribution in 

dielectric load at xy plane 

Dielectric 

thickness (mm) 

Middle Layer 

(%) 

Top Layer 

(%) 

5 99.97 100.00 

10 98.80 99.73 

15 95.09 99.27 

20 83.18 95.01 

25 61.37 89.52 

30 46.33 74.15 

 

the electric field intensity disappeared at the edge of  

the load when the thickness of testing load was 25 

mm and 30 mm. Percentage of electric field 

distribution calculated from electric field intensity 

was from 280 v/m to 300 v/m as indicated in Table 4. 

4. Microwave dielectric heating 

performance 

From all the theories and designs including an 

analysis of the results, this section discusses an 

applicator fabrication of microwave dielectric 

heating chamber as shown in Fig. 12. An applicator 

consists of square patch with center feed point 

together with second rounds of plus shaped EBG 

surface. First, the square patch and plus shaped EBG 

constructed of a copper plate (of 1 mm thickness) and 

mounted on a polypropylene (PP) with permittivity 

of 2.2 was designed to resonate at 2.45 GHz. The 

prototype of microwave dielectric heating machine 

and dielectric load (rice) with permittivity of 4.7, 

contained in a polypropylene tray is illustrated in Fig. 

13.  

The temperature distributed measurement was 

tested by infrared thermal camera. Rice was placed in 

a polypropylene tray with the thickness of rice 

varying from 5 mm to 30 mm by setting the value 

increments of 5 mm. Detail experimental parameters, 

the power of the proposed microwave dielectric 

heating used for testing was set at 100 watts and the 

weight of rice was 450 g while the dielectric load 

thickness was 5 mm. The weight was increased 

according when adding the thickness of the dielectric 

load. The measurement results are shown in Table 5. 

From the testing results, when the maximum and 

minimum temperatures were controlled at 50 ˚C and 

28 ˚C, respectively, it was found that the heating 

appeared to increase when the heating time was 

increased for the thickness of dielectric load of 5 mm. 

Furthermore, when the dielectric load thickness was 

increased to 10 mm, the heating slowed down over 

working space at the edge of tray. Increasing 

dielectric thickness to 15 mm, 20 mm, 25 mm and 30 

mm, the temperatures mensuration had identical  
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Table. 5 Comparison results of dielectric load heating at different thickness over heating time 

Dielectric  Heating Time  

Thickness 2 minutes 4 minutes 6 minutes 

5 mm 

 

 

 

 

 

 

10 mm 

 

 

 

 

 

 

15 mm 

 

 

 

 

 

 

20 mm 

 

 

 

 

 

 

25 mm 

 

 

 

 

 

 

30 mm 
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(a) 

 

 
(b) 

Figure. 12 Structure of: (a) a microwave dielectric 

heating chamber and (b) square patch microstrip together 

with plus-like EBG structure 

 

 
(a) 

 

 
(b) 

Figure. 13 Photograph of: (a) prototype of microwave 

dielectric heating machine and (b) polypropylene tray 

with dielectric load 

directionality and continued to spread throughout the 

dielectric heating area. It can be seen that heating 

with a slight thickness dielectric load can make the 

dielectric load more evenly heated in a faster time. 

The electric field intensity in dielectric load was 

discussed in the simulation section because the 

electric field can influence the heat temperature, 

determined from Eq. (1). Considering to Eqs. (1) and 

(2), the greater the electric field intensity, the greater 

the load power density. In addition, the temperature 

was directly proportional to the power density and the 

time various also effects the temperature at dielectric 

load as illustrated in Eq. (2). From this relationship, 

it was shown that the simulation and experimental  

results were consistent. 

Additionally, the researchers compare the 

efficiency of the proposed and traditional heating 

techniques. Traditionally technique, a magnetron 

tube was used to generate microwave power through 

a horn antenna as the research mentioned above [3, 8, 

10-14, 16, 19]. A microwave oven (Electrolux, model 

EMS 3067X, Stockholm, Sweden) was applied to test 

a traditional performance. The generated power, 

dielectric load thickness and weight were determined 

as 100 watts, 5 mm and 450 g, respectively. The 

microwave oven works until the dielectric load 

temperature as 50 ˚C and takes 10 minutes to heat 

while the proposed technique takes only 6 minutes. 

This experimental research demonstrates that the use 

of microwave dielectric heating by using EBG 

together with patch microstrip emitter can save 

energy more than traditional one as 40 percentages. 

5. Conclusions 

The electromagnetic band gap (EBG) has 

appealed to be applied in microwave dielectric 

heating because of their desirable electric field 

properties. In this paper, increasing efficiency of 

applicator was designed and the electric field 

distribution at frequency of 2.45 GHz over the 

applicator surface analyzed. It was found that the 

electric field was noticeably more distributed 

compared to the one port of plate applicator. The 

computation results of the electric field distribution 

on dielectric load as rice with the dielectric constant 

of 4.7, showed that the maximum electric field 

intensity was propagated thoroughly load under test 

with percentage of electric field distribution of 100% 

and 99.97% at top layer and middle layer, 

respectively, when dielectric thickness was 5 mm. In 

this case study, a prototype of microwave heating 

chamber was constructed with one port microstrip 

applicator with plus shaped EBG. It was found that 

the temperature distributed measurement appeared to 

increase when the heating time was increased for the 

thickness of dielectric load. 

In the future, by getting inspired by [32], we have 

a plan to design a proposed microwave applicator 

with more than one port. In addition, the designed 

microwave drying system will be analyzed for a 

commercial application of dielectric industrial drying. 
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