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 This article examines the design, manufacture, and performance of multi-magnetron ovens 
capable of reaching high temperatures. Firstly, an appropriate waveguide was simulated, and 
the production process was completed. Then, the proposed designs for multi-magnetron 
ovens were simulated, and appropriate dimensions were suggested. It was reported that the 
average power density (PD) value of the produced multi-magnetron oven was 0.37 mW/cm², 
which indicates its performance and efficiency. This value was found to be compliant with 
standards and safe for human use. The main objective of our study was to demonstrate that 
waveguides can reach high temperatures at the center of the oven without affecting each 
other. In this context, it was observed that the temperature created by magnetrons operating 
in single, double, triple, and quadruple modes gradually increased at the center of the oven. 
The simulation results supporting this showed that the S21 parameter was -177 dB. The design 
proposed and applied in our study was efficient, easy to produce, safe for human use, low cost, 
and usable in commercial and academic studies for reaching high temperatures. Overall, the 
multi-magnetron oven design proved to be a successful and practical solution for applications 
requiring high temperatures, showcasing its potential for both industrial and research 
purposes. The findings of this study contribute valuable insights into the development of 
advanced heating technologies, demonstrating significant improvements in efficiency and 
safety for high-temperature applications. 
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1. Introduction  
 

Microwave ovens have become increasingly 
prevalent in various fields such as household, industry, 
agriculture, and academia. In industrial settings, where 
glass, metal, and ceramics require high temperatures for 
processing, microwave ovens have been extensively 
adopted due to their ability to reach high temperatures. 
Likewise, in agriculture, microwave ovens are utilized in 
drying systems [1–3] to reduce drying time and energy 
consumption [4]. The unique features of microwave 
ovens, such as the ability to shorten chemical reaction 
times, increase efficiency, and enhance product purity, 
have made them a popular choice in a wide range of 
applications. As a result, researchers in organic 
chemistry [5], polymer chemistry, biochemistry, 
materials science, and nanotechnology have shown 

increasing interest in this technology. To meet these 
growing demands, the development of microwave ovens 
has been accelerated [6]. 

Upon reviewing the literature, it is evident that 
microwave ovens have emerged as a new and innovative 
approach for Carbon Nanotube (CNT) synthesis, which is 
the subject of numerous studies in addition to the 
aforementioned fields of application [7–12]. Moreover, 
the utilization of microwave ovens in graphene synthesis, 
another crucial area of research, has been documented 
[13–15]. Likewise, microwave ovens have found 
applications in Yttrium barium copper oxide (YBCO), 
nanostructures, and organic synthesis [16–21]. Notably, 
microwave technology for plastic waste recycling is 
another significant application that has garnered 
attention [22]. However, the disadvantage of household 
ovens used in such studies is their limited temperature 
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range. Consequently, there is a growing interest in ovens 
that can attain high temperatures to address this 
limitation. 

Various heating technologies have been developed 
for high-temperature material processing, which can be 
classified into contact and non-contact methods. The 
contact method employs heat transfer to materials, hot 
air convection, or infrared irradiation to cause direct 
heating of materials. Conversely, the non-contact method 
employs microwave or radio frequency (RF) waves as a 
heat source. These waves convert into thermal energy 
within the materials and heat the material through 
interactions between the material and the 
electromagnetic field [23]. 

In the non-contact method, the microwave wave can 
reflect, absorb, or do both in certain amounts, depending 
on the material's properties. Materials with high 
insulating properties transmit microwaves without 
absorption and hence do not heat up. In contrast, 
microwaves reflected from the surface of conductive 
materials do not heat the material. However, microwaves 
absorbed in materials with dielectric properties heat the 
material effectively. Therefore, materials with dielectric 
properties are more suitable for heating in microwave 
ovens. 

The heating mechanics of microwave ovens differ 
from conventional heating systems. In conventional 
heating, heating occurs from the surface to the inside, 
which results in slow and non-uniform heating. In 
contrast, microwave ovens employ direct energy 
transfer, leading to molecular or even nanoscale heating 
[24]. 

Microwave ovens utilize magnetrons as microwave 
generators which emit electromagnetic waves with a 
frequency of 2.45 GHz. Based on the number of these 
magnetrons, microwave ovens can be categorized into 
single-magnetron and multi-magnetron ovens. Single 
magnetron ovens are typically used for low-temperature 
applications, while multi-magnetron ovens are preferred 
for medium and high temperatures. Recent studies have 
shown that multi-magnetron ovens are designed to reach 
high temperatures [23, 25–34]. However, in multi-
magnetron ovens, the magnetrons must focus on heating 
the material inside the oven to avoid the damping of EM 
waves by hitting the oven surfaces and other parts. To 
achieve this, some designs have been proposed in the 
literature, such as a two-input multi-magnetron oven 
design which has been shown to achieve efficient 
microwave heating with a minimum port-to-port 
interaction of -52 dB [29]. Another design used a multi-
magnetron oven to heat a SiC crucible up to 1000°C in 
just a few minutes for material processing [23]. These 
designs have shown that the proper design of multi-
magnetron ovens can enable the attainment of very high 
temperatures, making them advantageous for industrial 
applications. 

It is important to note that ensuring safety in using 
microwave ovens is crucial. As microwave ovens 
generate EM waves that can harm health, it is essential to 
minimize the leakage of microwaves outside the oven 
cavity. International standards have been set for 
microwave ovens to ensure their safe use. The specific 
absorption rate (SAR) value is used to measure the 

amount of EM energy absorbed by the body. According to 
international standards, the SAR value of microwave 
ovens should not exceed the limit of 5 W/kg. It is also 
important to measure and minimize the PD value and 
power amount per unit area to ensure safe use. 

In conclusion, microwave ovens have become 
widespread in various fields due to their advantages, 
such as fast and efficient heating, shortening the duration 
of chemical reactions, and increasing the purity of the 
product. In particular, the use of multi-magnetron ovens 
has become more popular in recent years as they can 
reach high temperatures in a short time. However, 
ensuring the safety of microwave ovens is crucial, and 
measures should be taken to minimize microwave leaks 
and comply with international standards. 

The overall aim of this study is to produce a 
microwave oven that can withstand high temperatures. 
To achieve this goal, the suitability of a multi-magnetron 
(4 magnetrons) oven for high temperatures was 
investigated. Suitable waveguides were proposed for the 
installation of the magnetrons in the oven. These 
waveguides were designed and introduced into the 
literature to transmit the electromagnetic waves from 
the magnetrons to the oven without reflection while 
minimizing the effect of other magnetrons installed in the 
oven. In addition, the effect of the positions of the 
waveguides relative to each other was investigated. 
Precautions were taken to ensure that the PD value of the 
produced oven met the standards, and the PD value in the 
environment was measured throughout the process. A 
programmable power circuit was prepared for the four 
magnetrons installed in the oven. The power circuit 
reached the desired temperature and time. Errors that 
may occur during temperature measurement were 
prevented during this process. As a result, new 
approaches were proposed for multi-magnetron systems 
that are difficult to control and measure temperature. 

 

2. Method 
 

The properties of both the material and the EM wave 
influence the heating of a material with microwaves. 
These properties include permittivity, conductivity, 
permeability, dipole moment, mass, boundary 
conditions, and intermolecular forces. Additionally, 
parameters such as the electric and magnetic fields and 
the frequency of the EM wave also play a role in heating. 
There are three primary methods for heating a material 
with microwaves: magnetic loss heating, conduction loss 
heating, and dielectric heating. 

 

𝑃𝑡 =
1

2
𝜎|𝐸|2 + 𝜋𝑓𝜀0𝜀𝑟

′′|𝐸|2 + 𝜋𝑓𝜇0𝜇𝑟
′′|𝐻|2 (1) 

 
The thermal energy produced by the EM source per 

unit volume is given by Equation (1) [35], where |E| and 
|H| represent the electric and magnetic field strengths of 
the microwave, σ is the electrical conductivity, ε0 and μ0 
are the dielectric constant of vacuum and magnetic 
permeability of vacuum, respectively, 𝜀𝑟

′′  and 𝜇𝑟
′′ are the 

relative dielectric and magnetic loss, respectively, and f is 
the frequency. Equation (1) represents the sum of the 
three types of heating, namely conduction loss, dielectric 
heating, and magnetic loss heating. 
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Figure 1. Dipole rotation of the polar molecule in the 
electric field. 
 

In microwave ovens, two important heating 
mechanisms occur due to the dipolar and ionic 
properties of the materials: dipolar polarization and 
ionic conduction. Dipolar polarization involves the 
interaction between the electric field component of the 
magnetic field and the material, leading to the heating of 
materials with dipole moment when exposed to 
microwave radiation. As shown in Figure 1, dipoles 
exposed to the electric field experience a torque (N) and 
attempt to align with the electric field, resulting in a 
change in the direction of the dipoles as the electric field 
direction changes. This mobility causes the dipoles to 
collide and rub against each other, generating heat in the 
material. The applied frequency ability to direct the 
dipole is one of the effective factors in this warming. The 
heating is minimal at low frequencies since the dipoles 
rotate slowly, while at high frequencies, the dipoles 
cannot respond to the rapid electric field changes and do 
not rotate, leading to no heating. Good heating occurs at 
frequencies between these two limits. Microwave 
devices commonly use a 2.45 GHz frequency is suitable 
for achieving good heating. On the other hand, the 
heating of solids with a magnetic dipole moment occurs 
due to the magnetic field component of microwaves [36]. 

Conduction losses in solids are typically low at room 
temperature but can increase significantly with 
temperature. For instance, alumina (Al2O3) can reach its 
melting point in a microwave oven within minutes, even 
though its dielectric loss is negligible (10-3) at ambient 
temperature. Defects in materials can often increase the 
conduction losses in solids. Another heating mechanism, 
ionic conduction, involves the movement of ions in a 
solution environment that collides with other atoms and 
molecules, resulting in heating from microwave 
radiation [24]. 

To better understand the heating mechanisms of 
materials, it is necessary to consider the loss tangent 

( tan 𝛿 =
𝜖′′

𝜖′  value. This value takes into account the 

relative dielectric constant (ε′) and the dielectric loss 
factor (ε′′), which represent the efficiency of 
electromagnetic radiation conversion into heat [37]. 
These two properties (ε′ and ε′′) together determine the 
dielectric capability of the material, and the loss tangent 
provides information on how much of the electric field is 
converted into heat in the material. 

 
 
 

2.1. Waveguide Design 
 

Rectangular waveguides are commonly used in 
microwave oven designs because they can emit both TM 
and TE modes. However, for efficient power 
transmission, the waveguide should be designed to 
operate at the frequency of interest, with the dominant 
mode being TE10. The cut-off frequency, which is the 
lowest frequency at which a mode can propagate in the 
waveguide, is calculated using the formula: 

 

𝑓𝑐,𝑚𝑛 =
1

2𝜋√𝜇𝜖
√(

𝑚𝜋

𝑎
)

2

+ (
𝑛𝜋

𝑏
)

2

    (2) 

 
where c is the speed of light and m and n are integers 
representing the possible modes of the EM wave. The 
TM11 and TE10 modes have the lowest cut-off frequency 
in rectangular waveguides. 

For the waveguide to be used in a microwave oven, 
the operating frequency should be 1.25 fc < f < 1.89 fc, and 
the cut-off frequency should be higher than the operating 
frequency to act as a high-pass filter. To ensure the 
dominant mode is TE10, the aspect ratio a:b of the 
rectangular waveguide should be such that a>b. 

Finally, S parameters can be obtained by simulating 
the waveguide design in software such as CST. By 
drawing the waveguide with the appropriate dimensions 
(75-105 mm and b=2a), the simulation can provide data 
on how the waveguide will behave in terms of 
transmission, reflection, and attenuation. 
 

2.2. Oven Design and Manufacturing 
 

The oven design (with dimensions of 28x28x28 cm) 
was based on the positioning and assembly of the 
waveguides, and two main designs were emphasized. In 
the first design, the waveguides were placed opposite 
each other at the same angle, as shown in Figure 2a. In 
the second design, the waveguides were placed opposite 
each other, with one waveguide rotated 90 degrees, as 
shown in Figure 2b. Both designs were simulated using 
the CST program, and reflection and transmission 
parameters were analyzed. Stainless steel was used on 
the outer surface of the oven for heat resistance, while 
the waveguides were made of aluminum. The oven 
design shown in Figure 2c was then manufactured as 
shown in Figure 2d. 

 

 
Figure 2. (a) Design-1 placed opposite the waveguides, 
(b) design-2 rotated 90 degrees, (c) SolidWorks design, 
(d) manufacture of the microwave oven. 
 
2.3. Power Control of Microwave Oven 

 

Commercial microwave ovens typically use 
magnetrons that operate at 4kV. The power circuit of 
these ovens typically includes a single high-voltage 
transformer, which has two secondary outputs classified 
as class 220. The voltage at the end of the transformer 
that is connected to the magnetron filament, which has a 
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primary voltage of about 220V, is referred to as the 
filament voltage and is approximately 3.3V. The other 
secondary output has a voltage of around 2100V. 

There is a Villard voltage doubler circuit at the output 
of the transformer. This is the basic voltage doubler 
circuit and consists of a capacitor and diode. The diode 
works as a half-wave rectifier and charges the capacitor 
in positive polarity. On the other hand, negative polarity 
ensures that the voltage accumulated in the capacitor 
with the secondary output of the transformer is collected 
and transmitted to the magnetron as an open circuit. In 
this way, twice the secondary voltage occurs in the 
magnetron. 

 

 
Figure 3. Microwave oven control diagram. 
 

The power output of magnetrons in microwave ovens 
can be controlled using various methods such as variable 
voltage source, resistive, capacitive, ON-OFF (duty cycle), 
and phase controls [38, 39]. This study achieves duty 
cycle control using a zero-crossing Solid State Relay 
(SSR). The output of the SSR is activated after the zero 
crossing of the input signal when the drive signal is at a 
logic high level. Similarly, the SSR stays open until the 
zero crossing of the input when the driver signal is at a 
logic-low level and closes with the zero crossing. Figure 
3 illustrates the microwave oven control diagram. 

 
2.4. Temperature Measurement Method 

 
Accurate temperature measurement is crucial in 

microwave systems, but several important factors must 
be considered. Figure 4a shows that microwave leaks 
occur at the entrance points of the thermocouple, which 
can affect the accuracy of the measurement. To mitigate 
this problem, the thermocouple should be electrically 
grounded to the surface of the microwave oven, as shown 
in Figure 4b. Additionally, microwave radiation can also 
impact thermocouple measurements and lead to errors. 
Coating the thermocouple is one solution to this issue, 
and Figure 4 illustrates three basic types of coatings. 
Figure 4c shows a coating that can withstand microwave 
radiation. In contrast, the coating in Figure 4d grounds 
the tip of the thermocouple to the body, and Figure 4e 
features an open that can be affected by radiation [24]. 
Therefore, the coating in Figure 4c is recommended to 
ensure accurate temperature measurements. 

 

 
Figure 4. (a) Grounded, (b) ungrounded, (c,d,e) 
thermocouple coating of temperature measurement 
system. 

 
2.5. Microwave Leakage Measurement 

 
Microwave sources can cause health issues if not 

properly controlled, as they are absorbed by the human 
body and converted into heat energy. While this heat is 
often invisible at low levels, it can still lead to health 
problems, particularly in sensitive areas such as the 
brain, eyes, and genitals. To prevent such health risks, it 
is crucial to implement necessary safety measures and 
adhere to established standards in microwave systems 
[40]. 

The standards related to this subject specify the 
amount of power converted into heat in the unit tissue of 
the human body. This quantity is defined in terms of 
Specific Absorption Rate (SAR) as shown in the following 
Equation (3) [41]: 

𝑆𝐴𝑅 =
𝜎

2𝜌
|�̅�|2 𝑊

𝑘𝑔
  (3) 

 
Here, σ is tissue conductivity (S/m), ρ is tissue density 

(kg/m3), and E is the electric field in the tissue sample. 
This effect decreases rapidly with increasing distance 
and depends on the duration of exposure to the activity. 
As a result, the standards were determined according to 
30 minutes for general exposure and 6 minutes for 
controlled workers (occupational). These values can also 
be given as PD (mW/cm2). The conversion between these 
two units is expressed in the following formula [42]: 

 

𝑆𝐴𝑅 =
𝑑

𝑑𝑡

𝑑𝑤

𝑑𝑚
=

𝑑

𝑑𝑡
(

𝑑𝑤

𝑑(𝜌.𝑉
) =

𝑃

𝜌.𝑙.𝑑𝑆
=

𝑃

𝜌.𝑙
      (4) 

 
where V is the tissue volume, l is the tissue length, S is the 
tissue section, ρ is the tissue density, and P is the power 
density. Many countries have safety standards 
depending on the frequency. In the International 
Commission on Non-Ionizing Radiation Protection 
(ICNIRP) standard [43], PD reference levels for an 
average exposure time of 6 and 30 minutes to EM fields 
are given in Table 1. This study's PD value is expected to 
be lower than 50 W/m2 since more than 6 minutes of 
exposure will be required for controlled use. 
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Table 1. ICNIRP (2020) PD limit values. 

 

3. Results and Discussion  
 

We performed a simulation to analyze the waveguide 
that would be produced with a value between 75 mm and 
105 mm. Afterward, similar to design-1 and design-2, 
waveguides were installed in the oven and simulations 
were carried out for the same "a" value. Upon 
examination of the results of S21 presented in Figure 5a, 
it was observed that the cut-off frequency of the 
waveguide was below 2.45 GHz when the "a" value 
ranged from 75 mm to 105 mm. When analyzing the S11 
graphs depicted in Figure 5a, it was noted that the back 
reflection was around -90 dB. 

Designing microwave ovens with four magnetrons 
requires special attention to ensure that electromagnetic 
waves do not interfere with each other. An EM wave from 
one magnetron can cause others to heat up. To prevent 
this, simulation studies were conducted to determine the 
appropriate dimensions for the waveguide. As a result of 
the analyses, it was found that the long edge of the 
waveguide (short edge a, long edge b=2a) should be 101 
mm. The S11 reflection parameter was around -100 dB at 
the operating frequency of 2.45 GHz, as shown in Figure 
5a. Additionally, the S21 transmission parameter was 
found to be around 0 dB. These two parameters indicate 
that the waveguide is appropriately designed for the 
specified values. 
 

Table 2. Comparison of multi-magnetron ovens. 
Reference 
Number 

Number of 
Magnetrons 

PD 
(mW/cm2) 

S21 
(dB) 

Our work 4 0.37 -177 
[26] 6 - - 
[27] 2 - ̴-45 
[22] 4 2 - 
[28] 2 - -52 
[24] 4 - ̴-25 
[25] 4 - ̴-14 

 
After determining the dimensions of the waveguide, 

the effect of their positioning relative to each other as in 
design-1 and design-2 was analysed. The results of these 
analyses are presented in Figure 5b. It was observed that 
for design-1, where the waveguides are positioned facing 
each other without making an angle, the S21 parameter 
was relatively high at around -5 dB. This indicates that 
energy from one waveguide is reaching the other. On the 
other hand, for design-2, where the waveguides are 
positioned at 90o to each other, the S21 parameter was 
found to be very low at around -177 dB, indicating very 
little electromagnetic energy from one waveguide is 
reaching the other. When examining other studies in the 
literature in Table 2, the closest S21 value to our design is 
-52 dB. As can be understood from the table, it is seen 
that the proposed oven design eliminates the focusing 
problem and minimizes port-port interaction. 

 

 
Figure 5. (a) Waveguide S parameters for a=101mm, (b) 
S21 parameters for design-1 and design-2 
 

Figure 6 shows the electric field distribution 
simulation results, which indicate that the waveguides 
are positioned correctly to prevent interference between 
the magnetrons. The effect of the EM waves from 
waveguides WG2, WG3, and WG4 on WG1 is 
approximately 1600 V/m. Similar results were obtained 
for the other waveguides. Therefore, the maximum 
electric field values created by the waveguides in the 
oven cavity are around 1748 V/m on average. It is seen 
that similar results were obtained in the study of Yi et al. 
[44]. 

 

 
Figure 6. Electric field simulation results (WG shows 
which waveguide the EM wave entered) 

 
The PD values obtained from CST analysis are 

presented in Figure 7a. Upon examination, it is observed 
that the maximum PD value is 0.066 mW/cm2. On the 
other hand, the measured PD values obtained from the 
measurements conducted at a distance of 5 cm from the 
produced oven are shown in Figure 7b. According to the 
figure, the maximum PD value measured was 1.07 
mW/cm2, while the average PD value was 0.37 mW/cm2. 
As seen in Table 2, compared with other studies in the 
literature, our proposal has more suitable PD values for 
human health. Also, it complies with the ICNIRP (2020) 
standard provided in Table 1. 

The microwave oven was programmed to reach a 
temperature of 800°C within 800 seconds. Temperature 
measurements were conducted using the system 
depicted in Figure 3. Figure 7c shows that the microwave 
oven can reach the desired high temperature values 
within the expected time frame. The peaks observed in 
the graph are because the measurements were taken at 
5-second intervals, and the magnetrons suddenly 
generate a lot of heat. Figure 7d displays the temperature 
measurements obtained by gradually increasing the 
number of operating magnetrons. As the figure shows, 

Effect 
Duration 

Impact Type Frequency 
Range 

PD(W/cm2) 

30 minutes Controlled 2-300 GHz 50 
30 minutes General use 2-300 GHz 10 
6 minutes Controlled 2-6 GHz 200 
6 minutes General use 2-6 GHz 40 
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while a single magnetron heats up to about 90°C, two 
magnetrons heat up to 130°C, three magnetrons heat up 
to about 200°C, and four magnetrons heat up to about 
390°C. 

 

 
Figure 7. a) PD measurement result, b) PD simulation 
result, c) temperature measurement result, d) 
temperature measurement result according to the 
number of magnetrons 
 
4. Conclusion 
 

This study has examined the design, manufacture, and 
performance of multi-magnetron ovens capable of 
reaching high temperatures. Firstly, an appropriate 
waveguide was simulated, and the production process 
was completed. Then, the proposed designs for multi-
magnetron ovens were simulated, and appropriate 
dimensions were suggested. It was reported that the 
average power density (PD) value of the produced multi-
magnetron oven was 0.37 mW/cm2, which indicates its 
performance and efficiency. This value was found to be 
compliant with standards and safe for human use. The 
main objective of our study was to demonstrate that 
waveguides can reach high temperatures at the center of 
the oven without affecting each other. In this context, it 
was observed that the temperature created by 
magnetrons operating in single, double, triple, and 
quadruple modes gradually increased at the center of the 
oven. The simulation results supporting this showed that 
the S21 parameter was -177dB. The design proposed and 
applied in our study was efficient, easy to produce, safe 
for human use, low cost, and usable in commercial and 
academic studies for reaching high temperatures. 
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