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ABSTRACT 

This work deals with the design and bench test of rectangular waveguide narrow-

wall longitudinal-aperture antenna arrays for high power applications. The best narrow-

wall longitudinal-aperture array designs in the work are called the double-narrow-wall-

slot-HPB-array and the double-split-waveguide-HPB-array. The double-narrow-wall-slot-

HPB-array (double-split-waveguide-HPB-array) consists of two identical narrow-wall-

slot-HPB-arrays (split-waveguide-HPB-arrays) with a common broad wall. 

All elements of the split-waveguide-HPB-array are identical and are called H-

plane-bend-radiators (HPB-radiators). An HPB-radiator is an H-plane bend terminating in 

a radiating aperture with the narrow dimension of the waveguide flaring out. Optimizing 

the HPB-radiator’s performance involves designing its aperture dimensions and the 

function that determines the H-plane taper to minimize the reflected power into the feed-
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waveguide while maintaining a half sine wave aperture electric field (E-field) 

distribution. Once the optimal HPB-radiator is designed, the design of the split-

waveguide-HPB-array is similar to designing a uniform linear array. There is minimal 

mutual coupling between the elements through the waveguide, and for design purposes, 

external coupling between the elements can be ignored. 

The first four elements of the narrow-wall-slot-HPB-array are longitudinal-slots 

in the narrow wall of a rectangular waveguide, and the last element is an HPB-radiator 

with the same optimal performance criteria as that of the split-waveguide-HPB-array. The 

narrow-wall-slot-HPB-array is designed by a combination of computational and 

microwave network analysis techniques. First, computational analysis of the individual 

slots is performed separately. In the next step, each longitudinal-slot in the narrow wall of 

the guide is reduced to a lossy two port microwave network whose S-parameters have 

been obtained from the computational analysis; the loss in the network represents the 

power radiated by the slot. Finally, microwave network analysis is used to design a 

uniform linear array with a low reflected power into the feed-waveguide. The primary 

advantage of the split-waveguide-HPB-array over the narrow-wall-slot-HPB-array is its 

ability to beam steer since the inputs to its elements can be controlled separately. 

Since the structures are used for high power applications, the HPB-radiator’s H-

plane taper function needs to be smooth without any sharp corners. Its design procedure, 

using just computational or analytical methods, was intractable. The design procedure is 

therefore formalized using a novel approach, which processes the computational analysis 

data using iterative search algorithms. This approach is made possible by mapping a 

design output variable that is computationally intensive, to another that requires much 
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less computational time. This approach is based on a hypothesis that is called the 

‘dimensional offset hypothesis’. 

The behavior of narrow-wall longitudinal-slots with dimensions comparable to a 

free-space wavelength is also characterized. The similarities they possess with wire 

radiators are presented. 

The experimental results validate the theoretical analysis results for the design of 

an HPB-radiator and from the microwave network analysis. The power handling 

capability analysis for the double-narrow-wall-slot-HPB-array and the double-split-

waveguide-HPB-array is also presented. 
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0. MOTIVATION 

This work deals with the design and bench test of waveguide antennas that can 

handle high powers. Each antenna should be rugged and have a low profile. The antenna 

will be front-mounted on a land vehicle. 

Most suitable antenna types for high power applications are reflector and 

waveguide antennas. Two important requirements for a high power antenna are high 

directivity and low reflected power into the source in addition to the ability to handle 

high powers. In order to achieve a high gain using a reflector antenna design, the reflector 

is generally quite big, which makes it less conformal and have higher wind resistance 

than, for instance, a waveguide slot array that can handle high powers and have a high 

gain. A reflector antenna is also less rugged than an air-filled waveguide antenna. Unlike 

the waveguide antenna, taking out just one part of a reflector antenna, specifically its 

feed, makes it powerless. The waveguide antenna under consideration is an air-filled 

rectangular waveguide slot array; the slots are longitudinal and are in the narrow wall of 

the waveguide as shown in Figure 0.1(b). The basic idea for the slot array is described in 

[SSN 503]. 

The required radiation pattern along with the polarization of the radiated electric 

field for the high power antenna to be designed is shown in Figure 0.1(c). The reasons for 

having longitudinal-slots in the narrow wall of the waveguide are as follows. 

Since the waveguide antenna is to be approximately vertically front-mounted, the 

configuration shown in Figure 0.1(b) is well suited to achieve the radiation pattern and 

the electric field (E-field) polarization shown in Figure 0.1(c). In addition, it is also 

advantageous to have slots in the narrow wall of a rectangular waveguide for improving 
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the power handling capabilities of the antenna. For the dominant (TE10) mode of 

operation for the waveguide, not only the tangential but also the normal component of the 

E-field at the narrow-wall is zero. The existence of a slot in the narrow-wall presents a 

discontinuity to the propagating mode inside the waveguide and induces an aperture E-

field as shown in Figure 0.1(b). 

 

 
Figure 0.1. (a) Complementary structure to the narrow-wall longitudinal-slot array concept shown in 

Figure 0.1(b). (b) Schematic of the narrow-wall longitudinal-slot array. (c) Fan beam radiation 

pattern showing the radiated E-field direction as produced by the narrow-wall longitudinal-slot 

array in Figure 0.1(b). 

 

The antenna in Figure 0.1(a) is described in [SSN 459] and is a complementary 

structure to the antenna shown in Figure 0.1(b). Both structures produce a similar fan 

beam radiation pattern as shown in Figure 0.1(c), but with the radiated E-field 
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polarization of one structure orthogonal to that of the other. Depending on the 

application, either one or both of the structures shown in Figures 0.1(a) and 0.1(b) is/are 

required. Therefore, when both structures are used together, they can complement each 

other. All the high power waveguide antenna arrays designed/tested in this work radiate a 

similar fan beam radiation pattern with the E-field polarized along the broad dimension 

of the fan beam pattern as shown in Figure 0.1(c). 

Note that a fan beam radiation pattern with two main lobes so as to cover both 

sides of the road can be obtained as follows. Two identical arrays of the kind shown in 

Figure 0.1(b) can be approximately vertically front-mounted on the land vehicle. The 

distance of separation and the input phase difference between the arrays can be adjusted 

to produce a null in the direction along the center of the road and a fan beam radiation 

pattern with two main lobes. Each main lobe is similar to the radiation pattern shown in 

Figure 0.1(c). Hence the two linear arrays perform together to illuminate both sides of the 

road with a null along the direction of the center of the road. 

The operating frequency for the narrow-wall longitudinal-slot array is required to 

be in the industrial frequency band (902MHz - 928MHz). From the operating frequency, 

the dimensional constraint on the array is obtained so that the array is front mountable on 

a land vehicle. However, to facilitate the bench testing process, the array is first designed 

to operate at 10GHz and is fed by a standard X-band waveguide. The dimensions of the 

array design in the X-band can then be easily scaled-up accordingly to obtain an array 

with exactly the same design performance characteristics but operating in the industrial 

band. 
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This work is divided into the following six chapters. The first chapter describes 

the characterization of a generic longitudinal-slot in the narrow wall of a rectangular 

waveguide. The second chapter describes the design of a novel structure used as the last 

element of the narrow-wall longitudinal-slot array that enhances the array’s performance. 

The third chapter describes the design of the narrow-wall longitudinal-slot array using 

microwave theory and computational analysis. The fourth chapter describes a waveguide 

aperture array, each element of which is a novel structure described in Chapter 2. The 

split-waveguide-HPB-array described in Chapter 4 has an additional functionality of 

beam steering capability. The fifth chapter describes the validation of the theoretical 

results through experiments and the scaling up of the dimensions of the final array 

designs to operate in the industrial band. Chapter 5 also includes the power handling 

capability analysis of the final array designs in the industrial band. The sixth chapter 

describes the future work for designing a circularly polarized waveguide high power 

antenna and the possibility for further improving the design of the narrow-wall 

longitudinal-slot array. 

Note that all the theoretical design analyses in Chapters 1 through 4 and the 

experiments in Chapter 5 are at a frequency of 10GHz and with a standard X-band 

waveguide operating in the TE10 mode acting as the feed-waveguide. The dimensions of 

the optimal array designs at 10GHz obtained from Chapters 3 and 4 are then scaled up to 

obtain the corresponding array designs operating in the industrial band, in Chapter 5. 
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1. NARROW-WALL LONGITUDINAL-SLOT RADIATOR 

1.1 Small aperture in the narrow wall of a rectangular waveguide 

The Scattering analysis of an aperture with dimensions small compared to a 

wavelength in a ground plane already exists in literature [Collin]. The polarizabilities of 

different shaped apertures have been found using this analysis, and presented in [Lee]. 

These expressions can be conveniently used to study the radiation characteristics of the 

apertures. The (electric / magnetic) polarizability of an object is the dipole moment 

induced in it per unit (electric / magnetic) field intensity incident upon it. Hence the 

electric (magnetic) polarizability, eα  ( mα ) and the electric (magnetic) field incident upon 

a small slot can be used to find the fictitious electric (magnetic) current, J  ( M ) in the 

slot; i.e. the scattered fields radiated by the slot problem are the same when the slot is 

replaced by a perfect electric (magnetic) conductor with the equivalent electric 

(magnetic) current on it. Assuming that a rectangular waveguide is operating in the 

dominant (TE10) mode, the tangential as well as and the normal components of the E-

field at its narrow wall are zero; hence only the magnetic terms, mα , M  need to be 

considered to find the far fields radiated by a narrow longitudinal-slot with dimensions 

small compared to a wavelength in the narrow wall of a rectangular waveguide. The 

polarizability of a small and narrow longitudinal slit in the narrow wall of a rectangular 

waveguide can be used, as described in this section, to find the radiated power by the 

longitudinal slit in the far field. 
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Figure 1.1. Small aperture in the narrow wall of a rectangular waveguide. 

 

 

 

Figure 1.2. Radiation problem for the small aperture in Figure 1.1. 

 

Figure 1.1(a) shows a partial view of a rectangular waveguide with a small 

aperture in its narrow wall. The propagating mode inside the waveguide is the dominant 

(TE10) mode and the length of the waveguide is very small compared to the guide 

wavelength. The problem in Figure 1.1(a) can be expressed as a superposition of the two 

problems shown in Figures 1.1(b), 1.1(c). Hence the radiation problem in Figure 1.1(a) 

reduces to the one shown in Figure 1.2, where x , y , z  are the unit vectors in the 
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Cartesian coordinate system. The magnetic polarization current ( mP ) in Figure 1.2 is 

given by Equation 1.1 [Pozar]. The equivalent magnetic current ( M ) that is used to find 

the radiated fields is related to the magnetic polarization current as given by Equation 1.2 

[Pozar]. 

( ) ( ) ( )zyxHP mm δδδα 10−=   (1.1) 

Where: 

mα  is the magnetic polarizability of the small aperture in Figure 1.1(a) 

10H  is the magnetic field intensity of the propagating TE10 mode inside the waveguide 

δ  is the Dirac delta function 

mo PjM ωμ2=   (1.2) 

Where: 

ω  is the angular frequency of operation 

oμ  is the permeability of free-space 

The reason for the factor of two in Equation 1.2 is illustrated in Figure 1.2 and 

results from image theory. 

Considering that the small aperture shown in Figure 1.1(a) is a narrow 

longitudinal slit, the magnetic polarizability ( mα ) is given by Equation 1.3 [Lee]. 

14ln24

3

−⎟
⎠
⎞

⎜
⎝
⎛

=

w
l

l
m

πα   (1.3) 

Where: 

λ  is the free space wavelenth 

l  is the length of the slot and satisfies the condition: λ<<l  (1.3(a)) 
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w  is the width of the slot and satisfies the condition: lw <<  (1.3(b)) 

Hence the electric and magnetic fields and the power radiated in the far field of a 

small longitudinal-slot in the narrow wall of a rectangular waveguide with only the 

dominant TE10 propagating inside are given as follows. The electric vector potential ( F ) 

can be found from the magnetic current ( M ); the radiated electric ( rE ) and magnetic 

( rH ) fields in the far field can be found from F ; the power radiated in the far field ( rP ) 

can be found from rE , rH . [Balanis] The reference coordinate system used for these 

results is shown in Figure 1.2. 
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10A  is the magnitude of 10H  

r , θ , φ  are the unit vectors in the Spherical coordinate system 

r , θ , φ  are the spatial variables in the Spherical coordinate system 
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Where: 

0η  is the impedance of free space 

FjH r ω−=   (1.6) 



 9

2

10
3

14ln246
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

−⎟
⎠
⎞

⎜
⎝
⎛

=

w
l
AlP o

or
βηπ   (1.7) 

Where: 

oβ  is the free space wave number 

 

1.2 Longitudinal-slot in the narrow wall of a rectangular waveguide 

Although the analytical analysis of small apertures exists, there is very little 

discussion available in literature when the aperture dimensions are comparable to a 

wavelength and the slot width (w) is not negligible in comparison with the slot length (l). 

The analytical approach becomes intractable under this condition. The work in this 

section deals with the characterization of such slots in the narrow wall of a rectangular 

waveguide, using computational techniques; the cases for which ‘w’ is not negligible 

compared to ‘l’ are also included. The generic slot under consideration is shown in Figure 

1.3. 
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Figure 1.3. Narrow-wall longitudinal-slot along with its aperture E-field distribution and the 3-D 

radiation power pattern in absolute units. 

 

The aim of this discussion is to generate intuition into the behavior of rectangular 

waveguide narrow-wall longitudinal-slots by presenting the extensive similarities they 

possess with a very well known antenna. In addition, new insights into the behavior of 

these slots can be achieved through the study of the relationships between the following 

parameters: the magnitude of the power radiated by the slot, vs., the magnitude / phase of 

the reflected / transmitted power through the waveguide, the phase of the power radiated 
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by the slot. The phase of the power radiated by the slot is proportional to the aperture 

phase at the center of the slot. 

The computational analysis was performed with the aid of Ansoft Corporation’s 

High Frequency Structure Simulator (HFSS). Full wave analysis using HFSS was 

performed for various values of lengths, widths of a rounded-rectangular shaped 

longitudinal-slot in the narrow wall of an X-band waveguide operating at 10GHz. Only 

part of this data was used in Chapter 3 for designing a narrow-wall longitudinal-slot array 

comprising of these slots due to the following reason. A half sine wave aperture E-field 

distribution is maintained only for certain slot dimensions, specifically for all possible 

widths as long as the length of the slot satisfied the condition in Equation 1.8. 

2
λ

≤l   (1.8) 

The narrow-wall longitudinal-slot is first examined by comparing its properties to 

cylindrical wire antennas, where the width (length) of the slot is analogous to the 

diameter (length) of the wire. The characteristics of cylindrical wire antennas have been 

studied using the Integral Equation method and are presented in [Kraus]. Slot radiators 

that satisfy the condition in Equation 1.3(b) have been compared to thin wire antennas 

previously in [Stevenson], [Jasik], [Lee]; but the behavior of longitudinal-slots in the 

narrow wall of a rectangular waveguide that violate the conditions in Equations 1.3(a) 

and 1.3(b) has not been studied. 

Figure 1.4 shows the resonant lengths associated with a thin wire antenna, 

specifically a center fed dipole of infinitesimal diameter. It can be seen that when the 

radiation resistance peaks, the input resistance at the antenna feed terminals goes to a 

very large value. From Figure 1.5 it can be seen that when the wire diameter is finite for a 
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monopole being fed over a ground plane the input impedance associated with a resonant 

length is again very high but finite. Clearly, for a specific wire diameter there is a specific 

length that produces resonance. 

 

 
Figure 1.4. Relation between the radiation resistance (Rr), antenna input resistance (Rin) for an 

infinitesimally thin center fed dipole. “Excerpted from [Balanis]” 
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Figure 1.5. Resonances for a cylindrical monopole over a ground plane as indicated by the input 

resistance of the wire. Length of the wire=A. Diameter of the wire=D. “Excerpted from [Jasik]” 
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Figure 1.6. Resonance characteristics of a cylindrical monopole over a ground plane as indicated by 

the input reactance of the wire. Length of the wire=A. Diameter of the wire=D. “Excerpted from 

[Jasik]” 
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From Figures 1.5 and 1.6 it can also be deduced that a thinner wire has a higher 

quality factor, i.e. the resonances are sharper. Figures 1.7, 1.8 and 1.9 illustrate similar 

behavior but for the narrow-wall longitudinal-slot. For a specific width of the slot there is 

a specific length that produces resonance; and thinner the slot, sharper the resonance. The 

data in Figures 1.7 through 1.14 was collected from HFSS simulations for a rounded-

rectangular shaped longitudinal-slot in the narrow wall of a rectangular X-band 

waveguide operating at 10GHz. Note that the free space wavelength at 10GHz is 30mm 

and the first resonance when the slot width is very small occurs approximately when the 

slot length is 15mm as shown in Figures 1.7 and 1.8. The curves in Figure 1.7 contain 

rapid fluctuations because the slot length-over-width ratios in the data used to obtain 

these curves were rounded off to the nearest integer. 

Unlike the wire radiators, the dimensions of the waveguide also affect the 

resonances of slot radiators. For a wire radiator, as the diameter of the wire increases, the 

wire resonates at a shorter length. But for a narrow-wall longitudinal-slot, as the width of 

the slot increases, it can resonate for a longer or shorter length of the slot as shown in 

Figures 1.8 and 1.9 respectively, depending on the dimensions of the guide. 

The dimensions of the waveguide used to obtain Figure 1.8 are the standard X-

band waveguide dimensions; to obtain Figure 1.9, the broad dimension (a) of a standard 

X-band waveguide was changed from a=22.86mm to a=30mm. Note that even for the 

altered X-band waveguide, the propagating mode inside the guide is the dominant TE10 

mode. 

Consider a fixed operating frequency and the narrow dimension, b of the 

waveguide that is smaller than half the size of ‘a’. Then the upper and lower limits of ‘a’, 
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such that only the dominant (TE10) mode propagates inside the guide, are determined as 

follows. The lower (upper) limit on the broad dimension is found from the cut off 

frequency condition for the TE10 (TE20) mode shown in Equation 1.9 (1.10). The 

resulting limits on the broad dimension of the waveguide are shown in Equation 1.11. 

1
10 2

1
a

f
oo

c
π

εμπ
=   (1.9) 

Where: 

1a  is the lower limit on the broad dimension of the guide 

oμ  is the permeability of free space 

oε  is the permittivity of free space 

2
20

2
2

1
a

f
oo

c
π

εμπ
=   (1.10) 

Where: 

2a  is the upper limit on the broad dimension of the guide 

The value of 1a  ( 2a ) is found by solving Equation 1.9 (1.10) after substituting 

10GHz for the value of 10cf  ( 20cf ). 

mmamm 3015 <<   (1.11) 

Where: 

a  is the broad dimension of the waveguide 

b  is the narrow dimension of the waveguide and satisfies the condition 
2
ab ≤  
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Figure 1.7. Resonances for a narrow-wall longitudinal-slot radiator. Each curve represents a specific 

slot length-over-width ratio. 
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Figure 1.8. Resonances for a narrow-wall longitudinal-slot radiator. Each curve represents a specific 

slot width in mm. 
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Figure 1.9. Resonances for a narrow-wall longitudinal-slot radiator in a waveguide with dimensions, 

a=30mm, b=10.16mm. Each curve represents a specific slot width in mm. 

 

Figures 1.10 through 1.14 also show some interesting properties of a narrow-wall 

longitudinal-slot. They show that irrespective of the dimensions of the slot, the amplitude 

/ phase of the power transmitted / reflected by the slot through the waveguide and the 

phase of the induced aperture E-field at the center of the slot have a predictable 

dependence on the amplitude of the power radiated through the slot. The phase of the 

transmitted (reflected) power through the waveguide is measured at the output (input) 

port of the waveguide containing the slot. All the sampled phases are measured relative to 

the phase of the input power, which is equal to zero at the input port. Figures 1.10 
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through 1.14 are obtained from two different data sets. For the first data set, the length of 

the waveguide containing the slot is two guide wavelengths long and the slot lengths 

(widths) ranged between 12.75mm (0.5mm) and 20mm (7.5mm). For the second data set, 

the length of the waveguide containing the slot is one guide wavelength long and the slot 

lengths (widths) ranged between 8.5mm (0.5mm) and 15mm (8mm). The reason for the 

180o phase shift between the y-axes of the sub-plots in Figure 1.12 is due to the 

difference in the lengths of the waveguides used to obtain the two data sets. 

 

 
Figure 1.10. Relation between the amplitudes of the power radiated through the slot, power reflected 

through the waveguide for a narrow-wall longitudinal-slot. 
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Figure 1.11. Relation between the amplitudes of the power radiated through the slot, power 

transmitted through the waveguide for a narrow-wall longitudinal-slot. 



 22

 
Figure 1.12. Relation between the amplitude of the power radiated through the slot, the phase of the 

induced aperture E-field at the center of the slot that is measured relative to the phase of the input 

power (= 0o) at the waveguide’s input port for a narrow-wall longitudinal-slot. 
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Figure 1.13. Relation between the amplitude of the power radiated through the slot, the phase of the 

power reflected through the waveguide that is measured relative to the phase of the input power (= 

0o) at the waveguide’s input port for a narrow-wall longitudinal-slot. 
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Figure 1.14. Relation between the amplitude of the power radiated through the slot, the phase of the 

power transmitted through the waveguide that is measured relative to the phase of the input power 

(= 0o) at the waveguide’s input port for a narrow-wall longitudinal-slot. 
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2. H-PLANE-BEND-RADIATOR 

The H-plane-bend-radiator (HPB-radiator) is an H-plane bend terminating in a 

radiating aperture with the narrow dimension of the waveguide flaring out to the 

maximum possible width; the maximum possible width is the same as the maximum 

dimension for the narrow wall of a rectangular waveguide that still only supports the 

dominant (TE10) mode. Figure 2.1(a) (2.1(b)) is a schematic of the HPB-radiator element 

to be used in the narrow-wall-slot-HPB-array (split-waveguide-HPB-array) described in 

Chapter 3 (4). The design variables for the HPB-radiator are its aperture dimensions and 

the function that determines the H-plane taper. The optimal HPB-radiator element has the 

same half sine wave aperture E-field distribution as a narrow-wall longitudinal-slot with 

minimal reflected power into the feed-waveguide. 
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Figure 2.1. (a) Narrow-wall-slot-HPB-array’s HPB-radiator element along with its aperture E-field 

distribution and the 3-D radiation power pattern in absolute units. (b) Split-waveguide-HPB-array’s 

HPB-radiator element along with its aperture E-field distribution and the 3-D radiation power 

pattern in absolute units. 

 

The HPB-radiator elements used for both the narrow-wall-slot-HPB-array and the 

split-waveguide-HPB-array are designed for minimum power reflected into the feed-

waveguide for the following reasons. 

It will be seen in Chapter 4 that the split-waveguide-HPB-array has beam steering 
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capability by the virtue of its split-waveguide input. A phase shifter can be placed at each 

of the split-inputs and use a single high power microwave source. When the elements of 

the array do not have minimum power reflected into the feed-waveguide, coupling 

between the elements can occur through the split-inputs at the output of the microwave 

source. This would disrupt the beam steering functionality of the array. It is important for 

the elements of the split-waveguide-HPB-array to have minimum power reflected to also 

protect the microwave source. 

It will be seen in Chapter 3 that the narrow-wall-slot-HPB-array is designed by 

optimizing the mutual coupling through the waveguide between its array elements. From 

Chapter 1, it was seen that the power radiated by a narrow-wall longitudinal-slot is 

directly proportional to the power reflected by it into the feed waveguide. But 

nevertheless this power reflected can contribute adversely to the radiation pattern of the 

array, although the total power reflected at the array input can be minimized through 

mutual coupling analysis described in Chapter 3. This can be explained as follows. 

When there is a good possibility that the radiation pattern of the array to be 

designed would have its main lobe canted from the broadside direction and the design 

goal is to maximize the directivity, it is advantageous to have power flow in only one 

direction along the length of the linear array. So it is important for the HPB-radiator 

element of the narrow-wall-slot-HPB-array also to be designed for minimum reflected 

power at its input. 

The design of the HPB-radiator was initiated in HFSS; simulations were 

performed with no narrow-wall flare, for an aperture length of a half free space 

wavelength and for the function that defines the H-plane taper determined by the location 
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of a single point (HPB-radiator-1-point-optimization). Unlike the HPB-radiators shown in 

Figures 2.1(a) and 2.1(b), for the purpose of HPB-radiator-1-point-optimization, the 

aperture of the HPB-radiator begins at the same location along the length of the 

waveguide where the H-plane taper begins. This can be seen in Figure 2.2(a). Figure 

2.2(a) shows a two dimensional view of the HPB-radiator with the narrow dimension of 

the waveguide as the missing dimension. The waveguide used was again a standard X-

band guide operating at 10GHz. The data from these simulations, i.e. the point locations 

in the search-space (as illustrated in Figure 2.2(a)) versus the power reflected, forms the 

computational data to be analyzed. The details of this analysis are discussed in Section 

2.1. Figure 2.2(b) is a surface plot of the amplitude of the power reflected into the feed-

waveguide for the various simulation points in the search-space shown in Figure 2.2(a). 
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Figure 2.2. (a) Illustration of the HPB-radiator in two dimensions, showing the search-space for 

HPB-radiator-1-point-optimization. (b) Surface plot showing the power reflected amplitudes for 

points in the search-space shown in Figure 2.2(a). 
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2.1 HPB-radiator design procedure using dimensional offset hypothesis 

Since the HPB-radiator will be part of a high power antenna, it is important that 

its final design have a smooth H-plane taper function containing no sharp corners. The 

following discussion proposes a design procedure for the HPB-radiator element’s H-

plane taper function for a given aperture length. 

The design of the HPB-radiator element with a smooth H-plane taper function 

using just analytical or computational electromagnetics techniques felt intractable and the 

following novel design approach that processes the computational analysis (HPB-

radiator-1-point-optimization) data using iterative search algorithms is proposed. These 

search algorithms were developed to utilize user-defined design criteria that can be 

adjusted according to the information available from the computational analysis data 

regarding the structure to be designed. The approach is based on the following hypothesis 

(called the dimensional offset hypothesis): for a fixed aperture length, the power reflected 

due to any taper function has a predictable dependence on the dimensional offset between 

the given taper function and the ideal-taper-function. The ideal-taper-function for a given 

aperture length produces the lowest reflected power and is represented by the black curve 

in Figure 2.3. The shaded region that is represented by the dotted lines in Figure 2.3 

represents the dimensional offset. 
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Figure 2.3. Illustration for the dimensional offset hypothesis. 

 

To find the ideal-taper-function, the dimensional offset hypothesis is proposed to 

be implemented as follows. The dimensional offset is characterized by the dimensional 

offset parameter, p as defined in Equation 2.1. The H-plane taper functions obtained from 

HPB-radiator-1-point-optimization are labeled as ‘measured-taper-functions’; therefore 

the power reflected into the feed-waveguide by an HPB-radiator constructed using a 
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measured-taper-function is known. The ‘test-taper-functions’ are used to eventually lead 

to the ideal-taper-function. The search-space for the test-taper-functions is discretized as 

shown in Figure 2.4(a) and each possible combination of points in the discretized space 

leads to a test-taper-function. A test-taper-function formed by a combination of points is 

as shown in Figure 2.4(a). 

n

N

n
npp θΔ= ∑

=2
  (2.1) 

Where: 

)()()( nnTnMn wrrp θθθ −=  

)( nMr θ  is the radius of a ‘measured-taper-function’ at an angle of nθ  as shown in Figure 

2.3 

)( nTr θ  is the radius of a ‘test-taper-function’ at an angle of nθ  

)( nw θ  is a user defined weight function at an angle of nθ  

1−−=Δ nnn θθθ  

o1≤Δ nθ  

From Figure 2.3: o01 =θ  and o90=Nθ  
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Figure 2.4. Search-space (shown in blue/green) for test-taper-functions (shown in red). 

 

Consider, for instance, that there are one hundred measured-taper-functions and 

since for each measured-taper-function there is a corresponding reflected power 

measurement, there are one hundred corresponding reflected power measurements. Now 

consider a test-taper-function; from Equation 2.1 there would be one hundred 

dimensional offset parameter values corresponding to the test-taper-function. To 

implement the dimensional offset hypothesis, a scatter plot is made between the above 

mentioned reflected power values and dimensional offset parameter values. If the 

dimensional offset hypothesis does have any merit, then the test-taper-function that 

produces the scatter plot with the least scatter is the ideal-taper-function. It can be seen 

that the scatter plot in Figure 2.5(a) has a higher scatter/fit-error compared to the scatter 

plot in Figure 2.5(b); hence the test-taper-function used to obtain Figure 2.5(b) is a better 

test-taper-function. 
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Figure 2.5. (a) Sample scatter plot with higher scatter/fit-error. (b) Sample scatter plot with lower 

scatter/fit-error. 
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To make the search for the ideal-taper-function efficient, the test-taper-functions 

can be iterated in two stages. The first stage is shown in Figure 2.4(a), where the grid 

used to obtain the set of points that make a certain test-taper-function, is coarse. After 

obtaining the best test-taper-function given the coarse grid, the search-space around this 

best test-taper-function is used as the new search-space as shown in Figure 2.4(b). The 

search-space in Figure 2.4(b) is discretized more finely than that in Figure 2.4(a) leading 

to the ideal-taper-function. The coarseness of the grid in Figures 2.4(a) and 2.4(b) is 

dependent upon the number of iterations that can be handled by the computational 

resources available. Hence for a given search-space discretization, the best test-taper-

function becomes the ideal-taper-function. 

To summarize, the search for the optimal HPB-radiator’s ideal-taper-function is 

made possible by mapping the power reflected by a taper function (variable-1) to the 

corresponding scatter plot’s fit-error (variable-2). Since the computational time required 

to find variable-2 is much lower compared to variable-1, it is possible to find the 

dimensional offset parameters and the scatter plots’ fit-errors corresponding to the 

various test-taper-functions and these iterations eventually lead to the ideal-taper-

function. 

The aim of the following discussion is to illustrate that the dimensional offset 

hypothesis has the potential to be used as a procedure for designing the HPB-radiator, 

although the calculation of the dimensional offset parameter and the procedure for 

determining the amount of scatter in the scatter plots mentioned above has room for 

improvement. It is also hypothesized that it is reasonable to make the dimensional offset 
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hypothesis while designing other kinds of structures as long as the dimensional offset 

parameter’s calculation and the scatter plots’ analysis is appropriately performed. 

The demonstration of the dimensional offset hypothesis’ merit is performed in 

two steps that were implemented in a program coded in MATLAB (Matrix Laboratory). 

In the first step, the various test-taper-functions are described by Equation 2.2 and are 

labeled as ‘spiral-taper-functions’. The best test-taper-function from the first step is a 

spiral-taper-function with n=1; it is used in the second step for determining the test-taper-

functions as described by Equation 2.3 that are labeled as ‘spiral-sine-taper-functions’. 

Figure 2.6 (2.7) shows the extent of variation for the test-taper-functions in step one (two) 

and the best test-taper-function obtained from this step is given by the red curve. The 

weight function given in Equation 2.1 is chosen to be equal to unity for the entirety of 

this analysis. Also, to characterize the amount of scatter in the scatter plots, the following 

procedure is undertaken. First the data in each scatter plot is fitted to a first order 

polynomial. Then the fit-error for each of the scatter plots is obtained by taking the sum 

of the absolute values of the differences between the y-coordinates of the scattered points 

and the corresponding y-coordinates of the points on the fitted polynomial. The y-axis of 

the scatter plots corresponds to the reflected power measurements of the measured-taper-

functions. So the fit-error of a certain scatter plot is used to characterize the amount of 

scatter in it; a higher fit-error corresponds to a higher amount of scatter. 

L
/2)(

L-a)( n
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π
θr   (2.2) 

Where: 

oo 900 ≤≤ θ  
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46.0 ≤≤ n  

a, L, θ , )(θr  are shown in Figure 2.6 

 

 
Figure 2.6. Spiral-taper-functions used for testing hypothesis. 
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a, L, θ , )(θr  are shown in Figure 2.7 
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Figure 2.7. Spiral-sine-taper-functions used for testing hypothesis. 

 

Figures 2.8 and 2.9 demonstrate the merit of dimensional offset hypothesis. Each 

scatter point in Figure 2.8 (2.9) corresponds to a test-taper-function that was obtained 

from Equation 2.2 (2.3). HFSS was used to find the reflected power from each of the test-

taper-functions defined by Equations 2.2 and 2.3. Figures 2.8 and 2.9 confirm that a 

lower fit-error actually corresponds to a lower reflected power for a test-taper-function. 
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Figure 2.8. Hypothesis verification for spiral-taper-functions. 
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Figure 2.9. Hypothesis verification for spiral-sine-taper-functions. 

 

2.2 HPB-radiator elements used in the narrow-wall-slot-HPB-array and the split-

waveguide-HPB-array 

The HPB-radiator element, which is used as the last element in the narrow-wall-

slot-HPB-array, is shown in Figure 2.1(a). It can be inferred from Chapter 3 that not only 

does the power reflected into the feed-waveguide by the HPB-radiator element needs to 

be low but also its aperture phase plays an important role in the performance of the 

narrow-wall-slot-HPB-array. The aperture phase is the phase of the aperture E-field at the 

center of the aperture with reference to the phase of the input power (=0o) at the input 
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port of the element. The aperture length of the HPB-radiator greatly influences its 

aperture phase value that complements the narrow-wall-slot-HPB-array’s performance; 

more specifically an aperture length slightly greater than a half free space wavelength 

was found to be more suitable. 

With respect to the HPB-radiator analysis in Section 2.1, the aperture of the HPB-

radiator began at the same location along the length of the waveguide where the H-plane 

taper began, as shown in Figure 2.2; the length of the radiating aperture of the HPB-

radiator was chosen to be a half free space wavelength for the following reasons. An 

aperture length greater than a half free space wavelength produced an aperture E-field 

that is not necessarily a half sine wave distribution for different taper functions, and an 

aperture length less than a half free space wavelength produced a higher reflected power 

into the feed-waveguide. 

The design of the HPB-radiator element is therefore a best compromise between: 

the reflected power into feeding waveguide, the aperture E-field distribution and the 

aperture phase. This was achieved for the design shown in Figure 2.1(a). The aperture of 

the HPB-radiator begins at a location along the length of the waveguide that is 

approximately 4mm before the beginning of the H-plane taper, and the length of the 

aperture is approximately 19mm, where 15mm corresponds to a half free space 

wavelength at 10GHz. The taper function used for the HPB-radiator in Figure 2.1(a) is 

defined by the equation of an ellipse. For this best compromise design: the power 

reflected into the feed-waveguide is less than 1%, with an approximately half sine wave 

aperture E-field distribution. The aperture phase also complements the performance of 

the narrow-wall-slot-HPB-array as will be shown in Chapter 3. 
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The HPB-radiator element, which is used as the standard element in the split-

waveguide-HPB-array, is shown in Figure 2.1(b). The aperture of the HPB-radiator 

begins at a location along the length of the waveguide that is approximately 2.6mm 

before the beginning of the H-plane taper, and the length of the aperture is approximately 

17.6mm, where 15mm corresponds to a half free space wavelength at 10GHz. The taper 

function used for the HPB-radiator in Figure 2.1(b) is defined by the equation of an 

ellipse. The power reflected into the feed-waveguide for the design is less than 1%, with 

an approximately half sine wave aperture E-field distribution as shown in Figure 2.1(b). 
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3. NARROW-WALL LONGITUDINAL-SLOT ARRAY WITH HPB-RADIATOR 

An illustration of the narrow-wall longitudinal-slot array with an HPB-radiator 

element (narrow-wall-slot-HPB-array) is shown in Figure 3.1; the center-to-center 

distance between any two adjacent array elements is the same. For a rectangular 

waveguide in the dominant (TE10) mode of operation, not only the tangential but also the 

normal component of the E-field at its narrow wall is zero. Therefore, the narrow-wall-

slot-HPB-array can handle high powers. The design criteria for the narrow-wall-slot-

HPB-array are to maximize the peak directivity of its fan beam radiation pattern and to 

minimize the reflected power into its feed-waveguide. The design variables are the slots’ 

dimensions, spacing between the elements and the narrow-wall taper. The narrow wall of 

the waveguide can be squeezed to increase the power radiated by a slot. The last element 

of the array, i.e. the HPB-radiator, has been described in Chapter 2. As mentioned in 

Chapter 1, the dimensions of the slots considered in the array’s design satisfied the 

condition given by Equation 1.8. Under this condition, all variations of the slot 

dimensions produced a very similar half sine wave aperture E-field distribution. To 

maximize the peak directivity of the array, the elements of the array are to radiate equal 

powers and have a progressive phase shift, i.e. the design is to produce a uniform linear 

array. To minimize the power reflected into the feed-waveguide, the power reflected from 

the individual elements need to destructively interfere. The optimal narrow-wall-slot-

HPB-array design is a best compromise between the powers radiated by the elements, the 

progressive phase shift between the elements and the reflected power at the input of the 

array. 

There is a length constraint on the narrow-wall-slot-HPB-array’s design for the 
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industrial band, since it needs to be mountable on a land vehicle. Therefore for the 

narrow-wall-slot-HPB-array’s design at 10GHz, its maximum length is restricted to 

150mm. The length of the array is measured between the following two points: the 

location where the first array element’s aperture begins, and the location where the last 

array element’s aperture ends. From the analysis to follow, given the length restriction on 

the narrow-wall-slot-HPB-array, the optimal design for the distance between the elements 

and the elements’ dimensions are such that the optimal narrow-wall-slot-HPB-array is 

made up of five elements. 



 45

 
Figure 3.1. Narrow-wall-slot-HPB-array along with its 3-D radiation power pattern in absolute units. 
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3.1 Microwave network analysis of narrow-wall-slot-HPB-array 

The narrow-wall-slot-HPB-array is designed by optimizing the mutual coupling 

through the waveguide between the array elements given the design variables and 

criteria. For this analysis, the external coupling between the array elements is ignored and 

the mutual coupling analysis is performed using microwave theory. Each radiating slot is 

reduced to a lossy two-port network, where the loss is representative of the power 

radiated by the slot; the HPB-radiator is represented as a lossy one-port network. The S-

parameters and aperture phases of the array elements are obtained from computational 

analysis performed using HFSS; this discussion was presented in Chapters 1 and 2. 

Figure 3.2 shows the array in Figure 3.1 represented as a microwave network. Pin1 

through Pin5 are the powers being input at the input ports of array elements 1 through 5 

respectively as shown in Figure 3.2. Prad1 through Prad5 are the powers radiated by array 

elements 1 through 5 respectively as shown in Figure 3.2. 1Γ  through 5Γ  are the 

reflection coefficients under matched port conditions. For instance, 1Γ  is affected by the 

presence of slot 1 through slot 4 and the HPB-radiator and is the effective reflection 

coefficient at the input of the network shown, but assumes that the input of the network 

as a matched port. 
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Figure 3.2. Equivalent microwave network of the narrow-wall-slot-HPB-array. 
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2Γ  through 5Γ  in Figure 3.2 contribute to mutual coupling between the array 

elements and in the ideal case scenario it is better to have 1Γ  through 5Γ  equal to zero. In 

addition to the obvious reason for the reflected power to be minimized so as to maximize 

antenna efficiency/gain and protect the high power microwave source, an additional 

reason is as follows. There is a good possibility that the radiation pattern of the narrow-

wall-slot-HPB-array would have its main lobe canted from the broadside direction, and 

since the design goal is to maximize the directivity, it is advantageous to have power flow 

in only one direction along the length of the linear array. 

Although the powers radiated by all the elements (represented by Prads in Figure 

3.2) need to be equal, the fraction of the power radiated to the amount of power being 

input to a certain element is different from the other elements. For instance, in the ideal 

case scenario: when 1Γ  through 5Γ  are equal to zero, the optimal values for Prad1 through 

Prad5 are given by 0.2Pin1, 0.25Pin2, Pin3/3, 0.5Pin4, Pin5 respectively. Since, in reality 1Γ  

through 5Γ  are not equal to zero, the goal of the microwave network analysis is to obtain 

expressions for 1Γ , Prad1 through Prad5 in terms of: Pin1, the S-parameters of the array 

elements 1 through 5, and the distance between the array elements. The effect of mutual 

coupling on: the aperture phases obtained from computational analysis of the array 

elements 1 through 5, is factored in by simply knowing the distance between the elements 

and the phase of the input powers Pin1 through Pin5. Hence, the aperture phase of slot 1 is 

only influenced by the phase of Pin1 and the location of the array’s input port from slot 1. 

Similarly, the aperture phase of slot 2 is only influenced by the phase of Pin2 and the 

distance between slot 1 and slot 2. This aperture phase calculation procedure can be 

similarly extended to the array elements 3 through 5. Note that the aperture phase 
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calculations assume that the Γ s are small enough and therefore do not influence them. 

The expressions for 1Γ , Prad1 through Prad5, and the aperture phases can then be 

implemented in an iterative program whose inputs are the S-parameters and aperture 

phases for narrow-wall longitudinal-slots of various dimensions obtained from the 

computational analysis in Chapter 1. The program iterates on the possible 

distances/dimensions between/of the array elements without exceeding the maximum 

length constraint on the array, to find the best combination of slots’ dimensions and inter-

element spacing that produces the optimal narrow-wall-slot-HPB-array design. 

The microwave network analysis is started by beginning at the HPB-radiator 

element and progressing towards the array input, one element at a time, until slot 1 is 

reached (‘reverse path analysis’); then by progressing from slot 1 towards the end of the 

array, one element at a time, until the HPB-radiator element is reached (‘forward path 

analysis’), completes the analysis. The goal of the reverse (forward) path analysis is to 

obtain the expression(s) for 1Γ  (Prad1 through Prad5) in terms of Pin1, the S-parameters of 

the array elements 1 through 5, and the distance between the array elements. 

The inter-element spacing between the array elements can be embedded as a 

phase shift in the S-parameters of the individual elements. This can be achieved by ‘a 

shift in reference planes’, and is discussed in detail in the section on ‘the scattering 

matrix’ in [Pozar]. 

The first step in the reverse path analysis is illustrated in Figure 3.3. ‘Load 5’ in 

Figure 3.3 represents the array element 5. +
1V , +

2V , −
1V , −

2V  in Figure 3.3 represent the 

voltage waves that are well known in the microwave network analysis performed using 

S-parameters. Following standard S-parameter network analysis, the network shown in 
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Figure 3.3 satisfies Equations 3.1, 3.2 and 3.3; 11S , 12S , 21S , 22S  represent the S-

parameters of the two-port network that represents slot 4; 5Γ  is the reflection coefficient 

of the one-port network (load 5) that represents the HPB-radiator under matched port 

condition. 

−+ Γ= 252 VV   (3.1) 

++− += 2221212 VSVSV   (3.2) 

++− += 2121111 VSVSV   (3.3) 

Equations 3.1, 3.2, 3.3 can be solved to obtain the expressions in Equations 3.4 

through 3.10. The reflection coefficient when port 1 of the network in Figure 3.3 is 

matched, 4Γ , shown in Equation 3.6 is calculated and recorded to be used in the second 

step of the reverse path analysis. 
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Where: 

Pin4 is the power being input at port 1 of the two-port network that represents slot 4 in 

Figure 3.3 

Pref4 is the power reflected at port 1 in Figure 3.3 under matched port conditions 

Pload5 is the power delivered to the HPB-radiator 

Prad4 is the power radiated by slot 4 

 

 
Figure 3.3. Illustration for the first step in the reverse path analysis. 

 

In the second step of the reverse path analysis, the complete network in Figure 3.3 

is considered as a single one-port network (labeled as ‘load 4’ in Figure 3.4) with 4Γ  

computed in Equation 3.6 representing its reflection coefficient under matched port 

condition. This one-port network is now connected to the equivalent two-port network for 

slot 3 as shown in Figure 3.4. From this point, the analysis of this two-port network 
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connected to the one-port network continues in the same way as in step one of the reverse 

path analysis: to obtain the reflection coefficient at port 1 in Figure 3.4 ( 3Γ ). In addition, 

the following expressions are obtained in terms of the power being input at port 1 of the 

two-port network that represents slot 3 in Figure 3.4 (Pin3): the power reflected at port 1 

in Figure 3.4 (Pref3), the power delivered to load 4 (Pload4) and the power radiated by slot 

3 (Prad3). This reverse path analysis procedure is complete when it is carried out all the 

way until the first element (i.e. slot 1), at which point the value of the effective reflection 

coefficient at the input of the complete network as shown in Figure 3.2 ( 1Γ ) is found. 

 

 
Figure 3.4. Illustration for the second step in the reverse path analysis. 

 

Note that Prad1 through Prad5 cannot be computed in the reverse path analysis, 

since Pin1 through Pin5 are unknown. 

The forward path analysis also has a series of steps similar to reverse path 

analysis, and the first step is illustrated in Figure 3.5. ‘Load 2’ in Figure 3.5 includes 

array elements 2 through 5. Hence, it can be inferred that by starting from a known value 

for Pin1, the values for Prad1 and Pin2 can be found from the first step of the forward path 

analysis. The second step of the forward path analysis is illustrated in Figure 3.6. ‘Load 
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3’ in Figure 3.6 includes array elements 3 through 5. From the value of Pin2 obtained 

from the first step of the forward path analysis, the values for Prad2 and Pin3 can be found 

from the second step of the forward path analysis. This analysis is complete when it is 

continued to eventually find all the powers radiated by the array elements, Prad1 through 

Prad5. 

 

 
Figure 3.5. Illustration for the first step in the forward path analysis. 

 
 

 
Figure 3.6. Illustration for the second step in the forward path analysis. 

 

The S-parameters and aperture phases of the individual array elements are 

obtained from HFSS simulations and the coupling analysis is implemented in a routine 
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that iterates on the slots’ dimensions and the distance between the array elements. The 

routine was coded in MATLAB. It is not possible to achieve the ideal case scenario: i.e. 

when 1Γ  through 5Γ  are equal to zero, the optimal values for Prad1 through Prad5 are given 

by 0.2Pin1, 0.25Pin2, Pin3/3, 0.5Pin4, Pin5 respectively. Hence the MATLAB routine was 

run for the following optimization criteria. The mean offset between the radiated powers 

was minimized with the following additional criteria imposed: the reflected power at the 

array input < 5%, the mean error in the progressive phase shift < 5o. The inputs to the 

routine were the S-parameters and aperture phases of slots with lengths (widths) varying 

between 14mm (0.5mm) and 15mm (8mm), and the S-parameter and aperture phase of 

the optimal HPB-radiator element for the narrow-wall-slot-HPB-array presented in 

Chapter 2. The optimal values obtained from the MATLAB routine for the reflected 

power, mean error in the progressive phase shift, mean offset between the radiated 

powers are: <1%, 4.7o, 1.2% respectively. The optimal spacing between the slots that 

achieved these results was 16/11 gλ , where gλ  is the guide wavelength for an X-band 

waveguide operating at 10GHz. Also, there is a narrow-wall flare introduced near the 

array element 4, as shown in Figure 3.1, where the narrow dimension of the waveguide is 

squeezed by 20% to increase the radiated power through slot 4. Table 3.1 shows the 

optimal dimensions for slot 1 through slot 4, along with the powers radiated and aperture 

phases of the array elements 1 through 5.  The aperture phase is the phase of the aperture 

E-field at the center of the aperture with reference to the phase of the input power (=0o) at 

the input port of the array. 
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Table 3.1. Results from mutual coupling optimization between the array elements. The aperture 

phase is the phase of the aperture E-field at the center of the aperture with reference to the phase of 

the input power (=0o) at the input port of the array. 

 

3.2 Full-wave analysis of narrow-wall-slot-HPB-array 

Since the results in table 3.1 do not include any external coupling between the 

array elements, the slot array is also simulated in HFSS using the optimal dimensions for 

the slots obtained from the MATLAB routine; the results from the HFSS simulation are 

as follows. The reflected power at the input of the array is <1%. Table 3.2 compares the 

values of power radiated and aperture phases of the array elements 1 through 5 obtained 

from this full-wave analysis with the optimized result from the MATLAB routine that 

uses microwave network analysis. Table 3.2 shows that there is good agreement between 

the microwave network analysis result and the full-wave analysis result. 
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Table 3.2. Results from microwave network analysis and full-wave analysis. The aperture phase is 

the phase of the aperture E-field at the center of the aperture with reference to the phase of the input 

power (=0o) at the input port of the array. 

 

3.3 Double-narrow-wall-slot-HPB-array 

The peak gain for the optimized narrow-wall-slot-HPB-array is approximately 

12.6dB; this gain can be increased to approximately 14.9dB when the configuration 

shown in Figure 3.7 is used. The double-narrow-wall-slot-HPB-array, shown in Figure 

3.7, is obtained from two narrow-wall-slot-HPB-arrays as follows. The double-narrow-

wall-slot-HPB-array consists of two identical narrow-wall-slot-HPB-arrays with a 

common broad wall; the slots are moved as close to the common wall as possible. In the 

double-narrow-wall-slot-HPB-array configuration, the apertures of one narrow-wall-slot-

HPB-array alternate with those of the other array and the center-to-center distances 

between the elements of the double-narrow-wall-slot-HPB-array are equal. The input 

phase of one array also needs to be appropriately phase shifted from the other, such that 
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the aperture phases of the elements of the double-narrow-wall-slot-HPB-array are in 

approximately a constant phase progression. The double-narrow-wall-slot-HPB-array has 

essentially the same overall length as the narrow-wall-slot-HPB-array, but by increasing 

the number of elements in the array that are in approximately a constant favorable phase 

progression, a higher gain was achieved. In other words, the aperture field distribution of 

the double-narrow-wall-slot-HPB-array is more uniform than that of the narrow-wall-

slot-HPB-array, thereby resulting in a higher gain for the double-narrow-wall-slot-HPB-

array. 

The aperture phases/magnitudes of an antenna array interfere constructively or 

destructively in various directions to produce the 3-D radiation pattern. For a pencil-

beam-antenna-array that radiates a perfect pencil-beam radiation pattern, its aperture 

phases/magnitudes are such that they constructively interfere in a very narrow set of 

adjacent angles in approximately the same direction that the element pattern’s maxima is 

directed, and in the rest of the angles the aperture phases/magnitudes of the array 

interfere destructively. 

The double-narrow-wall-slot-HPB-array produces a radiation pattern that is more 

similar to the pencil-beam-antenna-array’s radiation pattern, when compared to the 

narrow-wall-slot-HPB-array. Figure 3.8 shows that the higher gain of the double- narrow-

wall-slot-HPB-array compared to that of the narrow-wall-slot-HPB-array is achieved by 

suppressing the side lobes. Note that the vertical axis in Figures 3.8 and 3.9 represents the 

‘normalized’ power radiated. 
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Figure 3.7. Double-narrow-wall-slot-HPB-array along with its 3-D radiation power pattern in 

absolute units. 
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Figure 3.8 compares the H-plane radiation power patterns of the narrow-wall-slot-

HPB-array and the double-narrow-wall-slot-HPB-array; θ = 0o on the horizontal axis of 

the plot in Figure 3.8 corresponds to the broadside direction. The H-plane radiation 

power pattern of the double-narrow-wall-slot-HPB-array was shifted by 1o, so that the 

peaks of both patterns line up for making the beam-width comparison easier. 

 

 
Figure 3.8. H-plane radiation power patterns of the narrow-wall-slot-HPB-array and the double-

narrow-wall-slot-HPB-array. 
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Figure 3.9 compares the radiation power patterns of the narrow-wall-slot-HPB-

array and the double-narrow-wall-slot-HPB-array in the plane cut that is orthogonal to the 

H-plane and passing through the θ = -15o line shown in Figure 3.8; θ = 0o on the 

horizontal axis of the plot in Figure 3.9 corresponds to the same spatial point in the 3-D 

radiation power pattern as θ = -15o on the horizontal axis of the plot in Figure 3.8. 

 

 
Figure 3.9. Radiation power patterns of the narrow-wall-slot-HPB-array and the double-narrow-

wall-slot-HPB-array in the plane cut that is orthogonal to the H-plane and passing through the θ = -

15o line shown in Figure 3.8. 
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4. SPLIT-WAVEGUIDE-HPB-ARRAY 

The split-waveguide-HPB-array has an array of HPB-radiators with a split-

waveguide input as shown in Figure 4.1. The split-waveguide-HPB-array has the added 

functionality of the capability to beam steer over the narrow-wall-slot-HPB-array. As 

shown in Figure 4.1, the split-waveguide-HPB-array has a split waveguide input with 

each split-input feeding a single HPB-radiator and hence its capability to beam steer. 

When the split-waveguide input is fed by a single waveguide, because of the orientation 

of the splits, the propagating dominant (TE10) mode is preserved in each of the split-

waveguides. 
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Figure 4.1. Split-waveguide-HPB-array along with its 3-D radiation power pattern in absolute units. 
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Energy from a single high power source can be divided using the split-waveguide 

design. Before the energy is sent to the split-waveguide-HPB-array, phase shifters can be 

inserted in the circuit. The phase shifters can be programmed to achieve a certain beam 

steer angle for every operating cycle of the high power source. 

The capability to beam steer makes a high power antenna more versatile. For 

instance, some applications might require that the antenna be oriented such that the 

target-distance is 100m away from the vehicle, while some others might require this 

distance to be just 30m away from the vehicle. Without the capability to beam steer, a 

mechanical system needs to be put in place that can change the orientation of the antenna 

when/as desired. But even the best mechanical system might not be able to beam steer as 

fast as phase shifters controlling the individual inputs to an antenna array. The narrow-

wall-slot-HPB-array design in the industrial band cannot beam steer without a bulky 

mechanical system. The split-waveguide-HPB-array can overcome this problem. 

The length constraint imposed on the narrow-wall-slot-HPB-array’s design at 

10GHz, 150mm, is also imposed on the design of the split-waveguide-HPB-array. The 

length of the array is again measured between the following two points: the location 

where the first array element’s aperture begins, and the location where the last array 

element’s aperture ends. 

The design of the split-waveguide-HPB-array is optimized for maximum 

directivity in the H-plane for the case when the split-inputs of the array do not have any 

phase shifts introduced, i.e. when a single waveguide feeds all the split-inputs of the 

array. Hence, the split-waveguide-HPB-array’s uniform array design process is simplified 

compared to the narrow-wall-slot-HPB-array. Unlike the narrow-wall-slot-HPB-array, 
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the elements of the split-waveguide-HPB-array are identical and have negligible mutual 

coupling through the waveguide, since the HPB-radiator element has minimal reflected 

power into its feed-guide. 

The standard HPB-radiator element used in the split-waveguide-HPB-array has a 

desirable half sine wave aperture E-field distribution with very little reflected power into 

the guide as seen in Chapter 2. Therefore the design goal of the split-waveguide-HPB-

array from this point is to figure out the number of HPB-radiator elements (N) and the 

spacing (d) between them so that the array’s directivity in the H-plane is maximized, 

while the length constraint on the array still holds. In addition to satisfying the length 

constraint, the aperture length of the HPB-radiator element (L, shown in Figure 4.1) sets 

a lower limit on the spacing between the array elements (i.e. Ld ≥ ). Hence the design 

problem is two-dimensional and can be approximated to the design of a uniform linear 

array shown in Figure 4.2. For a uniform linear array with N elements, the normalized 

array factor (AF) is rotationally symmetric around the axis of the linear array and its 

value in any one of these plane cuts passing through the axis of the linear array is given 

by Equation 4.1 [Balanis]. 
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Where: 

dkd βθψ −= cos  

N is the number of elements in the uniform linear array 

θ , d are measured as shown in Figure 4.2 
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λ  is the free-space wavelength 

gλ  is the guide wavelength 

 

 
Figure 4.2. The approximately equivalent uniform array design problem for the split-waveguide-

HPB-array shown in Figure 4.1. 
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The total pattern (TP) of the uniform linear array, shown in Figure 4.2, can be 

computed by simply multiplying its normalized array factor (AF) with the normalized 

radiation amplitude pattern (i.e. the element pattern, EP) of the split-waveguide-HPB-

array’s standard HPB-radiator element in the H-plane. 

A program was developed in MATLAB that iterates on the values of ‘N’and ‘d’ 

to maximize the directivity of the total pattern of the array, while satisfying the maximum 

length constraint on the array and the lower limit on the value of ‘d’ that is set by ‘L’. 

The value of N (d) was varied from 2 (0.45 gλ ) to 10 (1.0 gλ ). The directivity of the total 

pattern of the array was maximized for N=5 and d=0.81 gλ ; the resulting H-plane 

normalized radiation power patterns for the AF, TP, in addition to the H-plane 

normalized radiation power pattern for the EP are shown in Figure 4.3. Note that the 

horizontal axis in Figure 4.3 was made to be consistent with Figure 3-8, and is not 

consistent with the illustration in Figure 4.2 and Equation 4.1. Hence, θ = 0o on the 

horizontal axis of the plot in Figure 4.3 corresponds to the broadside direction of the 

array. 
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Figure 4.3. Optimal H-plane normalized radiation power patterns for AF, TP (for N=5 and 

d=0.81 gλ ); H-plane normalized radiation power pattern for EP included. 

 

Note that the results from the MATLAB routine are only optimal for the array 

shown in Figure 4.2, which is an approximation of the split-waveguide-HPB-array shown 

in Figure 4.1. So the results from the MATLAB routine were used as a guideline for 

constructing the split-waveguide-HPB-array in HFSS and the distance between the 

elements (d) was again iterated on, but this time, while performing a full-wave analysis 

on the array. The optimal inter-element spacing distance, ‘d’ obtained from the full-wave 
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analysis was d=0.83 gλ , which still satisfies the maximum length constraint on the array. 

The array shown in Figure 4.1 is the optimal split-waveguide-HPB-array. 

 

4.1 Double- split-waveguide-HPB-array 

The double-split-waveguide-HPB-array (shown in Figure 4.4) is obtained from 

the split-waveguide-HPB-array in the same way as the double-narrow-wall-slot-HPB-

array is obtained from the narrow-wall-slot-HPB-array and is discussed in Section 3.3. 

The advantages of the double-split-waveguide-HPB-array over the split-waveguide-HPB-

array are also similar to the ones discussed in Section 3.3. Similar to what was seen in 

Section 3.3, Figure 4.5 shows that the higher gain of the double-split-waveguide-HPB-

array (approximately 15dB) compared to that of the split-waveguide-HPB-array 

(approximately 12dB) is achieved by suppressing the side lobes. Note that the vertical 

axis in Figures 4.5 and 4.6 represents the ‘normalized’ power radiated. 
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Figure 4.4. Double-split-waveguide-HPB-array along with its 3-D radiation power pattern in absolute 

units. 
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Following the definition of the pencil-beam-antenna-array presented in Section 

3.3, the double-split-waveguide-HPB-array produces a radiation pattern that is more 

similar to the pencil-beam-antenna-array’s radiation pattern, when compared to the split-

waveguide-HPB-array. 

Figure 4.5 compares the H-plane radiation power patterns of the split-waveguide-

HPB-array and the double- split-waveguide-HPB-array; θ = 0o on the horizontal axis of 

the plot in Figure 4.5 corresponds to the broadside direction. 

 

 
Figure 4.5. H-plane radiation power patterns of the split-waveguide-HPB-array and the double- 

split-waveguide-HPB-array. 
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Figure 4.6 compares the radiation power patterns of the split-waveguide-HPB-

array and the double-split-waveguide-HPB-array in the plane cut that is orthogonal to the 

H-plane and passing through the θ = -9o line shown in Figure 4.5; θ = 0o on the horizontal 

axis of the plot in Figure 4.6 corresponds to the same spatial point in the 3-D radiation 

power pattern as θ = -9o on the horizontal axis of the plot in Figure 4.5. 

 

 
Figure 4.6. Radiation power patterns of the split-waveguide-HPB-array and the double- split-

waveguide-HPB-array in the plane cut that is orthogonal to the H-plane and passing through the θ = 

-9o line shown in Figure 4.5. 
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5. EXPERIMENTAL RESULTS AT 10GHz AND ARRAY DESIGNS IN THE 

INDUSTRIAL FREQUENCY BAND 

5.1 Experimental results at 10GHz 

The experiments were conducted in the X-band, at 10GHz. In the first 

experiment, an HPB-radiator’s design without the flare in the narrow wall of the 

waveguide was verified with the same structure’s full-wave analysis results. A schematic 

of the X-band HPB-radiator’s design used to generate the full-wave analysis results in 

HFSS is shown in Figure 5.1(a). Figure 5.1(b) shows the actual X-band HPB-radiator 

used for obtaining the experimental results. Theoretically, the narrow-wall flare in a 

rectangular waveguide only affects the power density inside the guide and has no effect 

on the propagating dominant mode structure, as long as the maximum dimension 

achieved by the narrow wall of the waveguide still only supports the dominant (TE10) 

mode and not any higher order modes. Therefore the narrow-wall flare should not 

dominate the skewing of the experimental results from theory. Removing the narrow-wall 

flare for experimental verification purposes is very desirable since it greatly reduces the 

machining complexity. 
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Figure 5.1. (a) Schematic of X-band HPB-radiator for experimental verification. (b) X-band HPB-

radiator used for experimental verification. 

(a) (b)



 74

Since the split-waveguide-HPB-array has minimal mutual coupling between its 

elements through the waveguide, it is not proposed for experimental verification. In the 

second experiment, a narrow-wall-slot-HPB-array’s design without any narrow-wall flare 

is verified with the same structure’s simulation results; the justification and advantage for 

removing the narrow-wall flare for experimental verification purposes are the same as 

those mentioned previously in this section. A schematic of the X-band narrow-wall-slot-

HPB-array’s design used to generate the full-wave analysis results in HFSS is shown in 

Figure 5.2(a). Figure 5.2(b) shows the actual X-band narrow-wall-slot-HPB-array used 

for obtaining the experimental results. The dimensions of the HPB-radiator element used 

in the X-band narrow-wall-slot-HPB-array’s design are the same as those shown in 

Figure 5.1(a). The dimensions of the array elements 1 through 4 (i.e. slot 1 through slot 4) 

and the inter-element spacing used in the X-band narrow-wall-slot-HPB-array’s design 

are shown in Figure 5.2(a). 
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Figure 5.2. (a) Schematic of X-band narrow-wall-slot-HPB-array for experimental verification. (b) 

X-band narrow-wall-slot-HPB-array used for experimental verification. 

(a) (b)
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Figure 5.3 shows the experimental set-up used to measure the reflection 

coefficients of the X-band HPB-radiator element and the X-band narrow-wall-slot-HPB-

array designs shown in Figures 5.1 and 5.2 respectively. The reflection coefficients are 

obtained by sampling the standing wave patterns on the X-band waveguide slotted line 

shown in Figure 5.3; this technique is discussed in [Pozar]. For obtaining the standing 

wave ratio (SWR) measurements and measuring the minima locations along the length of 

the slotted line, the X-band HPB-radiator, the X-band narrow-wall-slot-HPB-array, and 

the reference short circuit (shorting plate) are connected at the ‘test port’ shown in Figure 

5.3. The magnitude of the reflection coefficient is obtained from the corresponding SWR 

measurement. The phase of the reflection coefficient is computed by comparing the offset 

between the minima locations of the test device’s standing wave pattern with those of the 

reference shorting plate. Table 5.1 compares the reflection coefficients obtained from the 

HFSS simulations and experiments, and there is good agreement between the theoretical 

analysis and experiments. 



 77

 
Figure 5.3. Experimental set-up for measuring reflection coefficient using the slotted line technique. 

 
 
 

 
Table 5.1. Reflection coefficients obtained from theoretical analysis and experiments. 
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Figure 5.4(a) (5.5(a)) shows the experimental set-up used to measure the H-plane 

(E-plane) radiation pattern of the X-band HPB-radiator element. Similarly, Figure 5.6(a) 

(5.7(a)) shows the experimental set-up used to measure the radiation pattern in the H-

plane (plane cut that is orthogonal to the H-plane and passing through the θ = -18o line 

shown in Figure 5.6(b)) of the X-band narrow-wall-slot-HPB-array. The description for 

the radiation pattern measurement system is as follows. The transmitting antenna is a 

standard gain horn antenna and is mounted on a fixed axis as shown in Figures 5.4(a) 

through 5.7(a). The receiving antenna is the antenna under test and is mounted on a 

rotating axis as shown in Figures 5.4(a) through 5.7(a). Each of the measurement set-ups 

in Figures 5.4(a) through 5.7(a) is such that the transmitting and receiving antennas’ 

polarizations are in the same direction. 

Figures 5.4(b) through 5.7(b) compare the measured radiation patterns, from the 

corresponding experimental set-ups in Figures 5.4(a) through 5.7(a) respectively, with the 

HFSS simulation results. There is again good agreement between the theoretical analysis 

and experiments. 
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Figure 5.4(a). Experimental set-up used to measure the H-plane radiation pattern of X-band HPB-

radiator element. 
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Figure 5.4(b). H-plane radiation pattern of X-band HPB-radiator. 

 

Figure 5.4(b) (5.5(b)) compares the theoretical and experimental H-plane (E-

plane) radiation power patterns of the X-band HPB-radiator element; θ = 0o on the 

horizontal axis of the plot in Figure 5.4(b) (5.5(b)) corresponds to the broadside direction 

of the X-band HPB-radiator element. 
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Figure 5.5(a). Experimental set-up used to measure the E-plane radiation pattern of X-band HPB-

radiator element. 
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Figure 5.5(b). E-plane radiation pattern of X-band HPB-radiator. 
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Figure 5.6(a). Experimental set-up used to measure the H-plane radiation pattern of X-band narrow-

wall-slot-HPB-array. 



 84

Figure 5.6(b) compares the theoretical and experimental H-plane radiation power 

patterns of the X-band narrow-wall-slot-HPB-array design; θ = 0o on the horizontal axis 

of the plot in Figure 5.6(b) corresponds to the broadside direction of the X-band narrow-

wall-slot-HPB-array. The experimental H-plane radiation power pattern is shifted by 4o in 

Figure 5.6(b), so that the peaks of both patterns line up for making beam-width 

comparison easier. 

 

 
Figure 5.6(b). H-plane radiation pattern of X-band narrow-wall-slot-HPB-array. 
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Figure 5.7(a). Experimental set-up used to measure X-band narrow-wall-slot-HPB-array’s radiation 

pattern in the plane cut orthogonal to the H-plane and passing through θ=-18o line shown in Figure 

5.6(b). 
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Figure 5.7(b) compares the theoretical and experimental radiation power patterns 

of the X-band narrow-wall-slot-HPB-array design in the plane cut that is orthogonal to 

the H-plane and passing through the θ = -18o line shown in Figure 5.6(b); θ = 0o on the 

horizontal axis of the plot in Figure 5.7(b) corresponds to the same spatial point in the 3-

D radiation power pattern as θ = -18o on the horizontal axis of the plot in Figure 5.6(b). 

 

 
Figure 5.7(b). X-band narrow-wall-slot-HPB-array’s radiation pattern in the plane cut orthogonal to 

the H-plane and passing through the θ=-18o line shown in Figure 5.6(b). 

 

Figure 5.8(a) (5.8(b)) shows the orientation of the standard gain horn antenna in 

the experimental set-ups shown in Figures 5.4(a) (5.5(a)) and 5.6(a) (5.7(a)) for 

measuring the radiation patterns in the H-plane (plane cut orthogonal to the H-plane). 
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Figure 5.8. (a) Orientation of the standard gain horn in Figures 5.4(a), 5.6(a). (b) Orientation of the 

standard gain horn in Figures 5.5(a), 5.7(a). 

 

5.2 Array designs in the industrial frequency band 

In terms of the peak gain achieved by the array designs, the double-narrow-wall-

slot-HPB-array and double-split-waveguide-HPB-array designs that were discussed in 

Sections 3.3 and 4.1 respectively are the best array designs available. 

To further improve the directivity of their radiated fields, a wire mesh of 

appropriate dimensions can be used as a ground plane for the apertures of the double-

narrow-wall-slot-HPB-array and double-split-waveguide-HPB-array. 

Figure 5.9 (5.10) compares the radiation patterns of the arrays in the H-plane 

(plane cut that is orthogonal to the H-plane and passing through the θ = -17o line shown 

in Figure 5.9). The H-plane radiation power pattern of the double-split-waveguide-HPB-

array is shifted by 8o in Figure 5.9, so that the peaks of both patterns line up for making 

beam-width comparison easier. 
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Figure 5.9. H-plane radiation patterns of the double-narrow-wall-slot-HPB-array, double-split-

waveguide-HPB-array. 
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Figure 5.10. Radiation patterns of the double-narrow-wall-slot-HPB-array, double-split-waveguide-

HPB-array, in the plane cut orthogonal to the H-plane and passing through the θ=-17o line shown in 

Figure 5.9. 

 

In this section, the dimensions of the double-narrow-wall-slot-HPB-array and the 

double-split-waveguide-HPB-array designs at 10GHz are scaled up for operation in the 

industrial (ISM i.e. Industrial, Scientific and Medical) radio band. The ISM frequency 

band ranges from 902MHz to 928MHz. The scaling up of dimensions is only to change 

the operating frequency and needs to be such that the performance of the waveguide 

antennas is still identical, i.e. the gain of the antenna, the reflected power into the feed-

waveguide are the same for the X-band and ISM band antennas. For the TE10 mode of 
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operation, the WR-975 (L-band) waveguide supports the ISM band frequency signals. 

The goal of the analysis is to find the operating frequency in the ISM band (fL) and the 

proportionality constant (C) that is used to scale up the dimensions of the array designs at 

10GHz for operation at the frequency of choice in the ISM band. 

The free-space wavelength ( Xλ ) at 10GHz is 30mm. The broad dimension (aX) of 

an X-band waveguide that is also used to compute the guide wavelength at 10GHz ( gXλ ) 

is 22.86mm. So, for a standard X-band waveguide under the dominant (TE10) operating 

mode at 10GHz, gXλ  is 39.7554mm. Therefore the ratio of gXλ  over Xλ  at 10GHz (ratio-

X) is 1.3252. 

Lλ  is the free-space wavelength in the ISM band that needs to be computed. The 

broad dimension (aL) of a standard L-band waveguide is 247.65mm. gLλ  is the guide 

wavelength that is computed from Lλ  and aL. The value of Lλ  is iterated on, until the 

ratio of gLλ  over Lλ  (ratio-L) is equal to ratio-X. The choice for Lλ  that satisfies the 

condition, ratio-L = ratio-X, is approximately 325mm. Hence the corresponding 

operating frequency of choice in the ISM band (fL) with an L-band waveguide as the 

feed-waveguide is approximately 922.4MHz. So, for a standard L-band waveguide under 

the dominant (TE10) operating mode at 922.4MHz, gLλ  is approximately 430.7mm. 

Once ‘fL’ is known, ‘C’ is simply gLλ  over gXλ  and is approximately 10.8473. 

Hence, all the dimensions that make up the double-narrow-wall-slot-HPB-array and the 

double-split-waveguide-HPB-array designs at 10GHz need to be multiplied by C = 

10.8473 to obtain the corresponding array designs operating in the ISM band at 

922.4MHz. 
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The power handling capability analysis for the array designs in the ISM band is 

done with the aid of HFSS. Full-wave analysis is performed on the array designs at 

922.4MHz. The magnitudes of the E-field values inside the structures are obtained and 

the maximum field values are recorded. The well-known electrical air breakdown value 

of approximately 3MV/m in [Lide, dielectric strength], [Rees] for static fields at one 

atmosphere of air pressure is used as the upper limit for the maximum allowable E-field 

values inside the structures. So, for the double-narrow-wall-slot-HPB-array (double-split-

waveguide-HPB-array) operating at 922.4MHz, at an air pressure of one atmosphere, an 

input power of approximately 80MW (100MW) through the L-band feed-waveguide 

produced air breakdown inside the structure. 

The air pressure at sea level is one atmosphere or 760Torr [Goody], [Lide, 

pressure units]. When operating the antennas at increasing altitudes above sea level, the 

value of air pressure falls [Goody]; consequently, the electrical air breakdown value also 

falls [Rees]. As a result, the maximum allowable power through the L-band feed-

waveguide needs to be appropriately adjusted depending on the altitude above sea level. 

The pressure at an elevation of ‘h’ meters above sea level can be computed using 

Equation 5.1 [Goody]. 

( ) ( )
⎟
⎠
⎞

⎜
⎝
⎛−

= H
h

ephp   0   (5.1) 

Where: 

( )hp  is the pressure at an elevation of ‘h’ meters above sea level 

( )0p  = 760Torr is the pressure at an elevation of zero meters above sea level 

H = 8400 meters is the approximate scale height of the Earth’s atmosphere [Goody] 
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Between the air pressure values of approximately 260Torr and 760Torr: the 

electrical air breakdown values are directly proportional to the air pressure values [Rees, 

sparking potentials], and can be computed using Equation 5.2. Using Equation 5.1, the 

air pressure on Mount Everest can be approximated to 265Torr. Since the antennas are to 

be mounted on a land vehicle, in the above-mentioned range of air pressure values for 

which Equation 5.2 is valid, the lower limit (260Torr) is adequate for the design purpose. 

0

0 )__)((__
p

BrfieldEpBrfieldE =   (5.2) 

Where: 

p0 = 760Torr is the air pressure at an elevation of zero meters above sea level 

0__ BrfieldE  = 3MV/m is the breakdown E-field value for static fields at an air 

pressure of p0 = 760Torr 

p is the value of air pressure between the values of 260Torr and 760Torr 

BrfieldE __  is the breakdown E-field value for static fields at an air pressure of ‘p’ 

Torr 

It is now illustrated how the power handling capability of a high power antenna is 

affected by the location where it is operated. Consider for instance that the location under 

consideration is Albuquerque, New Mexico, U.S.A. at an elevation of approximately 

1610 meters above sea level. From Equation 5.1, the air pressure at this elevation 

(h=1610m) can be computed to be approximately equal to 627.44Torr. Note that this 

value of pressure (p) is between the values of 260Torr and 760Torr that are mentioned 

above. Since the electrical air breakdown value for static fields at an air pressure of 

760Torr is approximately equal to 3MV/m, the corresponding air breakdown value at 

627.44Torr is computed from Equation 5.2 and is approximately equal to 2.48MV/m. 
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Therefore, for the double-narrow-wall-slot-HPB-array (double-split-waveguide-

HPB-array) operating at 922.4MHz, at an elevation of 1610 meters above sea level, an 

input power of approximately 66.05MW (82.56MW) through the L-band feed-waveguide 

would produce air breakdown inside the structure. This is approximately 82.56% of the 

amount of power that the corresponding array can handle at one atmosphere of air 

pressure. 
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6. FUTURE WORK 

6.1 Circularly polarized rectangular waveguide narrow-wall aperture array designs 

The array designs in Chapters 3 and 4 produce the same polarization as the 

structure in [SSN 503] and are complementary to that in [SSN 459]. Both types of 

structures are required to produce vertical as well as horizontally polarized radiated 

power. The structures can be used in one of the following two ways to achieve both 

polarizations. The two structures can be powered at the same time but with a phase shift 

of ± 90o introduced between their inputs, thereby resulting in circularly polarized 

radiated power. In this circularly polarized mode of operation, the peak power available 

at the source is almost always shared between the horizontal and vertical polarization 

directions of the radiated field. The two structures can also be powered one after the other 

and not simultaneously, such that the peak power available at the source is radiated half 

of the time in the vertical/horizontal polarization direction. In this mode of operation the 

duty cycle for each structure is reduced to half. 

The need for two high power antennas to radiate both vertically and horizontally 

polarized power can be eliminated by developing a single high power waveguide antenna 

that radiates circularly polarized power. The options for this single structure are shown in 

Figures 6.1, 6.2 and 6.3. Some existing waveguide antennas that produce circularly 

polarized radiated fields can be found in [Armstrong], [Montisci]; but the structures 

shown in Figures 6.1, 6.2 and 6.3 are better suited for high power applications. The bends 

in Figures 6.1, 6.2 and 6.3 can be optimized for minimum reflections using the same 

techniques that were used to design the HPB-radiator’s H-plane taper (discussed in 

Chapter 2). The advantage of the circular-polarized-slot-array over the circular-polarized-
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slot-HPB-array and the circular-polarized-split-waveguide-HPB-array is its structural 

simplicity. Unlike the circular-polarized-slot-HPB-array, the inter-element spacing 

between ‘all’ of the apertures of the circular-polarized-slot-array is designed to obtain 

circularly polarized radiated fields and cannot be used as a free design variable to 

minimize the reflected power. Unlike the arrays in Figures 6.1 and 6.2, the circular-

polarized-split-waveguide-HPB-array can beam steer because of its split-waveguide 

input. 

 
Figure 6.1. Circular-polarized-slot-array. 

 

 

Figure 6.2. Circular-polarized-slot-HPB-array. 

 

 

Figure 6.3. Circular-polarized-split-waveguide-HPB-array. 
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6.2 Modified narrow-wall-slot-HPB-array for higher gain 

Although the gain of the narrow-wall-slot-HPB-array is smaller compared to the 

double-narrow-wall-slot-HPB-array and the double-split-waveguide-HPB-array, its 

structural simplicity is its advantage. Therefore it can be investigated whether the gain of 

the narrow-wall-slot-HPB-array can be improved by slightly increasing its structural 

complexity. Adding a design variable to the narrow-wall-slot-HPB-array’s design 

procedure, discussed in Chapter 3, might achieve this. The design variable under 

consideration is the broad dimension of the waveguide. 

By including the narrow dimension as well as the broad dimension of the guide in 

the design variables, it needs to be verified whether the number of apertures radiating in 

harmony can be increased while keeping the overall length of the array constant. This 

would decrease the distance between the apertures, resulting in a more uniform aperture 

field distribution along the length of the array. The criterion that needs to be satisfied 

while changing the guide dimensions is that for the operating frequency under 

consideration, the dominant mode still needs to be the TE10 mode. 

Following are some design considerations when the number of array elements is 

increased. When the narrow-wall-slot-HPB-array had only five elements as shown in 

Figure 3-1, in the ideal case scenario, the fractional power radiated by each element when 

compared to the fractional power at the input of each element ranged from 0.2 through 1; 

when the number of elements is increased to say ten, the same range is now 0.1 through 

1. The implications of this can be that the length offset between the shortest and longest 

slots that is needed to produce the above mentioned higher range could make the uniform 

array criteria invalid. Therefore the maximum number of array elements is limited by the 
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maximum length offset that can be tolerated between the shortest and longest slots. More 

care is also needed while designing the spacing between the elements. This is due to the 

fact that the guide wavelength along the length of the waveguide can change even for a 

single frequency, since the broad dimension of the guide is included as a design variable. 

It needs to be verified whether by changing the dimensions of the slots appropriately 

along the guide, the inter-element spacing between all the elements can be kept the same 

and the uniform array criteria still holds. A modified narrow-wall-slot-HPB-array 

configuration for higher gain might look like the structure shown in Figure 6.4. Note that 

the (broad-wall/narrow-wall) taper shown in Figure 6.4 may not be linear. 

 

 
Figure 6.4. Modified narrow-wall-slot-HPB-array for higher gain. 
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