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I. INTRODUCTION 

Microwave heating has been used for a long time in commer-

cial and industrial applications owing to its heating efficiency. A 

typical example of a heating method using microwaves is a mi-

crowave oven at home. It is also used industrially in various 

fields such as soil moisture removal, volatile organic compound 

(VOC) removal, disinfection, and sterilization [1–3]. 

VOCs such as toluene and xylene inevitably occur in many 

industrial facilities, including semiconductor processing plants, 

refineries, and shipyards [4]. To prevent environmental pollution 

and human hazards, VOCs should be filtered by VOC filters. 

The confinement process of VOCs through filters is called ad-

sorption. Owing to their volatility, the filters used for VOC ad-

sorption can be recycled through microwave heating, and the 

desorbed VOCs can be separated by an air intake system. This 

process is called desorption. The adsorption and desorption pro-

cesses are sequentially performed in separate spaces. To regener-

ate the VOC filter well, high energy efficiency and heating uni-

formity are required during desorption. 
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Abstract 
 

In this study, two types of slotted waveguide are designed in the frequency of 2.45 GHz to improve the microwave heating uniformity of a 
quadrangular prism-shaped cavity in a volatile organic compound (VOC) removal system. Both types adopt the equivalent circuit ap-
proach used for a waveguide slot array antenna. The difference between the two types is the slot impedance extraction method of the 
waveguide slot array: one calculates the impedance taking the cavity structure into account and the other finds it in free space. Both meth-
ods show that the heating uniformity is improved by 52% compared with that of the conventional horn-type feeding structure system ac-
cording to the simulation results. Even though there is no difference in the heating uniformity between the two models, it is confirmed 
that the slotted waveguide array feeding model designed by using the impedance data of the slot incorporating the cavity (SAWFMcavity) 
has about 6.35 dB better impedance matching characteristics than the other model designed by extracting the impedance data of the slot 
in free space (SAWFMfree). Also, it is found that the SAWFMcavity shows more stable impedance characteristics with respect to the loading 
condition than the SAWFMfree. Therefore, it is concluded that the impedance of the slot should be extracted taking the cavity into ac-
count for the design of the slotted waveguide feeding structure since it improves the reflection characteristic as well as the heating uni-
formity compared with the horn-type feeding structure. 
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Since most microwave heating systems are high-power appli-

cations, the shielding is very important, and thus, a cavity struc-

ture is frequently used. In addition, to avoid dielectric break-

down, the microwave feeding structure often uses a waveguide 

aperture type composed of a single conductor. For example, a 

VOC removal facility using a cavity fed by a horn-type micro-

wave feeding structure is suggested [5].  

In general, much care is needed for the design of the feeding 

structure of a cavity since many modes exist inside the cavity as 

determined by the cavity structure, and the excitation of the 

mode is dependent on the feeding structure. Many research 

studies related to this have been actively conducted [6–12]. The 

optimization process for improving the electric field’s uniformity 

by analyzing the modes existing in the cavity and expressing the 

electric field inside the cavity in a linear combination of the 

modes has been presented [6]. However, modal analysis in a 

cavity and finding the feeding structure are very difficult because 

the cavity structures have different characteristics. Another 

method proposed for improving the uniformity is to use multi-

ple microwave sources with sequential feeding [7]. However, 

using multiple sources has the disadvantages of system complex-

ity and higher cost. The other method of increasing the uni-

formity is to employ a mode stirrer to mix multiple electromag-

netic modes in the cavity, and parametric studies with a genetic 

algorithm for a dielectric multilayer in a rectangular cavity were 

suggested [8, 9]. Nevertheless, the mode stirrer itself is an extra 

structure that makes the system complicated, and the parametric 

studies with a genetic algorithm are also difficult to analyze. 

There are studies in which dielectric slabs are uniformly heat-

ed using a slotted waveguide structure, and studies in which the 

heating uniformity is improved by using multiple slotted wave-

guides in a rectangular cavity [10–12]. Unlike the methods in-

troduced earlier, these feeding structures can have the effect of 

generating multiple microwave sources with a single excitation 

port in a simple design method. However, the technique was 

used for heating a dielectric slab and the rectangular cavity only. 

In this study, two types of slotted waveguide feeding struc-

tures are designed for the uniform heating of a VOC absorbent 

material in a quadrangular prism-shaped cavity used in a VOC 

removal facility. This paper is organized as follows. The entire 

VOC removal system, the cavity structure, and the basic horn-

type feeding structure are introduced in Section II. In Section 

III, the basic theory of waveguide slot and the design method of 

the two types of slotted waveguide feeding structures are pre-

sented. In Section IV, the figure of merit of heating uniformity 

used in this study is presented, and the comparison result of the 

heating uniformity performance among the horn-type and the 

two types of slotted waveguide feeding structures is introduced. 

The impedance matching characteristics are compared and the 

load sensitivity is discussed in Section V, followed by the conclu-

sion in Section VI.  

II. ENTIRE VOC REMOVAL SYSTEM AND HORN-TYPE 

FEEDING STRUCTURE  

Fig. 1(a) shows the entire VOC removal system [4]. The total 

structure is a large metallic cylinder divided into several cylindri-

cal wedge-shaped rooms, and the red part represents the air in-

take system. Each room is shielded with metal plates, and the 

upper and lower surfaces are composed of a metal perforated 

plate, which shields microwaves, but air can be inhaled. A VOC 

absorbent material (so-called VOC filter) is partially filled in 

each room, and microwaves are applied to each room to desorb 

VOC from the filter. The desorbed VOC is removed by the air 

intake system, and the system is rotated every certain time to 

remove the desorbed VOC in other spaces. Owing to the air 

intake system, microwaves cannot be fed from the top and bot-

tom, but from the outer face of the system or sidewall of the 

cavity. Fig. 1(b) shows the quadrangular prism-shaped cavity 

structure for uniform heating used in this study, which is actual-

ly a piece of 16 room cavities arranged in circular form in the 

VOC removal system shown in Fig. 1(a). Table 1 shows the ge-

ometric parameters of the cavity. The cavity is partially filled 

with a dielectric material (VOC filter after adsorption) to be 

heated, the dielectric constant and loss tangent of which are 4.98 

and 0.16, respectively. 

 

 

 
(a) (b) 

Fig. 1. (a) Entire VOC removal system. (b) A piece of 16 cavi-

ties of the entire system (quadrangular prism-shaped 

cavity). 

 

Table 1. Geometric parameters of the cavity 

Parameter Value𝑟 (mm) 990.6ℎ (mm) 350.0ℎ (mm) 150.0𝑤 (mm) 448.1𝑤 (mm) 58.2𝜃 (°) 22.5
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Fig. 2 shows a piece of room cavity with the conventional 

horn-type feeding structure. In this study, two types of slotted 

waveguide are designed and attached at the sidewall of the cavi-

ty to improve the heating uniformity. 

III. TWO TYPES OF SLOTTED WAVEGUIDE DESIGN  

The microwave source used for heating is a magnetron oper-

ating at 2.45 GHz. Therefore, the waveguide structure of 

WR340 (width = 86 mm, height = 43 mm) is selected. The first 

method (hereinafter, SAWFMfree) is to design the microwave 

feeding structure according to the well-known broad-wall reso-

nant waveguide slot array (WSA) antenna design method. This 

method has been used for the uniform heating of a rectangular 

cavity [12].  

Fig. 3(a) shows a longitudinal slot with an offset on a broad 

wall of a rectangular waveguide. The slot length is around λ0/2 

so that the slot shows a resonance characteristic. Specifically, this 

structure can be modeled as a shunt admittance element [13–

15]. When the TE10 mode is excited in the waveguide, the nor-

malized shunt admittance value can be calculated as 
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where λg is the guided wavelength in the waveguide [13].  

Fig. 4 shows the broad-wall resonant single slot used in this 

study. Since the admittance value may vary depending on the 

thickness and width of the slot, a more accurate admittance value 

can be obtained through full wave simulation. In this study, the  

 

 

 
slot width and height, shown in Fig. 4, are fixed to 6 mm and 5 

mm, respectively. The normalized admittance value can be cal-

culated as  
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where the normalization factor is a wave impedance of the TE10 

mode in the rectangular waveguide. The scattering parameters 

used in Eq. (2) are the data obtained by simulating the wave-

guide slot and de-embedding the λg/4 waveguide section on 

each port. The basic WSA antenna design method uses an 

equivalent circuit approach where the calculated shunt admit-

tance elements representing broad-wall slots are connected by 

the transmission line representing the waveguide. For broadside 

radiation, the slot spacing is set to λg/2, and the offset direction 

of the adjacent slot is opposite to compensate the phase of the λg/2 waveguide section. The end of the waveguide is short, and 

the distance from the end to the last slot is λg/4 [13]. Fig. 5 

shows the equivalent circuit model of the slotted waveguide 

structure, and the normalized input admittance can be calculat-

ed as 
 

1

n
in kk
y y

=
= ,                 (3) 

 

where ky  is the normalized admittance value of the kth slot. 

Considering the overall size of the cavity, the total number of slots 

is set to 10. Following the broad-side radiation WSA antenna 

design, the normalized shunt conductance and susceptance value 

are set close to 0.1 and 0, respectively. The waveguide center is 

placed at a distance of 235 mm from the floor of the system to 
 

Fig. 5. Equivalent circuit model of slotted waveguide to be used as 

the feeding structure of the cavity. 

Fig. 2. Horn-type microwave excitation structure for the quad-

rangular prism-shaped cavity. 

 

 

(a) (b) 

Fig. 3. (a) Longitudinal slot on a broad wall of waveguide. (b) 

Equivalent circuit model of Fig. 2(a). 

Fig. 4. Broad-wall resonant single slot. 
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avoid direct contact between the VOC absorbent dielectric and 

the slot. Fig. 6 shows the entire heating system with the slotted 

waveguide feeding structure, and Table 2 shows the normalized 

admittance value of each slot and the length and offset proper-

ties. The height of the centerline of the slot array and the posi-

tion of the first slot (#1) are fixed to z = 235 mm and y1 = 42.08 

mm, respectively. Also, the quantity of the VOC absorbent ma-

terial (loading) depends on the operational situation so that the 

height h is a variable in the range of 130 to 170 mm. The refer-

ence h is set to 150 mm, which is an intermediate value of the 

height range. 

For SAWFMfree, the feeding structure is designed using the 

resonant broad-side WSA antenna design method in free space. 

However, as soon as the slotted waveguide structure is attached 

to the sidewall of the cavity, the calculated admittance property 

is changed by the cavity structure. After all, in order to find the 

correct admittance data of the slot attached to the cavity, the 

admittance properties have to be extracted including the effect 

of the cavity. The second method (hereinafter, SAWFMcavity) is 

to extract admittance data of the slot including the effect of the 

cavity and to design the slotted waveguide feeding structure in 

the same way as the approach in SAWFMfree. In this case, two 

slots having the same length and offset have different admit-

tances, since the fields excited by the two slots are different de-

pending on the position of the slot inside the cavity. Hence, the 

position of the slot should be considered as a variable. The 

height of the centerline of the slot array and the position of the 

first slot are the same as in the SAWFMfree case. Fig. 7 shows 

the extracted normalized admittance data with varying lengths 

and offsets of all slots. Since there are two variables, namely, the 

slot’s length and offset, the admittance value is calculated by 

fixing one variable and changing the other variable. Fig. 7(a) and 
 

 
Fig. 6. A 3D model of the system with the slotted waveguide feed-

ing structure: z = 235 mm, y1 = 42.08 mm, h = 150 mm. 

 

Table 2. Normalized shunt admittance values at 2.45 GHz and slot’s 

properties (SAWFMfree) 

Slot 
Normalized  

admittance 

Properties (mm)

Offset Length

1–10 0.1026 + j 0.0006 8.4 57.7

(a) 

(b) 

(c) 

(d) 

 

Fig. 7. Extracted normalized shunt admittance (SAWFMcavity): (a) 

normalized shunt conductance with respect to the slot’s length 

(Offset = 10 mm), (b) normalized shunt susceptance with re-

spect to the slot’s length (Offset = 10 mm), (c) normalized 

shunt conductance with respect to the slot’s offset (Length = 

58 mm), and (d) normalized shunt susceptance with respect 

to the slot’s offset (Length = 58 mm). 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 21, NO. 2, APR. 2021 

130 
   

  

(b) show the normalized shunt conductance and susceptance, 

respectively, according to the length change when the slot’s off-

set is fixed at 10 mm. Fig. 7(c) and (d) show the normalized 

shunt conductance and susceptance, respectively, according to 

the offset change when the slot’s length is fixed at 58 mm. No-

tice that the admittance values are quite different depending on 

the slot’s position as the slot length or offset is large. On the 

basis of the data in Fig. 7, a slight tuning is performed to match 

the normalized shunt admittance value of each slot similar to 

SAWFMfree. Table 3 shows the derived slot’s properties of 

SAWFMcavity. 

IV. UNIFORM HEATING PERFORMANCE 

In this study, to evaluate the heating uniformity performance 

of various feed structures, an evaluation index related to micro-

wave is suggested. The heat generated in the dielectric is pro-

portional to the power loss density (W/m3) due to electromag-

netic waves expressed as 
 

2''( )P σ ωε= + E ,                (4) 
 

where σ and ε’’ represent the conductivity of the VOC absorbent 

dielectric medium and the imaginary part of the dielectric con-

stant, respectively [16]. Although heat transfer should also be 

considered, only thermal losses due to microwaves are consid-

ered in this study. On the basis of the power loss density distri- 

bution, the figure of merit for performance evaluation is set as 
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N : Number of samples 

Pi  : Power loss density at the i-th sample 𝑃 : Average value of power loss density 
 

Table 3. Normalized shunt admittance values at 2.45 GHz and 

slot’s properties (SAWFMcavity) 

Slot 
Normalized  

admittance 

Properties (mm)

Offset Length

1 0.1017 – j 0.0011 7.2 58.4

2 0.0987 - j 0.0029 7.5 59.4

3 0.0981 + j 0.0076  8.6 58.2

4 0.0993 + j 0.0066 9.2 60.5

5 0.0990 - j 0.0024 9.0 58.8

6 0.0982 + j 0.0005 7.0 59.1

7 0.1027 - j 0.0012 8.8 58.5

8 0.0992 - j 0.0001 9.5 59.4

9 0.0966 + j 0.0030 9.5 58.8

10 0.1018 + j 0.0006 7.7 59.4

where σnor(P) is the normalized standard deviation of power loss 

density in the material. To ensure the convergence of the calcu-

lation results, the field sampling interval is set to 7 mm, which is 

smaller than λd/7, where λd is the wavelength in the dielectric 

medium. The total number of field samples in the dielectric is 

about 100,000 in this example. To evaluate the heating uni-

formity of horn-type and proposed systems, full wave EM 

simulation (CST Microwave Studio) is performed on the con-

ventional horn-type feeding structure and the two WSA models 

(SAWFMfree and SAWFMcavity). 

Fig. 8 shows the power loss density distribution inside the 

dielectric medium. Fig. 8(a) and (b) show the results for the 

horn-type feeding structure. Fig. 8(c) and (d) are the results for 

SAWFMfree, and Fig. 8(e) and (f ) are the results for SAWFM-

cavity. It can be seen that the structure using the horn type has a 

strong power loss density distribution in the vicinity of the aper-

ture. On the other hand, it can be seen that the power loss den-

sity distributions are relatively more uniform in the SAWFMfree 

and SAWFMcavity cases than in the case of the horn-type struc-

ture. The normalized standard deviations are given in Table 4. It 

is confirmed that the slotted waveguide feeding structure im-

proves the heating uniformity by about 52% compared with the 

existing horn-type feeding structure. In addition, notice that 

there is little difference (less than 1%) in heating uniformity 

between the two slotted waveguide models. 

 

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 

Fig. 8. Power loss density distribution in the material: (a) horn-type 

structure horizontal cut, (b) horn-type structure vertical cut, 

(c) SAWFMfree structure horizontal cut, (d) SAWFMfree 

structure vertical cut, (e) SAWFMcavity structure horizontal 

cut, and (f) SAWFMcavity structure vertical cut. 
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Table 4. Comparison of uniform heating performance 

Structure 
Average power loss 

density (W/m3) 

Normalized standard 

deviation 

Horn type 11.70 2.62

SAWFMfree 12.70 1.25

SAWFMcavity 13.50 1.26

 

V. IMPEDANCE MATCHING CHARACTERISTICS  

Fig. 9 shows the impedance matching characteristics of the 

three systems. The reflection coefficient characteristic for S(1,1) 

is usually required  to be lower than −10 dB. The return loss is 

larger than 10 dB for both designs to satisfy the impedance 

matching requirement. However, in the case of heating facilities 

using microwaves, it is better to make the reflection as small as 

possible (for example, S(1,1) ≤ 13 dB corresponding to less 

than 5% reflection) for energy-efficient operation. To meet the 

conditions, an external matching circuit such as a waveguide 

stub tuner should be additionally attached for the horn type and 

SAWFMfree. In the case of SAWFMcavity, it is possible to obtain 

excellent impedance matching characteristics at a center fre-

quency of 2.45 GHz without additional impedance matching 

circuits. This is because a more accurate impedance matching is 

possible since the calculation of the normalized admittance val-

ue of each slot includes the cavity. 

 Generally, the resonance-based WSA antenna has very nar-

row band characteristics. Therefore, when it is used as the feed-

ing structure in an industrial microwave heating facility, it may 

have characteristics that are very sensitive to internal load 

changes (e.g., dielectric constant, height, etc.). Even though the 

impedance matching can be obtained through the external 

matching circuit, the tuner has to be adjusted whenever the in-

ternal condition of the cavity changes. 

Fig. 10(a) and (b) show the impedance matching characteristics 

according to the loading of VOC absorbent for SAWFMfree and 

 

Fig. 9. Impedance matching characteristics. 

(a) 

(b) 

Fig. 10. Impedance matching characteristics with changing internal 

load condition (reference dielectric height h = 150 mm): (a) 

SAWFMfree and (b) SAWFMcavity. 

 

SAWFMcavity, respectively. The height of the VOC absorbent 

material inside the cavity varies from 130 to 170 mm with 10 

mm intervals. In both models, the reference dielectric height is 

150 mm. In the case of SAWFMfree, it can be seen that the im-

pedance matching characteristic deteriorates to -10 dB depend-

ing on the change in dielectric height. However, in the case of 

SAWFMcavity, it can be seen that the impedance matching char-

acteristic is maintained below  -15 dB despite the dielectric 

height change, and it can be stably operated without manipulat-

ing an external matching circuit according to a change of the 

load in the cavity.  

VI. CONCLUSION 

In this study, two types of slotted waveguide array in the fre-

quency of 2.45 GHz are designed to improve the heating uni-

formity of the quadrangular prismatic microwave cavity used for 

a VOC removal system. Both follow the equivalent circuit ap-

proach of the WSA antenna design. The difference is whether 

the cavity is included when extracting the impedance data of the 

slot. Both methods confirm that the heating uniformity is im-

proved by 52% compared with the conventional horn-type exci-

tation case, and the uniformity difference between the two 
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models is below than 1%. However, the model using the imped-

ance data of the slot including the cavity has been found to have 

better impedance matching by 6.35 dB and shows better load-

insensitive characteristics than the model designed by extracting 

the impedance data of the slot in the free space. As a result, the 

impedance value of the slot should be extracted taking the cavity 

effect into account for the design of the slotted waveguide feed-

ing structure that improves the reflection and load-insensitive 

characteristics while improving the heating uniformity com-

pared with the horn-type feeding structure. 
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