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Abstract 

 

This paper presents a simulation and experimental study of a 10 × 10 alternating 

phase-fed single-layer waveguide slot array antenna with reflection-canceling stairs 

(RCSs) at 38 GHz. The aim of the study was to improve the aperture efficiency of the 

antenna. Two optimization methods were employed: 1) RCSs for each slot were 

proposed and optimized for height and position to minimize reflection, and 2) the 

broad wall width and slot offset were optimized to suppress grating lobes. A design 

procedure for the feed part was also presented. The characterization of the proposed 

antenna was found to be in good agreement with simulation results, with a measured 

S11 of less than −20 dB and a gain of more than 27.71 dBi at 38 GHz (corresponding 

to an aperture efficiency of 85.6%). The results of this study demonstrate the 

feasibility of using the proposed antenna in millimeter-wave communication systems. 

Besides, we also derive the underlying physic mechanism of slotted rectangular 

waveguide antenna in chapter II, discuss the further issues of the devices in chapter 

VI and present the prospective work in the final chapter VII.  
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Chapter 1 

Introduction 

 

1.1 Brief history of slotted antenna array 
 

In 1865, with the publication of "A Dynamic Theory of electromagnetic field" 

by James Clerk Maxwell, the fact that the electric and magnetic field propagation as 

a wave in the space with the speed of light is demonstrated [1]. In 1885, Heinrich 

Hertz demonstrated direction beams using a parabolic reflector at 66-cm wavelength 

(454 MHz). And much of the works in the initial time are carried out in microwave 

frequency bandwidth. Since then, after Guglielmo Marconi invented a dipole antenna 

transmission system in 1895, the interest was shifted into longer wavelength range for 

long distance transmission. 

The invention of vacuum tubes made the application of high frequency 

electromagnetic wave hot topics again in the 1930s ~ 1940s. Microwave directional 

antennas were developed for applications such as transmission, radar and Navigation. 

It was not until the time of World-war II, the slotted waveguide array antennas emerge 

on the scene [2,3]. Normally, Alan Blumlein was known as the first inventor of slot 

antenna in 1938. 

An overview of the progress in waveguide slotted arrayed antennas up to 1999 

has been presented by [4]. Here, we introduce several milestones. First, it was in 

Montreal Canada, Watson et al. in McGill university invented waveguide slotted 

arrayed antenna [5,6]. At these works, Watson et al. demonstrated the usefulness of 

several kind of slot on the rectangular waveguide, such as broad wall longitude and 

transverse slots and inclined edge wall slots. Consequently, various works are done to 

optimize the design method of slotted waveguide arrays antenna. Since in the pre-

computer age, simple models with high efficiency are required to predict the 

performance of device with the limit simulation resource. Stevenson proposed an 

equivalent circuit model [7]. He successfully calculated the slotted waveguide antenna 

by using basic circuit parameters (𝑅, 𝐺, 𝑗𝜔𝐿, 𝑗𝜔𝐶). Then, Stegen provided carefully 

slot characterization result for antenna design [8]. Besides, novel algorisms are 

developed to calculate the slotted waveguide antenna without using powerful 

simulation tools, such as variational method by Oliner [9] and the moment method by 
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Vu Khac[10].  A comprehensive simulation model that includes slot models, mutual 

coupling effect and waveguide model has been published by Elliot in 1984 [11]. Since 

then, the so-called Elliot method became popular in slotted waveguide arrayed 

antennas design. 

Nowadays, the research on slotted waveguide arrayed antenna became hot topics 

again due to 2 aspects. First, the explosive growing requirement of multi-medias 

information for every user makes the extremely high data-capacity wireless 

communication indispensable in daily life of almost everyone. As a result, the research 

and commercial interests are focus on millimeter-applications, such as satellite 

communication and fifth-generation (5G) communication [12-19]. Slotted waveguide 

arrayed antenna is feasible to be fabricated for this application bandwidth. Besides, 

these antennas offer advantages, including an all-metal structure, low loss and high 

power. Second is the development of simulation technology. Thanks to the incredible 

development of computers, full wavelength simulation becomes possible. By solving 

Maxwell’s equation through finite element method (FEM), precious simulation with 

perfect agreement with experiment can be done. In this work, the simulation works 

are finished with the support of commercial software Femtet by (Murata Software Co., 

Ltd.) 

 

1.2 Single-layer alternative-phase-fed configuration 

 

Figure 1.1 shows a configuration of single-layer slotted array antennas, where T-

junctions connect to the end of slotted waveguides are employed as feeding parts [20]. 

The advantage of single-layer configuration is outstanding comparing to multiple 

layer configuration in terms of fabrication simplicity as shown in Figure 1.1. One 

more essential technic that makes the fabrication easier is alternative-phase-fed 

technics by carefully designing the T-junction. Since the perfect alternative phase 

condition between 2 adjacent waveguides cancel the sidewall current, we can 

individually fabricate the base plate and the radiating plate and then connect them 

with screws [see Figure 1.1.]. 
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Fig. 1.1. Configuration of single-layer slotted waveguide arrayed antennas with T-

junction in [20]. Copyright © 2006, IEEE 

 

However, the draw backs are shown in Figure 1.2, where we find the so-called 

frequency squirting effect that beam direction will slightly change with frequency due 

to the asymmetric feeding configuration employ only at one end of waveguide. To 

solve this issue, Park et al. in [20] proposed center-fed configuration as shown in 

Figure 1.3. As a result, frequency-independent beam direction is demonstrated in 

Figure 1.4. 
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Fig. 1.2. Measured radiation pattern of end-feeding single layer slotted waveguide 

arrayed antennas in [20]. Copyright © 2006, IEEE 

 

 

Fig. 1.3. Configuration of center-fed [20]. Copyright © 2006, IEEE 
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Fig.1.4. beam direction is independent with frequency by center-fed configuration 

[20]. Copyright © 2006, IEEE 

 

1.3 Target and motivation 

 

Two possible methods are proposed to realize uniform power radiation from each 

slot of a linear slotted waveguide. One is using slotted waveguide with variable offset, 

where slots with increasing offset towards the end of a waveguide can compensate the 

power loss. This design is concise, however the strong reflection and large radiation 

sidelobes make it extremely low efficiency. Second is employing inductive stair on 

the side wall to eliminate reflection. According to the previous work, the device with 

conductive wall also has limit efficiency of 57%, which is mainly caused by two 

reasons [21]. First is the relatively large offset make distance between two adjacent 

diagonal slots larger than √2  times of free space wavelength, which in principle 

generate large side lobes in 𝜙 = 45 degree plane to reduce the power in boresight 

direction of the beam. Second, the inductive wall result in phase delay of each 

radiating slot to affect the radiation pattern. 



Chapter 1. Introduction 

7 
 

To address these issues, several waveguide structures has been proposed, 

including nonuniform and asymmetric ridge waveguides [22-27]. However, by 

considering the practical applications and volume fabrication, we wish to realize high-

efficiency, low reflection slotted antenna design based on normal rectangular 

waveguide. And in the next section, we will detailed describe the proposal of this work 

and clarify the main two topics that we try to solve in this work: (1) to suppress 

reflection and (2) to eliminate the sidelobes at 𝜙 = 45 degree plane. 

 

1.4 Proposal 

 

We mainly proposed two ideas in this work to obtain large aperture efficiency. 

First, we proposed reflection canceling stair (RCS) to eliminate the reflection. 

One advantage of RCS is the reduced height towards the end of waveguide can 

compensate power loss. As a result, uniform slot offset is employed. Another merit is 

RCS results in negligible phase delay comparing to inductive walls. 

Second, we propose to optimize the broad wall width of the waveguide. In 38 

GHz bandwidth, standard WR-28(7.112 x 3.556 mm) waveguide is usually utilized. 

However, in terms of sidelobes reduce and slot offset reduce, we need to optimize the 

broad wall width. 

 

1.5 Thesis outline 

 

The remaining parts of the thesis is organized as follows. We derive the most 

fundamental theory of rectangular waveguide and slot radiation in chapter 2. Chapter 

3 is introduction of calculation method [(finite element method (FEM)], simulation 

software (Femtet by Murata software Co. Ltd.) and the simulation method. Chapter 4 

is the design of antenna, where we describe the design of feeding part (input aperture, 

feeding waveguide etc.), radiating part (RCS, broad wall width). Chapter 5 is 

fabrication and characterization of the device that designed in chapter 4. Chapter 6 

discusses two further issues of the device: fabrication tolerance and propagation loss. 

Chapter 7 gives the conclusion and prospective work of the thesis. 
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Chapter 2 

Theory of slotted rectangular waveguide 

 

This chapter theoretically analyzes slotted rectangular waveguide to clarify the 

underlying mechanism. We first demonstrate the wave propagation in the rectangular 

waveguide starting from the most fundamental Maxwell equations. Then we also 

present the radiation physics of a narrow rectangular slot on the broad wall of a 

rectangular waveguide along longitude direction. Critical concepts derived from this 

chapter are essential guidelines for the following design and simulation work. 

 

2.1 Electromagnetic wave propagation in rectangular 

waveguide 

 

In this section, we derive the analytic solution of Helmholtz equation under the 

boundary condition of rectangular waveguide. We can assume the wave is propagating 

inside lossless material (𝜖, 𝜇) while the boundary is perfect conductor boundary. The 

configuration of a rectangular waveguide is shown in Figure 2.1, where the broad 

width and narrow width are a and b respectively. 

 

Figure 2.1. The configuration of rectangular waveguide. 
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Starting from the normal Maxwell equations and using the conditions that no free 

charges and conducting current existence in the lossless material (𝜖, 𝜇). Consequently, 

the Maxwell equations can be written as follows: 

 

 ∇ ⋅ 𝑫 = 0 (2.1.1) 

   

 ∇ ⋅ 𝑩 = 0 (2.1.2) 

   

 
∇ × 𝑯 =

𝜕𝑫

𝜕𝑡
 (2.1.3) 

   

 
∇ × 𝑬 = −

𝜕𝑩

𝜕𝑡
  (2.1.4) 

 

Notice that although the following operations are carried out on the electric field 

E, similar operation can be done by using magnetic field H. First, by using the vector 

calculation formula (2.2) 

 

 ∇ × ∇ × 𝑬 = ∇(∇ ⋅ 𝑬) − ∇2𝑬  (2.2) 

 

 and calculating the curl of (2.1.4), we can obtain: 

 

 
∇ × ∇ × 𝑬 = ∇(∇ ⋅ 𝑬) − ∇2𝑬 = −𝜖𝜇

𝜕2

𝜕𝑡2
𝑬  (2.3) 

 

Since there is no free charges and the wave propagating inside isotropic, ∇ ⋅ 𝑬 =

0. Thus, we obtain the following wave equation: 

 

 
∇2𝑬 − 𝜖𝜇

𝜕2

𝜕𝑡2
𝑬 = 𝟎  (2.4) 
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To treat the equation (2.4) with D’Alambertian transformation: 

 

 
𝜉 = 𝑧 +

𝑡

√𝜖𝜇
 

(2.5.1) 

   

 
𝜂 = 𝑧 −

𝑐𝑡

√𝜖𝜇
 (2.5.2) 

   

 𝜕

𝜕𝜉
=

𝜕

𝜕𝑧
+ √𝜖𝜇

𝜕

𝜕𝑡
 (2.5.3) 

   

 𝜕

𝜕𝜂
=

𝜕

𝜕𝑧
− √𝜖𝜇

𝜕

𝜕𝑡
 

(2.5.4) 

   

 
(

𝜕

𝜕𝑧
+ √𝜖𝜇

𝜕

𝜕𝑡
) (

𝜕

𝜕𝑧
− √𝜖𝜇

𝜕

𝜕𝑡
) 𝑬 =

𝜕2𝑬

𝜕𝜉𝜕𝜂
= 𝟎 

(2.5.5) 

 

We find two facts from the D’Alambertian transformation of wave function. First, 

the solution of (2.4) can be expressed as arbitrary linear combination of two vector 

functions 𝒇(𝜉) and 𝒈(𝜂). Second, the solution can be recognized as combination of 

two waves with opposite directions, and the propagation speed is: 

 

 
𝑐 =

1

√𝜖𝜇
 

(2.6) 

 

From the analysis above, we know the propagation nature of electromagnetic 

wave and derive the propagation speed. However, it is hard to determine the 

distribution of electric and magnetic field by just the wave equation. Thus, in the 

following part, we derive the wave mode in a rectangular waveguide. Generally, 

respective part that contains time and space variable is separable:  

 

 𝑬(𝒓, 𝑡) = 𝑬(𝒓) ⋅ 𝑇(𝑡) (2.7) 
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By substituting (2.7) into wave equation we obtain: 

 

 𝑐2∇2𝑬(𝒓)

𝑬(𝒓)
 =

𝑇(𝑡)′′

𝑇(𝑡)
 

(2.8) 

 

Equation (2.8) is always true if and only if both LHS and RHS equals to a 

constant number 𝛼. Since the light is oscillation will not vanish in the lossless material, 

the constant 𝛼 should be negative number, therefor we obtain: 

 

 𝑇′′ − 𝛼𝑇 = 0, 𝛼 < 0 (2.9) 

 

As a result, we find the wave oscillation in time domain is obey the following 

equation: 

 

 𝑇 = 𝐴𝑠𝑖𝑛(√−𝛼𝑡 + 𝜃) (2.10) 

 

where A and 𝜃 can be determined by the initial conditions. Especially, when we treat 

the case of monochromatic wave, the parameter 𝛼 can be determined by the angular 

frequency: 

 

 𝛼 = −𝜔2 (2.11) 

 

In the space domain, we obtain Helmholtz equation as follows: 

 

 (∇2 + 𝑘2)𝑬(𝒓) = 0 (2.12) 

 

Here we consider a monochromatic wave, whose wave number is: 
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𝑘2 =

𝜔2

𝜇𝜀
= 𝑘𝑥

2 + 𝑘𝑦
2 + 𝑘𝑧

2 
(2.13) 

 

Next, we continue to carry out variable separation as follows: 

 

 𝐸𝑖(𝑥, 𝑦, 𝑧) = 𝑋(𝑥) ⋅ 𝑌(𝑦) ⋅ 𝑍(𝑧), 𝑖 = 𝑥 , 𝑦 𝑜𝑟 𝑧 
 

(2.14) 

   

 1

𝑋
⋅

𝑑2𝑋

𝑑𝑥2
+

1

𝑌
⋅

𝑑2𝑌

𝑑𝑦2
+

1

𝑍
⋅

𝑑2𝑍

𝑑𝑧2
= −𝑘2 

(2.15) 

 

As Figure 2.1 shown, the wave is propagating along z direction, while standing 

at x-y plane. That is to say, to determine the mode is to determine the wave number in 

x and y direction for a rectangular waveguide. The respective mode of x and y 

direction can be derived from the following equations: 

 

 𝑑2𝑋

𝑑𝑥2
+ 𝑘𝑥

2 ⋅ 𝑋 = 0 
(2.16.1) 

   

 𝑑2𝑌

𝑑𝑦2
+ 𝑘𝑦

2 ⋅ 𝑌 = 0 
(2.16.2) 

 

Consequently: following equations are derived. 

 

 𝑋 = 𝐴𝑠𝑖𝑛(𝑘𝑥 ⋅ 𝑥) + 𝐵𝑐𝑜𝑠(𝑘𝑥 ⋅ 𝑥) (2.17.1) 

   

 𝑌 = 𝐶𝑠𝑖𝑛(𝑘𝑦 ⋅ 𝑦) + 𝐷𝑐𝑜𝑠(𝑘𝑦 ⋅ 𝑦) (2.17.2) 

 

And combining the wave propagation nature in z direction:  

 

 𝑍 = 𝐸 ⋅ 𝑒−𝑗𝑘𝑧⋅𝑍 (2.18) 
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We next to determine the mode by the following boundary conditions: 

First, all electromagnetic problem follows the following boundary conditions: 

 

 𝐸1𝑡 = 𝐸2𝑡 (2.19) 

 

Especially for TE mode: 

 

 𝐸𝑧 = 0 (2.20) 

 

By considering the tangential component is zero (2.1.4, 2.19 and 2.20) at 

boundary, we obtain the TE mode as follows: 

 

 𝐸𝑥 ∝ cos (
𝑚𝜋

𝑎
𝑥) ⋅ sin (

𝑛𝜋

𝑏
𝑦) ⋅ 𝑒−𝑗𝑘𝑧⋅𝑧 

(2.21.1) 

   

 𝐸𝑦 ∝ sin (
𝑚𝜋

𝑎
𝑥) ⋅ cos (

𝑛𝜋

𝑏
𝑦) ⋅ 𝑒−𝑗𝑘𝑧⋅𝑧 

(2.21.2) 

   

 𝐸𝑧 = 0 (2.21.3) 

   

 𝐻𝑥 ∝ sin (
𝑚𝜋

𝑎
𝑥) ⋅ cos (

𝑛𝜋

𝑏
𝑦) ⋅ 𝑒−𝑗𝑘𝑧⋅𝑧 

(2.21.4) 

   

 𝐻𝑦 ∝ cos (
𝑚𝜋

𝑎
𝑥) ⋅ sin (

𝑛𝜋

𝑏
𝑦) ⋅ 𝑒−𝑗𝑘𝑧⋅𝑧 

(2.21.5) 

   

 𝐻𝑧 ∝ cos (
𝑚𝜋

𝑎
𝑥) ⋅ cos (

𝑛𝜋

𝑏
𝑦) ⋅ 𝑒−𝑗𝑘𝑧⋅𝑧 

(2.21.6) 

 

The amplitude of each component is trivial, in the case of steady-state sinusoidal 

situation, one can easily derive them from the Maxwell equations. Thus, the mode 

𝑇𝑚𝑛 is determined as follows: 
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 𝑘𝑥 =
𝑚𝜋

𝑎
, 𝑚 = 0,1,2,3 … 

(2.22.1) 

   

 𝑘𝑦 =
𝑛𝜋

𝑏
, 𝑛 = 0,1,2,3 … 

(2.22.2) 

 

where m and n can not be zero simultaneously.   

 

As shown in Figure 2.1, the broad wall width a is larger than the narrow wall 

width b, thus the mode with longest wavelength (cutoff wavelength), which was 

allowed to propagate through the waveguide, is 𝑇𝐸10: 

 

 
𝜆𝑐,10 =

2𝜋

√(
𝑚𝜋
𝑎

)
2

+ (
𝑛𝜋
𝑏

)
2

= 2𝑎 
(2.23) 

 

Similarly, we can obtain the secondary mode wavelength: 

 

 𝜆20 = 𝑎 (2.24.1) 

   

 𝜆01 = 2𝑏 (2.24.2) 

 

As a result, we find the essential single mode condition for a rectangular 

waveguide: 

 𝜆 < 2𝑎 𝑎𝑛𝑑 𝜆 > 𝑚𝑎𝑥(2𝑏, 𝑎) (2.25) 

 

For standard WR-28 waveguide, 𝑎 = 7.112 𝑚𝑚, 𝑏 = 3.556 𝑚𝑚 , the single 

mode condition is: 

 

 𝑎 < 𝜆 < 2𝑎 (2.26) 
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Next, we derive the propagation constant 𝑘𝑧: 

 

 
𝑘𝑧 = √𝑘2 − 𝑘𝑥

2 − 𝑘𝑦
2 

(2.27) 

 

As a result, we can define the wavelength in the waveguide (𝜆𝑔) to clarify the 

resonant property along z direction: 

 

 
𝜆𝑔 =

2𝜋

𝑘𝑧
=

2𝜋

√𝑘2 − (
𝑚𝜋
𝑎

)
2

− (
𝑛𝜋
2𝑏

)
2

, 𝑚 = 1, 𝑛 = 0 
(2.28) 

 

By considering equation (2.6 and 2.13), we obtain the following equation: 

 

 
𝜆𝑔 =

𝜆

√1 − (
𝜆

2𝑎
)

2
 

(2.29) 

 

Usually, the radiating slot distributes along z direction has a gap of 
1

2
𝜆𝑔  to 

minimize the mutual coupling among each other.  
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2.2 Radiating from slot 

 

We derive the radiation pattern of a slot along longitudinal direction of 

waveguide in frequency domain. For simplicity and practical applications, instead of 

using Fourier transform, all the following operations are carried out on the case of 

steady-state electromagnetic (EO) field under sinusoidal excitations. Consequently, 

the electric and magnetic fields are written as following: 

 

 𝑬(𝒓, 𝑡) = 𝑬(𝒓) ⋅ 𝑒[𝑗(𝜔𝑡−𝒌𝒓)]  (2.30.1) 

   

 𝑯(𝒓, 𝑡) = 𝑯(𝒓) ⋅ 𝑒[𝑗(𝜔𝑡−𝒌𝒓)]  (2.30.2) 

 

Thus, the differential operator can be replaced by: 

 

 𝜕

𝜕𝑡
= 𝑗𝜔 (2.31.1) 

   

 ∇= −𝑗𝒌 (2.31.2) 

 

In addition, we assume the wave is propagating inside isotropic material: 

 

 𝐃 = 𝜖𝑬 (2.32.1) 

   

 𝑩 = 𝜇𝑯 (2.32.2) 

   

 𝑱 = 𝜎𝑬 (2.32.3) 

 

where D, E, B, H, J, 𝜖 , 𝜇 , 𝜎  denote electric displacement density, electric field, 

magnetic flux density, magnetic field, current density, permittivity, permeability and 

electric conductivity, respectively.  
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As a result, the Maxwell equation is presented in the following format, where 4 

equations are all related to the electric or magnetic field: 

 

 ∇ ⋅ 𝐄 =
𝜌

𝜖
 (2.33.1) 

   

 
∇ ⋅

𝐁

μ
= ∇ ⋅ 𝑯 = 0 (2.33.2) 

   

 ∇ × 𝑯 = (𝜎 + 𝑗𝜔𝜖)𝑬 (2.33.3) 

   

 ∇ × 𝐸 = −𝑗𝜔𝜇𝑯  (2.33.4) 

 

Since (2.33.2) is valid in whole space, which means nonexistence of magnetic 

monopole, the magnetic field can be expressed by a curl of vector: 

 

 𝑩 = 𝜇𝑯 = ∇ × 𝐀 (2.34) 

 

Here we call A the magnetic vector potential. And from the equation (2.33.4) 

and (2.34), we obtain: 

 

 ∇ × (jω𝑨 + 𝑬) = 0 (2.35) 

 

Due to the curl of a gradient of any scalar function is zero, the electric field can 

be express by magnetic vector potential A and electric scalar potential 𝜙 as follows:   

 

 𝑬 = −𝑗𝜔𝑨 − ∇𝜙 (2.36) 
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By eliminating E and H of (2.3.3) by using (2.34) and (2.36), we obtain: 

 

 
∇ × 𝑯 =

1

𝜇
∇ × ∇ × 𝑨 = (𝜎 + 𝑗𝜔𝜖)(−𝑗𝜔𝑨 − ∇𝜙) (2.37) 

 

Using the following vector calculation formula (2.2) and Lorentz gauge: 

 

 ∇ ⋅ 𝑨 = −𝑗𝜔𝜇𝜖𝜙 (2.38) 

 

 

We can obtain the vector Helmholtz equation: 

 

 ∇2𝑨 + 𝑘2𝑨 = −𝜇𝑱 (2.39) 

 

 

By performing divergence operation on equation (2.36), we obtain the scalar 

Helmholtz equation: 

 

 ∇2𝜙 + 𝑘2𝜙 = −
𝜌

𝜖
 (2.40) 

 

 

Where 𝑘 = 𝜔√𝜇𝜖 denotes the wavenumber. 

 

According to the boundary condition, the solution of (2.39) presents the possible 

electric and magnetic field distribution in the specific region, such as rectangular, 

round or any type of waveguide (we usually call this mode). Normally it is impossible 

to analytically solve the (2.39), unless the boundary is very simple and symmetric. 

However, numerical solution is always possible, thus we can express the electric field 

by the following equation through the magnetic vector potential A: 
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 𝑬 = −jω𝐀 + ∇ ⋅
∇ ⋅ 𝑨

𝑗𝜔𝜇𝜖

  

 (2.41) 

 

 

Next, we consider the retarded vector potential of a current source. Since the 

wave propagating speed is finite, the observer, even near the source, can’t immediately 

detect the information of the source, due to a retardation of 𝑡 −
𝑟

𝑐
. As a result, the 

magnetic vector potential of field point 𝒓  can be presented by the following Biot-

Savart Law from the current source point 𝒓′. [Notice that we use 𝒓, x, y and z denote 

the field point and 𝒓′ , 𝑥′ , 𝑦′  and 𝑧′  denote the source point in the following entire 

dissertation. While the relative position is shown in Figure 2.2.] 

 

 𝑨 =
𝜇

4𝜋
∭

𝑱(𝒓′, 𝑡 − |𝒓 − 𝒓′|/𝑐)

|𝒓 − 𝒓′|
𝑑𝑣    (2.42) 

 

 

 
  

 

Fig. 2.2. The source point and field point 
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The relative position can be expanded as following: 

 

 |𝒓 − 𝒓′| = r ⋅ √1 − 2
𝒓̂ ⋅ 𝒓′

𝑟
+ (

𝑟′

𝑟
)

2

= 𝑟 ⋅ {1 + (
𝑟′

𝑟
) (𝒓̂ ⋅ 𝒓′̂) … … }    

(2.43) 

 

 

Normally, to take the following approximation is sufficient, since we interest in 

the area of 𝑟′ ≪ 𝑟: 

 

 |𝒓 − 𝒓′| ≈ r    (2.44) 

 

 

As a result, the retarded vector potential becomes: 

 

 𝑨 =
𝜇

4𝜋𝑟
∭ 𝑱(𝒓′, 𝑡 − |𝒓 − 𝒓′|/𝑐)𝑑𝑣′    (2.45) 

 

 

 

Thus, in frequency domain, the retarded vector potential can be obtained from 

Fourier transform: 

 

 𝑨𝝎 =
𝜇

4𝜋
⋅

𝑒𝑖𝑘𝑟

𝑟
∭ 𝑱(𝒓′, 𝜔) ⋅ 𝑒−𝑖𝒌⋅𝒓′

 𝑑𝑣 ′    (2.46) 

 

 

Next, we can calculate the retarded vector potential of a narrow rectangular slot 

by using dipole model as Figure 2.3. 
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Figure 2.3. (a) Current distribution of a dipole antenna  

                      (b) configuration of a narrow rectangular slot 

The current distribution can be presented by: 

 

 𝐼 = 𝐼𝑚sin [𝑘(𝐿 − |𝑧|)] (2.47) 

 

 

Besides: 

 

 𝑱𝑑𝑣 = 𝐼𝑑𝑧 (2.48.1) 

 

   

 𝒌 ⋅ 𝒓′ = 𝑐𝑜𝑠𝜃 (2.48.2) 

 

Therefor the magnetic vector potential of far field (where 𝑟′ ≪ 𝑟) generated from 

a dipole antenna can be written as： 

 

 𝑨𝜔 =
𝜇𝐼𝑚

4𝜋
⋅

𝑒𝑖𝑘𝑟

𝑟
∫ sin [k(L − |z|)]𝑒−𝑖𝑘𝑧𝑐𝑜𝑠𝜃𝑑𝑧

𝐿

−𝐿

 (2.49) 
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The integral operation method can be found in Appendix I, and the result is 

following: 

 𝑨𝜔 =
𝜇𝐼𝑚

2𝜋
⋅

𝑒𝑖𝑘𝑟

𝑘𝑟
[
cos(𝑘𝐿𝑐𝑜𝑠𝜃) − cos (𝑘𝐿)

sin2 𝜃
] (2.50) 

 

By expanding the following items into first order: 

 

 cos(𝑘𝐿𝑐𝑜𝑠𝜃) − cos(𝑘𝐿) = 1 −
(𝑘𝐿𝑐𝑜𝑠𝜃)2

2
− [1 −

(𝑘𝐿)2

2
] =

1

2
𝑘2𝐿2 sin2 𝜃 (2.51) 

 

And considering the following relation: 

 

 𝑬𝜃 = 𝑗𝜔𝜇 ⋅ 𝑠𝑖𝑛𝜃 ⋅ 𝑨𝜔 (2.52) 

 

We finally obtain the following radiation approximation relation in the far field 

region: 

 

 𝑬𝜃 ≈ 𝑠𝑖𝑛𝜃 (2.53) 
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2.3 Summary 

 

We have briefly introduced the physic fundaments of the propagation nature of 

electromagnetic wave in rectangular waveguide and the radiation nature of a narrow 

rectangular slot along longitude direction. All the equations are derived from four 

basic Maxwell equations. In general, the following 4 equations (2.23, 2.25, 2.29 and 

2.53) are essential for the next work. 

First, the cutoff wavelength is determined by (2.23), which means that the 

wavelength longer than this value is invalid to propagating into the rectangular 

waveguide: 

 𝜆𝑐,10 = 2𝑎 (2.23) 

   

Second, the rectangular waveguide size to determine the single mode condition 

are given by (2.25): 

 

 𝜆 < 2𝑎 𝑎𝑛𝑑 𝜆 > 𝑚𝑎𝑥(2𝑏, 𝑎) (2.25) 

 

Third, the wavelength inside the rectangular waveguide is determined by (2.29): 

 

 
𝜆𝑔 =

𝜆

√1 − (
𝜆

2𝑎
)

2
 

(2.29) 

 

Finally, the far-field radiation pattern of a narrow slot can be approximately 

written as (2.53): 

 

 𝑬𝜃 ≈ 𝑠𝑖𝑛𝜃 (2.53) 
 

(Notice: related basic knowledges can be found in several textbook of slotted antenna array.) 
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Chapter 3 

Simulation method 

 

3.1 Brief introduction of Finite element method 

 

To solve the Helmholtz equation with normal boundary condition is analytically 

impossible unless some simple and symmetric conditions, such as infinite planer 

waveguide (slab waveguide), rectangular waveguide [see Chapter 2], cylindrical or 

spherically symmetric waveguide [the result can be analytically represented with the 

support of Bessel function for cylindrical case and Legendre function for spherical 

case respectively]. For a practical case, such as slotted waveguide arrayed antennas 

with multiple slots, effective algorism to obtain an approximation solution is essential 

since there is no analytical solution. 

First, we consider a differential equation: 

 

𝓓𝜙 = 𝑓 (3.1) 

 

where 𝓓 is the differential operator, 𝜙 is the function required to be solved, and 𝑓 is 

inhomogeneous impulse function (external field), respectively. Notice that the 

boundary condition of (3.1) is normally a combination of Neumann and Dirichlet 

condition [idea conductor 𝜌 = 0 ], impedance boundary condition [ 𝜌 ≠ 0 ], 

Sommerfeld condition, and multiple complex higher order boundary condition. As a 

result, even (3.1) has simple format, there is no analytical solution due to the 

complicated boundary condition. Next, we introduce two approaches to obtain 

approximation solution of (3.1). 

First, Rayleigh-Ritz method are introduced as follows. We first introduce the dot 

product of functions:  

  

[𝜙, 𝜒]   =  ∫ 𝜙𝜒∗𝑑Ω
Ω

 (3.2) 
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The Differential operator 𝓓 is self-adjoint if  

 

[𝓓𝜙, 𝜒]  =   [𝜙, 𝓓𝜒] (3.3) 

 

The Differential operator 𝓓 is positive definite if 

 

[𝓓𝜙, 𝜙]  ≥ 0 𝑎𝑛𝑑 [𝓓𝜙, 𝜙] = 0, 𝑜𝑛𝑙𝑦 𝑖𝑓 𝜙 = 0  (3.4) 

 

According to functional theory (variational method), for a self-adjoint and 

positive-definite differential operator, the solution of (3.1) can be solved by 

calculating the minimal value of following equation [1]:  

 

𝐹(𝜙̃ ) =
1

2
[𝒟𝜙̃, 𝜙̃] −

1

2
[𝜙̃, 𝑓] −

1

2
[𝑓, 𝜙̃] (3.5) 

 

where  𝜙̃ is trial function.  

Next critical technology is to expand the trial function as follow: 

 

𝜙̃ = ∑ 𝑐𝑖𝜈𝑖 = [𝑐]𝑡[𝜈] = [𝜈]𝑡[𝑐]

𝑖

, 𝑖 = 1,2,3 … . 𝑓𝑖𝑛𝑖𝑡𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑛 (3.6) 

 

where 𝑐𝑖 is undetermined coefficients and 𝜈𝑖 is function basis for expansion. 

By substituting (3.6) into (3.5), we obtain 

 

𝐹 =
1

2
[𝑐]𝑡 ∫ [𝜈]𝓓[𝜈]𝑡𝑑Ω[c]

Ω 

− [𝑐]𝑡 ∫ [𝜈]𝑓𝑑Ω
Ω

 (3.7) 

 

The solution of (3.1) can be obtained by solving following system of linear 

equations. the minimal value of F in (3.7) can be obtained when we take the partial 

derivative: 

 

𝜕𝐹

𝜕𝑐𝑖
=

1

2
∫ 𝜈𝑖𝓓[𝜈]𝑑Ω[c] +

Ω 

1

2
[𝑐]𝑡 ∫ 𝜈𝓓𝜈𝑖𝑑Ω +

Ω 

− ∫ 𝜈𝑖𝑓𝑑Ω
Ω

= 0 (3.8) 
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By combining all the components (𝑖 = 1,23, … 𝑛) of Equation (3.8) together, we 

get the following n dimensional linear equations system:  

 

[𝑆][𝑐] = [𝑏] (3.9) 

 

where  

 

𝑆𝑖𝑗 = ∫ 𝜈𝑖𝓓𝜈𝑗𝑑Ω
Ω

 (3.10.1) 

  

𝑏𝑖 = ∫ 𝜈𝑖𝑓𝑑Ω
Ω

 
(3.10.2) 

 

From the explanation above, we find the fact that to solve (3.1) is to solve a n 

dimensional linear equations system. Proper selection of the function basis [𝜈] 
determine the error value between the exact and trial solution. Apparently, the above 

Rayleigh-Ritz method is impact in terms of theory. Because the method has clarified 

that to solve differential equation is to solve linear equations system, which is obtained 

by discretizing the original equation. Besides, the precision of the solution by 

Rayleigh-Ritz method is determined by the function basis selection. We know the 

dimension of (3.9) is equal to the capacity of basis n. However, to select proper basis 

(function type and number of basis n) is difficult work. First, it is obvious that by 

selecting complete basis we can obtain exact solution. On the other hand, only 

incomplete basis is existing for general problem. In addition, to increasing the 

numbers of basis is not effective way because it will increase the calculation load 

[dense linear equations have time complexity with 𝑂(𝑛3)]. Besides, the increasing of 

capacity of basis n will not increase the precision of solution if the function type is 

inappropriate.  

To solve the drawbacks of Rayleigh-Ritz method, we will introduce the 

following Galerkin method with subdomain configuration.  
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First, we define the residual r as follow: 

 

𝑟 = 𝓓𝜙̃ − 𝑓 ≠ 0  (3.11) 

 

 

Then we define the residual weighting integral as follows: 

 

𝑅𝑖 = ∫ 𝑤𝑖𝑟𝑑Ω
Ω

 (3.12) 

 

where 𝑤𝑖 denotes the weighting and optimal trial solution 𝜙̃ leads that 𝑅𝑖 = 0. 

 

Next, we determine the trial function by subdomain configuration. As we 

describe in Rayleigh-Ritz method, the most difficult and essential procedure is to 

determine the trial function, while basis expansion method has fatal flaw for a 

practical issue. The difficulty is to determine the trial function at entire domain. For 

this reason, we first divide the entire domain into small grids. And in each small grid 

Ω𝑖, the trial function can be treated as polynomial function ∑ 𝑎𝑖𝑥𝑖
𝑖 . Usually, to take 

constant or linear function as trail function for subdomain is enough. One can also 

increase the precision by decreasing the grid size or increase the power of polynomial 

function we used for each subdomain.  

Following, we derive the linear equations system of original differential function 

(3.1) by Galerkin method with subdomain configuration. 

First step is to discrete the domain Ω as series of Ω𝑒  (𝑒 = 1,2,3 … 𝑀).  Normal 

subdomains (grid types) used for every dimension are illustrated in Figure 3.1. 



Chapter 3. Simulation method 

32 
 

 
Fig. 3.1. The normal subdomain used for (a) 1-dimension (b) 2-dimensional and (c) 3-

dimension. 

 
Fig. 3.2. The example of domain discretion for (a) 2 dimension and (b) 3 dimension. 
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The trial function in subdomain can be represented by the combination of the 

value in the nodes of the section: 

 

𝜙̃𝑒 = ∑ 𝑁𝑗
𝑒𝜙𝑗

𝑒

𝑛

𝑗=1

= [𝑁𝑒]𝑡[𝜙𝑒] = [𝜙𝑒]𝑡[𝑁𝑒]  (3.13) 

 

Thus the residual weighting integral is: 

 

[𝑅] = ∑([𝐾𝑒][𝜙𝑒] − [𝑏𝑒])

𝑀

𝑒=1

  (3.14) 

 

When we take the residual as 0, we obtain the linear equations system with the 

following matrix format: 

 

[𝐾𝑒][𝜙𝑒] = [𝑏𝑒] (3.15) 

 

where [K] is NxN matrix, [𝜙] and [𝑏] are N x 1 vectors, each component of K and b 

can represent as: 

  

𝐾𝑖𝑗
𝑒 = ∫ 𝑁𝑖

𝑒𝓓𝑁𝑗
𝑒𝑑Ω

Ωe
  (3.16.1) 

𝑏𝑖
𝑒 = ∫ 𝑓𝑁𝑖

𝑒𝑑Ω
Ωe

 (3.16.2) 

 

Totally, there is NxM linear functions. 

 

Final task is to solve a large dimension linear equations system as follow: 

 

𝐴𝑥̅ = 𝑏 ̅, 𝑤ℎ𝑒𝑟𝑒 𝐴 ∈ 𝑅𝑛 × 𝑅𝑛 (3.17) 

 

The traditional method such as Gaussian elimination method has a time 

complexity of 𝑂(𝑛3). According to the process that we obtain (3.17), the matrix is 

almost empty. As a result, we can use the famous Crout decomposition (LU 

decomposition) method to increase the solving speed. We try to decompose the 

coefficient matrix as follow: 
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𝐴 = 𝐿𝑈 (3.18) 

 

where L is lower triangular matrix, while U is upper triangular matrix. 

   

By the Crout decomposition, the original problem is converted as follow: 

 

𝐿𝑦 = 𝑏 (3.19.1) 

  

𝑈𝑥 = 𝑦 (3.19.2) 

 

Notice that the solution of (3.19.1) and (3.19.2) is fast: 

 

𝑦1 =
𝑏1

𝑙11
 (3.20.1) 

  

𝑦𝑖 =
1

𝑙𝑖𝑖
(𝑏𝑖 − ∑ 𝑙𝑖𝑘𝑦𝑘

𝑖−1

𝑘=1

) , 𝑖 > 1 (3.20.2) 

 

By substituting (3.20) into (3.19.2), we can obtain:  

 

𝑥𝑛 =
𝑦𝑛

𝑙𝑛𝑛
 (3.21.2) 

  

𝑥𝑖 =
1

𝑢𝑖𝑖
(𝑦𝑖 − ∑ 𝑢𝑖𝑘𝑥𝑘

𝑛

𝑘=𝑖+1

)  𝑖 < 𝑛 (3.21.2) 

 

In addition, we use the following equations to explain why LU decomposition is 

suitable for FEM. Notice that by Galerkin method, we obtain a sparse matrix. As 

shown in follow, many elements in matrix is 0 that the decomposition is fast: 

 

𝐴 = [𝑎𝑖𝑗] = [
𝑙11 ⋯ 0
⋮ ⋱ ⋮

𝑙𝑛1 ⋯ 𝑙𝑛𝑛

] [

𝑢11 ⋯ 𝑢1𝑛

⋮ ⋱ ⋮
0 ⋯ 𝑢𝑛𝑛

] (3.22) 

 

We can obtain 𝑛2 equations with 𝑛2 + 𝑛 variable. As a result, we can choose any 

n variable as arbitrary value and then to calculate the remaining 𝑛2 parameters.    
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Normally, if we choose all the diagonal elements of U (uii) as 1, then the 

remaining elements of L and U is easy to be calculated. 

 

3.2 Brief introduction of Femtet 

 

First is the overview of Femtet. Femtet stands out in the crowded field of 

simulation software due to its unique capabilities and user-friendly interface. 

Developed by Murata Software, a company with a strong reputation for innovation in 

the software industry, Femtet is designed to meet the complex simulation needs of 

professionals across different engineering disciplines. 

 

Next, we introduce several Key features of this software: 

 

1. Multiphysics Simulation: 

Femtet excels in multiphysics simulations, allowing users to seamlessly 

integrate and simulate various physical phenomena within a single 

environment. This capability is crucial for projects where different aspects of 

a system interact and influence each other. 

2. Electromagnetic Analysis: 

The software provides advanced tools for electromagnetic analysis, making 

it an invaluable resource for engineers working on projects related to electric 

motors, sensors, antennas, and other devices where electromagnetic 

interactions are critical. 

 

3. Thermal Analysis: 

Engineers dealing with thermal management challenges find Femtet 

particularly useful. The software enables detailed thermal analysis, helping 

to optimize designs for heat dissipation, thermal conductivity, and other 

thermal-related factors. 

 

4. Structural Mechanics: 

Femtet offers robust tools for structural mechanics simulations. This includes 

stress analysis, deformation studies, and assessments of structural integrity, 

essential for industries ranging from aerospace to civil engineering. 
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5. Fluid Dynamics: 

Fluid dynamics simulations are a forte of Femtet, making it a valuable asset 

for projects involving the flow of liquids or gases. Applications include 

aerodynamics, HVAC system design, and fluid-structure interaction studies. 

 

6. User-Friendly Interface: 

One of the standout features of Femtet is its user-friendly interface. The 

software is designed to be accessible to both seasoned simulation experts and 

those new to the field. The intuitive interface allows users to set up 

simulations efficiently and interpret results with ease. 

 

7. Versatility in Material Modeling: 

Femtet supports a wide range of material models, allowing engineers to 

accurately represent the behavior of different materials under various 

conditions. This flexibility is essential for achieving realistic and reliable 

simulation results. 

 

 

 

 

Femtet finds applications in diverse industries, including: 

 

1. Electronics: For analyzing electromagnetic compatibility, designing sensors, 

and optimizing electronic components. 

 

2. Automotive: In the development of electric vehicles, optimizing thermal 

management systems, and analyzing structural components for safety and 

durability. 

 

3. Aerospace: For aerodynamic studies, structural analysis of components, and 

thermal management in spacecraft. 

 

4. Energy: In the design and optimization of renewable energy systems, such as 

wind turbines and solar panels. 
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5. Mechanical Engineering: For simulating stress and strain in mechanical 

components, optimizing designs for strength and durability. 

 

6. Biomedical Engineering: In the study of electromagnetic interactions in 

medical devices and the thermal analysis of equipment used in healthcare. 
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3.3 Harmonic analysis by Femtet 

 

There are 3 kinds of solvers in Femtet for Electromagnetic problems. For low 

frequency cases [Constant Current/Voltage (AC) up to 1 MHz], Femtet provides 

electric and magnetic solver. For the frequency range from 1 MHz to several tens of 

Giga-Hertz bandwidth, we can use electromagnetic wave solver as shown in Figure 

3.3. 

 

 

Fig. 3.3. The interface of Femtet to select proper solver. 

Besides, there are also three different analyses for the electromagnetic solver. 

For wave propagation problems with 3D structure, we should use harmonic analysis. 

By using harmonic analysis, we obtain the electromagnetic wave in the space, the S 

parameters, the directivity and the surrounding field.  Figure 3.4 is the procedure of 

harmonic analysis by Femtet. 
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Fig. 3.4. The harmonic analysis process. 
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3.4 Summary 

 

Chapter 3 is a pivotal segment offering a detailed exploration of the Finite 

Element Method (FEM) and the specialized simulation software, Femtet, focusing on 

its application in high-frequency electromagnetic wave analysis through harmonic 

analysis. 

3.1 is introduction to FEM. The chapter commences with a comprehensive 

introduction to the Finite Element Method (FEM), an indispensable numerical 

approach for solving complex engineering challenges. FEM's fundamental principles 

are laid out, illustrating its versatility in problem-solving by discretizing structures 

into manageable elements. This section underscores the adaptability of FEM across 

diverse engineering domains, underscoring its efficacy in structural mechanics, 

thermal analysis, and electromagnetic simulations. 

3.2  is introduction to Femtet. Building on the FEM foundation, Section 3.2 

provides an in-depth overview of Femtet, a robust simulation software developed by 

Murata Software. The discussion underscores Femtet's user-friendly interface and its 

ability to handle multiphysics simulations with finesse. Noteworthy is Femtet's 

prowess in electromagnetic analysis, thermal simulations, and structural mechanics, 

positioning it as a versatile solution applicable across a spectrum of engineering 

disciplines. 

3.3 is introduction to Harmonic Analysis in Femtet for High-Frequency 

Electromagnetic Wave Simulation: 

A focal point of the chapter, Section 3.3 introduces the application of Femtet in 

simulating high-frequency electromagnetic waves through harmonic analysis. 

Harmonic analysis, explained as a technique for studying system behavior under 

sinusoidal excitations, is particularly relevant in high-frequency scenarios. The 

section elucidates the core principles of harmonic analysis and demonstrates how 

Femtet streamlines precise and efficient simulations. Femtet's role in providing 

insights into electromagnetic compatibility, antenna design, and other high-frequency 

wave scenarios is underscored. 
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Finally, we make a conclusion of this chapter as follows. 

Chapter 3 serves as a comprehensive guide to both the theoretical underpinnings 

of FEM and the practical application of Femtet. The emphasis on harmonic analysis 

within Femtet positions it as an invaluable tool for engineers and researchers 

navigating the intricacies of high-frequency electromagnetic wave simulations. As 

technology progresses, users are encouraged to refer to the latest documentation from 

Murata Software for updates, advanced features, and real-world applications of 

Femtet in the dynamic field of electromagnetic analysis. 
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Chapter 4 

Design of slotted waveguide array antenna 

 

4.1 Introduction of the device 

 

Figure 4.1 shows the configuration of an alternating phase-fed single-layer 

waveguide slot array antenna with 10×10 slots. The design frequency is set to 38 GHz. 

The input aperture consists of a standard WR-28 waveguide [See Figure 4.1]. To 

facilitate fabrication and increase the manufacturing yield rate, the three parts of the 

antenna can be individually fabricated and connected with bolts. This modular design 

allows for easier assembly and adjustment. 

In the input aperture part, a matching waveguide with a 1/4 guided wavelength 

is employed, along with a feed waveguide located between the input aperture (WR-

28) and the 3 dB power divider for reflection suppression. The feed waveguide utilizes 

an alternative-phase configuration, wherein adjacent waveguides have a 180-degree 

phase difference and a uniform amplitude distribution. This arrangement effectively 

cancels the current on the side walls, eliminating the need for electrical connection 

between the top radiating plate and the waveguide-based layer. 

Furthermore, each feeding aperture incorporates an inductive sidewall to 

enhance feeding efficiency by precisely tuning the amplitude and phase of the TE10 

wave. To achieve a high gain, RCSs are employed for each slot on the radiating 

waveguides. The radiation section of the antenna features slots spaced at intervals of 

1/2 guided wavelength along the longitude direction to mitigate the mutual coupling 

effect. 

To design and estimate the structure, full-wave calculations were performed 

using the finite element method (FEM). We utilized Femtet (Murata Software Co., 

Ltd.) as the electromagnetic simulation tool, which accounts for various factors 

including mutual coupling effects and material loss with high accuracy. 

The remaining part of this chapter is organized as follows: we first introduce the 

design of Broad wall width, radiating part and feeding part respectively in subsection 

4.2, 4.3 and 4.4. Sub section 4.5 presents the numerical analysis result of the device. 

ww then summarize this chapter in sub-section 4.6. 
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Fig. 4.1. Configuration of a single-layer 10x10 alternative phase-fed slotted 

waveguide array antenna. 
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4.2 Broad-wall width design for side-lobe suppression 

Figure 4.2 illustrates a 2-dimensional slotted array pattern. For simplicity, we 

fixed the width of a single waveguide as a and the offset as r⋅a, where 0 < 𝑟 < 0.5 

to ensure the offset at range of [0,
𝑎

2
]. In the y-direction, the slots are allocated at a 

distance of half the wavelength in the waveguide. The wavelength of the radiating 

waveguide depends on the waveguide width a. 

The relationship between the wavelength in free space (λ) and the wavelength in 

the waveguide (𝜆𝑔) can be calculated using the following equation: 

 

 
𝜆𝑔 = 2𝑏 =

𝜆

√1 − (
𝜆

2𝑎
)

2
 

(4.1) 

where b is the longitude distance between two adjacent slots. 

By considering each slot as a small electric dipole antenna with an identical 

radiating amplitude and ignoring the mutual coupling effect, we can write the antenna 

factor as:  

 𝐴𝐹(𝜃, 𝜙) = ∑ 𝑒𝑗𝑘𝑋𝑚sin𝜃cos𝜙 ∑ 𝑒𝑗𝑘𝑌𝑛sin𝜃sin𝜙

𝑛𝑚

 (4.2) 

 

Here, k represents the wave number in free space. The positions of each slot can 

be determined using the following formulas: 

 𝑋2𝑛 = (𝑛 −
1

2
+ 𝑟) ⋅ 𝑎, 𝑛 = 1,2,3 … … (4.3) 

   

 𝑋2𝑛+1 = (𝑛 +
1

2
− 𝑟) ⋅ 𝑎, 𝑛 = 0,1,2 … … (4.4) 

 𝑌𝑛 = (𝑛 −
1

2
) ⋅ 𝑏, 𝑛 = 1,2,3 … … (4.5) 
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The grating lobe is mainly generated from two aspects. First, grating lobes are 

produced when adjacent slots are separated by distances greater than √2𝜆. Second, an 

asymmetrical slot distribution with multiple radiating centers also generates grating 

lobes. Thus, we can qualitatively conclude that obtaining low-sidelobe antenna arrays 

requires compact and symmetric slot distributions. 

In Figure 4.3(a), the optimization results for minimizing the slot distance |𝑂1𝑂2| 
are presented. For the standard WR-28 (7.112x3.556 mm) waveguide, an offset of 

1.38 mm is required to achieve 10% radiation. However, the designed waveguide 

(5x3.556 mm) only needs an offset of 0.28 mm to achieve the same radiating amount. 

Consequently, by reducing the broad wall width to 5 mm, smaller distances between 

adjacent slots and a symmetric configuration (smaller offset) are achieved. 

Using equation (4.2), the corresponding antenna factor is calculated, and the 

radiation pattern in the ϕ=45° plane between the two waveguides is plotted in Figure 

4.3(b). It is observed that the waveguide with a broad wall width of 5 mm exhibits 

lower sidelobes. 

 

 

Fig. 4.2. Top view of arrayed antenna in X-Y plane. Broad wall width is a. Offset of 

slot is r⋅a, where 0<r<0.5. The slot can be represented by its coordinate (𝑋𝑛, 𝑌𝑛). 
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Fig. 4.3. (a) |𝑂1𝑂2| as a function of Broad wall width 𝑎. (b) Radiation pattern at Phi 

= 45-degree plane. Red line shows result with 5 mm broad wall and blue line shows 

result with 7.112 mm broad wall. 
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4.3 Radiating part design (reflection-canceling stair) 

 

Reflection-canceling stairs (RCS) is proposed by Y. Tsunemitsu in 2007 [1]. The 

configuration is shown in Figure 4.4. There are mainly 3 merits for slotted waveguide 

with RCS. First, effective reflection suppression is achieved when the reflection from 

the slot and corresponding stair has equal amplitude and alternative phase. Second, 

the waveguide with stair has smaller phase delay comparing to an inductive side wall 

for reflection cancellation. Third, the decreasing of waveguide height towards the end 

of the waveguide can compensate for the electromagnetic power loss because the 

power density is increased with the reduction of height. 

 

Fig. 4.4. Configuration of slotted waveguide with RCS. 

We can use normalized impedance to evaluate the phase delay or advance by the 

relation between complex S11 and normalized impedance. According to the 

transmission line theory, the reflection on a transmission line is occurred due to the 

impedance mismatch between the characteristic impedance and the load impedance. 

Especially, when the load impedance is zero (short) or infinity (open), the respective 

current or voltage will be reflected 100%, where the |S11| = 0dB. The following 

equation (4.6) illustrates the relation among complex reflection S11, the characteristic 

impedance and the load impedance: 

  

 𝑆11 =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍𝑜
=

𝑍𝑛𝑜𝑟𝑚 − 1

𝑍𝑛𝑜𝑟𝑚 + 1
 (4.6) 

Where 𝑍𝐿, 𝑍0 and 𝑍𝑛𝑜𝑟𝑚 are the load impedance, the characteristic impedance, and 

the normalized impedance respectively. In addition, the following equation derives 

the real and imaginary part of normalized impedance as: 
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 𝑅𝑒(𝑍𝑛𝑜𝑟𝑚) =
1 − 𝑅𝑒2 − 𝐼𝑚2

(1 − 𝑅𝑒)2 + 𝐼𝑚2
 (4.7.1) 

 𝐼𝑚(𝑍𝑛𝑜𝑟𝑚) =
2𝐼𝑚

(1 − 𝑅𝑒)2 + 𝐼𝑚2
 (4.7.1) 

where the complex S11 can be denoted as: 

 𝑆11 = 𝑅𝑒 + 𝑗𝐼𝑚, 𝑗 = √−1  (4.8) 

 

By using FEM, we obtain the reflection of a rectangular waveguide with only 

one slot (Lo = 0.28 mm, Ls = 3.88 mm, a = 5 mm, h = 3.556 mm). The result is S11= 

-0.103+0.0218j. By substituting the S11 into equation (4.7.1) and (4.7.2), we can 

obtain the normalized impedance 𝑍𝑛𝑜𝑟𝑚 = 0.812 + 0.036𝑗 Ω , where the positive 

imaginary part shows that the rectangular waveguide with only slot has an inductive 

property, which results in phase delay. To this end, the traditional inductive reflection 

canceling components (such as side walls, metal cylinders) are unsuitable for slotted 

waveguide. Following we introduce the design procedure of slotted waveguide with 

capacitive reflection canceling components. 

Ten identical waveguides form a 10 × 10 antenna array, with each waveguide 

containing a linear slot allocation. The slot distribution on adjacent waveguides 

follows a mirror-symmetric pattern, creating an alternative-phase-fed configuration. 

In order to achieve a uniform radiating amount and minimize reflection for each slot, 

we employed a RCS for each radiating slot, as depicted in Figure 4.5. We used a 3-D 

finite element method (FEM) calculation to determine the complex S parameters for 

the model shown in Figure 4.5. Due to the inherent challenges in directly calculating 

the radiating power from a slot, we adopt an alternative approach. By evaluating the 

reflection coefficient (S11), transmission coefficient (S21), and propagation loss 

within the waveguide, we can indirectly estimate the radiation from the slot using the 

following equation: 

 

 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 1 − |𝑆11|2 − |𝑆21|2 − 𝐿𝑜𝑠𝑠 (4.9) 
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In our design process, we sequentially design 10 units from the input side to the 

end of waveguide, where each unit consists of a radiating slot and a RCS. The design 

of each unit utilizes the model shown in Figure 4.5 and undergoes full-wave FEM 

simulation. By specifying the waveguide height (h), slot length (Ls), slot offset (Lo), 

height of the RCS (hstair), and length of the RCS (Lstair), we calculate the reflection 

coefficient (S11) and the radiation from the slot. We begin by setting the slot offset to 

0.28mm. Subsequently, the waveguide height of each unit is determined based on the 

height and hstair of the preceding unit. In this manner, we establish a cascading effect 

in the design process. By conducting parameter scanning of Ls, hstair, and Lstair, our 

objective is to attain the desired radiation level while simultaneously minimizing the 

reflection coefficient S11.  

 
Fig. 4.5. (a) The 3D schematic of a radiating slot with reflection canceling stair. (b)  

The configuration of slot, where the slot length is Ls and the slot offset is Lo. For all 

slots, we keep the width as 1 mm and the offset Lo as 0.28 mm. (c) The 

configuration of reflection canceling stair, where we define the stair height as hstair 

and the distance to the slot center as Lstair. 
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Although the recent commercial software (Femtet in this work) has incredible 

ability to treat 3-D FEM calculation, it is still nontrivial to determine all parameters 

of one unit. Because there are four parameters (slot offset and slot length for slot, 

while the length and position of stair) in total. As a result, to brute-force sweep the 

parameter space is low efficient. 𝑛4 times calculation is required to just determine n 

different design. Consequently, we try to independently design the slot and stair and 

slight adjust the structure finally. This method will extremely reduce the design time. 

The detailed design of a unit (slot and stair) is shown as follows. The work on 

the designed waveguide with broad wall of 5-mm is carried out. We will give all the 

parameters of two types of design slotted waveguide in the final of this section. 

First, we can roughly determine the slot parameters without considering the 

influence of stair. We can choose the parameters (Lo, Ls) = (0.28 mm, 3.88 mm) 

according to the 2-dimensioanl swept result as shown in Figure 4.6. The increasing 

trend of radiation amount is from the right-down side to the left-up side, which means 

that small slot offset and large slot length results in large radiation amount. For 

intuitiveness, we plot the radiation difference from 10% as a function of different slot 

offset and slot length.  

 

Fig. 4.6. The slot length and the offset versus radiation power. (a = 5 mm) 
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After we determine the slot deign, we can determine the height of the stair, by 

calculating the S11 parameter. We assume that the amplitude of stair reflection is 

mainly determined by its height instead of the length. As shown in Figure 4.7(a), we 

can determine roughly the stair height. In addition, the Smith chart in Figure 4.7(b) 

shows that the stair has capacitive property which can compensate the phase delay 

that caused by slot. 

 

Fig. 4.7. (a) The amplitude of S11 and (b) Smith chart to illustrate the reflection 

characteristics of slotted waveguide with reflection canceling stair versus different 

stair height. 
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Next, we sweep the lstair to tuning the phase of reflection wave from the stair. 

As shown in Figure 4.8, we obtain an extremely low reflection combination of slot 

and stair. The position of step only affects the phase of reflection that we can see the 

reflectance of the unit with slot and step (dot curve) has both larger (in phase) and 

smaller (out phase) region than it of the unit with only slot (dashed line). Figure 4.8 

shows reflectance less than -47 dB is obtained with Lstair = 4.18mm. We then carry 

out a comparison among the novel unit, the unit with only step and the unit with only 

step in Figure 4.8. Strong reflection canceling effect of proposed unit is confirmed 

that less than -40 dB |S11| is obtained near 38 GHz. Smith chart in Figure 4.8(b) shows 

the normalized impedance as a function of Lstair. For a proper Lstair, the capacity of 

the reflection canceling stair can totally compensate the inductance of slot, where 

extremely small reflection is obtained.  Consequently, the second unit with slot and 

stair is designed by same procedure. 
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Fig 4.8. (a) The amplitude of S11 and (b) Smith chart to illustrate the reflection 

characteristics of unit with slot and stair versus Lstair.  
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Fig 4.9. The reflection characteristics of three different units. 

After we roughly determine the approximate value of design of a unit (slot and 

stair), we continue to optimize it by combining both the slot and stair together. The 

reflection from an appropriately designed RCS has an equal amplitude and reverse 

phase to the slot reflection, effectively suppressing the total reflection [see Figure 

4.10(a)]. Consequently, with the antenna parameters specified in Table I, we obtained 

uniform amplitude and less than -30 dB |S11| for each slot [see Figure 4.10(b)]. 
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Fig. 4.10. (a) configuration of reflection canceling stairs, hstair and Lstair denotes the 

height and position of reflection stair. (b) The radiation and reflection (S11) of each 

unit (slot and stair) at 38 GHz. 
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TABLE I 

THE PARAMETERS OF THE RADIATING UNIT 

Unit Ls (mm) 
Lstair 

(mm) 

hstair 

(mm) 

1 3.88 4.16 0.41 

2 3.96 3.96 0.39 

3 4.04 3.96 0.39 

4 4.08 3.96 0.39 

5 4.12 3.96 0.39 

6 4.14 3.66 0.33 

7 4.19 3.66 0.33 

8 4.27 3.66 0.33 

9 4.41 3.46 0.30 

10 4.80 3.21 0.296 

(Broad wall width = 5mm, slot offset = 0.28 mm) 

 

We also give the design results of another three types of slotted waveguide for 

the further numerical analysis comparison in section 4.6. Parameters of slotted 

waveguide with 5-mm broad wall width and no RCS is listed in Table II. While 

parameters of standard WR-28 (7.112x3.556 mm) slotted waveguide with and without 

RCS are listed in Table III and IV, respectively. 

 

 

 

 

 

 



Chapter 4. Design of slotted waveguide array antenna 

58 
 

 

 

 

 

 

TABLE II 

THE PARAMETERS OF THE RADIATING UNIT 

Unit Ls (mm) Lo(mm) 

1 3.88 0.30 

2 3.84 0.31 

3 3.88 0.34 

4 3.86 0.36 

5 3.84 0.42 

6 3.86 0.47 

7 3.87 0.57 

8 3.92 0.79 

9 4.10 1.80 

10 4.10 1.90 

(Broad wall width = 5mm) 
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TABLE III 

THE PARAMETERS OF THE RADIATING UNIT 

Unit Ls (mm) 
Lstair 

(mm) 

hstair 

(mm) 

1 3.73 2.26 0.37 

2 3.80 2.26 0.37 

3 3.85 2.26 0.37 

4 3.89 2.26 0.37 

5 3.92 2.26 0.37 

6 3.97 2.26 0.37 

7 4.02 2.26 0.37 

8 4.10 2.12 0.37 

9 4.50 2.72 0.37 

10 4.90 2.42 0.316 

(Broad wall width = 7.112 mm, slot offset = 1.38 mm) 

 

 

 

 

 

 

 

 



Chapter 4. Design of slotted waveguide array antenna 

60 
 

 

 

 

 

 

 

TABLE IV 

THE PARAMETERS OF THE RADIATING UNIT 

Unit Ls (mm) Lo(mm) 

1 3.80 1.38 

2 3.84 1.38 

3 3.90 1.47 

4 3.86 1.70 

5 3.88 1.90 

6 3.86 2.30 

7 3.85 2.80 

8 3.88 2.80 

9 3.88 2.80 

10 3.88 2.90 

(Broad wall width = 7.112 mm) 
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4.4 Feed part design 

 

The feeding section of the 10×10 single-layer waveguide slot array antenna 

consisted of a standard WR-28 input aperture, a T-junction 50:50 power splitter, and 

two 1 × 5 alternating phase-fed radiating waveguides. Figure 11(a) illustrates the 

configuration of the input aperture and T-junction 50:50 power splitter, where a 

standard WR-28 waveguide connects to the T-junction using a matching waveguide. 

Due to the perfect symmetry of the structure in Figure 4.11(a), the waves coupled to 

the two directions of the T-junction exhibit precisely equal power amplitude and a 

180-degree phase difference. Hence, by tuning the length (a), width (b), and height (h) 

of the matching waveguide to achieve impedance matching and suppress total 

reflection, we achieved a reflection of -53 dB at 38 GHz when setting (a, b, h) to (4.47 

mm, 3.10 mm, 3.20 mm), as depicted in Figure 4.11(b). 

The configuration of the 1 × 5 fed waveguides is illustrated in Figure 4.12. 

Initially, we set the length (l) to 5.225 mm to ensure that the half-wavelength in the 

waveguide (1/2 λg) is equal to 6.015 mm, which is the sum of the broad wall width (5 

mm) and the sidewall thickness (1.015 mm) for the alternating phase-fed condition. 

Additionally, we precisely adjusted the width (w) and offset (d) of the feed waveguide 

port, as shown in Figure 4.12(b), to control the phase and amplitude of the fed wave. 

Furthermore, an inductive wall was incorporated to suppress total reflection, utilizing 

parameters (d2) and (q) as depicted in Figure 4.12(b). Four parameters (d, w, d2, and 

q) were designed to achieve the two desired properties listed in Table V. Firstly, we 

achieved less than -20 dB reflection for each port and nearly equal fed wave power 

distribution (with a power deviation of < 0.43 dB) across all ports, as shown in Figure 

13(a). Secondly, we attained an alternating phase-fed condition with a phase deviation 

of < 1°, as demonstrated in Figure 4.13(b). Besides, we give the deign of feed 

waveguide for WR-28 also for a reference in Table VI. 
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Fig. 4.11. (a) configuration of input aperture, matching waveguide and 3 dB power 

divider. (b) The reflection (S11) as a function of frequency, when setting the 

parameters of (a, b, h) = (4.47 mm, 3.10 mm. 3.20 mm). 
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Fig. 4.12. (a) top view of 1x5 feed waveguide (b) the configuration of feed aperture. 
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Fig. 4.13. (a) amplitude of each S parameters as a function of frequency. (b) relative 

phase of each feed waveguide. (Port 1 is input aperture, while port 2~6 are feed 

waveguide.) 
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TABLE V 

THE PARAMETERS OF THE WAVEGUIDE 

Unit w 

(mm) 

d 

(mm

) 

d2 

(mm) 

q 

(mm) 

1 3.20 0 -0.3 1.00 

2 3.30 0 -0.3 1.10 

3 3.50 0 -0.1 1.20 

4 3.75 0 0 1.45 

5 5.00 -0.1 -0.5 2.30 

Broad wall width = 5 mm 

 

TABLE VI 

THE PARAMETERS OF THE WAVEGUIDE 

Unit w 

(mm) 

d 

(mm

) 

d2 

(mm) 

q 

(mm) 

1 3.20 0 -0.3 1.00 

2 3.30 0 -0.3 1.10 

3 3.50 0 -0.1 1.20 

4 3.75 0 0 1.45 

5 5.00 -0.1 -0.5 2.30 

Broad wall width = 7.112 mm 

(a,b,h,l)=(2.400,3.684,3.700,4.512) mm 
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4.5 Numerical analysis of device 

 

In this section, we carry out simulations based on the 4 types of design slotted 

waveguide. The simulation target is not only a linear slotted waveguide with 10 

radiating unit, but also the performance of 10x10 array and the performance of the 

whole model of all 4 types of slotted waveguide are carried out. Consequently, we 

present the reflection and radiation properties of all 4 types of slotted waveguides. 

The radiation pattern and aperture efficiency analysis will be done together with 

measurement result in next chapter. In the following subsection, we just give the plot 

of partial simulation for explanation. However, all simulation results can be found in 

the Table VII in the final of this chapter. 

 

4.5.1 Single waveguide  

 

Consequently, we compare the performance between a single waveguide with 

and without reflection canceling stairs in Fig. 4.14. Figure 4.14(a) illustrates the 

reflective properties as a function of frequency between two kinds of radiating 

waveguides. We confirm effective reflection suppression is achieved by employing 

reflection canceling stairs, as shown by the black dot line in Fig. 4.14(a). At 38 GHz, 

S11 is -14.5 dB for the waveguide with stair, while S11 is -6.2 dB for the waveguide 

with the only slot. Figure 4.14(b) illustrates the directive gain between two kinds of 

waveguides, that 15.9 dBi (aperture efficiency of 63.5%) for the waveguide with stair 

and 13.1 dBi (aperture efficiency of 33.3%) for the waveguide with the only slot. 
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Fig. 4.14. (a) The reflection characteristics (S11) and (b) the directive gain as a 

function of frequency based on the radiating waveguide with 10 pairs slot and stair 

and with only slot, respectively. 
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4.5.2 10x10 array 

 

Figure 4.15 shows the performance of the full model, which includes input 

aperture, matching waveguide, two 1x5 feed waveguides, and a 10x10 slotted 

radiating waveguide array. The lines with triangle, square and circle in Fig. 4.15(a) 

show the respective reflection properties of input aperture, feeding waveguide, and 

radiating waveguide. In contrast, the line with black dot in Fig. 4.15(a) denotes the 

total reflection from a full model. -14.5 dB reflection of the full model is achieved at 

38 GHz. The black dot line in Fig. 4.15(b) illustrates the directive gain of the full 

model, while the directive gain of only the 10x10 slotted waveguide array is plotted 

in the same figure in the black circle line. As a result, we obtain 23.3 dBi (aperture 

efficiency of 30.3%) for the array with only radiating waveguide, while we obtain 

22.9 dBi (28.2%) for the full model at 38 GHz. 
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Fig. 4.15. (a) The reflection of each part and entire device (including input aperture, 

feed waveguide and radiating waveguide). (b) The directive gain of 10x10 array as a 

function of frequency. (Blue is for full model, black is for only radiating waveguide) 

 

4.5.3 Full model analysis 

 

Figure 4.16(b) compares directive gain among three radiating waveguide arrays. 

First, we achieve a 27.9 dBi directive gain at 38 GHz using a 5 mm broad wall 

waveguide array with 10x10 pairs slots and reflection canceling stairs [see the black 

dot at Fig. 4.16(b)]. The corresponding aperture efficiency is 89.4%. In contrast, low 

efficiency is obtained for the 5 mm waveguide with only slot and the 7.112 mm 
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waveguide with reflection canceling stair. Thus, we confirm both the coupling effect 

between the adjacent waveguide and the reflection of the waveguide can dramatically 

degrade the performance of the antenna array. 

 

Fig. 4.16. (a) |O1O2| as a function of broad wall width, (b) the directive gain as a 

function of frequency among three kinds of radiating waveguide array (black circle: 

the 5-mm waveguide with stair , blue circle: the 5-mm waveguide with only slot, 

and black triangle: 7.112-mm waveguide with stair) 
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4.6 Summary 

 

In general, we have numerically demonstrated a high-efficiency single-layer 

slotted waveguide array antenna. Furthermore, only a 0.4 dB power penalty by adding 

the feeding part indicates that this design is feasible for fabrication. 

In the feeding part design, we successfully demonstrate an input aperture with > 

800-MHz bandwidth and < -30 dB S11. In addition, we realize alternative-phase 

(deviation < 1 degree for the first four ports and < 10 degree for the end port) uniform-

power (deviation < 0.43 dBi) feeding for ten radiating waveguides through two 1x5 

feed waveguides. In the radiating waveguide design part, we successfully suppress 

the reflection of a single waveguide < -14.5 dB by employing reflection canceling 

stairs. Simultaneously, the power compensation effect of stair makes it possible to use 

constant offset for ten slots. 

For the waveguide array design, we minimize the offset and the |O1O2| to 

effectively eliminate the grating side lobes. As a result, we realize a remarkable high 

aperture efficiency of 89.4% with a 5 mm broad wall width. 
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Table VII 

Summary of simulated performance of 4 types of devices 

Waveguide 

type 

broad 

wall 

width

（mm） 

Slot 

only 

Slot and 

step 

Pmax 

(dBi) * 

Pout at 

38-

GHz 

(dBi) 

aperture 

efficiency（38 

GHz） 

Single 

waveguide 

5 
○   13.99 12.64 32.4% 

  ○ 15.68 15.59 63.9% 

7.112 
○   13.71 13.06 33.1% 

  ○ 15.6 15.51 58.1% 

10 

waveguides 

array 

5 
○   25.77 23.26 30.7% 

  ○ 28.4 28.2 95.8% 

7.112 
○   - - - 

  ○ 24.47 22.89 28.2% 

Full mode 

with 

feeding 

part 

  

  

  

5 
○   25.61 22.57 26.2% 

  ○ 28.24 27.74 86.2% 

7.112 

○  - - - - 

  
○ 23.46 22.6 

26.3% 

* Pmax means the maximum power at the frequency range of 37~39 GHz 

Notice: In this chapter, we just show partial of the measurement results of the Table 

VII to avoid possible confuse. We want to explain that we have compare the linear 

waveguide, the array and the entire model respectively. To find more data plot, you 

can refer the content in App. V. 
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Chapter 5. Fabrication and characteristics of 

antenna 

 

5.1 Schematic figure of the device and characterization 

setup 

 

Figure 5.1 shows the configuration of an alternating phase-fed single-layer 

waveguide slot array antenna with 10 × 10 slots. The design frequency is set to 38 

GHz. The input aperture consists of a standard WR-28 waveguide [See Figure 5.1]. 

To facilitate fabrication and increase the manufacturing yield rate, the three parts of 

the antenna can be individually fabricated and connected with bolts. This modular 

design allows for easier assembly and adjustment. 

In the input aperture part, a matching waveguide with a 1/4 guided wavelength 

is employed, along with a feed waveguide located between the input aperture (WR-

28) and the 3 dB power divider for reflection suppression. The feed waveguide utilizes 

an alternative-phase configuration, wherein adjacent waveguides have a 180-degree 

phase difference and a uniform amplitude distribution. This arrangement effectively 

cancels the current on the side walls, eliminating the need for electrical connection 

between the top radiating plate and the waveguide-based layer. 

Furthermore, each feeding aperture incorporates an inductive sidewall to 

enhance feeding efficiency by precisely tuning the amplitude and phase of the TE10 

wave. To achieve a high gain, RCSs are employed for each slot on the radiating 

waveguides. The radiation section of the antenna features slots spaced at intervals of 

1/2 guided wavelength along the longitude direction to mitigate the mutual coupling 

effect. 

All the parameters of feeding part, radiating part for both two devices can be 

found in the Table I and Table II, Chapter 4. 

The proposed antenna design parameters derived in Section III were utilized for 

the fabrication of the antenna by Oshima Prototype Engineering Co., Ltd. To serve as 

a reference, a traditional antenna array without RCSs was also manufactured. Figure 

5.2 presents top, back, and side views of the fabricated device, which features a 
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compact single-layer configuration and a standard WR-28 aperture, ensuring ease of 

use. 

To evaluate the performance of the fabricated antenna, the reflection coefficient 

S11 was measured using the Keysight (Agilent) N5234A PNA-L vector network 

analyzer covering a frequency range of 10 MHz to 43.5 GHz. Short-open-load-

through (SOLT) calibration was performed using an Agilent 85056D calibration kit. 

In addition, commercial software Femtet was employed for finite-element method 

(FEM) simulations of the S parameters, enabling a comparison of the measurement 

and simulation results. 

 

 

Fig. 5.1. Configuration of a single-layer 10x10 alternative phase-fed slotted 

waveguide array antenna. 
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Fig. 5.2. (a) top view of the 10x10 antenna array (screws are used to fix the top 

radiation plate and the rest part). (b) the backside of the device. (c) side view of 

device. 

 

5.2 Characterization method 

 

The characterization method is illustrated in Figure 5.3. 

Figure 5.3(a) shows that to measure the S11 parameter is simple, and ca be done 

directly by the network analyzer N5234A. 

To estimate the absolute maximum radiation power, a comparison was conducted 

between the measured radiation pattern of the Device Under Test (DUT) and that of a 

standard gain horn antenna (FLANN MICROWAVE Model 22240-25) [See Figure 

5.3(b)]. 
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Fig. 5.3. Measurement setup of (a) reflection properties S11, (b) radiation properties 

S21. 

 

5.3 Radiation pattern 

 

Figure 5.4 illustrates the comparison between the RCS antenna array (red) and 

the conventional antenna array (black). The graph plots the S11 parameter (reflection) 

as a function of frequency from 37 to 39 GHz. Both experimental (solid line) and 

simulated data (dashed line) are presented, showing good agreement. The results 
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validate the accuracy of the simulation and demonstrate the superior performance of 

the RCS antenna array, which exhibits reduced reflection losses (< 15 dB at 38 GHz). 

This graph provides compelling evidence supporting the advantages of the RCS 

design within the specified frequency range, contributing to the overall findings of the 

study. 

Figures 5.5 and 5.6 illustrate the relative radiation patterns of the antenna array. 

The solid lines correspond to the measured results, while the dashed lines represent 

the simulated results. Specifically, the red lines illustrate the device equipped with 

RCSs, while the blue lines depict the device without RCSs. The strong agreement 

observed between the measured and simulated results in both Figure 5.5 and Figure 

5.6 provides compelling evidence for the successful fabrication of devices with both 

configurations. Moreover, previous observations have highlighted that although the 

sidelobes on the E or H plane, resembling those of a co-phase fed antenna array, do 

not significantly affect the antenna gain. In contrast, the presence of large sidelobes 

in the ϕ = 45-degree plane, arising from the increasing slot offset, heavily degrades 

antenna performance. Consequently, addressing this issue is important. In this context, 

Figure 5.6 focuses specifically on the relative radiation patterns on the ϕ = 45-degree 

plane. By incorporating RCSs, both the simulation and experimental results 

demonstrate a remarkable reduction in the first grating sidelobes near θ = ±60° on the 

ϕ = 45-degree plane, with suppression levels ranging from -10 dB to -20 dB. These 

results suggest that the integration of RCSs holds great potential for enhancing 

antenna efficiency by effectively mitigating sidelobes. 

 

Fig. 5.4. Comparison of the reflection coefficient S11. (red line: device with 

reflection canceling stairs, black line: device with only slot, solid line: experimental 

data, dashed line: simulation data) 
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Fig. 5.5. Radiation pattern in (a) E-plane and (b) H-plane. 
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Fig. 5.6. Measured and simulated radiation pattern on phi = 45-degree plane. 

 

 

5.4 Antenna gain and aperture efficiency 

 

Figure 5.7 illustrates the simulated gain between 37 to 39 GHz by solid lines, 

while the measured gains at 37, 38, and 39 GHz are represented by diamond marks, 

respectively. The dashed straight lines in the figure indicate the aperture efficiency (η), 

which is calculated using Equation (7) [5]: 

𝜂 =
𝜆2𝐺

4𝜋𝐴
 (7) 

Here, λ represents the free-space wavelength, G denotes the linear gain, and A 

signifies the effective radiation area. 

At 38 GHz, the proposed antenna exhibited measured and simulated gains of 

27.71 dBi (85.6%) and 27.74 dBi (86.1%), respectively. In contrast, the traditional 

antenna demonstrated measured and simulated gains of 22.67 dBi (26.8%) and 22.60 

dBi (26.4%), respectively, at the same frequency. Additionally, an aperture efficiency 

larger than 80% was achieved by incorporating reflection canceling structures (RCSs) 

within the frequency range of 37.5 to 38.5 GHz. 
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Figure 5.8 shows the simulation results of ideal 10x10 arrays and full models, 

both with and without RCSs. It can be observed that within the range of 37.5 to 38.5 

GHz, only a negligible loss of below 0.5 dB was incurred due to the design of the 

feeding component. However, outside this frequency range, the full model exhibited 

lower gain, indicating that the efficiency degradation beyond the range of 37.5 to 38.5 

GHz is primarily attributed to limitations in the design of the feeding component. 

 

 

Fig. 5.7. Antenna gain as a function of aperture efficiency. 
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Fig. 5.8. Simulated antenna gain between 10x10 array and full model. 
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5.5 Summary 

 

This section details the fabrication and performance evaluation of an antenna 

design with reflection canceling structures (RCSs) and a traditional antenna array 

without RCSs for reference. Utilizing the proposed design parameters, the antenna 

features a compact single-layer configuration and a standard WR-28 aperture, 

ensuring ease of use. Measurement and simulation results of the reflection coefficient 

S11, depicted in Figure 10, validate the accuracy of the finite-element method (FEM) 

simulations. The RCS antenna array exhibits reduced reflection losses (< 15 dB at 38 

GHz), showcasing superior performance within the specified frequency range. 

Relative radiation patterns (Figures 11 and 12) confirm successful fabrication of 

devices with both configurations, emphasizing a remarkable reduction in sidelobes 

near θ = ±60° on the ϕ = 45-degree plane with RCSs. This reduction suggests the 

potential of RCSs in enhancing antenna efficiency by mitigating sidelobes. 

Comparisons with a standard gain horn antenna demonstrate higher gains and 

aperture efficiency (> 80%) at 38 GHz for the proposed antenna compared to the 

traditional one. Future work could explore further optimizations beyond the specified 

frequency range, addressing limitations in the design of the feeding component and 

extending the efficiency gains observed within the current parameters. The results 

affirm the effectiveness of the proposed RCS design in enhancing antenna 

performance, providing a promising foundation for future advancements in antenna 

technology. 
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Chapter 6. Comprehensive investigation on slotted 

waveguide antenna 

 

6.1 Fabrication tolerance improvement by inclined stairs 

 

We propose and optimize the slotted waveguide antenna with inclined reflection 

canceling stair to enhance the design flexibility and suppress the side lobes rising from 

the offset variation. By employing the inclined slope on the stair, better phase and 

amplitude matching condition have been achieved which results in ultra-low 

reflection of -77 dB for single unit. In addition, there is a tradeoff between the minimal 

reflection condition and the most flexible design condition of the inclined slope. By 

setting h1 as 0.36 mm, below - 40 dB reflection can be obtained when the h2 is within 

the range of 0.1 to 0.8 mm. Thus, we can tune the h2 to adjust the waveguide space of 

next slot to realize uniform radiation without introducing any varying offset. 

Fig. 6.1 illustrates the schematic structure of one unit of the proposed slotted 

waveguide antenna. The slot length (Ls) and offset (Lo) are designed in advance to 

achieve uniform radiation. To obtain 10% radiation, respective value Ls and Lo are 

3.88 and 1.38 mm, while the width and height of rectangular waveguide are 3.556 and 

7.112 mm. Consequently, there are 3 parameters to describe the inclined stair as shown 

in Fig. 6.1. As the discussion in , the reflection canceling effect is obtained due to the 

reflection from slot and stair have equal amplitude and 180o phase difference, which 

results in mutually cancel for them to obtain ultra-small reflection. As a result, the h1 

and Lstair are tuning the amplitude and phase of reflection from the stair respectively 

in [1]. Moreover, in this paper, the inclined slope with parameter of h2 can precisely 

adjust both the phase and amplitude simultaneously. Fig. 6.2 illustrates a comparison 

between the slotted waveguide with rectangular stair [black dot line] and with 

proposed inclined stair [red dot line].  The compensated function of inclined stair is 

proved that -77 dB reflection is obtain when (h1, h2) = (0.41 mm, 0.40 mm), which is 

20 dB smaller than the waveguide with only rectangular stair.  

Fig. 6.3 illustrates that, there is a large flexibility of inclined slope. when the h1 

is kept as 0.36 mm, less than -40 dB reflection of the unit can be achieved only if the 

h2 is with the range of 0.1 to 0.8 mm. The flexibility of h2 makes it possible to control  
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Fig. 6.1. The schematic of proposed slotted waveguide antenna with inclined 

reflection canceling stair. Notice that all the definition of φ and θ in this paper are 

based on this figure. 

 

Fig. 6.2. The reflection amplitude |S11| as a function of height. Red line denotes a 

sweeping curve of waveguide with an inclined stair where the h1 is fixed as 0.4 mm  
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Fig. 6.3. The reflection amplitude |S11| as a function of height. Red line denotes a 

sweeping curve of waveguide with an inclined stair where the h is fixed as 0.36 mm 

and h1 is swept from 0. 1 to 0.8 mm. Black line denotes a sweeping curve of 

waveguide with only stair, where h is swept from 0.2 to 0.7 mm.  

 

the waveguide height of next slot to tuning the radiation amount without changing the 

offset and h1 is swept from 0. 3 to 0.55 mm. Black line denotes a sweeping curve of 

waveguide with only stair, where h is swept from 0.2 to 0.7 mm. 

We have proposed and numerically analyzed an inclined slope employing on the 

rectangular reflection canceling stair for sotted waveguide antenna for millimeter 

applications. The enhancement of reflection suppression by the inclined slope was 

confirmed by using proposed device with parameters of (h1, h2) = (0.4 mm, 0.41 mm), 

where -77 dB reflection (>20 dB better than rectangular stair) was obtained. 

Consequently, we have also confirmed the large design flexibility of the inclined slope 

that -40 dB reflection with h1 = 0.36 mm can be achieve only if h2 is at the range of 

0.1 to 0.8 mm. 
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6.2 Round type radiating array 

 

Based on the same slotted waveguide design procedure in [1,2], we can design 

a 10×10 array with slotted waveguide antenna based on inclined reflection canceling 

stair. For comparison, we also investigate the radiation distribution of 10×10 array 

with rectangular reflection stair in Fig. 6.4. where Fig. 6.4(a) illustrates the 3-

dimensional radiation pattern. Figure 6.4(b) shows the radiation pattern of designed 

array with inclined stair. We notice that much stronger suppression is achieved in Fig. 

6.4(b) such as at φ = 0 and 90 degree plane. There are two different reasons for 

generation of large side lobe at the φ = 0, 90 degree and at 45-degree plane. The former 

is caused due to the unoptimized geometry of slot allocation of the array. Since the 

rectangular reflection canceling stair has strict height, we need to adjust the offset of 

next slot to achieve uniform radiation. The un-flexibility of design of slot also brings 

difficulty to design an antenna with different numbers of slots, which is essential for 

array. The latter is caused due to the varying-offset of each slot. To solve the problems 

above, we propose the optimized array deign in Fig. 6.4(b) with inclined stair. By 

shrinking the waveguide at edge, the symmetry of antenna is improved, which is 

promising to suppress the sides lobes at E-plane and H-plane. The inclined stair 

provides large flexibility to keep radiation power constant without tuning the offset of 

slot. Consequently, it gives the freedom to manage array geometry. Figure 5(a) shows 

that even we decrease the number of slots from 100 to 76, similar sidelobes 

suppression is achieved. On the other hand, obvious improvement is obtained in E-

plane and H-plane by Fig. 6.5(b). 
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Fig. 6.4. (a) 3-dimensional radiation pattern by utilizing 10×10 array with 

rectangular reflection canceling stair, (b) designed antenna array with 76 slots. 
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Fig. 6.5. (a) the respective relative radiation pattern in the plane of φ= 27o (red line), 

45o (black line) and 72o (blue line), (b) The respective radiation pattern in the E-

plane and H-plane. Notice that solid line is with inclined stair and solid line is with 

conventional stair. . 
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6.3 Discussions on the propagation loss by Perturbated-

boundary condition 

 

Perturbated-boundary condition are used in this section to evaluate propagation 

loss [3,4]. 

Loss evaluation for TE10 mode can be carried out by the perturbation boundary 

condition. The transmission loss inside a hollow rectangular metallic waveguide 

increases rapidly when the wavelength approaches the cutoff limitation: 

 

 𝑓𝑐 =
𝑐

2 ⋅ 𝑎
 (6.1) 

 

First, the lossless T.E. mode can be solved by the following transverse Helmholtz 

equation: 

 

 (∇𝑡
2 + 𝑘𝑐0

2 )𝐻𝑧0 = 0;
∂𝐻𝑧0

∂𝑛
|∂𝑆 = 0 (6.2) 

 

where kc0=√ω2μϵ-kz0
2

 is the transverse wave number, and 𝐻𝑧0 is the lossless magnetic 

field in the transmission direction. 

 

Hence the Helmholtz equation of first order perturbation modification can be 

written as follow: 

 

 (∇𝑡
2 + 𝑘𝑐

2)𝐻𝑧 = 0;
∂𝐻𝑧

∂𝑛
|∂𝑆 = 𝐿(𝐸𝑙) + 𝑁(𝐸𝑛) (6.3) 
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where the derivative of the axial magnetic field is a none zero value, which is 

generated from the two components (l and n direction, respectively) of the surface 

electric field.  

When considering the waveguide has a large but finite conductivity, the small 

tangential electric field (at the surface formed by l and n) can be written by the 

Leontovich condition: 

 

 𝑬// =
1 + 𝑗

σδ
(𝒏 × 𝑯𝒐//) (6.4) 

 

where the n is the normal unit vector outward from the waveguide surface, σ is the 

metallic conductivity, 𝛿 = √2/(𝜇𝑐𝜔𝜎) is the skin depth and 𝑍𝑠 = (1 + 𝑗)/𝛿𝜎 is the 

surface impedance. Besides, according to equation (9), the tangential electric field can 

be calculated as:  

 

 𝑬//|𝜕𝑆   ≃  (𝑍𝑠   ⋅
−𝑗𝑘𝑧

𝑘𝑐0
2 ⋅

𝜕𝐻𝑧0

𝜕 𝑙
)|𝜕𝑆𝒛  −  𝑍𝑠 ⋅ 𝐻𝑧0|𝜕𝑆𝒍  (6.5) 

 

Consequently, the perturbation boundary condition generated by the l component 

can be written as follow through the means of Maxwell equations: 

 

 𝐿(𝐸𝑙) =
−1

𝑍𝑠 ⋅ σ
ω2μϵ

μ𝑐

μ
𝐻𝑧0 (6.6) 

 

The normal component of the magnetic field, which is contributed from the z 

component of the surface electric field in equation (10), can be obtained from: 

 

 𝐻𝑛|𝜕𝑆 ≃
𝑗

𝜇𝑐𝜔

𝜕𝐸𝑧

𝜕𝑙
|𝜕𝑆 =

𝑍𝑠𝑘𝑧

𝜇𝑐𝜔𝑘𝑐0
2

𝜕2𝐻𝑧0

𝜕𝑙2
|𝜕𝑆 (6.7) 
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As a result, the perturbation condition generated by equation (6.7) is obtained: 

 

 𝑁(𝐸𝑛) =
1

𝑍𝑠 ⋅ σ

𝑘𝑧0
2

𝑘𝑐0
2

∂2𝐻𝑧0

∂𝑙2
|∂𝑆 (6.8) 

 

Then, by using the two-dimensional Green theorem, we can treat the lossless 

field and the first perturbation as follow: 

 

 ∮𝐻𝑧0∇𝑡
2

𝑆

𝐻𝑧 − 𝐻𝑧∇𝑡
2𝐻𝑧0𝑑𝑆 = ∮ 𝐻𝑧

𝜕𝐻𝑧0

𝜕𝑛𝜕𝑆

− 𝐻𝑧0

∂𝐻𝑧

∂𝑛
𝑑𝑙 (6.9) 

  

From equation (6.10) and Helmholtz equation (6.2), (6.3), we obtain: 

 

 (𝑘𝑐0
2 − 𝑘𝑐

2) ∫𝐻𝑧0
𝑆

𝐻𝑧𝑑𝑆 = ∫ 𝐻𝑧

∂𝐻𝑧0

∂𝑛∂𝑆

− 𝐻𝑧0

∂𝐻𝑧

∂𝑛
𝑑𝑙 (6.10) 

 

We can ignore the first term on the right side of the equation (6.10).  

Then by substituting equations (6.3), (6.6), and (6.8) in (6.10), the right side of 

(6.10) becomes: 

 

 ∫ −𝐻𝑧0

∂𝐻𝑧

∂𝑛
𝑑𝑙

∂𝑆

=
1

𝑍𝑠σ
∫ (ω2μϵ

μ𝑐

μ
|𝐻𝑧0|2 −

𝑘𝑧0
2

𝑘𝑐0
2 𝐻𝑧0

∂2𝐻𝑧0

∂𝑙2
) 𝑑𝑙

∂𝑆

 (6.11) 

 

Since the 𝐻𝑧0 is a sinusoid function in terms of l, we have the following relation: 
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 𝐻𝑧0

𝜕2𝐻𝑧0

𝜕𝑙2
 =  −|

∂𝐻𝑧0

∂𝑙
|2 (6.12) 

 

Then by substituting (6.12) into (6.11), we finally obtain: 

 

 ∫ −𝐻𝑧0

∂𝐻𝑧

∂𝑛
𝑑𝑙

∂𝑆

=
1

𝑍𝑐σ
∫ (ω2μϵ

μ𝑐

μ
|𝐻𝑧0|2 +

𝑘𝑧0
2

𝑘𝑐0
2 |

∂𝐻𝑧0

∂𝑙
|2) 𝑑𝑙

∂𝑆

 (6.13) 

 

Notice that two coefficients of equation (6.13) are far smaller than 1, so we can 

replace the 𝐻𝑧 by 𝐻𝑧0 to calculate the left side of equation (6.10): 

 

 (𝑘𝑐0
2 − 𝑘𝑐

2) ∫𝐻𝑧0
𝑆

𝐻𝑧𝑑𝑆 = (𝑘𝑐0
2 − 𝑘𝑐

2) ∫|𝐻𝑧0|2

𝑆

𝑑𝑆 (6.14) 

Consequently, we obtain the following equation: 

 

 

𝑘𝑧0
2 − 𝑘𝑧

2 = 𝑘𝑐0
2 − 𝑘𝑐

2 

 

= 2(1 − 𝑗)𝑘𝑧0

1

𝑍𝑐σ

∫ (ω2μϵ
μ𝑐

μ
|𝐻𝑧0|2 +

𝑘𝑧0
2

𝑘𝑐0
2 |

∂𝐻𝑧0

∂𝑙
|2) 𝑑𝑙

∂𝑆

∫ |𝐻𝑧0|2
𝑆

𝑑𝑆
 

 

= 2(1 − 𝑗)𝑘𝑧0ξ 

(6.15) 
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Finally, we can obtain the transmission constant with first order perturbation 

modification: 

 

 𝑘𝑧 = β − 𝑗α = √𝑘𝑧0(𝑘𝑧0 + 2ξ) − 2𝑗ξ𝑘𝑧0 (6.16) 

 

where the α is attenuation constant and β is phase constant. 

 

We plot α as a function of normalized angular frequency ω/ω𝑐, where ω𝑐 is the 

cutoff angular frequency [see Fig. 6.6(a)]. With decreasing the waveguide width, we 

find the loss is increased from 0.52 dB/m (for a standard WR-28 waveguide) to 0.74 

dB/m for a waveguide with a 5-mm waveguide width, as illustrated in Fig. 6.6(b). 
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Fig. 6.6. transmission loss 𝛼 of rectangular waveguide as a function of (a) 

normalized frequency 𝜔/𝜔𝑐 , where 𝜔 is angular frequency and 𝜔𝑐 is cutoff angular 

frequency. The material of waveguide is copper. (b) wide wall width 𝑎 at 38 GHz. 
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6.4 Summary 

 

This chapter delves into a comprehensive investigation of slotted waveguide 

applications through three distinctive case studies, each contributing valuable insights 

to the advancement of this technology. 

1. Inclined Stair for Enhanced Tolerance: The first case study explores the 

application of inclined stairs in slotted waveguide design. This innovative approach 

serves to elevate processing tolerance, addressing challenges associated with 

fabrication precision. By incorporating inclined stairs, the study demonstrates a 

notable improvement in processing tolerance, showcasing the potential for this 

technique to enhance manufacturing feasibility. 

2. Circular Array Performance: The second case study focuses on the performance 

of circular slotted waveguide arrays. Comparing these arrays to their rectangular 

counterparts, the study highlights the superior symmetry inherent in circular arrays. 

This inherent symmetry proves advantageous in mitigating side lobes, particularly 

when compared to rectangular configurations. The findings underscore the potential 

of circular slotted waveguide arrays in achieving enhanced performance through 

improved radiation characteristics. 

3. Perturbated Boundary Conditions for Transmission Loss Analysis: The third 

case study employs perturbated boundary conditions to scrutinize transmission losses 

in slotted waveguides. Specifically, the study investigates the transmission loss in a 5-

mm copper waveguide at 38 GHz. Conclusive results indicate that, within this 

frequency domain, the transmission loss for the specified waveguide size is negligible. 

The study establishes the viability of perturbated boundary conditions for accurately 

assessing transmission losses in slotted waveguides operating at 38 GHz. 

Collectively, these case studies contribute to a nuanced understanding of slotted 

waveguide applications. The exploration of inclined stairs for improved tolerance, the 

performance evaluation of circular arrays, and the analysis of transmission losses 

through perturbated boundary conditions collectively advance our comprehension of 

slotted waveguide intricacies. These insights are crucial for enhancing the design, 

fabrication, and performance of slotted waveguides, particularly in the context of 

applications operating at 38 GHz. 
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Chapter 7 Conclusion and prospective research 

 

7.1 Conclusion of this work 

 

In conclusion, this paper presented a simulation and experimental study on a 

waveguide slotted array antenna with RCSs for sidelobe suppression at 38 GHz. The 

main objective of the study was to improve the aperture efficiency of the antenna. Two 

optimization methods were employed: the use of RCSs to minimize reflection and the 

optimization of the broad wall width and slot offset to suppress grating lobes. The 

design procedure for the feed part of the antenna was also presented. 

The proposed antenna design experimentally achieved a measured S11 of less 

than -20 dB and a gain of more than 27.71 dBi at 38 GHz, corresponding to an aperture 

efficiency of 85.6%. These results were in good agreement with the simulation results, 

confirming the feasibility of using the proposed antenna in millimeter-wave 

communication systems. 

 

7.2 Prospective research 

 

As we conclude this doctoral research on slotted waveguide antenna arrays, it is 

essential to look ahead and identify key factors that will drive and enhance the impact 

of this study in the future. Three major factors are poised to significantly influence 

and propel further advancements in the realm of slotted waveguide antennas. 

1. Advancements in Manufacturing Technology: The continuous evolution and 

enhancement of manufacturing technologies, particularly the burgeoning field of 3D 

printing, hold immense promise for the fabrication of antennas. The utilization of 3D 

printing techniques in antenna manufacturing can revolutionize the production 

process, allowing for intricate and customized designs that were previously 

challenging to achieve. This technological improvement is anticipated to streamline 

the manufacturing of slotted waveguide antenna arrays, fostering greater precision 

and efficiency in the production phase. 
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2. Computational Capabilities for Complex Design: The ongoing improvements in 

computer software and hardware performance are instrumental in unlocking new 

frontiers for antenna design. Higher computational capabilities empower researchers 

to delve into more complex and intricate designs, enabling the exploration of 

innovative configurations and patterns. This enhanced computational prowess will be 

invaluable for optimizing the performance of slotted waveguide antenna arrays, 

pushing the boundaries of what is achievable in terms of efficiency and functionality. 

3. Escalating Application Demand at 38 GHz: The increasing demand for 

applications operating at 38 GHz represents a pivotal factor propelling the relevance 

and significance of slotted waveguide antenna arrays. As the need for high-frequency 

communication systems and radar applications continues to surge, the unique 

capabilities offered by slotted waveguide antennas make them indispensable in 

addressing the challenges posed by this frequency range. This growing application 

demand positions the research conducted in this study at the forefront of meeting the 

evolving needs of modern communication and sensing systems. 

In essence, the convergence of improved manufacturing techniques, enhanced 

computational capabilities, and escalating application demands at 38 GHz forms a 

compelling trifecta that will amplify the impact of slotted waveguide antenna arrays. 

Embracing and capitalizing on these advancements will undoubtedly pave the way for 

future breakthroughs, ensuring that this research remains at the forefront of innovation 

in the dynamic field of antenna technology. 
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Appendix: 

 

App. I: Integral of an important function for dipole 

antenna radiation 

 

The (I.1) is an essential integral to derive the antenna radiation pattern.  

 

 𝐼 = ∫ sin [k(L + z)]𝑒−𝑖𝑘𝑧𝑐𝑜𝑠𝜃𝑑𝑧
𝐿

−𝐿

 (I.1) 

 

First, we try to solve the problem below: 

 

 𝐽 = ∫ 𝑠𝑖𝑛(α + βz) ⋅ 𝑒𝛾𝑧𝑑𝑧 (I.2) 

 

By using the following Euler equation: 

 

 𝑒i⋅(α+βz) = 𝑐𝑜𝑠(α + βz) + 𝑖 ⋅ 𝑠𝑖𝑛(α + βz) (I.3) 

 

We obtain that: 

 

 𝐿 = 𝑒𝑖𝛼∫ 𝑒(𝑖𝛽+𝛾)𝑧𝑑𝑧 (I.4) 

 

Then we have the relation that: 
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 𝐽 = 𝐼𝑚(𝐿) (I.5) 

 

 

Besides, we can calculate the value of J as follows. 

 

 𝐿 = 𝑒𝑖𝛼 ⋅
1

𝑖𝛽 + 𝛾
⋅ 𝑒(𝑖𝛽+𝛾)𝑧 (I.6) 

 

By organizing the equation I.6 as a proper format, we obtain the following: 

 

 𝐿 = 𝑒𝛾𝑧
𝛾 − 𝑖𝛽

𝛽2 + 𝛾2
⋅ [𝑐𝑜𝑠(α + βz) + 𝑖 ⋅ sin (α + βz)] (I.7) 

 

As a result, the imaginary part of L can be denoted as follows: 

 

 𝐽 = 𝐼𝑚(𝐿) =
𝑒𝛾𝑧

𝛽2 + 𝛾2
⋅ [𝛾 ⋅ sin(𝛼 + 𝛽𝑧) − 𝛽cos (𝛼 + 𝛽𝑧)] (I.8) 

 

By substituting the detail formula of the coefficient 𝛼, 𝛽 and 𝛾, we can get the 

solution of the original problem (I.1). 

 

Here the coefficients are: 

 

 𝛼 = 𝑘𝐿 (I.9.1) 

   

 𝛽 = 𝑘 (I.9.2) 
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 𝛾 = −𝑖𝑘𝑐𝑜𝑠𝜃 (I.9.3) 

 

 

 

Then we substitute all the three parameters (I.9) into (I.8). consequently, we can 

obtain the solution of the original problem: 

 

 𝐼 =
𝑒−𝑖𝑘𝑐𝑜𝑠𝜃𝑧

𝑘2sin2𝜃
[−𝑖𝑘𝑐𝑜𝑠𝜃 sin(𝛼 + 𝛽𝑧) − 𝑘𝑐𝑜𝑠(𝛼 + 𝛽𝑧)] (I.9.4) 

 

Notice that this integral is essential for basic dipole antenna radiation derivation. 

However, in almost every reference, the detailed deriving process is missing. It is 

trivial but not intuitive, especially for the audience who are not familiar with the 

integral calculation. Thus, we give the explanation in this appendix. 
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App. II: Python code for perturbated boundary condition 

loss estimation 

 

import numpy as np 

from numpy import sin,cos 

from numpy import pi 

from numpy import exp,log,log10 

a = 5 # mm 

b = 3.556 # mm 

miu_c = 1.256629e-6 

miu = 1.2566370614e-6 

epsilon = 8.854187817e-12 

c = 1/(miu*epsilon)**0.5 

fc = c/2/a 

fc = fc*1e-6 

f = 38 

a = a*1e-3 # m 

b = b*1e-3 # m 

f = f *1e9    # Hz 

omega = 2*pi*f   # rad/s 

sigma = 59.5e6  #Cupper 

delta = (2/miu_c/sigma/omega)**0.5 

# 𝑇𝐸10 

m = 1 

n = 0 
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kx = m*pi/a 

ky = n*pi/b 

k = omega*(miu*epsilon)**0.5 

kc0 = (kx**2+ky**2)**0.5 

gamma0 = k**2 - kc0**2 

def Hz(x,y): 

    return sin(kx*x)*cos(ky*y) 

N = 100 

x = np.arange(0,a,a/N) 

y = np.arange(0,b,b/N) 

dx = a/N 

dy = b/N 

I1 = 0 

for i in x: 

    I1 += 2*omega**2*miu*epsilon*(abs(Hz(i,0))**2*dx) 

for i in y: 

    I1 += 2*omega**2*miu*epsilon*(abs(Hz(0,i))**2*dy)  

for i in range(len(x)-1): 

    I1 += 2*gamma0**2/kc0**2*abs((Hz(x[i+1],0)-Hz(x[i],0))/dx)**2*dx 

for i in range(len(y)-1): 

    I1 += 2*gamma0**2/kc0**2*abs((Hz(0,y[i+1])-Hz(0,y[i]))/dx)**2*dx 

I2 = 0 
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ds = a*b/N/N 

for i in x: 

    for j in y: 

        I2 += abs(Hz(i,j))**2*ds 

ksi = delta/4/gamma0*I1/I2   # use summation to calculate integral approxiamtely 

gamma = (gamma0*(gamma0+2*ksi)-2j*ksi*gamma0)**0.5 

gamma_sqr = gamma**0.5 

alpha = -1*gamma_sqr.imag 
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App. III: Manufacturing drawings 
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App. IV. 3-D radiation patterns 

 

Section 1:5-mm with RCS 
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Pmax = 27.743 dBi 
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Section 2: 5-mm without RCS 
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Pmax = 22.566 dBi 
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Section 3: 7.112-mm with RCS 
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Pmax = 22.462 dBi 
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Section IV: the mode patten of fed part 

 

Input aperture: 
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Feeding waveguide array: 
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Section V: linear waveguide design result 
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App. V Supplement data plot for simulation 

As we described in chapter 4, we have simulated all the 4 types of devices. Here, 

in this section, we give some additional data plot.  

Section I: single waveguide 

 

Fig. 1. (a) maximum bore-sight directive gain and (b) reflection (|S11|) of single 

waveguide as a function of frequency. 
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Section II: 10x10 array 

 

Fig. 2. Maximum bore-sight directive gain of 10 x 10 array as a function of 

frequency. reflection canceling stairs are employed in both cases. 
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Section III: Entire model: 

 

 

Fig. 3. Maximum bore-sight directive gain as a function of frequency. 
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App. VI: Procedure to make model in Femtet 

 

The entire default space without any geometry structure is ideal conductor. The 

users are supposed to draw geometry structures with dielectric or air and then set 

boundary conditions or port conditions. 

To this end, to build a model of slotted waveguide in Femtet is to build the air 

boundary that contained inside a slotted waveguide. 

First, we need to build a rectangular prism. Six parameters determine a prism, 

the initial point coordinates (𝑥, 𝑦, 𝑧)  and the width, height and length (𝑎, ℎ, 𝑙) . For 

simplicity, we usually set that (𝑥, 𝑦, 𝑧) = (−
𝑎

2
, 0,0), where the line 𝑥 = 0 is the axis 

of the rectangular. The following example shows that how to draw a prism in our 

desire position. 
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Example I: To build the rectangular in the red rectangular. We know that the 

slotted waveguide parameters (𝑎, , ℎ, 𝑙) , the slot parameters (𝑙𝑠, 𝑙𝑜) . Besides the 

rectangular waveguide is made by the method previously, where x=0 is the center axis. 

And we assume that the thickness and width of the slot are t and 1, while the first slot 

has 
3

2
⋅ 𝜆𝑔. 

 

Fig. 1. 

 

To this end, we can first calculate the coordinates of the initial point of this 

rectangular. 

 

 (𝑥, 𝑦, 𝑧) = (−𝑙𝑜 −
1

2
, (

7

2
+

3

2
) ⋅ 𝜆𝑔 −

𝑙𝑠

2
, ℎ) (VI.1) 
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Besides, the slot parameters are: 

 

 (𝑥, 𝑦, 𝑧) = (1, 𝑙𝑠, 𝑡) (VI.2) 

 

Example II: how to make a cylinder in the desired position. 

 

We need to know the center point (𝑥, 𝑦, 𝑧), the radius r and the height h. As the 

figure shown in Figure 1. We try to draw the top cylinder inside the red rectangular.  

Radius is 0.5, height is t. We just need to determine the center point of the cylinder. 

 

 (𝑥, 𝑦, 𝑧) = (−𝑙𝑜, (
7

2
+

3

2
) ⋅ 𝜆𝑔 +

𝑙𝑠

2
, ℎ) (VI.3) 

 

From the example I and II, we know the method to make prism and cylinder. 

 

Next, we need to know how to multiplate the identical bodies along some 

direction. We should know the direction vector, the distance between each unit and  

the numbers of target array. 

Another essential process is mirror like rotation. We need first find a point in the 

axis, and then find the normal vector of the mirror plane. 

These basic processes are enough to build basic antenna model in Femtet for a 

simulation. 
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