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Abstract 
Using HFSS software, rectangular waveguides, the first transmission line type utilized for small 
systems like radars and equipment shelters, have been examined. This study computes the 
characteristics and field distribution for various modes of air-filled and Teflon–filled rectangular 
waveguides in free space, focusing on electric and magnetic field strengths. The simulation analysis 
is conducted for the Ku-band with an operating frequency of 15 GHz. Theoretical analyses of two 
waveguides were performed and compared with the simulation results to verify accuracy. 

Additionally, the cutoff frequencies were determined and compared with theoretical values. The mean 
difference between the two waveguides was also realized, and its importance in fabricating real-world 
components was highlighted, making the manufacturing process easier.  
Keywords. Ku-band, TE modes, HFSS, Rectangular Waveguide, and Patterns in the Field. 

 

Introduction 
The purpose of rectangular waveguides is to effectively move electromagnetic energy from one location to 

another. Radars, attenuators, isolators, and slotted lines are just a few of the various applications for them. 

A conducting shape is frequently used to encapsulate an open-ended rectangular waveguide [1,2]. The 

transmission medium is generally air. The waveguide walls must be conductive for proper operation. These 
waveguides can support multiple electromagnetic wave modes, encompassing Transverse Magnetic (TM) and 

Transverse Electric (TE), but cannot support the Transverse Electromagnetic (TEM) mode because there is 

no second conductor to define a unique voltage. Furthermore, below a certain frequency, referred to as the 

cutoff frequency, rectangular waveguides are unable to propagate. A rectangular waveguide's dominant 

mode, the TE10 mode, has the lowest cutoff frequency [3-5]. 

In the simulation analysis, the Ku-band—the part of the radio spectrum that falls between 12 and 18 GHz—
is examined. Ku-band is mainly utilized for satellite communication and specialized purposes. NASA's 

Tracking and Data Relay Satellites (TDRS), which are utilized for communication with the International 

Space Station (ISS), and SpaceX's Starlink satellites are two examples. 

HFSS 13.0 simulation software is utilized to evaluate the parameters of the rectangular waveguide, using 

the Finite Element Method to simulate intricate 3D structure and investigate the electrical performance of 
components at high frequencies and speeds Electrical performance is accurately described, according to 

HFSS, which also successfully assesses a variety of factors, including the S parameters, radiation patterns, 

input impedance, and propagation constants. As a powerful post-processor, HFSS offers exceptional insights 

into electrical performance, ensuring more accurate and valuable results before designing components. 

This study investigates the properties of the rectangular waveguide through simulation 

performed with HFSS. Using this software, the analysis includes several other near-field patterns, the 
radiation pattern, and the cutoff frequency [8-11]. 

 

Mathematical modelling 

In a rectangular coordinate system, a hollow rectangular waveguide is taken into consideration. Its length 

runs down the x-axis and its width along the y-axis, as shown in Figure 1, with interior dimensions of a×b 
(where a > b). a = 2 cm and b = 1 cm in this scenario. Within the waveguide, the dielectric media are Teflon 

and air, respectively. 

Both the magnetic and electric fields are contained within a rectangular waveguide. Since electromagnetic 

waves travel in a z-direction, energy transmission through the waveguide requires the presence of the 

magnetic field's z-component or Hz. An endless number of modes, or field patterns, can be supported by the 

waveguide. To enable energy transmission in the mode of TEmn, which is defined using Ez=0, the magnetic 
field's Hz component needs to be non-zero. On the other hand, the TMmn mode, which is identified by 

Hz=0H, implies that energy transmission in the waveguide requires the presence of the electric field's z-

component, Ez ≠ 0. 
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Figure 1: Rectangular Waveguide 
 

The wave equations for waves moving in the z direction are as follows: [4,5]. 

▽2 𝐻= −ω2 𝜇ℰ 𝐇𝐳   for TE wave (Ez =0)                                           (1) 

 

▽2 𝐸 = −ω2 𝜇ℰ  𝐄𝐳  for TM waves (Hz =0)                                        (2) 
 

The elements of the TE and TM waves, electric and magnetic fields along the z-direction, are denoted by the 

letters Ez and Hz, respectively. In a given waveguide with dimensions a > b, the mode with the lowest cutoff 

frequency is the dominant mode (TE10 mode). It is especially used in the rectangular waveguide for all 

electromagnetic transmission. While higher modes result in severe power loss and undesired harmonic 

distortion, the dominant mode usually guarantees low loss and distortion-free transmission. 
 

The following provides the TEmn mode cutoff frequency: [4] -[5] 
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1

2√𝜇ℰ
[(

𝑚

𝑎
)2   + (

𝑛

𝑏
)2]
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                                            (3) 

 

                    Where m=n=0, 1, 2… 

 

                       . But m=n≠ 0 

The following provides the propagation constant: [4]-[5] 

 
 

                      𝛾 = 𝛼 + j𝛽                                                              (4) 

 

Here 𝛾 = 𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡i𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛t, 𝛼 = 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡i𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 

                    β    = phase constant 

           

                     𝛾𝑚𝑛 = j𝛽𝑚𝑛      

 

                        β = 𝜔√𝜇ℰ (1 − (
𝑓𝐶

𝑓
)2       for f>fc                                   (5) 

 

Higher than the cutoff frequency is the operational frequency, f>fc, the wave moves through the waveguide. 
At the point of the real-to-imaginary transition of the propagation constant is known as the frequency of 

cutoff.  

The characteristic impedance is provided by: [4,5] 

                      𝑍=
Ƞ

√1−(
𝑓𝐶
𝑓

)2
                       for TE wave                            (6) 

 

                   𝑍=Ƞ√1 − (
𝑓𝐶

𝑓
)2                    for TM wave                        (7) 

Here            Ƞ=
1

√𝜇ℰ
         𝑖𝑠 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑠𝑖𝑐  𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 

 

Numerical analysis 
Electric field strength 

According to the inverse square law, A source charge Q's electric field strength is inversely proportional to 

the square of the source's distance, the electric field strength drops by a factor of 16 (42) as the separation 
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distance increases by a factor of 4 and the electric field intensity increases by a factor of 4 (22) if the 
separation distance falls by a factor of 2. The following is the equation: [4,5]. 

                      E=
𝐾.Ԛ

𝑑2                                                                               (8) 

Here            Ԛ =source charge  

                    d =distance 

Figures 2 and 3 illustrate the electric field strength in both waveguides. As shown, As the relative permittivity 
falls, the electric field rises. 

 

 
Figure 2. Electric Field Strength in Teflon-filled rectangular waveguide 

 

 
Figure 3. Electric Field Strength in Air-filled Rectangular Waveguide 

 
Magnetic field strength 

Any field that exerts a magnetic force and can cause magnetization in a substance is referred to as a 

magnetic field. The formula is provided by: 

                 B=
μ0 m

4𝛱𝑑2                                                                          (8) 

      Where 𝐵 = 𝑚𝑎𝑔𝑛𝑒𝑡i𝑐 fi𝑒𝑙𝑑 

 

𝜇0 = 4𝜋 × 10−7 𝐻𝑚−1  

 

Figures 4 and 5 illustrate the magnetic field strength in both waveguides. As shown, the magnetic field 

increases as the relative permittivity increases. 

 

 
Figure 4. Magnetic Field Strength in Teflon–filled Rectangular Waveguide 
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Figure 5. Strength of Magnetic Field in Air-Filled Rectangular Waveguide 

 

Propagation constant 

Figures 6 and 7 illustrate the propagation constant of a Teflon-filled rectangular waveguide and an Air-filled 

rectangular waveguide. It has been noted that the propagation constant rises in tandem with frequency. The 

frequency and the propagation constant are proportional. 

Seven modes are propagating in the Teflon-filled rectangular waveguide, but only three modes propagate in 
the air-filled rectangular waveguide, as shown in Figures 6, 7, and Table 1. 

 

 
Figure-6. Propagation Constant and Modes of a Teflon–filled Rectangular Waveguide 

 

 
Figure 7: Air-filled Rectangular Waveguide's Propagation Constant and Modes 

 

Impedance  

Figures 8 and 9 illustrate the characteristic impedance of an air-filled rectangular waveguide and a Teflon-
filled rectangular waveguide. The impedance reaches its maximum value at the cutoff frequency, then 

decreases and stabilizes at a constant value at higher frequencies. 
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Fig 8. Impedance Matching in a Teflon-Filled Rectangular Waveguide 

 

 
Figure 9. Impedance Matching in an Air-Filled Rectangular Waveguide 

 

Theoretically predicted results 

Equation 3 is used to determine the cutoff frequencies for many modes in two waveguides (a rectangular 

waveguide filled with air and one filled with Teflon). Below are the anticipated outcomes for the various 
modes. As shown in Table 1, the mathematical analysis of mode cutoff frequencies aligns with the simulation 

results. Changing the relative permittivity of the rectangular waveguide affects the TE and TM modes' cutoff 

frequencies; as the relative permittivity decreases, the cutoff frequency increases. In TE and TM 

arrangements, TE10 and TM11 are the predominant modes, respectively.  

 

Table 1. Cutoff Frequencies for TEm,n, and TMₘ,ₙ Modes: Mathematical Analysis and Simulation 

Software (HFSS) with different 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒑𝒆𝒓𝒎𝒊𝒕𝒕𝒊𝒗𝒊𝒕𝒚(𝜺𝒓). 

 
The following five figures depict the five modes of TE and TM configurations within a Teflon-filled, copper 

ku-band rectangular waveguide. 

. 

2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00
Freq [GHz]

40.00

45.00

50.00

55.00

60.00

65.00

70.00

d
B

(
A

c
ti
v
e

Z
(
1

:1
)
)

HFSSDesign1XY Plot 5
Curve Info

dB(ActiveZ(1:1))
Setup1 : Sw eep

2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00
Freq [GHz]

40.00

45.00

50.00

55.00

60.00

65.00

70.00

75.00

80.00

d
B

(A
c
ti
v
e

Z
(1

:1
))

HFSSDesign1XY Plot 4
Curve Info

dB(ActiveZ(1:1))
Setup1 : Sw eep

Fc of simulation 
by hfss when𝜺𝒓 =

𝟏. 𝟎𝟎𝟎𝟔 
(GHz) 

fc of math 
analysis 

when𝜺𝒓 = 𝟏. 𝟎𝟎𝟎𝟔 
(GHz) 

Fc of simulation 
by hfss 𝜺𝒓 = 𝟐. 𝟎𝟖 

(GHz) 

fc of math 
analysis 

when   𝜺𝒓 = 𝟐. 𝟎𝟖 
In(GHz) 

fo 

In(GHz) 

Trever's electric 
and magnetic 

modes 

7.53 7.5 5.21 5.2 15 TE10 

14.99 14.9 10.42 10.4 15 TE01 &TE20 

16.79˃ fo 

(It will not 
propagate) 

No propagate 11.65 11.64 15 TE11 &TM11 

No propagate No propagate 14.6 14.7 15 TE21 &TM21 

https://doi.org/10.54361/ajmas.258304


Alqalam Journal of Medical and Applied Sciences. 2025;8(3):1279-1285 

https://doi.org/10.54361/ajmas.258304 
 

 

Copyright Author (s) 2025. Distributed under Creative Commons CC-BY 4.0 
Received: 28-02-2025 - Accepted: 09-04-2025 - Published: 16-04-2025     1284 

 
Figure9: TE10 mode 

 

 
Figure10: TE01 mode 

 

 
 

Figure11:TE11mode 
 

 
 

Figure12:TM11 mode 
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Figure13:TE21 mode 

 

 
Figure14: TM21 mode 

 

Conclusion 
We examined two rectangular waveguides with varying relative permittivity in this research. Here is a 

comparison of the two waveguides. As the relative permittivity of the waveguide increased, the frequency of 

the cutoff dropped. This permits the propagation of higher frequencies and produces a good propagation 

constant. Both waveguides' characteristic impedance dramatically dropped with increasing frequency. This 

leads to the lossless transmission of information. As the relative permittivity of the waveguide falls, the 

electric field rises, but as the relative permittivity of the waveguide rises, the magnetic field does as well. The 

number of propagation modes decreases as the relative permittivity decreases. The two waveguides' 

theoretically determined cutoff frequencies match those found via simulation. The waveguide properties 

were used to determine its characteristics. Simulations are a powerful tool for examination through 

experimentation and can be especially helpful in the design phase of practical elements. The results of the 

simulations of the Electric and Magnetic Field Patterns are in agreement with the theoretical analysis. 

Consequently, the various characteristics of the waveguide have been studied, allowing us to select a 

waveguide with better performance for wave propagation. 
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