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1. Introduction 

Presently, the microwave circuit design is the most critical and necessary for modern 

communication systems. The problems with the design of circuits often include a lack of 

equipment and tools used to design and build them. Numerical methods related to 

electromagnetic waves have caused a revolution in microwave engineering; techniques such 

as FDTD (Finite Differential Time Domain) [1], TLM (Transmission Line Matrix) [2], and the 

Moment method [3] have been developed. Each method has respective disadvantages and 

limitations of usage foe both research and education. To perform the electromagnetic wave 

analysis of waveguide structures, several classic approaches can be found in the literature. A 

practical example of computer aid design is that the inductive iris in a rectangular 

waveguide has been analyzed with high accuracy through approximate modeling utilizing 

the full wave Mode Matching Method (MMM) [4] and Transmission Line Matrix (TLM) [5]. 

Therefore, the development and optimization of numerical methods are important for an 

efficient electromagnetic simulation tool [6-7].  

In this chapter, we study and introduce an efficient electromagnetic simulation tool for 

analysis of inductive and capacitive obstacles and rectangular window in waveguides. The 

Wave Iterative Method (WIM) based on iterative procedure and wave propagation theory is 

proposed. This method has been combined with mode matching technique to characterize 

the obstacle in a rectangular waveguide. Also, the compact CAD tool and presenting the 

electromagnetic field distributions included in this topic. 

2. Wave propagation and waveguide 

Several years ago, the characteristics of waves in source-free, homogeneous regions of space 

have been discussed. Accordingly, we present this section by considering the reflection, 
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transmission and incident experienced by electromagnetic waves on stratified dielectric 

surface.  

There are many situations where a wave passes through several layers of different materials. 

One example is the passage of electromagnetic through a free space with transmission line 

mode or TEM. There are several ways use to analyze the correct results, but a very common 

method is an impedance transformation that integrates reflections into a single parameter to 

generate the numerical results.  
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Figure 1. (a) The wave propagation in stratified interface 

Fig.1 shows a stratified dielectric region. When a wave is normally incident from the region 

1 and transmitted into region 2 and region 3 respectively, an infinite number of transmitted, 

reflected waves in the same wavelength are produced at the boundary interface. At a time, 

the all incident waves  iE , reflected waves  rE and transmitted waves  tE can be 

considered to be a single of each wave. We can develop the reflection coefficient expression 

by following the progression of the incident waves and its reflections. Similarly, the 

transmission coefficient expression can be presented by following the progression of the 

incident wave and its transmissions. Finally, we can use the relationship of expressions to 

calculate the properties of boundary interface. 

Waveguides are used to transport electromagnetic energy along a fixed path that carries 

non-TEM modes, often called waveguide modes. Most important of waveguide properties is 

that they can support an infinite number mode of filed generated by diffraction form each 

interface within waveguide [8]. Waveguides are almost operated so that only a single 

propagation mode is present because the presence of more than one propagating mode 

causes dispersion. Typically, they must be operated over smaller bandwidths and smaller 

losses than transmission line, which makes them attractive for many applications. One of 

several examples is to place obstacle element in waveguides to make devices such as 

lumped element, filters, couplers or antenna. Fig.2(a) shows two thin metal fins placed on 
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the top and bottom walls of a waveguide, called a capacitive window. Considering in the 

gap of obstacle, when the electric filed within the window increases, the energy stored 

between two conducting surfaces will increase. We observed that the equivalent circuit of 

obstacle is a shunt capacitor. 

Similarly, Fig.2(b) shows an inductive window which the most magnetic fields can flow 

through in the obstacle width. The equivalent circuit of obstacle is a shunt inductor.  

 

Figure 2. (a) The capacitive and inductive windows 

3. Wave iterative method (WIM)  

An analysis of the electromagnetic wave properties within a waveguide consists of TE and 

TM field components. Most wave analyses are calculated in the spectral domain based on 

the series integration equation to present the electromagnetic field and to analyze the two 

ports network parameters such that the result of the frequency response reflects the 

characteristic of various planar circuits. In this section, we will present the cooperation of 

waves between the real domain and the spectrum domain. 

The calculating concept for the electromagnetic wave propagation in a waveguide is 

based on the Wave Iterative Method (WIM) [9-11]. The operating process, as shown in 

Fig.3, present the amplitude and direction of the incident, reflected, and transmitted 

waves what propagate in the waveguide obstacle. On the obstacle, the waves are 

calculated in the real domain (pixels) and the waves in the free space are calculated in the 

spectrum domain (modes). To alternate between both domains, we use the Fast Fourier 

Transform (FFT) to reduce the computation time and show directly the electromagnetic 

field in the real domain.   
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Figure 3. (a) The wave propagation in the waveguide 

In Fig.3, the first step, the TE10 field which is the dominant mode, propagate into the 

obstacle as iris circuit, and then the higher-mode waves caused by the scatter on the 

conductor surface will be incident and will reflect within the waveguide. An infinite 

numbers of reflected and transmitted waves are produced at the obstacle interface. Finally 

the calculation of waves will use the principle of mode matching at the input and the output 

ports of the waveguide. 

The initial value of dominant mode, 1,0TE  is 
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where a  and b are the dimension of the waveguide. The reflected waves  ,x yB  in thn  

iteration on the obstacle are 

 
( ) ( 1)

, , ,
n n

x y x y x yB S A 
= .                (2) 

The scattering parameter  ,x yS  of waves in the real domain for a two-port network is 

defined as 
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where CS  is equal to 1 in the conductor area and DS  is equal to 1 for the free space. To 

transform the wave from the real domain to the spectrum domain, we use the Fast Fourier 

Transform (FFT) of the TE/TM modes as 

  ( ) ( )
, ,_ .n n

m n x yB Modal FFT B  (4) 

 

 
 

Figure 4. The electric and magnetic walls around the waveguide 

The basic functions of TE field components in the electric wall [12], as shown in Fig.4(a) for 

an inductive obstacle, are 
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where  refers to the TE mode and K is the constant value with respect to the x and y 

directions. The equations are defined as 
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where 1  if , 0m n   and  2  if , 0m n  . 

The basic functions of TM field components in the electric-magnetic wall [12], as shown in 

Fig.4(b) for a capacitive obstacle, are 
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where  refers to the TM mode and K is the constant value respect to the x and y directions. 

The equations are defined as 
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where 1  if , 0m n   and  2   if , 0m n  . 

At the input port of the waveguide, the incident waves  ,x yA of higher-order modes will 

feedback into the obstacle of the waveguide. The equation for incident waves  ,m nA is 

 
( ) ( )
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m n m n m nA B A =                (11) 

where 1,0A
 
is an initial exciton source. The reflection coefficient  ,m n of waves in the 

spectrum domain at the input and the output ports of the waveguide can be written as 
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where 0Z  is the intrinsic impedance of the dominant mode and /
,

TE TM
m nY is the TE/TM modes 

admittance with the orders of  m and n which can be expressed as 
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Therefore, considering the waves on the obstacle, the waves  ,m nA  will be transformed by 

using the Inverse Fast Fourier Transform (IFFT) to analyze the basic functions of TE/TM 

field components by using Eq.(5)-(8), to come back to the real domain as 

  ( ) ( )
, ,_ .n n

x y m nA Pixel IFFT B                      (15) 

The implementation of the Wave Iterative method consists of a recurrence relationship of 

wave between the propagation in both sides of the waveguide and the propagation on the 

obstacle. From Eq.(2) and Eq.(11), the total waves at thn  iteration are 

 ( ) ( 1)
, , , 1,0

ˆ ,
TE

TMn n
m n m n m nA SA A =                (16) 

where Ŝ is the spectrum operator of scattering coefficient.  

Considering the wave propagation in the rectangular waveguide with zero thickness 

obstacles, the electromagnetic equivalent circuit of the obstacle section is presented to 

identify the impedance (Z) element and the input and the output sections of the waveguide 

are presented by dominant mode admittance, as shown in Fig.5.  
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Figure 5. (a) The electromagnetic equivalent circuit of an obstacle 
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At the convergence condition, the reflected wave on the obstacle at thn iteration, is tend 

toward zero, the total waves will be the steady state field. So, we can obtain the input 

reflection coefficient of obstacle circuit of dominant mode , (1,0)in as, 
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The input impedance,  1,0in
Z of zero thickness obstacles in the rectangular waveguide can be 

written as  
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Then, the input reactance will be a positive imaginary value for an inductive element and a 

negative imaginary value for a capacitive element. If the input impedance is equal to zero or 

infinity, the obtained element will be a LC series or parallel resonant circuit respectively. 

The net 2.5D electric field distribution on the obstacle by summing the amplitude of the 

incident and the reflected waves of N iterations can be expressed as 

     ( ) ( )
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=                     (19) 

Similarly, the net 2.5D magnetic fields can be expressed by subtracting the amplitude of the 

incident and the reflected waves of N iterations series as can be expressed as 
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4. WCD simulation design 

In this topic, we present a developed simulation program that conducts a numerical analysis 

by using the Wave Iterative Method (WIM), shown in the Fig.6. This developed simulation 

program, called WCD (Waveguide Circuit Design), consists of a main menu, parameter 

setup, and a design and display window, as shown in Fig.7. The WCD is constructed by 

using the GUI (Graphic User Interface) of MATLAB®. The user can setup the initial values 

that are used for calculating of the two ports network, calculate the obstacle characteristics 

and select the display windows of the simulated results. With the simulation program, it is 

possible to analyze and design the waveguide iris, waveguide filter and also visualize the 

2.5D electromagnetic field distribution. 
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Figure 6. Flowchart of WCD simulated process 

The simulated process of the WCD, as shown in Fig.6, is following: 

1. Start the simulation program form the main menu which consists of an inductive, a 

capacitive and a window obstacle bottom, as shown in Fig.7 (a). 

2. Design the waveguide obstacle structure what the user can determinate the desired 

obstacle dimensions, as shown in Fig.7(a). 

3. Set the initial values; such as the size, length, frequency operating, dielectric constant, 

etc., as shown in Fig.7(a). 

4. Calculate the incident wave of the dominant mode. 

5. Calculate the reflected and the transmitted waves on the obstacle surface in the real 

domain and in the free space in the spectrum domain. In this process, an infinite 

number of the transmitted and the reflected waves are produced on the obstacle 

interface. However the reasonable numbers of iteration are determined, the process will 

result in termination. 

6. Present the simulated results; such as the electric and the magnetic field distribution, 

the impedance, the scattering and the admittance parameters, as shown in Fig.7(b). 
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Figure 7. Waveguide Circuit Design (WCD) Tool 

5. Simulation results 

In this chapter, we present the analysis of the inductive, the capacitive obstacles and the 

rectangular window in the waveguide by using the developed WCD simulation and also 

introduce the electromagnetic distribution in the waveguide. The simulated WCD results 

will be compared with the CST simulation. 

5.1. Inductive obstacle analysis 

The vertical obstacle section transforms the inductive equivalent circuit, shown in Fig.8. The 

dimensions of rectangular waveguide consists of a width (a) equal to 6.4 cm., a height (b) 

equal to 3.2 cm. and the usable obstacle width (d) equal to 3.2 cm. and 4 cm. respectively. 

The cutoff frequency of the waveguide is 3.24 GHz. 
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Figure 8. (a) Inductive obstacle structure 

 

 

 
 

 

Figure 9. The inductance of inductive obstacle 

Fig.9 presents the input reactance of the inductive obstacle in frequency range from 2-6 GHz 

following the variation the ratio of obstacle and the waveguide width. We observed that the 

obstacle width increased, the reactance of the inductive obstacle will increase that is 

consistent with the properties of the inductor. 



 
Wave Propagation Theories and Applications 

 

342 

 

Figure 10. Comparison of dB(S11), dB(S21) of the inductive obstacle between the WCD and the CST 

simulation 

Fig.10(a) presents the comparison of dB(S11) and dB(S21) of  the inductive obstacle structure 

between the WCD and the CST simulation In the case of a obstacle width equal to 3.2 cm., 

we can obtain the -3 dB cutoff frequency at 3.15 GHz. and Fig.10(b) presents the comparison 

of dB(S11) and dB(S21) of the inductive obstacle structure between the WCD and the CST 

simulation, at a obstacle width equal to 4.0 cm. We can obtain the -3 dB cutoff frequency at 

4.78 GHz. This comparison revealed good agreement. We observed that the shunt inductive 

circuit is presented as a high pass filter. 
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Figure 11. The 2.5D electromagnetic field illustration 

Fig.11 shows the 2.5D normalized electromagnetic field distributions on the inductive 

obstacle that are agreements with the electromagnetic field theory. The electric field density 

of TE10 fundamental mode, as shown in Fig.11(a) is maximum at the center obstacle and is 

minimum at the discontinuity of boundary obstacle. We observed that the electric field on 

the conducting surface is null. In Fig.11 (b), the amplitude of magnetic field on discontinuity 

of boundary obstacle is peak, and decreases until to zero following the distance on the both 

sides of the conductor. 
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5.2. Capacitive obstacle analysis 

The horizontal obstacle section transforms the capacitive equivalent circuit, shown in Fig.12. 
The dimensions of rectangular waveguide consists of a width (a) equal to 6.4 cm., a height 
(b) equal to 3.2 cm., and the obstacle of iris circuit equal to 0.8 cm. and 0.4 cm. respectively. 

 

 
 

Figure 12. (a) Capacitive obstacle structure 

 

 
 

Figure 13. The capacitance of capacitive obstacle 

Fig.13 presents the input reactance of the capacitive obstacle in frequency range from 2-6 

GHz following the variation the ratio of obstacle and waveguide width. We observed that 

the obstacle width increased, the reactance of the capacitive obstacle will increase that is 

consistent with the properties of the capacitor. 



 
Wave Iterative Method for Electromagnetic Simulation 

 

345 

 

Figure 14. Comparison of dB(S11), dB(S21) of capacitive obstacle between the WCD and the CST 

simulation 

Fig.14(a) presents the comparison of dB(S11) and dB(S21) of the capacitive obstacle structure 

between the WCD and the CST simulation. In the case of a width of obstacle structure is 

equal to 0.8 cm., we can obtain the -3 dB cutoff frequency at 3.43 GHz. Fig.14(b) presents the 

comparison of dB(S11) and dB(S21) of capacitive obstacle structure between The WCD and 

the CST simulation, of the obstacle structure width equal to 0.4 cm. We can obtain the -3 dB 

cutoff frequency at 4.82 GHz. This comparison revealed good agreement. We observed that 

the shunt capacitive circuit is presented as a low pass filter. 
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Figure 15. (a) The 2.5D electromagnetic field illustration 
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Fig.15 shows the 2.5D normalized electromagnetic field distributions on the capacitive 
obstacle that are agreements with the electromagnetic field theory. The electric field density 
of TE01 fundamental mode, as shown in Fig.15(a), is minimum at the center obstacle and is 
maximum at the discontinuity of boundary obstacle, and we observed that the electric field 
on the conducting surface is null. In Fig.15(b), the amplitude of magnetic field on the both 
sides of the conducting surface in y direction is maximal and decreases until to zero at the 
obstacle internal edges. 

5.3. Rectangular window analysis 

Finally, we study the rectangular window with a width of window equal to 0.9 cm. and a 

height equal to 0.675 cm., then we compare the analyzed results between the WCD and the 

CST simulation. The rectangular window section in the waveguide transforms the LC shunt 

parallel resonant circuit, as shown in Fig.16. We use the dimensions of rectangular 

waveguide consisting of a width (a) equal to 2.4 cm., a height (b) equal to 1.8 cm., the 

rectangular window dimensions  are determine as in Fig.16. The cutoff frequency of the 

waveguide is 6.25 GHz. After simulating by the WCD tool, the input reactance of the 

rectangular window can be obtained at a resonant frequency of 15.5 GHz. An example of the 

reactance variation on the WCD display window is shown in Fig.17. 


 

Figure 16. (a) The rectangular window structure 
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Figure 17. The reactance of rectangular window  

 

 

 
 

Figure 18. The dB(S11) and dB(S21) parameters of rectangular window  
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Fig.18 shows the dB(S11) and dB(S21) parameters of the operating frequency of 10-18 GHz, 

the rectangular windows is presented as a band pass filter, the -3 dB lower and upper cutoff 

frequency is at 15.25 GHz and at 16.12 GHz respectively. We observed that the center 

frequency is equal to 11 GHz and the bandwidth is equal to 2.98 GHz. 

Fig.19 presents the comparison of dB(S11) and dB(S21) of the rectangular obstacle structure 

between the both simulations, we can obtain the -3 dB lower cutoff frequency at 13.25 GHz. 

and -3 dB upper cutoff frequency at 16.35 GHz. This comparison revealed good agreement.    

We observed that the equivalent circuit at the resonant frequency is a shunt LC circuit. 

 

 

 

 
 

 

 

Figure 19. (a) The rectangular obstacle structure and the comparison of dB(S11), dB(S21) of rectangular 

obstacle between the WCD and CST simulation 
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Figure 20. (a) The 2.5D electromagnetic field illustration 

Fig.20 shows the 2.5D electric and current distributions of TE01 fundamental mode on the 

rectangular window which are agreements with electromagnetic field theory. In Fig.20 (a), 

the normalized electric field peak is at the obstacle edge in x direction and minimum values 

are at the rectangular center window. In Fig.20(b), most current density distributions are 

presented at around conducting edge. The field density distribution can be used to lean 

qualitatively about the obstacle’s operating behavior. 
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For efficiency of calculation, the computation time of the WCD simulation depends on the EM 

algorithm associating a pixel of obstacle structure to a class in an iterative process. In this 

simulation, the calculation at the 10 frequencies steps with 32*64 of cell numbers and 1 mm. of 

cell size will be equal to approximately 45 seconds of computing time, which is less than 2 

times of the CST simulation (run on Pentium IV Processor, 1 GB of RAM at 3.0 GHz of speed). 

6. Conclusion  

The capability of developed WCD simulation based on the Wave Iterative Method (WIM) 

has been presented to the complex description of the 2.5D electromagnetic field and the 

characteristic analysis of the obstacle structures. The WCD simulation is properly conceived 

to apply for the inductive and the capacitive element in the rectangular waveguide without 

resorting to extensive computation times; it appears as an efficient alternative to the CST 

simulation. In the case of wave propagation, the WCD simulation can use shown the 

electromagnetic field distributions on the conducting obstacle. In conclusion, the WCD 

simulation can be used in the waveguide lumped circuit analysis and has proven to be with 

high accuracy and efficacy a useful tool for microwave circuit design and an educational 

aid. 
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