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RÉSUMÉ 

La possibilité de reconfigurer facilement les petites pièces des antennes réseau pour balayer le 

faisceau principal joue un rôle essentiel dans plusieurs applications, notamment les 

communications par satellite et les radars. Ces antennes reconfigurables ont des exigences 

particulières en matière de capacité de balayage de faisceau, de faible poids/taille, de capacité de 

puissance élevée, de gain élevé, de niveau de lobes secondaires faibles, de vitesse de poursuite 

élevée, de coût faible et de profil bas. Trouver une solution capable d'intégrer toutes ces 

caractéristiques est un défi et nécessite l'introduction de solutions innovantes. 

L'objectif principal de cette thèse est d'évaluer la capacité de balayage continu de faisceau de haute 

puissance dans deux polarisations linéaires différentes avec reconfigurabilité électromécanique. 

Pour réussir cela, nous prenons en compte la rotation électromécanique d'une ou deux tiges 

diélectriques à l'intérieur d'un guide d'onde à fentes. 

La première approche est basée sur un guide d’onde rectangulaire à fentes à large paroi. Nous 

utilisons un guide d’onde rectangulaire WR-62 standard. Le réseau linéaire à 20 fentes proposé 

permet le balayage du faisceau en faisant tourner deux tiges diélectriques à l'intérieur du guide 

d'ondes. Des tiges faites de diélectrique ont été choisies pour éliminer le mode TEM. La longueur 

d’onde de l’onde progressive et par conséquent les phases des éléments sont modifiées en fonction 

de l’angle de rotation des tiges par rapport au champ de mode dominant. 

Une étude détaillée du couplage mutuel entre les fentes et de la méthodologie de conception du 

réseau de fentes est menée. Les longueurs des fentes et leurs décalages par rapport au plan central 

du guide d'ondes doivent être évalués, de manière à obtenir un motif spécifié et un niveau 

d'impédance d'entrée spécifié. Pour réussir cela, nous devons prendre en compte le couplage mutuel 

entre les fentes. Une distribution d'amplitude triangulaire superposée à un niveau inférieur constant 

est utilisée afin de démontrer la capacité de contrôler le niveau des lobes secondaires (SLL). 

Une nouvelle conception pour la transition avec un guide d'ondes à rainure utilisant des tiges 

diélectriques à l'intérieur est proposée. Cette transition se compose d’un guide d’onde coaxial à 

l’arête et d’un guide d’onde chargé de tiges diélectriques. Les pointes en forme de coin sur l'arête 

et les plaques diélectriques entraînaient une faible perte de retour (inférieure à 10 dB) pour tous les 

angles de rotation des tiges. 



    vi 

On observe un balayage du faisceau de 14 ° à la fréquence de référence de 9.35 GHz dans une 

largeur de bande de 10.5%. Le gain réalisé par l’antenne varie de 18.33 dB à 19.11 dB, ce qui 

correspond à des efficacités de rayonnement comprises entre 95% et 79%. Le niveau des lobes 

secondaires est de -14 dB à la fréquence de référence de 9.35 GHz. 

Pour améliorer les performances de l'antenne basée sur le guide d'ondes à fentes à large paroi, c'est-

à-dire qu'un balayage de faisceau, des résonateurs en forme de I (ISR) sont utilisés sur les tiges. 

Nous chargeons périodiquement le guide d'ondes avec des ISR afin d'augmenter le retard de phase 

variable dans le guide d'ondes. Le champ électrique au centre de la paroi la plus large du guide 

d'ondes devient plus fort lorsque les bandes métalliques des ISR lui sont parallèles. Le déphaseur 

à guide d'ondes chargé par l'ISR augmente le balayage du faisceau jusqu'à 28 °. 

Dans les antennes à guides d'ondes où les fentes sont sur la paroi étroite, l’inclinaison est essentielle 

pour contrôler l’admittance de la fente. Le composant à polarisation croisée augmente 

considérablement lorsque le guide d'ondes à fente à paroi étroite balaye l'angle à l'opposé du côté 

large et produit des interférences. Nous présentons un filtre de polarisation afin de réduire le niveau 

de polarisation croisée (X-pol) sur une certaine bande de fréquence. Un réseau de 10 fentes 

inclinées coupée dans la paroi étroite d'un guide d'onde rectangulaire avec un espacement d'élément 

de d = 0.64λ0 fonctionnant en bande Ku est utilisée. Le filtre de polarisation réduit le niveau 

maximal de polarisation croisée de 10 dB à la fréquence de référence de 14 GHz et de 5 dB sur la 

bande de fréquences de 12 GHz à 18 GHz. 

La deuxième approche étudiée consiste en un guide d’ondes à fentes sur la paroi étroite utilisant 

une seule tige diélectrique rotative. Un réseau de 20 fentes inclinées fonctionnant en bande X, 

découpées dans une paroi étroite d'un guide d'onde rectangulaire à rainure est utilisé. La rainure est 

utilisée pour augmenter la plage de fonctionnement en mode unique à la fréquence de référence de 

9.35 GHz. Le balayage du faisceau principal est obtenu en faisant tourner une tige diélectrique à 

l'intérieur du guide d'ondes à fente étroite. Le changement de longueur d'onde à différents angles 

de rotation de la tige est utilisé comme déphaseur. Afin d'approuver la commodité de cette méthode, 

une antenne réseau à guides d'ondes à 20 fentes non résonante avec un espacement des éléments 

de d = 0,44λ0 a été conçue, construite et mesurée. Il est montré qu’un balayage du faisceau principal 

de 36 ° peut être observé en faisant tourner la plaque diélectrique de 90 °. Le gain passe de 11.17 

dB à 12.17 dB sur la plage de balayage. En raison de la longueur relativement courte du prototype, 
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les pertes dans la charge finale ont limité l'efficacité du rayonnement à des valeurs comprises entre 

43% et 86%. Le niveau des lobes secondaires est d'environ −18 dB à la fréquence de conception. 

Les diagrammes de rayonnement simulés et mesurés dans le plan E sont en excellent accord à la 

fréquence de référence de 9.35 GHz. 
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ABSTRACT 

The capability of easily reconfiguring the small parts of array antennas in order to scan the main 

beam plays a key role in several applications, including satellite communications and radars. These 

reconfigurable antennas have special demands regarding beam scanning capability, small 

size/weight, high power handling, high gain, low side lobe level, high tracking speed, low cost, and 

low profile. Finding a solution able to integrate all these characteristics is challenging, and needs 

the introduction of innovative solving.   

The main goal of this thesis is to evaluate the capability of high power continuous beam scanning 

in two different linear polarizations with electromechanical reconfigurability. To do this 

successfully, we account for the electromechanically rotating one or two dielectric slabs inside a 

slotted waveguide. 

The first approach is based on a broad wall slotted rectangular waveguide. We employ a standard 

WR-62 of rectangular waveguide. The proposed linear 20-slotted array allows beam scanning by 

rotating of two dielectric slabs inside the waveguide. The slab made of dielectric has been chosen 

in order to eliminate the TEM mode. The wavelength of the travelling wave and consequently the 

element’s phases are changed depending on the angle of the slabs relative to the dominant mode 

field.  

A detailed investigation of the coupling between the slots and the design methodology of the slot 

network is conducted. The lengths of the slots and their offsets from the waveguide center plane 

need to be evaluated, in such a way that a specified pattern and a specified input impedance level 

are achieved. To do this successfully, we must take into account the mutual coupling between slots. 

A triangular amplitude distribution superimposed on a constant lower level is used in order to 

demonstrate the capability to control the side lobe level (SLL). 

A novel design for the transition with a ridge waveguide using slabs inside it is proposed. This 

transition consists of a coaxial to ridge waveguide and a dielectric slabs loaded waveguide. Wedge 

shaped tips on both the ridge and the dielectric slabs led to good return loss (below -10 dB) for all 

rotation angles of the slabs.   

A 14° beam scanning from near broadside toward end-fire direction at the design frequency of 9.35 

GHz in a 10.5% bandwidth is observed. The antenna realized gain varies from 18.33 dB to 19.11 
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dB which corresponds to the radiation efficiencies between 95% and 79%. The side-lobe level 

(SLL) is -14 dB at the design frequency of 9.35 GHz. 

To improve the broad wall slotted waveguide antenna performance, i.e. beam scanning, I-shaped 

resonators (ISRs) are used on the slabs. We periodically load the waveguide with ISRs in order to 

increase the varying phase delay in the waveguide. The electric field in the center of the wider wall 

of the waveguide becomes stronger when the metallic strips of ISRs are parallel to it. The ISR-

loaded waveguide phase shifter increases the beam scanning up to 28°.  

In narrow wall slotted waveguides, inclined slot which is essential to control the slot admittance, 

is directly related to the radiated power. Cross-polarized component increases greatly as the narrow 

wall slotted waveguide scanned at an angle away from broadside and produces interference. We 

present a polarization filter in order to reduce cross polarization (X-pol) level over the frequency 

band. A 10 inclined slot array cut in the narrow wall of a rectangular waveguide with the element 

spacing of d = 0.64λ0 operating in Ku-band is employed. The polarization filter reduces the 

maximum cross-polarization level by 10 dB at the design frequency of 14 GHz and 5 dB over the 

frequency band 12 GHz to 18 GHz. 

The second approach is a narrow wall slotted waveguide using a dielectric rotating slab. An array 

of 20-inclined slots operating in X-band, cut in a narrow wall of a rectangular ridge waveguide is 

employed. The ridge is using to increase the range of single mode operation at the design frequency 

of 9.35 GHz. Beam steering is achieved by rotating a dielectric slab inside the slotted narrow wall 

waveguide. The change of wavelength at different rotation angles of the slab is used as the phase 

shifter. In order to approve the convenience of this method, a non-resonant 20-slot waveguide array 

antenna with an element spacing of d = 0.44λ0 has been designed, built and measured. It is shown 

that a main beam scanning of 36° can be observed from near broadside toward end-fire by rotating 

the dielectric slab by 90º. The gain changes from 11.17 dB to 12.17 dB over the scanning range. 

As a result of the relatively short length of the prototype, losses in the terminating load have limited 

the radiation efficiency to values between 43% and 86%. The side-lobe level (SLL) is ˗18 dB at 

the design frequency. The simulated and measured E-plane radiation patterns compared very well 

at the design frequency of 9.35 GHz. 
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CHAPTER 1 INTRODUCTION 

1.1 Beam scanning antenna applications 

Increased performance needs established on earth observation satellites in low earth orbit (LEO) 

require large data rates to be downloaded to the ground station [1]. The antennas currently used for 

this task have single fixed beams, which completely cover all of the visible surface of the earth. 

The gain of this fixed beam is formed to commit for the distance from the satellite to the ground 

station. The wide beamwidth needed by this approach can be achieved with a low-gain antenna and 

a high transmitter power would be required to support high data rates [1].  

The reconfiguration feature referred to this thesis is to achieve a diversity of low cost and high 

power continuous beam scanning. Therefore, this approach would be an adequate candidate to be 

used in a ground station which can receive data from a passing LEO satellite. The antenna can track 

LEO satellites with a wide beamwidth (e.g. fan beam) using reconfigurable elements. High-rate 

data transfer from a LEO satellite to a ground station is achievable if fast steerable antennas are 

utilized [2].   

“Differently from geostationary orbit (GSO) terminals, non-geostationary orbit (NGSO) users will 

need to track the satellites in their relative motion, and perform satellite handover with very high 

rates, possibly ones per minute, without interrupting the data flow. If this was not enough, there is 

the enormous challenge of accomplish this at a very low cost – some operator requiring it to be as 

low as 100 US dollars. Antennas are the key enablers to meet such requirements. [3]”  

Another application of the concept described in this thesis is weather radar. Radar systems are used 

by meteorologists all over the world for collecting the information needed for making weather 

forecasts. The accuracy of weather forecasts thus depends strongly on the efficacy of the radar 

system that is used by these scientists. The radars that are currently used in Canada cover vast 

regions. Due to this large-area radar coverage, the precision of these forecasts diminishes because 

the latter reduces with the distance. Moreover, the mechanical scanning radar is not fast enough 

for assimilating the data and hence it does not provide any control over some specific regions to 

study.  
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The Canadian meteorological radar network consists of 31 weather radars stretching over Canada's 

most populated regions (see Figure1.1) [4].  Their primary purpose is the early detection of snow 

or rainfall, its action and the threat it poses to life and property. Weather radars allow to locate 

precipitation and measure the intensity in real time as shown in Figure 1.2. Each has a range of 

256 km in radius around the site to observe reflectivity, and a range of 128 km to distinguish 

velocity patterns [4].   

Currently, very large radars are used for the assimilation and study of meteorological data. These 

radars collect data over vast areas. However, radar accuracy decreases with distance; also large 

radars are complex to achieve and they are excessively expensive. Due to the fact that radar 

scanning is done mechanically, large radars are also slow in data assimilation. Furthermore, bearing 

in mind that the radar with mechanical scan captures regions information in a pre-defined order 

(following a circle or a sphere), it is not possible to randomly verify the processed regions 

information. Thus, if a given region has information of greater interest, it is necessary to wait for 

the scan to complete before being able to reprocess or verify the information of this region [5]. 

 

   

Figure 1.1: Canadian meteorological radar network [4]. 

Canadian Meteorological Radar Network
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1.2 Objectives 

Beam scanning has emerged as one of the major challenges in antenna design for satellite 

communications and radars. While traditional phased arrays are able to produce the large 

reconfigurable apertures required for high power beam scanning, the cost and bulk associated with 

feed network of large phased arrays is an important disadvantage.  

The aim of this research work is to investigate new possibilities on the design of a faster, more 

precise and less expensive high power continuous beam scanning antennas. Based on existing 

designs of beam steering, simpler and less expensive solutions are presented.  

By replacing the large antenna with a smaller antenna network, it would be possible to reduce costs 

and also by distributing the coverage of these small antennas throughout a large area, it could be 

certainly possible to get better data accuracy.  

3-D fields of precipitation can be obtained in the neighbouring of a weather radar by performing a 

complete azimuthal rotation of the antenna at successively higher elevation angles. This work deals 

with the elevation angles using electromechanically beam scanning small antennas. A network of 

these small antennas would be faster and less expensive than the current system. 

   

Figure 1.2: The functionning of the weather radar (Retrieved from 
http//www.meteofrance.fr). 
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As the first step, we need to study the different concepts of a beam-scanning antenna array. Next, 

starting from existing concepts and new technologies of reconfigurable antenna network, we 

explore the possibility of development of new solutions more optimal in terms of cost and difficulty 

of realization compared to the current systems. 

Finally, we develop and build the prototypes in order to validate the results. However, we do not 

build full-scale radar for environmental testing due to limitations of the fabrication means available 

in the laboratory. Nevertheless, the results obtained from the developed prototypes, would be a 

good evidence of the functionality of the solution. 

If the results of this research are satisfactory, this could not be the only significant improvement in 

the design of beam scanning antennas for the assimilation of meteorological and satellite data; it 

would result in a new type of antenna that could be used in several other applications such as 

communication systems, object detection radars, navy radars, etc. 

1.3 Contributions 

Beam scanning is a primary function of our antenna. We use existing beam-scanning concepts to 

develop new, simpler and less costly solutions capable of meeting the requirements of a low orbit 

satellite communication system and meteorological radar that have been listed in the previous 

section. 

Small-scale prototypes of these new solutions can then be built to be tested in an anechoic chamber. 

Depending on the obtained results and the requirements of the system, the design will be modified 

and optimized for better results. This process will be repeated as needed as necessary. 

Below are the contributions of this dissertation. 

 Developing a continuous beam scanning in broad wall slotted waveguide antenna 

using rotating dielectric slabs: 

The design, simulation and measurement of a beam steerable slotted waveguide antenna 

operating in X band are developed. The proposed beam steerable antenna consists of a 

standard rectangular waveguide (RWG) section with longitudinal slots in the broad wall. 

The beam steering in this configuration is achieved by rotating two dielectric slabs inside 

the waveguide and consequently changing the phase of the slots excitations. We take into 

account the mutual coupling between the slots such that a specified pattern and a specified 
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input impedance level are achieved. Furthermore, a matched transition from a coaxial port 

to the waveguide filled by the rotating slabs and a matched load for the dielectric loaded 

waveguide used in the antenna are presented. 

This design, along with its simulation and measurement results, are described in a 

manuscript submitted to the IEEE Transactions on Antennas and Propagation. This 

manuscript is currently under review after some demanded minor corrections.  

 Novel phase varying technique for main beam scanning improvement: 

A novel waveguide phase shifter is proposed for the designed broad wall slotted array. This 

phase shifter consists of a standard RWG section loaded with I-shaped resonator (ISR) 

printed on dielectric slabs. The phase shifting in this configuration is achieved by rotating 

the dielectric slab with the presence of the ISRs. 

  Cross-polarization (X-pol) reduction of the narrow wall slotted waveguide array: 

A simple polarization filter compared to existing concepts in order to reduce X-pol of the 

narrow wall slotted waveguide is presented. The proposed filter consists of a perforated-

metallic plate and is significantly capable to reduce X-pol of the antenna. Although this 

filter is basically designed for a standard WR62 waveguide (without dielectric loading) 

which works in Ku band, it can be extended to apply in beam scanning narrow wall 

waveguide which follows in the next section. Bearing in mind that the beam scanning 

narrow wall waveguide is loaded with dielectric, the operational frequency band will be 

changed to X band. This filter has been presented in 2018 at IEEE AP-S/URSI 2018, 

conference in Boston, USA. 

 Beam steering in narrow wall slotted ridge waveguide antenna using a rotating 

dielectric slab: 

A beam scanning technique in narrow wall slotted ridge waveguide at X-band is proposed. 

An array of inclined slots, cut in the narrow wall of a rectangular ridge waveguide is 

employed. The proposed antenna can provide flexible solution on this regard. This 

technique benefits only one rotational part (dielectric slab) as the phase shifter which 

presents less complexity in fabrication compared to broad wall slotted waveguide. A paper 

based on this technique has been published in 2018 in the IEEE Antennas and Wireless 

Propagation Letters.    
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1.4 Dissertation outline 

This dissertation presents three iterations of a waveguide-based beam scanning waveguide-fed slot 

array. Scanning is realized with electromechanically reconfigurable structures inserted in the 

waveguide. This antenna actuation mechanism is slow compared to electronically reconfigurable 

devices, but it is less sensitive to temperature variations and can operate with high RF power levels. 

A comparison between different methods of beam scanning in rectangular waveguide designed for 

X-band radar frequencies is presented. 

Chapter 3 presents the first method which consists of rotating two dielectric slabs inside a broad 

wall slotted waveguide in order to achieve the element phase shifting in the slots excitations and 

consequently controlling the main beam direction. In the second method proposed in Chapter IV, 

we load the same waveguide with two dielectric slabs which I-shaped resonators (ISR) are printed 

on them in order to improve the range of beam scanning.  

A new concept to reduce cross-polarization (X-pol) of narrow wall slotted waveguide is proposed 

in Chapter 5. The third method of beam scanning is applying a rotating dielectric slab inside a 

narrow wall slotted waveguide and is presented in Chapter 6. The presented methods show the 

capability of electromechanical high power beam scanning in two different linear polarizations. 

General discussion on different methods of this work and the result comparison are presented in 

Chapter 7. Chapter 8 concludes this dissertation along with the possible future works.  
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CHAPTER 2 LITERATURE REVIEW 

The main idea of this review is the discussion on different techniques of beam scanning. 

Conventional aperture antennas (reflectors and lenses) are generally used for satellite applications, 

due to their relative low cost, simplicity of configuration, high efficiency and high gain [6]. 

Mechanic beam scanning is carried out by reflector movement or deformation using actuators. A 

complicated feed network, reconfigurable in amplitude and phase has to be used for illuminating 

the reflector. 

Phased arrays are another classic solution to control the main beam position. These arrays have 

electronic flexibility in feeding elements and allow excellent performance in terms of 

reconfiguration and high-speed beam scanning. The main disadvantage of electronic phased arrays 

is low power handling. In addition, in the context of satellite antennas, temperature control on the 

electronic components is necessary.  

The ability of objects to scatter radiation is the basis for the radar applications. Radars act by 

transmitting high-frequency microwave (mm-cm scale) pulses to the air and measuring the 

"backscatter" or reflected pulses to the radar. The reflected signal is interpreted to determine where 

the target is. Typically the radar scans in azimuth as the antenna beam is raised to pre-set elevation 

angles to provide a three-dimensional look at the air. So the needs of beam scanning for the 

meteorology radar antenna is evident [7-8]. Beam scanning can be done electronically or 

electromechanically.  

2.1 Mechanical Beam Scanning 

Many types of antennas have been designed in the past confessing steering of a narrow beam. In 

particular, radar sensors for meteorology applications use antennas with agile beams, either by 

mechanically rotating the complete antenna or electronically steering beam with the fixed antenna 

[9]. Special attention was paid to concept allowing a fixed antenna and using the mechanical 

displacement of parts of the antenna. A number of such approaches have been presented in [10-11] 

as candidates for millimeter wave automotive sensors. 
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In mechanical antenna beam scanning, nothing changes on the antenna during the scan. The 

antenna has a fixed main beam position and the position of the antenna is moved mechanically 

using an automated drive system in order to move the main beam position.  

The first example of a mechanically beam scanning antenna was possibly the so-called Eagle 

Scanner [12] of World War II. Phase shifting in a series fed linear array antenna was achieved by 

mechanical movements of the narrow wall of a rectangular waveguide (Figure 2.1). While it is well 

understood that by compressing the width of the waveguide the wavelength is changed and thus 

the phase of the excitation elements vary. The realization of accurate and rapid linear motion of the 

side wall over the total length of the antenna is not easy to accomplish [13]. 

2.2 Electronic Beam Scanning 

The electronic beam scanning of an antenna consists of changing the direction of the main beam 

without changing the position of the whole antenna. There are several techniques for performing 

the electronic beam scanning and it would be quite difficult to present all these techniques here. 

However, we present phased arrays which are the most popular [14]. 

   

Figure 2.1: Details of Eagle Scanner azimuth and elevation assemblies [12]. 
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2.2.1 Phased Array 

Radiating elements each with a phase shifter produce a phased array antenna. Beams are formed 

by shifting the phase of the signal emitted from each radiating element, in order to provide 

constructive/destructive intervention as to scan the main beam in any desired direction. 

Position of the main beam is possibly controllable in an antenna array. Indeed, the main beam 

position of the antenna array will change if the phase shift between the elements varies 

progressively from one element to another [15-17]. This type of network is called phased-array 

antenna in which the scanning speed of the main beam depends on the electronic speed of variation 

of the phase between the elements [18-20].  

Active components such as PIN diodes [21], microelectromechanical systems (MEMS) [22], 

ferrites and radio frequency integrated circuit (RFIC) [23] are used in phase shifter arrays in order 

to perform the beam steering with less complexity. However, implementing the active components 

is difficult and challenging because of their nonlinear response specially as the power increases. 

Phase-array antenna networks have been used for many years in a wide variety applications 

including wireless communication systems, measurement and biomedical imaging systems, 

military and meteorology. Analog phase shifter [24-26] with better precision, low cost and low 

loss, digital one [27] with better speed, ease of manufacture or mixed one [28] can be used in 

phased array antennas. 

Phase shifters can be designed with beam scanning in any arbitrary direction and at a remarkable 

speed of some microseconds in modern antenna’s technology. Researchers in National Severe 

Storm Laboratory (NSSL) in Oklahama, USA, have designed multi-function radar systems based 

on phase shifters for meteorological application [29]. The results show that it is possible to achieve 

complete area coverage of scanning with accurate data in less than 1 minute.  

One of the new applications of phased shifter array is massive multiple-input multiple-output 

(MIMO) for 5G technology [30].  Usually, phased array antennas are expensive and complicated 

to fabricate in most cases. However, several works have been done recently to reduce these costs 

[31-32].  
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Figure 2.2 shows the air-defense radar AN/FPS-117 of Lockheed Martin’s family which consists 

of 1584 radiating elements arranged in an RFIC phase shifter architecture [33]. 

According to [33] the advantages of the phased array antennas are: 

 high gain with low side lobes 

 Ability to permit the beam to jump from one target to the next in a few 

microseconds 

 Ability to provide an agile beam under computer control 

 arbitrarily modes of surveillance and tracking 

 free eligible dwell Time 

 multifunction operation by emitting several beams simultaneously 

 Fault of single components reduces the capability and beam sharpness, but 

the system remains operational                           

The disadvantages are: 

 The coverage is limited to a 120° sector in azimuth and elevation; 

 Deformation of the beam while the deflection; 

 Low frequency agility; 

 Very complex structure (phase shifters, processor …); 

   

Figure 2.2: AN/FPS-117, 3-dimensional air research radar, Lockheed Martin. 



11 

 Still high costs.  

Frequency scanning array (FSA) is a particular type of the phased array where the beam scanning 

happens by the frequency sweeping of the radiating elements. This antenna is called a frequency 

scanning array because the beam scanning angle is a function of the transmitted frequency [33].  

The typical setup is to feed the different excitation elements from one bend waveguide. By 

changing the frequency, the angle between the axis of the main beam and the perpendicular on the 

array antenna varies and as the frequency is changed, the beam axis will change, and therefore 

steering can be accomplished in elevation [33]. The radar set is designed in order to continue track 

of the frequencies as they are transmitted and then distinguishes and converts the reflected 

frequencies into 3D display data [33]. 

FSA is a more economical and proper solution for a number of applications [34], including radar 

[35], spectrogram analysis [36], and imaging [37-38]. However, when the antenna array is operated 

at a fixed frequency or in a narrow band, which is typical for radars, frequency beam scanning 

cannot be used and instead the whole antenna has to be pivoted mechanically to scan the main 

beam. This is limiting the maximum scanning speed due to mechanical reasons, as for instance the 

inertia of the antenna platform itself.  In addition, the frequency band needed to steer the main 

beam over a wide angle can be superior to the narrow bandwidths generally allocated to certain 

applications such as X-band weather radars [39]. 

2.2.2 Leaky Wave Antenna (LWA) 

Another way to change the phase between the elements in an antenna array without using phase 

shifters is to mount the antenna on a propagation medium with radiation leakage [40]. This leakage 

can happen, for example, when there are some discontinuities in the guiding structure, or perhaps 

when the guide is excited in an unsuitable mode (e.g. TEM) [41].  In terms of LWA design, this 

energy leakage could be advantageous and used [41]. Slotted waveguides [42-43], higher order 

mode microstrip [44-47], and Composite Right/Left-Handed structures (CRLH) [48] belong to this 

family [49]. 

The following equation [50] gives the position of the beam angle as a function of frequency: 

                                                        sin 𝜃 =
ఉ

௞బ
                                                     (2.1) 
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where 𝑘଴ and  β are respectively the free-space wave number in air and in the LWA. We note that 

for a real value of θ it is necessary to have |𝛽| < 𝑘଴ [50]. Thus, the propagation mode contributing 

to the radiation must have a phase velocity greater than c, the speed of light in vacuum. Moreover, 

to have the greatest variation of θ over a given frequency range, 
ௗఉ

ௗఠ 
 must be maximized [40]. This 

clarifies to have a mode with the small group speed. 

LWA apply to the more common class of traveling wave antenna, which use a traveling wave on 

a guiding structure as the main radiating device [51].  Traveling-wave antennas have two general 

classifications, slow-wave antennas and fast-wave antennas, which are usually specified to as 

leaky-wave antennas [52].  

A uniform structure LWA (Figure 2.3) has a cross section that is uniform (constant) along the 

length of the structure, usually in the form of a waveguide which has been partially opened to 

permit radiation to happen [40]. The guided wave on the uniform structure is a fast wave (𝛽 < 𝑘଴), 

and thus radiates as it propagates. Furthermore, the uniform LWA could have a suitable taper along 

its length in order to improve and enhance the sidelobe levels [40].   

A periodic LWA structure (Figure 2.4) consists of a uniform structure which supports a slow (non-

radiating) wave that has been periodically modulated in some forms [40]. The periodic modulation 

itself is uniform along the structure’s length, again except for the small taper of the periodic 

properties along the length to control the side-lobes [41]. For the reason that a slow wave (𝛽 > 𝑘଴) 

radiates at discontinuities, the periodic modulations (discontinuities) make the wave to radiate 

frequently along the length of the structure [41]. From a more complicated viewpoint, the periodic 

   

Figure 2.3: Waveguide with a full-depth slot representing a continuous LWA [40]. 

Input
power
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modulation forms a guided wave that is composed of an infinite number of space harmonics 

(Floquet modes) [20]. Although the main (n = 0) space harmonic is a slow wave, one of the space 

harmonics (usually the n = −1) is planned to be a fast wave, and this harmonic wave is the radiating 

wave [40]. 

The wave number of nth Floquet mode is given by 

                                                           𝛽௡ = 𝑘଴ +
ଶ௡గ

ௗ
 ,                −∞ ˂ n ˂ ∞                              (2.2) 

where d is the periodicity [50]. The phase constant 𝛽௡ can clearly consider a notable number of 

values, but if at least one of the space harmonics becomes fast, the whole mode will become leaky 

[41].  

Since 𝑘଴ = 2𝜋 𝜆଴⁄ , it is clear that |𝛽௡| < 𝑘଴, provided that 𝜆଴ 𝑑⁄  is appropriately selected and the 

harmonic number n is negative [41].  For an antenna which is designed to have only one radiated 

beam, we can choose  𝑛 =  −1 [41]. The antenna will not radiate any beams at low frequencies 

because of fast harmonics. A beam arises from backward end-fire by increasing the frequency at 

𝑛 =  −1(fast harmonics). As the frequency increases more, the beam will steer from backward up 

to forward end-fire through broadside [41].   

Figure 2.5 shows the dispersion diagram of LWAs including the radiation zone. In most cases the 

harmonic of 𝑛 =  −1 is used for radiation because this harmonic is often located in the radiation 

zone of the network (−𝑘଴ < 𝛽ିଵ < 𝑘଴) [40]. 

   

Figure 2.4: Slotted rectangular waveguide representing a periodic LWA [40]. 
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LWAs are theoretically able to scan the beam in a range of −90º to 90º [40]. However, scanning in 

the range of −90º, 0º and 90º is very difficult and similar to FSAs, the frequency range required for 

scanning becomes very large, and unrealistic for an application. 

Over the last few years, LWAs have been intensively improved especially with structures with 

negative refractive index (CRLH) [53-54]. CRLHs are capable to perform an almost perfect beam 

scan in the whole range from -90º to 90º [55]. However, depending to the technology used, CRLHs 

are not suitable for high power applications such as weather radar. This would be possible with 

metallic waveguides and not with the printed structures. 

2.2.3 Circular Configuration Antenna Array 

Different linear configurations for beam scanning antenna arrays have been discussed previously. 

However, the scan range of these linear arrays is not more than 180º. For example, the 

meteorological application requires the beam scanning in the whole azimuth plane (360º) [56]. In 

this case, circular configuration array can be an appropriate candidate. Circular configuration arrays 

for fast electronic beam steering and their advantage over planar phased arrays for the weather 

broadcasting were studied in [57-58].  

Recently, a network of detectors consisting of hundreds of small radars has been designed [56] to 

assimilate the weather data perfectly [59-60]. Many circular configuration arrays forming radar 

call for economical and agile antenna system designs and several researchers have worked to 

develop appropriate solutions [61-62]. 

 

  

Figure 2.5: Dispersion diagram of LWAs representing the leaky range and the 
harmonics[40]. 
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For the circular array in Figure 2.6, the identical radiating elements are spaced by arc lengths of 

RΔφalong the circle and have their main beams pointing in the radial direction. Equation (2.4) 

returns the expression of the antenna factor of a circular antenna array in the azimuth plane [63]. 

                       𝐴𝐹(θ, φ) = ∑ 𝑎௡𝑓(θ − 𝑛∆φ)𝑒௝ఉబோ ୡ୭ୱ(஘ି௡∆஦)ே
௡ୀଵ                      (2.4) 

Here, an represent excitation coefficients for the nth element, 𝑓(θ − 𝑛∆φ) is the rotated normalized 

radiation pattern of each element, ∆φ is the angular separation between the elements in the circular 

array (which is 2π/N), R is the radius of the array and β0 is the wavenumber in free space [63]. 

In [56], a new configuration of fast beam steering antenna using an agile mechanical feed system 

for exciting circular arrays was proposed. The structure consists of a fixed circular array of antenna 

elements (patch antennas) which were excited by a parallel plate waveguide (PPW) acting as the 

circular beamforming system which was rotated to ensure the 360º azimuth coverage (Figure 2.7). 

The patch antennas remained in their fixed positions while the beam was steered. Therefore their 

weight did not contribute to the moment of inertia of the rotating structure. Of course, in the case 

of patches the moment of inertia is quite small and there is not much advantages. However, the 

concept is equally applicable to other radiating elements, such as linear waveguide-fed slot arrays, 

which are heavy and bulky. In that case the reduction of inertia is significant. Only the azimuth 

scanning was addressed. In our project, these patches would have to be replaced by vertical 

 

 
Figure 2.6: Circular configuration array. 
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configuration arrays such as broad-wall/narrow-wall slotted waveguide that are long enough to 

provide the desired beamwidth and beam scanning in the elevation.  

A continuous PPW delay lens beamformer was presented in [64] with the goal of providing wide 

scanning performance while maintaining the mechanical design in a possible simple way [65]. This 

beamformer solution was defined using a technique similar to constrained lenses ([66-69]) to 

produce multiple focal points enabling to steer in a wider angular range without the complexity 

and limitation in bandwidth resulting from the lens discretization [65]. The proposed continuous 

PPW delay lens [64] is characterized by a transversal ridge in the PPW section which limits the 

shape of the inner and outer lens contour in order to generate the desired wave fronts for multiple 

beam applications [65]. 

Figure 2.7: Fast beam steering antenna with an agile mechanical feed system for exciting 
circular array presented in [55]. 
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2.3 Slotted Rectangular Waveguide Antennas 

In our project, we benefit moving small parts (dielectric slabs) in a rectangular waveguide in order 

to scan the beam. A class of antenna design problems of wide practical interest includes linear or 

planar arrays of uniformly spaced slots cut in one of the walls of a rectangular waveguides [70]. In 

this work, we have established the slots on the broad wall and narrow wall of the waveguide with 

rotating dielectric slabs in them in order to scan the main beam. The physical parameters and also 

the arrangements of the slots need to be determined such that a specified pattern and a specified 

input impedance level are achieved. To do this successfully we must account for the mutual 

coupling between slots. Thus there is need to develop some design curves which relate slot 

admittance/impedance with the slot physical parameters [71].  For radiating broad wall slots, design 

curve of resonant length and offset from the waveguide center plane against slot admittance are 

required.  

In the past, researchers used to achieve these curves through investigation by making repeated 

measurements on fabricated modules but it was an expensive, annoying and a time consuming 

method [71].  In addition, the measurement and fabrication errors have been increased. Integral 

equations [72] or FDTD techniques [73-74] is useful to evaluate properly the slot characterizations. 

In [74] simulation models were introduced for precisely evaluating waveguide slots in a full wave 

EM analysis software. 

Once design data is achieved for radiating resonant elements, the next steps is to form a slot array 

antenna. R. S. Elliot [75] in 1978 presented a method for the design of linear and planar slotted 

waveguide antennas containing the effect of mutual coupling between the radiating elements. In 

1983 [76] he established the same design process to be applied for a dielectric filled slotted 

waveguide. Later, Elliot took into account the effects of internal higher order mode coupling 

between radiating elements in his method [77]. The broad wall slotted waveguide presented in this 

work has been designed including the effects of mutual coupling between radiating elements.  

2.3.1 Rotating Dielectric Slab inside the Waveguide 

Earlier work around a similar concept [78] used a rotated metallic bar instead of dielectric slabs 

(see Figure 2.8). The drawback of this is the possibility to excite a TEM mode, with zero cutoff 
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frequency in the waveguide in addition to the desired TE10 mode. By using dielectric slabs instead 

of metal, we eliminate the possibility of a TEM mode. A wide single mode band of operation is 

possible. 

In addition, the concept of Solbach et al. used only one rotated bar, which created asymmetric field 

distribution in the waveguide when the rotation was oblique. As a consequence, the slots on either 

sides of the waveguide center plane had different amplitude excitations depending on rotation, 

which led to large variations of return loss and poor stability of the antenna pattern. In our design, 

the symmetric arrangement of the slabs alleviates these effects that will be discussed in the next 

chapters. 

2.3.2 Non-resonant slotted waveguide array 

A basic type of slotted waveguide antenna is non-resonant array in which the slots are not spaced 

at half-wave intervals in order to avoid in-phase reflections. In non-resonant arrays, as the 

excitation waves travel along, the array part of it is radiated, leaving only a small part goes to the 

load [14]. The slot susceptance should be zero or smaller, so that the maximum power could be 

radiated. Larger waveguide arrays will have lower conductances per slot and larger conductance 

 
Figure 2.8: Rectangular waveguide with a rotating metallic bar presented in [78]. The 

metallic bar is supported with a solid sylindrical dielectric rod. 
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values are not only difficult to realize, but the effect of mismatch impedance may no longer be 

negligible [14]. The values of conductance are proportional to the part of power goes to the load. 

Figure 2.9 shows a comparison of triangular distribution of normalized conductance for arrays of 

16 and 20 slots and with 15% of power dissipated in the load. As the number of slots increase, the 

values of conductance and consequently the current amplitudes decrease.    

2.4 Conclusion 

After reviewing the various ways to perform the beam scanning, we are now able to get an idea to 

develop new solutions for our antenna. An azimuth scanning concept has been proposed in [56]. It 

is required to develop the elevation beam scanning elements in order to reach the objectives 

discussed in Chapter 1. 

Phased Array antennas are fast and accurate, however they are expensive and complicated to 

fabricate due to use of phase varying elements. The challenge would be to create a system to sweep 

the phase in a low cost way. Although, phased array antennas at a lower cost have been designed 

for example in [79], economical phased shifter design is still challenging. One way to reduce the 

cost is using passive phase shifters such as slotted waveguide.    

 
Figure 2.9: Comparison of triangular distribution of normalized conductance for arrays of 

16 and 20 slots. 
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Slot antenna arrays based on rectangular waveguides are used in many radars. When operated at a 

fixed frequency or in a very narrow band, which is typical for radars, frequency beam scanning 

based on series-fed arrays or LWAs cannot be used and instead the whole antenna has to be pivoted 

mechanically to scan the main beam. This is limiting the maximum scanning speed due to 

mechanical reasons, as for instance the inertia of the antenna platform itself. The solutions proposed 

in the next chapters allow beam steering without frequency variation and only needs rotation of 

small lightweight parts. They therefore have potential for higher steering speed, while maintaining 

high power handling which is currently needed in meteorological radar antennas. 
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CHAPTER 3 ARTICLE 1: A CONTINUOUS BEAM STEERING 

SLOTTED WAVEGUIDE ANTENNA USING ROTATING DIELECTRIC 

SLABS 

Amirhossein Ghasemi, Jean-Jacques Laurin 

Submitted in 2018 at IEEE Transactions on Antenna and Propagation 

3.1 Abstract 

The design, simulation and measurement of a beam steerable slotted waveguide antenna operating 

in X band are presented. The proposed antenna consists of a standard rectangular waveguide 

(RWG) section with longitudinal slots in the broad wall. The beam steering in this configuration is 

achieved by rotating two dielectric slabs inside the waveguide and consequently changing the phase 

of the slots excitations. In order to confirm the usefulness of this concept, a non-resonant 20-slot 

waveguide array antenna with an element spacing of d = 0.6λ0 has been designed, built and 

measured. A 14º beam scanning from near broadside (θ = 4º) toward end-fire (θ = 18º) direction is 

observed. The gain varies from 18.33 dBi to 19.11 dBi and the antenna efficiency from 95% to 

79%. The side-lobe level is -14 dB at the design frequency of 9.35 GHz. The simulated co-polarized 

realized gain closely matches the fabricated prototype patterns.       

3.2 Introduction 

Many types of beam scanning antennas have been designed and developed in the past. In particular, 

radar sensors for automotive applications use antennas with agile beams, either by mechanically 

moving the complete antenna or electronically scanning the beam of a fixed antenna [78]. 

Electromechanical beam scanning offers a low-cost solution but it is less agile compared to 

electronically steerable antennas. However, it can potentially be used at higher peak power levels 

because no electronic parts are used [56]. Special attention was paid to concept of a fixed antenna 

in which small parts are moved [80].  Many such concepts have been presented in [81-83], as 

candidates for millimeter wave scanning antennas and in [84-87] for satellite communications. The 

Eagle Scanner of World War II was possibly the first electromechanically beam scanning antenna 

and included movement of the narrow wall of a rectangular waveguide [88] in order to introduce 
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phase shifting in a series-fed linear array. However, the realization of accurate and simultaneous 

linear displacement of the side wall over the total length of the antenna is not easy to accomplish. 

Recent works on reconfigurable antennas have contributed an appropriate solution to accomplish 

the beam scanning with less complexity [89]. Such reconfigurable antennas use active components 

such as PIN diodes [90-91], varactor diodes [92] and microelectromechanical systems (MEMS) 

[93]. A possible disadvantage of using RF PIN as a switch is that it needs additional passive 

elements for the DC biasing circuitry, which may affect the antenna dimensions. Efficiency and 

return loss performance can also be affected [94]. Moreover, as the power increases, implementing 

the active components becomes more difficult and challenging because of their nonlinear response. 

Frequency scanning antennas based on series-fed arrays or leaky-wave structures may possibly 

offer a simple and low-cost solution compared with phased arrays. However, frequency variation 

over a wide bandwidth to scan the main beam is required [95] which is not suitable for the narrow 

bandwidths generally allocated to the certain applications such as X-band weather radars.  

In order to simplify the requirements of the beam steering mechanism, a new concept is proposed 

which consists of a waveguide linear slot array in which beam scanning is achieved by rotating two 

dielectric slabs inside the rectangular waveguide. The configuration is inspired by an earlier design 

of a waveguide phase shifter presented in [96]. In this design, the wavelength of the travelling wave 

is changed depending on the angle of the slabs relative to the dominant mode field.  

The proposed design allows continuous beam scanning without semiconductor devices and 

therefore can handle high power compared to the concepts presented in [90-91]. Although this 

concept has been first presented in [81] and worked out in [78], this work exhibits more scan range 

with low side-lobes due to symmetric field distribution inside the waveguide. Furthermore, a 

matched transition from a coaxial port to the waveguide filled by the rotating slabs is presented. 

The paper is organized as follows. Section II introduces the design methodology of the slotted 

waveguide antenna. In Section III, engineering details on the design method are given. Finally, 

simulation and experimental results are provided and discussed in Section IV. 

 



23 

3.3 Design of the slotted waveguide antenna 

3.3.1 Rotating dielectric slabs inside the waveguide 

The experimental evidence of the scanning capabilities realized by rotating a single ridge in a metal 

waveguide was given by Solbach et al. [78]. Such configuration allows the propagation of a TEM 

mode. The longitudinal slots in a rectangular waveguide are not excited by the TEM mode because 

the current flow is not perpendicular to the slots.  However, at the feeding transition, modes can 

couple and therefore affect the return loss. Also, the power in the TEM mode will be dissipated in 

the terminating load, resulting in reduced the antenna efficiency. In [78], another drawback was 

the presence of high side lobes due to the asymmetric field distribution inside the waveguide. The 

asymmetry of the structure can be observed in Figure 3.1a, showing the non-symmetric excitation 

of the slots on the RWG when the position of single slab is oblique. To avoid the asymmetric 

coupling, we propose using two symmetrically positioned rotating slabs in the waveguide, as 

shown in Figure 3.1b. Also, the slabs are made of dielectric instead of metal in order to eliminate 

the TEM mode. 

The dimensions of the waveguide and the dielectric slabs have to be chosen to ensure single mode 

propagation at the desired frequency of operation, and to maximize the variation of the mode 

propagation constant with the rotation of the slabs. In order to simplify the fabrication, a standard 

WR-62 waveguide size made of aluminium was used. Figure 3.2 shows the propagation constant 

versus frequency for two different dielectric slabs with relative permittivities of 6.15 and 10.2.  

Since the cutoff frequency of the second mode for the case εr = 10.2 is close to the design frequency 

of 9.35 GHz, the dielectric with εr = 6.15, corresponding to RT/Duroid 6006 from Rogers, is 

preferred. The dimensions are given in Table 3.1. The values of aslab and drotation were varied in 

simulations to maximize the variation of wavenumber βg. The curves of Figure 3.2 were obtained 

with the 3D full-wave solver of Ansys-HFSS, with no slots on the waveguide. The cut-off 

frequency of the air-filled WR62 waveguide is 9.49 GHz. In Figure 3.2a we see that it varies 

between 7.6 and 8.5 GHz for the fundamental mode, depending on the rotation state of the slabs. 

It can be noted that at the chosen operation frequency of 9.35 GHz applicable to weather radars, 

the 2nd mode is well attenuated and the waveguide supports only one mode for all the rotation states 

of the slabs when εr = 6.15. 
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3.3.2  Non-resonant array with the slots alternatively displaced 

The two basic types of slotted waveguide antennas are the resonant array (standing wave) and the 

non-resonant array (travelling wave). Since we wish to scan the beam off-broadside, the case of 

interest is the non- resonant array. For that case, the slot-to-slot spacing differs from λg/2 so the 

reflections from the different slots do not add up in phase at the input of the waveguide, leading to 

 
(a) 

 
(b) 

Figure 3.1: Simulation model of the rotating dielectric (a) single slab, (b) two 
symetrically positioned slabs. 
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Table 3.1: Dielectric Slab and Waveguide Parameters 

 aguide              bguide             aslab              bslab            t         εr_slab             tan δslab            drotation 

15.8mm    7.9mm        5mm        2.5mm     1mm         6.15         0.0019         4.45mm 
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a small reflection coefficient. Thus, the aperture distribution experiences a phase progression that 

is uniform, or nearly so, which is why these arrays are also referred to as travelling wave fed arrays 

[96]. Non-resonant arrays include a matched-load termination, necessary to avoid undesirable 

reflection causing a back-lobe responsible for the degradation of the antenna pattern. The main 

advantage of these arrays is a larger bandwidth in terms of side lobe level (SLL) and input 

matching, which makes them suitable for performing as beam scanning antennas [96]. In the non-

resonant slotted waveguide antenna, the slot spacing can be chosen so that we can produce a main 

lobe at almost any arbitrary angle 𝜃 relative to the axis of the array. If offsets are alternated on 

opposite sides of the symmetry plane, then the array factor is given by [97]: 

                                                                                             (3.1) 

where  𝑎௡ is the slot excitation amplitude level, 𝑑 is slot spacing, 𝛽௚ is the guided phase constant 

and β0 is the propagation constant in free-space. In order to have a good aperture efficiency, it is 

 
 

Figure 3.2: Propagation constant for the different rotation states of the dielectric slabs of 
(a) εr = 6.15 (tan δ = 0.0019) and (b) εr = 10.2 (tan δ = 0.0023). Waveguide simulated 

without slots. 
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desired to scan the beam near broadside. Therefore, a non-resonant array with the slot spacing d is 

different, but close to λg/2 is necessary. The element spacing of  d/λg(θ1 = 45°) = 0.4 was chosen 

because array factor calculations based on the 𝛽௚ values given in Fig. 2 for the design frequency 

of 9.35 GHz led to maximum beam deviation. By rotating the dielectric slabs from vertical to 

horizontal position, the wavenumber variation observed from Figure 3.2 is 

                                                βg(θ1 = 0°) − βg(θ1 = 90°) = 45 rad/m                               (3.2). 

This gives 14° of beam scanning based on (3.1). A 20-slot waveguide was chosen in this study 

based on limitations of the fabrication means available to the authors. A triangular amplitude 

distribution over a pedestal was used in order to demonstrate the capability to control the SLL. 

If the relative excitation level of the nth slot is 𝑎௡, the power 𝑃௡ radiated by this slot will be 

proportional to 𝑎௡
ଶ  (𝑃௡ = 𝑘𝑎௡

ଶ) [97]. 

Let 𝑟 be the fraction of the incident power to be dissipated in the match load. The equivalent circuit 

for the array is shown in Figure 3.3. Assuming a 1-watt power input and a lossless waveguide, we 

must have r + ∑ Pn
ே
n=1 =1. According to the non-resonant array design method presented in [97] 

we have 𝑔௡ =
௉೙

௥ା∑ ௉೔
ಿ
೔స೙

=  
௉೙

ଵି∑ ௉೔
೙షభ
೔సభ

 . Figure 3.4 shows the values of distribution amplitude (𝑎௡), 

radiated power (𝑃௡) and normalized conductance (𝑔௡) for a triangular taper excitation of a 20-

element array, with r = 0.15. 

 
 

Figure 3.3: Physical form and equivalent circuit model of the non-resonant array. 
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3.3.3 Evaluation of offset and length of the slot 

We compare two different methods to analyze the dielectric-loaded slotted waveguide. The effect 

of mutual coupling between the slots is taken into account in both methods.  

One way to consider the mutual coupling is to simulate an array of several coupled slots and extract 

their characteristics. For radiating slots, design curve of resonant length and offset from the 

waveguide center plane against slot admittance are required. Once lengths and offsets are obtained 

for the radiating slots, the next steps is to design a slot array antenna.     

The design of the series-fed array is simpler if we can ignore the effect of coupling with adjacent 

elements. In order to observe if coupling has a significant effect, we have simulated resonant arrays 

of various length.  

Method 1: Resonant array 

Although we are considering scanning non-resonant arrays, the resonant array case is useful to 

estimate the admittance of the slots. As Figure 3.5 illustrates, the slots of resonant arrays are spaced 

by 𝜆௚/2, so that all of them share the same phase excitation necessary to produce a broadside main 

lobe. Typically, a short circuit is placed at the end of the waveguide, at a distance of 𝜆௚/4 after the 

last slot. The input admittance 𝑦௜௡ is the sum of all the admittances (𝑦௜௡ = ∑ 𝑦௜) due to the spacing 

Figure 3.4: Triangular current amplitude distribution r = 0.15. 
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of 𝜆௚/2 between the elements. A linear relationship between the admittance (𝑦௜௡) and the number 

of slots is obtained for array of 5 identical slots in the simulations.  

Method 2: 2-slot non-resonant array using periodic boundary condition 

In this method, we use periodic boundary conditions to simulate a large array of mutually coupled 

slots, as described in [98]. This method also assumes a uniform amplitude excitation but it is still 

helpful to design the proposed array because the change in the excitation coefficients is gradual as 

shown in Figure 3.4. The periodic boundary condition is implemented using Master-Slave 

boundaries in Ansys-HFSS. Figure 3.6 illustrates the 2-slot non-resonant array with periodic 

Figure 3.5: Physical form and equivalent circuit model of the resonant array. 
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Figure 3.6: Physical form and equivalent circuit model of the non-resonant array with 

periodic boundary condition. 
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boundary walls. In this method, the value of d is not necessarily λg/2. We have used d = 0.4λg 

because it corresponds to θ1 = 45°, which is in the middle of the range. 

For both methods, we need to find the resonant length (𝑙௥) for each given slot offset (𝑥௜) for each 

slot. This was accomplished by running a parameter sweep with HFSS for each 𝑥௜. The normalized 

susceptance (b) of the slot must be zero at resonance. The parameter sweep returns a set of 

admittance points that was processed in order to determine 𝑙௥ (i.e. corresponding to zero 

susceptance) for a given slot offset.  

For that, we used an interpolation routine implemented in Matlab to generate a contour 

corresponding to the resonant condition in the length-offset plane for each method. This contour is 

shown in solid curves in Figure 3.7. Then, for each point on this contour we can determine the 

corresponding conductance (𝑔) at resonance, see Figure 3.7. At the end of this process, two 

interpolation polynomials for each method were derived to give the slot resonant offset (xr) and lr 

versus required resonant slot conductance. These interpolation curves are illustrated in Figure 3.8.  

Using the values of conductance from the triangular distribution given in Figure 3.4 and the 

polynomials shown in Figure 3.8 we can obtain the resonant parameters of the antenna. 

 
Figure 3.7: Slot admittance (y) versus slot length (l) and slot offset (x). 
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Table 3.2 summarizes the final antenna parameters calculated for both methods. As can be seen in 

the table, the difference between the resonant lengths obtained with the two methods is very small. 

The largest difference is 0.32 mm (about 2%) and it occurs for n = 1 where amplitude weight (a1) 

is very small. As for the slot offsets, the largest difference observed at n = 11 and n = 13 is 0.19 

mm (about 13%) where amplitude weighs are large. The impact of these differences on the antenna 

pattern are shown in Section II. D. 

 

 

 

 

 

 

 

 

 
Figure 3.8: Slot offset and slot length versus slot conductance, obtained for θ1 = 45°. 
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Table 3.2: Slot current distribution 𝑎௡, conductance 𝑔௡, offset 𝑥௡(mm) and length 
𝑙௡(mm) for the 20-slot array design using triangular amplitude distribution 

n 𝑎௡ 𝑔௡ 𝑥௡ (#1) 𝑙௡ (#1) 𝑥௡ (#2) 𝑙௡ (#2) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

0.006 

0.011 

0.017 

0.025 

0.034 

0.046 

0.061 

0.081 

0.106 

0.142 

0.165 

0.166 

0.165 

0.160 

0.150 

0.135 

0.115 

0.090 

0.063 

0.038 

0.80 

0.83 

0.86 

0.91 

0.96 

1.03 

1.11 

1.22 

1.35 

1.53 

1.64 

1.64 

1.64 

1.61 

1.57 

1.50 

1.40 

1.27 

1.13 

0.99 

14.81 

14.84 

14.89 

14.94 

15.00 

15.07 

15.16 

15.25 

15.36 

15.47 

15.53 

15.53 

15.53 

15.52 

15.49 

15.45 

15.39 

15.29 

15.17 

15.03 

0.98 

0.99 

1.01 

1.03 

1.06 

1.10 

1.14 

1.20 

1.28 

1.38 

1.45 

1.46 

1.45 

1.44 

1.41 

1.36 

1.30 

1.23 

1.15 

1.07 

144.49 

14.55 

14.62 

14.71 

14.80 

14.91 

15.03 

15.16 

15.30 

15.42 

15.48 

15.48 

15.48 

15.47 

15.44 

15.40 

15.33 

15.22 

15.04 

14.83 
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3.3.4 Array simulation 

In order to validate the design approach, the values of 𝑔௡ in Table 3.2 were used in a simulation of 

the circuit model shown in Figure 3.3 (using ADS® from Keysight). The complex currents (𝑖௡) in 

the shunt conductances representing the slots were used to calculate the array factor with:  

                                                                                                               (3.3) 

This procedure takes in consideration the propagation and the multiple reflections between the 

loads (i.e. the 𝑔௡’s) in the transmission line network. The resulting array factors are plotted in 

Figure 3.9 (solid curves), along with the normalized H-plane patterns of the array with the various 

slabs rotation angles simulated with HFSS. Simulations are shown for designs based on the two 

sets of slot parameters given in Table 3.2. The beam steering of 14° predicted by the variation of 

 
Figure 3.9: Comparison of the normalized H-plane (𝜙 = 0, see the axes presented in 
Fig.1) antenna factor simulated with HFSS with the normalized array factor obtained 

from circuit analysis (eq. (3)). 
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𝛽௚ is nearly achieved in both cases. The two full-wave results are very similar in terms of 

beamwidth and SLL. Looking at the three cases of slab rotation shown in Figure 3.9, there is no 

clear advantage of one method over the other. The fabricated prototype presented in Sections 3.4 

used the values of xn and ln obtained with Method 1.  
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3.4 Design guidelines 

3.4.1 Matched load design 

Non-resonant slotted waveguide arrays require a matched load termination. In this section, the 

design of a matched load for the dielectric loaded waveguide used in the antenna is proposed. 

Standard rectangular waveguide matched load cannot be used since our waveguide is loaded with 

dielectric slabs. However it is quite straighthforward to design a matched load by inserting absorber 

material. At this end, we havechosen the DD-10214 Silicon from ARC Technologies Inc, with 

ε = (17 - 0.2j)𝜀଴ and μ = (1.6 - 1.8j)𝜇଴ at the operation frequency of 9.35 GHz. Absorber strips with 

a thickness of 0.762 mm were placed on one of the broadwalls of the waveguide. Based on this 

information, a load for WR62 with rotating dielectric slabs has been designed. As illustrated in 

Figure 3.10, a stand made of Rohacell was used to support the slabs and since it is located after the 

absorber, it is not causing reflections. Return loss greater than 25 dB was obtained in simulations 

over a wide frequency range for the all rotation angles of the dielectric slabs (see Figure 3.10). 

 
Figure 3.10: WR62 matched load, simulated return loss result in different slabs positions. 
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3.4.2 Waveguide transitions 

The cut-off frequency of the air-filled WR62 waveguide is 9.49 GHz. Since our operation 

frequency for the RWG loaded with dielectric slabs is 9.35 GHz, it is required to reduce the cut-

off frequency of the waveguide feeding the antenna. This was realized with a metallic ridge, as 

shown in Figure 3.11, which reduced the cut-off frequency to 7.8 GHz. A coaxial to ridge 

waveguide transition was designed.  

The size of the coaxial probe and its location with respect to the shorting wall were varied to 

optimize matching. Simulated return loss of more than 20 dB was achieved in the frequency band 

of interest, as shown in Figure 3.11.  Then, a second transition, this time from the ridge waveguide 

to a waveguide loaded with dielectric slabs was designed. Wedge shaped tips on both the ridge and 

the dielectric slabs led to good simulated return loss for all rotation angles of the slabs, as shown 

in Figure 3.12 for three cases. 

 

 

 

 

 

 

 

 

 
Figure 3.11: (a) Coaxial to waveguide transition, (b) simulated return loss. 
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3.4.3 Directional flare 

In order to improve the gain of the antenna, a low-profile flare section was added on the broad wall 

radiating surface of the waveguide (Figure 3.13). This generates a narrower beam in the E plane. 

The triangular amplitude taper of the slots excitation was maintained in order to keep the H-plane 

side lobes low. The dimensions of the directional flares were varied in HFSS simulations in order 

to achieve maximum antenna gain. The optimal values o f 𝐻 and 𝛼 are shown in Figure 3.13. The 

realized gain increases by about 4 dBi with addition of the flare, as shown in Figure 3.14. It should 

 

(a) 

 

(b) 

Figure 3.12: Triangular tapering cross section of the dielectric slabs and the ridge, (a): 
Simulated model and fabricated prototype, (b): Return loss of the Coaxial to waveguide 

transition. 
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be noted that, if a much larger value of H is used, a horn is formed and the gain will increase more 

but the 3-dB gain beamwidth in the E-plane will decrease and the antenna would not generate a fan 

beam.  

 

 

 
Figure 3.13: Configuration of the waveguide with directional flare. The parameters are A 

= 32mm, H = 5.5mm, and 𝛼 = 40º. 
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Figure 3.14: Effect of the flare on the simulated H-plane radiation pattern ((𝜙 = 0), see 

the axes presented in Figure 3.1) of the antenna. 
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3.5 Prototype of the antenna and measurement 

An antenna prototype has been built using the WR62 standard waveguide according to the detailed 

design given in sections 3.3 and 3.4. The 20 slots have been milled onto the upper broad wall in 

accordance with the dimensions of the resonant parameters given in Table 3.2. The coaxial to 

waveguide transition and the matched-load described in Section 3.4 were implemented. A 

prototype of the antenna can be seen in Figure 3.15. The dielectric slabs can be seen at the end of 

the waveguide. In our test they were rotated manually but adding a controlled motor is an easy task. 

It should be noted that although the antenna exhibits continuous beam steering with continuous 

rotating of the dielectric slabs, measured patterns are only shown here for θ1 = 0°, 45° and 90°. 

3.5.1 Impedance matching 

Measurement of the return loss has been made on the antenna coaxial port for three positions of 

rotating slabs. The results are shown in Figure 3.16, together with the simulations. The antenna 

was designed for a frequency of 9.35 GHz and θ1 = 45˚. We can see that return loss is greater than 

10 dB for the three rotation states. A good agreement between measured and simulation S11 

parameters is obtained for three slab rotation states over the frequency band of 9 GHz to 10 GHz 

(BW = 10.5%). 

The power lost in the terminating load was not measured due to the non-standard waveguide at the 

end of the antenna, but the S21 parameters were simulated with HFSS and are also shown in Figure 

3.16. In the simulations, port 2 replaces the matched termination at the end of the waveguide. The 

array was designed by assuming dissipation of 15% (−8.2 dB) of the input power in the terminating 

load. We can see in Figure 3.16 that the simulated S21 at the design frequency of 9.35 GHz for the 

three rotation states is less than −10 dB which is lower than the assumption. 

 

Figure 3.15: Prototype of the 20-slot array antenna. 
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3.5.2 Radiation patterns 

The radiation properties of the antenna prototype were simulated with HFSS and have been 

measured in an anechoic chamber. H-plane patterns of the realized gain at the design frequency of 

9.35 GHz are presented in Figure 3.17. A good agreement is obtained between simulations and 

measurements for the three scanning states. As expected, the main beam steering for θ1 varying 

from 0° to 90° is around 14°. The measured and simulated tilt angles and beamwidths are slightly 

different, but the differences are more visible on the side lobes, especially at θ1 = 0°. As seen in 

Figure 3.9, the triangular tapered distribution applied is leading to a SLL of about −25 dB in theory. 

However, both simulated and measured patterns have higher SLLs. The discrepancies between 

measurements and simulations have multiple causes. This includes the mechanical errors during 

fabrication and assembly of the antenna structure, inaccurate setting of angle θ1 in the experiments, 

 

Figure 3.16: Return loss of the antenna, simulated and measured in different position of the 

dielectric slabs. 
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inaccuracies of the specified material properties for the dielectric slabs and matched load absorbers, 

etc. A detailed sensitivity analysis would be required to understand each of these effects, but this 

has not been considered in this work. 

 

Figure 3.17: H-plane radiation patterns ((𝜙 = 0), see the axes presented in Figure 3.1) of the 

antenna, simulated and measured in different values of θ1. 
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    The cross-polarization levels at H-plane have also been measured. For the operating frequency, 

they remain 20 dB below the co-polarization level in the main beam direction.  

3.5.3 Antenna gain 

The realized gain of the antenna for three rotating angles has been measured by the gain comparison 

method in the anechoic chamber. This gain is shown in Figure 3.18a. The antenna efficiency based 

on simulated realized gain and directivity is shown in Figure 3.18b. The maximum in gain and 

 

(a) 

 

(b) 

Figure 3.18: (a) Measured realized gain and (b) antenna efficiency versus different rotations of 

the dielectric slabs. The antenna was designed for a frequency of 9.35 GHz and θ1 = 45˚. 
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efficiency are close to the target frequency of 9.35 GHz for θ1 = 45˚. Figure 3.19 illustrates 

simulated realized gain and main beam direction over a continuous range of rotation angles of θ1.    

    The simulated reflection coefficient for θ1 = 45° and at the design frequency is around −19 dB, 

corresponding to a power loss of 1.25%. Based on simulations at the design frequency and for slabs 

rotation of 45 degrees, the realized gain is 19.52 dBi and the directivity is 20.32 dBi. This gives an 

overall antenna efficiency of 83.2%. The sum of return loss (S11 = −19 dB) and losses in the 

 

(a) 

 

(b) 

Figure 3.19: Simulated (a) realized gain and (b) main beam direction versus different rotations of 

the dielectric slabs (θ1).  
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terminating load (S21 = −11.23 dB according to Figure 3.16), represents 7.53% of power. Therefore 

8.02% of the incident power is dissipated in metallic and dielectric materials.  

    At the design frequency and for θ1 = 45°, the measured 3-dBi gain beamwidth in the H plane is 

4.8˚ which is lower than the simulated value (5.14˚). As the gain decreases with scan, the 3-dB gain 

beamwidth correspondingly increases to 6.6˚ when the slabs are at θ1 = 90°. The simulated and 

measured radiation performance of the antenna at three rotation states of the slabs is summarized 

in Table 3.3.          

 

Table 3.3. H-plane Radiation performance of the antenna at the design at 
9.35 GHz 

       Slabs rotation states                  θ1 = 0˚           θ1 = 45˚           θ1 = 90˚           

Simulated      Beam direction (˚)           3                     8.5                 15.5                                          

                       Realized gain (dBi)      19.17                19.52              18.74 

                  3-dB gain beamwidth (˚)   5.18                   5.14                7.25  

                              SLLs (dB)             -16.5                -16.46               -18.2                                                                                           

             Realized gain/Directivity (%) 79.6                  83.2                   95 

                      Dissipated power* (%)     9.7                   8.02                  4.2 

Measured      Beam direction (˚)           4                       8                      18                 

                      Realized gain (dBi)       18.85                19.11                18.33  

                  3-dB gain beamwidth (˚)     5.2                   4.8                    6.6 

                              SLLs (dB)             -14.3                 -14.9               -17.33                      

                          *𝑃ௗ௜௦௦௜௣௔௧௘ௗ = 1 − |𝑆ଵଵ|ଶ − |𝑆ଶଵ|ଶ − 𝑃௥௔ௗ௜௔௧௘ௗ 
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3.6 Conclusion 

The design of the slot array antenna using rotating dielectric slabs inside the waveguide in order to 

allow continuous scanning of the antenna main beam has been presented. The antenna shows 14˚ 

of continuous beam scanning at the design frequency with a good scanning performance. Although 

the antenna was designed at a single frequency, it presents an overall experimental 10.5% 

bandwidth for 10 dB return loss. The SLL remains lower than −14 dB over the scanning range. The 

antenna realized gain ranges between 18.33 dBi to 19.11 dBi. The antenna efficiency including the 

reflection loss and losses in the terminating load is better than 79% over the scan range. 

One of the difficulties in the proposed design is to preserve good matching conditions for all the 

rotation states of the slabs. In this work, we optimized matching of the tapered transitions between 

the ridge and dielectric-loaded sections by considering only three values of θ1. 

Although the experimental evidence of scanning capabilities of rotating a ridge in a metal 

waveguide slot array has already been explored by Solbach et al. [78], the proposed solution has 

lower side-lobes due to the symmetric field distribution inside the waveguide, more beam scanning 

range and no TEM mode propagation due to dielectric material used for the slabs. 

The concept is promising for high power continuous beam scanning applications, and could be 

improved by applying a global optimization method. It would be also a less-complicated and cost-

effective solution compared to the active phased-array concepts presented in [90-91].  

Many antennas presented in literature [94] use periodically loaded leaky waveguides and operate 

on the frequency scanning principle. In certain applications such as X-band weather radars the 

allocated bandwidth is very narrow and such concepts cannot be used. The antenna proposed in 

this paper can realize beam scanning at a fixed frequency, and it is not limited in power handling 

due to the absence of nonlinear active components. Mechanical scanning speed is of course limited, 

but remains acceptable for slowly moving targets.  

A good agreement between simulations and measurements also confirms the reliability and 

accuracy of the slot characterisation previously done. Since no optimization of the complete model 

in a full-wave simulator has been done, there is still room for improvement of the antenna 

performance. 
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CHAPTER 4 BEAM STEERING IN BROAD WALL SLOTTED 

WAVEGUIDE USING I-SHAPED RESONATORS 

According to [4], scanning range of the X-band meteorological radar is 24° in elevation. We 

achieved 14° H-plane beam scanning in Chapter 3 which is not enough for weather radar and it 

needs some improvement. To do this successfully, a continuous beam scanning concept in slotted 

waveguide at X-band is proposed. In this configuration, beam scanning is accomplished by rotating 

two dielectric slabs with periodically printed I-shaped resonators (ISR) inside the waveguide and 

therefore, varying the phase of the slots excitations. The slot offset and length with the presence of 

ISR-loaded slabs have been determined in order to achieve a specified distribution tapering and a 

maximum radiating power. The mechanical rotation of the slabs is facilitated by the possibility of 

using a controlled motor outside the waveguide in order to isolate the RF fields. The dimensions 

of the ISRs have been optimized to maximize the range of steering angle. To validate the antenna 

concept, a non-resonant 20-slot waveguide array with the element spacing of d = 0.44λ0 at 9.35 

GHz has been designed and fabricated. Good agreement between the simulations and the 

measurements has been obtained. The antenna scanning range is up to 28 º (14° more than the 

scanning range achieved in Chapter 3), the sidelobe level is below −15 dB and the overall 

bandwidth (S11 less than -10 dB) is from 9.2 GHz to 9.5 GHz.   

4.1 Introduction 

Previously in Chapter 3, we have presented a continuous beam steering concept using rotating 

dielectric slabs inside the slotted waveguide. In this paper, we show that by printing (I-shaped 

resonators) ISRs on the slabs, the phase-varying effect is augmented, leading to an increased range 

of beam scanning. The presented design is optimised for an X-band weather radar or low orbit 

ground station satellite application. As shown in Figure 2.7, it would be required that the cylindrical 

network elements be able to scan about 30° in elevation.This ISR-loaded slotted waveguide 

antenna exhibits more scan range with lower side lobes compared to the design presented in [78].   

The chapter is organized as follows. Section 4.2 briefly introduces the design methodology of the 

ISR-loaded phase shifter. Antenna configuration and design are discussed in Section 4.3. In Section 

4.4, engineering details on the feeding transition and matched load are presented. Finally, a 

comparison of experimental and simulation results are provided and discussed in Section 4.5.   
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4.2 ISR-Loaded phase shifter design 

The proposed ISR-loaded waveguide is an extension of the earlier design presented in [99]. The 

configuration is illustrated in Figure 4.1a. The waveguide is periodically loaded with I-shaped 

resonators printed on the dielectric slabs. The phase constant of the propagating waveguide modes 

is changed by rotating the slabs. The axes of rotation are at a height bguide/2 from the waveguide 

bottom wall, and at distances drotation from the two narrow walls. This phase shifting controls the 

antenna main beam direction in the H plane. The dimensions and material of the dielectric slab 

have to be chosen to propagate a single mode at our operation frequency (9.35 GHz). The 

waveguide considered here is WR62 and the rotating dielectric slabs material are Rogers RT/duroid 

6002 (𝜀௥ = 2.94 and tan 𝛿 =0.0012). To design the phase shifter we used the Eigen-mode solver 

of HFSS and applied Master-Slave conditions on a single-ISR cell in the waveguide in order to 

 

 

Figure 4.1: ISR-loaded slotted waveguide; (a) 3−D view, (b) front view. 
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apply a phase delay. The ISR-loaded waveguide and the equivalent circuit are shown in Figure 

4.2a. Figure 4.2b shows the dispersion diagram obtained from simulations. 

The components associated with the TE10 mode in Figure 4.2a are equivalent per-unit-length 

parameters [100] that predict the propagation and the cut-off frequency of the empty waveguide. 
   

() 

 

 

 

(a)  
 

 
(b) 

Figure 4.2: (a) Configuration and equivalent transmission line representation of the ISR 
loaded waveguide for TE10 waves and (b) dispersion diagram for the different values of lx 

(See Figure 4.1). 
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The parallel LC branch goes from an inductive behavior below cut-off, to a capacitive behavior 

above cut-off. The branch containing the tunable elements is associated with the periodically 

repeated ISRs, and tenability results from the rotation of the dielectric slab. The capacitance is due 

to the proximity between the broad walls of the waveguide and the ISR segments of length lx. The 

ISR vertical segment is introducing an inductive component. 

Figure 4.2b is showing the dispersion diagram of the waveguide loaded with the dielectric slab 

with printed ISRs. Calculations were done with HFSS for various values of the ISR horizontal 

segment length (lx) and for θ1 = 0° and 90°. When θ1 = 90°, the ISR is perpendicular to the E field, 

and therefore lx has no effect on the dispersion diagram. This is why we shown only one curve at 

this angle in the figure.   

It can be seen in Figure 4.2b that as the value of lx increases for θ1 = 0°, the cut-off frequency 

decreases, which demonstrates the increasing capacitive effect of the series LC branch in the 

considered frequency band. The segments of length lz and lx become respectively parallel to the H 

field and perpendicular to the E field of the TE10 mode, when rotating the dielectric slabs from θ1 

= 0° to 90° in Figure 4.1b, which makes the effect of the ISR vanish. Therefore, the presence of 

ISR can reduce the cut-off frequency considerably. When θ1 = 0°, the E fields in the center of the 

broad wall of the waveguide become stronger whereas, there is no effect on the E fields when θ1 = 

90°. As illustrated in Figure 4.2b, by increasing the values of lx from 2 mm to 4 mm, the phase 

velocity decreases. However, at the design frequency of 9.35 GHz and lx = 4 mm, the phase is near 

to the slow wave region. Therefore, we have used lx = 3.5 mm in our antenna design to reach the 

maximum phase variation caused by slab rotation in the fast wave region. Based on the geometrical 

parameters given in Table 4.1, Figure 4.3 shows the wavenumber variations of the ISR-loaded 

waveguide when the ISRs are rotating from θ1 = 0° to 90°. The second mode is well attenuated at 

the design frequency of 9.35 GHz and the waveguide is evidently single mode. 

4.3 Antenna configuration and design 

In order to control the beam, we consider a non-resonant array with the slot spacing smaller than 

𝜆௚/2. The main beam direction of the array factor which is the angle of θ relative to the z axis is 

given by: 

                                          sin θ =
ఉ೒ௗିగ

ఉబௗ
                              (4.1) 
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where 𝛽଴ is the propagation constant in free-space, 𝛽௚ is the guided phase constant and d is the slot 

spacing. The term π radians in the numerator comes from the alternative consecutive slot offsets 

on opposite sides of the H plane. To reach maximum beam steering at 9.35 GHz, the array factor 

calculations based on 𝛽௚(θ1 = 45°) = 120 rad/m given in Fig. 3 led to choose the slot spacing of 

𝑑 𝜆௚⁄ = 0.35. The value of 𝛽௚ varies from 𝛽௚(θ1 = 0°) = 162 rad/m to 𝛽௚(θ1 = 90°) = 62 rad/m at 

9.35 GHz, which gives beam steering from θ = 2° to 33° based on (4.1).  

The length (l) and offset (x) of each slot are controlling the slot admittance. They should be 

determined such that the specified tapering is achieved.  In order to determine the slot admittances 

we considered a 3𝜆௚/4 long section of waveguide as illustrated in the inset of Figure 4.4. The 

design was done for the ISRs angle rotation of θ1 = 45° which is in the middle of the range of 

interest. The waveguide is short-circuited at a distance of 𝜆௚/4 after the slot and the other end is 

   
() 

 

 
Figure 4.3: Waveguide phase varying for lx = 3.5 mm and various rotation angles of θ1. 
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Table 4.1. Dielectric Slab and Waveguide Parameters (in mm) 

aguide         bguide        aslab         bslab         t            lx            lz          bz         w 

15.8           7.9            5            1.5        1.5         3.5           5         3        0.4          
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the excited port. It should be noted that the ISRs on the two slabs are offset by a half period (see 

bguide/2 in Figure 4.2a) in the x direction. This offset was used to decrease the effect of ISRs on the 

E field. The input admittance at the excitation port is the admittance of the slot because the broad 

wall slot appears as a shunt load. We first need to find the resonant length for each given offset. 

The full-wave solver of HFSS performing a 3D port analysis was used. We used a parameter sweep 

simulation in which length l is varied for each x. Since the normalized slot susceptance must be 

zero at resonance, for a given x, the parameter sweep l returns a set of admittance points which was 

processed to determine the resonant l.  

As in Chapter 3, a triangular amplitude taper for a non-resonant 20-slot ISR-loaded waveguide 

with 15% of power dissipated in matched load (r = 0.15) was used in order to control the side lobe 

levels. As illustrated in Figure 4.4, two polynomials were derived to give the slot resonant lengths 

and offsets as a function of conductance.  

4.4 Transitions and matched load design 

The chosen operation frequency of 9.35 GHz but the cut-off frequency of the standard WR62 

waveguide is 9.49 GHz. Therefore, we used a metallic ridge, as shown in Figure 4.4a, to reduce 

the cut-off frequency below 9.35 GHz. To feed the antenna, two different transitions expired from 

   
() 

 

Figure 4.4: Resonant conductance (g) and slot length (l) versus slot offset (x) obtained with 
curve fitting method for ISRs rotation angle θ1 = 45°. 
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Chapter 3 were designed. The first one was a coaxial to ridge waveguide transition in which the 

size and the location of the coaxial probe were varied with respect to the shorting wall in order to 

optimize matching. The second transition, this time from the ridge waveguide to a waveguide 

loaded with the dielectric slabs and ISRs, was designed. As shown in Figure 4.5, wedge shaped 

tips on both the ridge and the ISR-loaded dielectric slabs led to good simulated return loss for all 

rotation angles of θ1. As shown in Figure 4.5a, a stand made of rohacell was used to support the 

   
() 

 
(a)  

 
(b) 

Figure 4.5: (a) Coaxial to waveguide transition and (b) wedge shaped tips of the ridge and 
the slabs (in the inset) and S11 of the transition for different values of θ1.   
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dielectric slabs inside the waveguide. Figure 4.5b illustrates the return loss of more than 10 dB of 

the transition for different rotation angles of the slabs. 

Based on the method given in Chapter a matched load termination for this non-resonant array was 

designed to reduce the degradation of the pattern coming from undesirable reflection at the end of 

the guide. Standard waveguide matched load cannot be realized since our waveguide is loaded with 

dielectric slabs and ISRs. The absorbing material used here is the same as Chapter 3 but with 

different dimensions. Figure 4.6 shows the configuration and the simulated return loss of the 
   

() 

 

 

Figure 4.6: Simulated model and S11 of the matched load in different rotating angles θ1 of the 
ISRs.   
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matched load. The rotating dielectric slabs are going through the matched load and protrudes 

outside the end of the guide, as shown in the inset of Figure 4.6. This way, the rotation mechanism 

(motor, gear, etc.) is not perturbing the RF fields inside the waveguide.  

4.5 Experimental and simulation results 

An antenna prototype has been fabricated based on the design given in previous sections. The 

antenna elements (transition, ISR-loaded slotted waveguide and matched load) were optimized for 

a slabs rotation angle of θ1 = 45° and a frequency of 9.35 GHz. All the simulations have been done 

with HFSS version 19.  

The antenna is designed for continuous beam scanning with continuous rotating angle from θ1 = 0° 

to 90° and its performance has been measured for several rotating angles θ1 with steps of 15°. A 10 

dB return loss level is obtained in the 9.2 GHz to 9.5 GHz bandwidth for all configurations, for 
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(b) 

Figure 4.7: Reflection coefficients of the antenna for different values of θ1. (a) Simulation. 
(b) Measurement. 
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both simulations and measurements, as shown in Figure 4.7. The simulated and measured scanning 

performance in the H-plane at the design frequency of 9.35 GHz are illustrated in Fig Figure 4.8.         

The antenna has a scanning range of 28º (scanning range of the X-band weather radar is 24° in 

elevation according to [4]) and the sidelobe level remains at −15 dB between θ  = − 90° and  90°. 

Instead of the monotonically increasing scan loss usually observed in travelling wave antennas 

when scanning from near broadside towards end-fire, Figure 4.8 shows that the gain increases when 

the beams scan from 4° (θ1 = 0°) to 15° (θ1 = 45°) from broadside. A possible reason for this is the 

fact that the slots were optimized for the case θ1 = 45°. For other slab rotation angles they might 

not be resonant. Consequently, less power will be radiated form the slot and hence more power 

will be propagated to the terminating load.  

Figure 4.9 illustrates the percentage of lost power (dissipated in materials and radiated) (1 −

|𝑆ଵଵ|ଶ − |𝑆ଶଵ|ଶ) and the radiation efficiency of the antenna. To calculate these S parameters, the 

matched load at the end of the structure is replaced by a wave-port (i.e. port #2). It should be noted 

that the efficiency is calculated by the ratio of the realized gain to the directivity. 
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Figure 4.8: H-plane (𝜙 = 0) scanning performance of the antenna at 9.35 GHz.  Simulated 
(solid line) and measured (dashed line) in different rotating angle θ1 (see the axes presented 

in Figure 4.1). The step for rotating angle is Δθ1 = 15°. 
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It therefore includes input return losses, which account for up to 10% (or −10 dB) of the power 

according to Figure 4.7. Except for slab rotations smaller than 30°, the efficiency is greater than 

60% over the whole frequency range. For small slab rotations, the operation is limited to lower 

frequencies if we want to keep an efficiency of 50% or more. In addition to higher losses in the 

terminating load, this high loss at small rotation angles is due to ohmic loss in the ISRs, which 

increases as they become aligned with the E field in the waveguide.  
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(a) 

 

(b) 

Figure 4.9: Simulated (a) radiated and dissipated power (1 − |𝑆ଵଵ|ଶ − |𝑆ଶଵ|ଶ) and (b) 
antenna efficiency for various rotation angles of θ1. The frequencies correspond to the 

weather radar application. 
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The antenna gain for rotating angle θ1 = 0° to 9 0 has been measured by the gain comparison method 

in the anechoic chamber. This gain is shown in Figure 4.10 along with main beam direction. It 

should be noted that, in order to have a fan beam in this design there is no directional flare and 

therefore we have a lower gain of about 5 dB in comparison with the design in Chapter 3. The 

simulated scanning performance with Δθ1 = 5° is shown in Figure 4.11. The side lobe levels remain 

at −15 dB over the scanning range. 

In this work, the achieved beam scanning range is more than our previous work [39]. However, the 

decrement of antenna efficiency at the design frequency is 10% which is due to the presence of 
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(a) 

 
(b) 

Figure 4.10: Measured (a) gain and (b) main beam direction for various ISRs rotation angles 
of θ1. The antenna was designed for θ1 = 45º at 9.35 GHz. 
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ISRs. Refs. [101-104] present more scanning range compared to this work, but they are based on 

frequency scanning principle in which a broad bandwidth (around 26%) is required.      

 

4.6 Conclusion 

The design of electromechanical continuous beam scanning antenna based on rotating ISRs inside 

a slotted-waveguide has been presented. The antenna shows a continuous beam scanning of 28º at 

the design frequency of 9.35 GHz (14° beam scanning range more than the previous Chapter) and 

overall experimental bandwidth (−10 dB) from 9.2 GHz to 9.5 GHz.  

Although the idea of beam scanning capabilities by rotating a ridge in a waveguide was given in 

[78] and has been optimized in [39], this concept presents more scanning. Therefore, the presented 

technique is promising for high power continuous beam scanning applications. Although the ISRs 

were rotated manually to measure the antenna’s performance, a simple motor drive could be easily 

implemented to rotate them electromechanically.      
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Figure 4.11: H-plane (𝜙 = 0 at 9.35 GHz) normalized patterns of the ISR-loaded broad wall 

slotted antenna, simulated in different rotating angle θ1. Scanning range is 28°. 
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CHAPTER 5 ARTICLE 2: CROSS-POLARIZATION REDUCTION OF 

A NARROW WALL SLOTTED WAVEGUIDE ARRAY FOR KU-BAND 

Amirhossein Ghasemi, Jean-Jacques Laurin 

Presented in 2018 at IEEE AP-S/URSI 2018, conference in Boston, USA 

5.1 Abstract 

A method to reduce cross-polarization (X-pol) of narrow wall slotted waveguide is presented. A 

10 inclined slot array cut in the narrow wall of a rectangular waveguide with the element spacing 

of d = 0.64λ0 operating in Ku-band is employed. The proposed slotted waveguide antenna consists 

of a perforated-metallic plate which acts as a polarization filter. The polarization filter reduces the 

maximum cross-polarization level by 10 dB at the design frequency of 14 GHz and 5 dB over the 

frequency band 12 GHz to 18 GHz.    

5.2 Introduction 

Slotted waveguide antennas have been used in several applications as radar and satellite 

communications obtaining high-quality performance and are mostly based on inclined slots for 

circular polarization [105] or longitudinal slots for linear polarization [39].   

The slot inclination produces undesired X-pol when the slot is in the narrow wall of the waveguide. 

Such inclination is essential to control the slot admittance, which is directly related to the radiated 

power. Cross-polarized component increases strongly as the inclined slot array scanned at an angle 

away from broadside and produces interference and jamming problems. Various complex methods 

to decrease X-pol in the narrow wall slotted waveguide have been employed. One of the most 

effective method to reduce X-pol level is using untilted slots [106]. However, the fields inside the 

waveguide should be changed in order to excite the slots. In [107], to produce such a field 

distribution, the angled ridges were used under the untilted slots. Another way to avoid inclined slot 

in the narrow wall is using two small insets milled within the waveguide at opposite sides of the 

untilted edge slot [108]. However, the alternative solutions presented in [106-108] are costly and 

complicated to fabricate. 

More recently in [109], a simpler alternative to excite untilted slots in the narrow wall was proposed. 

This new radiating structure basically consists of an untilted slot excited through the perturbation 
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produced by a tilted parasitic dipole [109]. This dipole is etched on dielectric substrate and located 

within the waveguide, parallel to the narrow wall, and at a given distance from the slot. The 

inclination angle of the dipole controls the amount of power coupled to the slot. A possible drawback 

of this procedure is that it cannot handle high power.  

The proposed design allows X-pol reduction of the inclined slotted waveguide with less complexity 

by using a polarization filter. This filter has less effect on the return loss and the efficiency of the 

antenna, and allows high power handling.           

 

5.3 Design of the Filtered Antenna 

The configuration of the inclined slotted filtered waveguide and the optimized model are shown in 

Figure 5.1a and Figure 5.1b respectively. Here, we employ a WR-62 (15.8 mm × 7.9 mm) with 

1.6 mm thickness of rectangular waveguide. The antenna was originally designed for pattern 

diversity and is capable to produce broadside or near broadside patterns depending on the phase 

difference of the excitations. In order to highlight the effect of the polarization filter, we considered 

a uniform non-resonant 10-slot array with an off-broadside main beam. For that case, the element 

spacing is λg/2.1 at the design frequency of 14 GHz so the reflections from different slots do not 
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(a)                                                                      (b) 

Figure 5.1: (a) Simulation model of the slotted waveguide and the polarization filter, the 
parameters are H = 22 mm, W = 32 mm, bf = 9 mm and af = 18 and (b) optimized 

polarization filter model with af1 = 25 mm. 
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add up in phase at the input of the waveguide and the return loss will be small and the main beam 

will be steered near broadside (θ = −3º). Each slot has common width of 1.7 mm, cut depth of 1.6 

mm and inclined angle of 25º for resonance. A perforated rectangular metallic plate (polarization 

filter) is located parallel to the narrow wall with the dimensions specified in Figure 5.1. Matched 

ports were considered at both ends of the waveguide. 

For the purpose of X-pol reduction, one should note that the field component in the plane  𝜙 = 90º 

(yz plane) must be minimized. In order to reach the best X-pol over the design frequency band, we 

optimized the lateral size (af1 and bf) of the perforated -rectangular plate as well as the distance 

between the filter and the waveguide (H) using the 3D full-wave solver of Ansys-HFSS. 

5.4 Simulation Results and Discussion 

The simulation results of the analysis of the waveguide antenna are presented in this section. This 

was accomplished by running the full wave analysis of HFSS. Figure 5.2 shows the normalized 
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Figure 5.2: Normalized radiation pattern of (a) without filter and (b) with optimized-filter of 

the inclined slot waveguide at the design frequency of 14 GHz, 𝜙 = 0 (see the axes 
presented in Figure 5.1). 
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radiation pattern of the optimized-filter and non-filtered waveguide antenna. It can be observed 

that the polarization filter reduces the maximum X-pol level by 10 dB at the design frequency of 

14 GHz.  Since the array is non-resonant, the main beam is 3º off-broadside. 

Figure 5.3 shows the maximum X-pol level and peak gain of the antenna with and without the 

polarization filter. The filter reduces the maximum X-pol level from -4.5 dB to -14.5 dB at the 

design frequency of 14 GHz and down to 5 dB throughout the frequency band. 

As illustrated in Figure 5.3b, the gain reduction of the filtered antenna is 3.77 dB at 14 GHz which 

goes up to 1.5 dB by using the optimized filter (af1 = 25 mm). However, the polarization filter has 

less effect on the S11 and the efficiency (directivity/gain) of the antenna as shown in Figure 5.4.      

5.5 Conclusion 

A new concept of X-pol reduction of an inclined slotted waveguide antenna with less fabrication 

complexity compared to [106-108] has been presented. We have demonstrated the decrease of X-

pol as the effect of polarization filter on the field component in the plane  𝜙 = 90º (yz plane) of the 

antenna. The modelled filtered antenna is able to present a 10 dB X-pol reduction at the design 

frequency and a 5 dB reduction over the frequency band. Moreover, within the bandwidth of 12-

18 GHz, the input match is better than -18 dB.      

 

 

 



63 

   

 

 

 

   
() 

 
(a) 

 

(b) 

Figure 5.3: Maximum cross-polarization level and (b) peak gain of the antenna in the range 
of -90°< 𝜃 <90° and 𝜙 = 0. 
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(a) 

 

(b) 

Figure 5.4: (a) S11 and (b) efficiency (directivity/gain) of the antenna. 
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CHAPTER 6 ARTICLE 3: BEAM STEERING IN NARROW WALL 

SLOTTED RIDGE WAVEGUIDE ANTENNA USING A ROTATING 

DIELECTRIC SLAB 

Amirhossein Ghasemi, Jean-Jacques Laurin 

Published in 2018 in the IEEE Antennas and Wireless Propagation Letters 

6.1 Abstract 

A beam steering technique in narrow wall slotted ridge waveguide at X-band is proposed. An array 

of inclined slots cut in the narrow wall of a rectangular ridge waveguide is employed. Beam steering 

is achieved by rotating a dielectric slab inside the waveguide. The change of wavelength at different 

rotation angles of the slab is used as the phase shifter. In order to confirm the usefulness of this 

method, a short non-resonant 20-slot waveguide array antenna with an element spacing of d = 

0.44λ0 has been designed, built and tested. It is shown that the main beam can be steered from near 

broadside (θ = 6º) toward end-fire (θ = 42º) by rotating the dielectric slab by 90º. A directivity 

variation of 2.8 dB and a half-power beamwidth increase of 3º are observed over this scan at the 

design frequency. The gain varies from 11.17 dB to 12.47 dB over the scanning range. Due to the 

relatively short length of the prototype, losses in the terminating load have limited the radiation 

efficiency to values between 43% and 86%. The E-plane radiation patterns measured at the 

operation frequency of 9.35 GHz and compared very well with the simulated results. 

6.2 Introduction 

Beam steering plays an essential role in many wireless applications including communication, 

radar, imaging and instrumentation. Mechanical beam steering systems using motors and gear 

arrangements to physically rotate and/or elevate the antenna are used for high power handling. 

Large antenna systems cannot be mechanically scanned rapidly, and because of this, the design of 

fixed antennas in which small parts moved [83] and [87] electromechanically have been developed. 

In [110], beam steering was accomplished by moving in or out, or deforming the narrow wall of a 

rectangular slotted waveguide. However, the realization of accurate and rapid linear motion of the 

narrow wall is difficult to achieve. The concept of beam steering capabilities realized by rotating a 
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metallic ridge inside a slotted metal waveguide was proposed in [78]. This antenna suffered from 

separating the different modes of propagation (i.e. TEM) at the operation frequency. 

   Frequency scanning antennas based on leaky-wave slot-arrays ([100] and 102]) may offer a 

simple and low-cost solution compared to phased arrays. However, the frequency band required to 

scan the main beam over a wide angle can exceed the narrow bandwidths generally allocated to 

certain applications such as X-band weather radars. 

   In this paper, we present an electromechanical slotted ridge waveguide antenna in which beam 

scanning is achieved by rotating a lightweight dielectric slab in order to change the wavelength of 

the travelling wave. The proposed concept is an extension of the earlier design of a waveguide 

phase shifter presented in [95]. This slotted ridge waveguide antenna exhibits more scan range with 

lower side lobes compared to the design presented in [78] and [110].   

    The paper is organized as follows. Section II briefly introduces the design methodology of the 

narrow wall slotted ridge waveguide antenna. In Section III, engineering details on the feeding 

transition, matched load and polarization filter are presented. Finally, a comparison of experimental 

and simulation results are provided and discussed in Section IV.   

6.3 Antenna Configuration and Design 

As noted, beam steering in the ridge slotted waveguide is achieved by controlling the propagation 

constant via rotating a dielectric slab inside the waveguide. The configuration is shown in Figure 

6.1. The dimensions of the dielectric slab and waveguide have to be chosen in order to propagate 

a single mode at the desired operational frequency. Here, we start with a WR-62 modified by 

adding a metal ridge and the dielectric slab in order to enable scanning at the weather radar 

application at 9.35 GHz. The effect of the ridge is to increase the range of single mode operation. 

The dielectric rotating slab is made of Rogers RT/duroid 6010 (𝜀௥ = 10.2 and tan 𝛿 = 0.0023) 

material. All the dimensions of the waveguide cross section are given in Table 6.1. 

 A polarization filter located near the slotted wall of the waveguide to reduce the cross-polarization 

is implemented (see Figure 6.1). This filter inspired from [111] has rectangular aperture with 

𝑎௙௜௟௧௘௥ > 𝜆଴ 2⁄  and 𝑏௙௜௟௧௘௥ < 𝜆଴ 2⁄ . By analogy with rectangular waveguides theory, this aperture 

would allow propagation of the TE10 mode, with x-polarized E-field, but would be cutoff for the 

y-polarized TE01 mode.  The dimensions (𝑎௙௜௟௧௘௥, 𝑏௙௜௟௧௘௥  and 𝑤௙௜௟௧௘௥) and position (ℎ௙௜௟௧௘௥) of the 
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polarization filter shown in Figure 6.1 were chosen to ensure minimum cross-polarization level by 

minimizing the field component in the plane 𝜙 = 90° (yz plane) at 9.35 GHz. The slab is made of 

dielectric instead of metal (as in [78]) in order to avoid the TEM mode.  

Figure 6.2 shows the propagation constant of the loaded guide versus frequency for the dielectric 

slab in three different values of the rotation angle θ1 defined in Figure 6.1a. The highest cut-off 

frequency of the dielectric-loaded ridge waveguide, occurring at θ1 = 90° is 8.75 GHz. In 

comparison, the cut-off frequencies are 10 GHz and 9.49 GHz for the WR-62 waveguide, 

   
() 

 

Figure 6.1: Antenna concept; (a) 3-D view, (b) top view. 
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Table 6.1: Dielectric Slab and Waveguide Parameters (in mm) 
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respectively with and without ridge. These propagation constants were obtained with the full-wave 

solver of Ansys-HFSS performing a 2D port analysis. The figure confirms that the guide operates 

in single-mode around the design frequency, while allowing large variations of β. 

6.3.1 Parameter Evaluation for Radiating Elements 

The inclination (I) and depth (d) of each slot needs to be determined such that a specified tapering 

and a low return loss level are achieved. To do this, we consider a 3λg/4 long section of ridge 

waveguide with the dielectric slab rotated at 45º (In principle the optimal values of I and d depend 

on angle θ1 but in practice, the optimization was done for 45°, which is in the middle of the θ1 range 

of interest). An inclined slot is cut in the narrow wall of the waveguide.   

A short circuit is placed at the end of the guide, at a distance of λg/4 after the slot, and the excitation 

wave port is placed at the other end. Here λg is the guided wavelength for θ1 = 45°. Since the narrow 

wall slot appears as a shunt load in a waveguide, the input admittance at the excitation port is equal 

to the admittance of the slot. For each slot, we need to find the resonant inclination (Ir) for each 

given slot depth (dn).  

We used a parameter sweep in HFSS 3D driven mode simulations, in which angle I is varied for 

each dn. The normalized susceptance (b) of the slot must be zero at resonance. For a given dn, the 

parameter sweep I returns a set of admittance points that was processed in order to determine Ir 
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Figure 6.2: Propagation constant for the different rotating angle θ1. 
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(i.e. corresponding to zero susceptance). An interpolation routine was then implemented to 

generate a contour corresponding to the resonant condition in the inclination-depth plane. At the 

end of this process, two polynomials were derived to give the slot resonant depth (dr) and Ir versus 

required resonant slot conductance as illustrated in Figure 6.3. 

A non-resonant array is used in order to scan the beam off-broadside. Thus, the element spacing 

differs from λg/2 and the reflections from the different elements do not add up in phase at the input 

port. Hence the reflection coefficient is small [39]. The main advantage of a non-resonant array is 

a larger bandwidth in terms of sidelobe level and input matching, which makes it suitable for 

performing as a beam scanning antenna [96]. In the non-resonant slotted waveguide antenna, the 

slot spacing should be chosen in order to produce the main beam at almost any arbitrary angle 𝜃 

relative to the axis perpendicular to the array. If slots on the narrow wall are alternately inclined on 

opposite directions, then the array factor is given by [97]:  

                                                                                       (6.1) 
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Figure 6.3: Slot inclination (I) and slot depth (d) versus conductance (Re( Y Y0⁄ )) obtained 
with curve fitting method (w = t =1.5 mm). 
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where  𝑎௡ is the slot excitation amplitude level, 𝑝 is slot spacing, 𝛽௚ is the guided wavenumber and 

β0 is the propagation constant in free-space. In order to reach maximum beam deviation at the 

design frequency of 9.35 GHz, the array factor calculations based on the 𝛽௚ values given in Figure 

6.2 in which βg (θ1 = 45°) = 151.7 rad/m, led to choose the element spacing of p/λg (θ1 = 45°) = 

0.38. The wavenumber variation observed from Figure 6.2 at the design frequency of 9.35 GHz is 

122.5 rad/m by rotating the dielectric slab from θ1 = 0° to 90° which gives 37º of beam scanning 

based on (6.1). In order to control the SLL, a triangular amplitude taper for a 20-slot waveguide 

was used.   

Let r be the fraction of the incident power to be dissipated in the match load. Assuming a 1-watt 

power input and a lossless waveguide, we must have r + ∑ Pn
ே
n=1 =1 where 𝑃௡ is the radiated power 

by the nth slot. According to the non-resonant array design method presented in [97] we have 

                                                      𝑔௡ =
௉೙

௥ା∑ ௉೔
ಿ
೔స೙

=  
௉೙

ଵି∑ ௉೔
೙షభ
೔సభ

                                                  (6.2)       

Table 6.2 summarizes the values of distribution amplitude (𝑎௡), radiated power (𝑃௡) and 

normalized conductance (𝑔௡) for the triangular taper excitation of a 20-element array, with r = 

0.15, used in the fabricated prototype.  

6.3.2 Feeding and Matched Load Design 

Rotating the dielectric slab from θ1 = 0° to 90° to steer the antenna beam is causing a large change 

in the characteristic impedance of the guided wave. In order to maintain a low level of return loss 

for all slab rotation angles, a transition section acting as an impedance transformer had to be 

introduced (see Figure 6.4a), and the cross section of this transition had to be designed. Obviously, 

a dielectric rod with circular cross section would have a constant impedance for all rotation angles. 

The goal of this transition section is therefore to go from a high aspect ratio slab (aslab / bslab = 2), 

with high impedance variation, to a lower aspect ratio geometry. 

 The characteristic impedance ratio of the dielectric loaded ridge waveguide and the impedance 

transformer section for θ1 = 0° and 90° is shown in Figure 6.4b. Values of Z0 were obtained using 

the port analysis capability of HFSS. It can be seen that Z0 (θ1 = 90°)/ Z0 (θ1 = 0) = 1.85 for the 

dielectric loaded ridge waveguide at the design frequency of 9.35 GHz. The proposed impedance 

transformer reduces this ratio down to 1.23 at 9.35 GHz as seen in Figure 6.4b. 
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Feeding the loaded ridge waveguide with low return loss can be achieved with magnetic coupling. 

In order to realize a coupling loop perpendicular to the H plane, a copper square plate is connected 

from the end of a horizontal probe to the broad wall of the waveguide (Figure 6.4a). The size of 

the copper square plate and its location respect to the shorted-end wall of the waveguide were 

varied using parameter sweep of HFSS 3D simulation to optimise matching. As shown in Figure 

6.4c, return loss of more than 15 dB was achieved at the design frequency, and is above 10 dB for 

a broad range of frequencies, and for three rotation angles of the slab.   

Table 6.2: Slot current distribution (𝑎௡), conductance (𝑔௡), inclination (𝐼௡) and depth (d) for 

the 20-slot array design using triangular amplitude distribution 

n an gn In (degree) dn (mm) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

0.006 

0.011 

0.017 

0.025 

0.034 

0.046 

0.061 

0.081 

0.106 

0.142 

0.165 

0.166 

0.165 

0.160 

0.150 

0.135 

0.115 

0.090 

0.063 

0.038 

8.03 

8.51 

9.09 

9.85 

10.69 

11.78 

14.78 

15.77 

16.77 

19.39 

20.93 

21 

20.93 

20.61 

19.94 

18.9 

17.45 

15.51 

13.27 

11.05 

2.37 

2.43 

2.51 

2.61 

2.71 

2.84 

2.98 

3.14 

3.29 

3.41 

3.43 

3.43 

3.43 

3.43 

3.42 

3.4 

3.33 

3.2 

3 

2.76 
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A matched load termination is necessary for the non-resonant slotted waveguide array in order to 

reduce undesirable reflection causing degradation of the antenna pattern. For our non-standard 

waveguide, this load was implemented with the DD-10214 Silicon from ARC Technologies Inc, 

with ε = (17 - 0.2j)𝜀଴ and μ = (1.6 - 1.8j)𝜇଴ at 9.35 GHz. A 0.76-mm thick absorber strip was 

placed on the narrow wall of the waveguide. A rohacell stand was used to support the dielectric 

slab, as illustrated in Figure 6.5.a. As shown in this figure, the dielectric slab is protruding outside 

the waveguide, in order to apply rotation. Simulated return loss of more than 20 dB was achieved 

over a wide frequency band, for the three rotation angles of the slab (See Figure 6.5). The antenna 

prototype is illustrated in Figure 6.5.b.     

   
() 

 

(a) 

 

      (b)                                                                     (c) 

Figure 6.4: (a) Simulated model, (b) characteristic impedance of the dielectric loaded ridge 
waveguide and the impedance transformer and (c) S-parameters of the coaxial to ridge 

waveguide feeding transition. 
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6.4 Experimental and Simulated Results 

A 20-slot waveguide antenna prototype has been built according to the detailed design given in 

previous section. As illustrated in the inset of Figure 6.5a, the dielectric slab protrudes outside the 

waveguide at the end of the matched load, where it can be rotated manually. A simple motor drive 

isolated from the RF fields (i.e. located outside the waveguide) could be easily implemented. All 

the elements forming the antenna (feed, transition section, ridge waveguide, slot elements, matched 

load and polarization filter) were optimized for a slab rotation angle of θ1 = 45º and a frequency of 

9.35 GHz. Figure 6.6a shows that the return loss is greater than 10 dB for the three rotation states 

at 9.35 GHz and within a 200 MHz band typically allocated to weather radars. A better waveguide 

transition would be needed to diminish S11 at the lower frequencies (see Figure 6.4c). 
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(a) 

 

                                                                         (b)    

Figure 6.5: Simulated model and S11 of the matched load, (b) antenna prototype. 
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E-plane patterns measured in an anechoic chamber at 9.35 GHz are presented in Figure 6.6b.  They 

show a beam steering angle of 6° to 42° from near broadside by rotating the dielectric form θ1 = 0° 

to 90°. The simulated and measured patterns shown in Figure 6.6.b are in good agreement and the 

SLL remain lower than −18 dB for all the considered slab rotation angles. 

The simulated realized gain and directivity at 9.35 GHz and for θ1 = 45° are 12.64 dB and 14.78 

dB, respectively which gives an overall antenna efficiency of 61%. Return loss (𝑆ଵଵ = −17.7 dB) 

   
() 

            

(a)                                                                    (b) 

Figure 6.6: (a) S-parameters and (b) E-plane (𝜙 = 0 at 9.35 GHz) radiation patterns of the 
antenna, simulated and measured in different rotating angle θ1 (see the axes presented in 

Figure 6.1). 
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and losses in the terminating load (𝑆ଶଵ = −6.1 dB according to Figure 6.6.a), represents 26.2% of 

power. Therefore 12.8% of the incident power is dissipated in metallic and dielectric materials. 

Losses in the terminating load are high in this short experimental prototype but they would decrease 

as the array length increases. 

The measured cross-polarization levels at E-plane have been included in Figure 6.6b. They remain 

29 dB below the co-polarization level in the main beam direction. Table 6.3 summarizes the 

simulated and measured radiation performance of the antenna in various rotation angles of the slab. 

The simulated and measured scanning performance in the antenna E-plane for several frequencies is 

shown in Figure 6.7 and Figure 6.8. At the design frequency, gain, directivity, beam direction and 

beamwidth variations of 1.3 dB, 2.8 dB, 36º and 3º are respectively observed. 

 

     

Table 6.3: E-plane Radiation performance of the antenna at 9.35 GHz 

       Slab rotation angles                  θ1 = 0°            θ1 = 45°             θ1 = 90° 

Simulated      Beam direction (˚)           6                      21                     43                                          

                       Realized gain (dBi)      11.58                12.64                11.61 

                              SLLs (dB)            -19.41               -20.18               -17.45                                                                                           

             Realized gain/Directivity (%)  43                      61                     86 

                      Dissipated power* (%)    27.5                 12.8                    6.9 

Measured      Beam direction (˚)           6                       21                     42                 

                      Realized gain (dBi)       11.17                12.47                 11.57 

                              SLLs (dB)              -19                     -18                    -18                      

                   *𝑃ௗ௜௦௦௜௣௔௧௘ௗ = 1 − |𝑆ଵଵ|ଶ − |𝑆ଶଵ|ଶ − 𝑃௥௔ௗ௜௔௧௘ௗ 
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 (a) 

                                                                 

   (b) 

Figure 6.7: (a) Simulated and measured (a) main beam direction and (b) realized gain for 
various slab rotation angles of θ1. The antenna was designed for a slab rotation of 45º and a 

frequency of 9.35 GHz. 
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 (a) 

                                                                 

   (b) 

Figure 6.8: Simulated (a) directivity and (b) half power beamwidth for various rotation angle 
of θ1. The frequencies correspond to the weather radar application. 
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Table 6.4 presents a comparison with other beam scanning antenna concepts based on waveguides 

[78], [102] and [110]. As in this work, refs. [78], [102] and [110] use mechanical modifications of 

the waveguide, but the achieved scanning range is much less. Ref. [102] has a similar scanning 

range but it is based on a frequency scanning principle and it requires a broad bandwidth (27%).       

 

6.5 Conclusion 

A new beam scanning antenna based on a narrow wall slotted waveguide operating in X band has 

been presented. The measured antenna prototype has a scanning range of 36˚ at the design frequency 

and a 10 dB return loss bandwidth of 10%.The SLL remains at −18 dB over the scanning range 

and the realized gain changes by 1.3 dB. 

The proposed antenna allows beam scanning without frequency variation and it only requires 

rotation of small lightweight part. It therefore has potential for higher scanning speed, which is 

currently required in weather radar antennas where the whole antenna needs to be rotated. In 

addition, this concept is a promising candidate for high power beam steering applications due to 

absence of nonlinear components. According to simulations, the air breakdown field is reached in 

the antenna when the input continuous power is 57 kilowatts in the worst case.  

 
 

 

Table 6.4: Comparison with existing literature 

                                    Ref. [78]        Ref. [102]     Ref. [110]      This work 

Scanning range (º)             14                    9                 33                   36 

Frequency (GHz)             1.12                8-12           8-10.5           9.05-9.65 

Number of slots                  8                    13                8                     20 

Gain (dBi)                  not available    not available  -2 to 10       11.17 to 12.47                     

Sidelobe level (dB)          -10                   -9          -10 to -22              -18 

Scanning type            mechanical      mechanical    frequency       mechanical   
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CHAPTER 7 GENERAL DISCUSSION 

A comparison between different methods of beam scanning in rectangular waveguide designed of 

X-band radar frequencies is presented in this research work. The first method consists of rotating 

two dielectric slabs inside a broad wall slotted waveguide in order to achieve the element phase 

shifting in the slots excitations and consequently controlling the main beam direction. The antenna 

is a non-resonant 20-slot array with an element spacing of 0.58λ at the design frequency of 9.35 

GHz. The simulated and measured design showed a 14° beam scanning from near broad side 

toward end-fire. The gain varied from 19.11 dB to 18.33 dB corresponded to the radiation 

efficiencies between 79.6% and 95%. 

In the second method, we loaded the same waveguide with two I-shaped resonators (ISR) in order 

to improve the range of beam scanning to 28°. The gain variation was from 13.1 dB to 15.2 dB 

which was consistent with 45% to 82% radiation efficiency. 

The third method was applying a rotating dielectric slab inside a 20-slot narrow wall waveguide 

with the element spacing of 0.44λ. A polarization filter was located near the slotted wall of the 

waveguide to reduce the cross-polarization, inspired form Chapter 5 was implemented. A 36° beam 

scanning was observed by rotating the dielectric slab with gain and radiation efficiency variation 

from 12.47 dB to 11.17 dB and from 86% to 43% respectively. The gain and efficiency decrement 

in method 2 and 3 was due to the presence of the ISR and relatively short length of the prototype 

respectively. In addition, there was no flare in method 2 and 3 to increase the gain.  

The presented methods show the capability of electromechanical high power beam scanning in two 

different linear polarizations. The simulated and measured results are in good agreement. Table 7.1 

presents a comparison of radiation performance between three methods.  

The material and the dimensions of the dielectric slabs for all three methods have been chosen in 

order to propagate a single mode at the desired operational frequency. As it is briefly illustrated in 

Table 7.1, the dielectric material is 𝜀௥ = 6.15 and tan 𝛿 = 0.0019, 𝜀௥ = 2.2 and tan 𝛿 = 0.0012, 

𝜀௥ = 10.2 and tan 𝛿 = 0.0023 for the first, the second and the third method respectively.                      

Also, the dimensions of the dielectric slabs cross section are 5 mm and 2.5 mm for the first and the 

third methods and 5 mm and 1.5 mm for the second one. In addition, the elements spacing in all 

three methods is chosen in a way that, along with the excitation phase shifting of the elements, the 
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antennas scan the main beam from near broad side toward end-fire direction. As a result, the 

aperture length of the third method is shorter than the others.  

The dissipated power calculated for θ1 = 45° and 9.35 GHz is shown in Table 7.1 for all three 

methods. The lowest dissipated power is seen in the first method that can possibly be the result of 

the desired resonant condition of the slots which leads to more radiated power. The second method 

has the highest dissipated power in the antenna because of the high ohmic loss due to the presence 

of the ISRs. The third method has less dissipated power than the second one because it does not 

use ISRs unlike the latter. However, due to its short aperture length, the dissipated power of the 

third method is more than the first one.    

Table 7.1: Radiation performance of the three methods at 9.35 GHz 

                                           Method I              Method II               Method III          

Scanning range (º)                 14                          28                            36                 

Gain variation (dBi)     19.11 to 18.33         13.2 to 15.2             11.17 to 12.47                                         

Side lobe levels (dB)            −14                        −15                          −18                                 

Efficiency variation (%)    79 to 95                  45 to 82                 43 to 86                                  

Dissipated power* (%)         8.02                          16                          12.8 

Scanning plane                  H-plane                  H-plane                    E-plane  

Dielectric material          𝜀௥ = 6.15                 𝜀௥ = 2.2                  𝜀௥ = 10.2        

                                     tan 𝛿 = 0.0019     tan 𝛿 = 0.0012           tan 𝛿 = 0.0023  

Element spacing                    0.6λ                      0.6λ                          0.44λ 

Aperture length                      12λ                        12λ                           8.8λ 

Flare                                      yes                          no                               no 

Polarizer                                no                           no                              yes 

                      *for θ1 = 45°,  𝑃ௗ௜௦௦௜௣௔௧௘ௗ = 1 − |𝑆ଵଵ|ଶ − |𝑆ଶଵ|ଶ − 𝑃௥௔ௗ௜௔௧௘ௗ
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The first and the second methods are broad wall slotted waveguide and are presenting H-plane 

beam scanning while the third method is E-plane beam scanning in narrow wall slotted waveguide. 

Among these three methods, only the third one needs an X-pol filter because it has tilted slots cut 

on the narrow wall. 

Although the narrow wall slotted waveguide (the third method) presents more beam scanning 

range, 8° and 22° more than the second and the first method respectively, the gain variation and 

the antenna efficiency  variation are significantly less than the other antennas (see Table 7.1). The 

lower gain and efficiency are possibly due to the shortest aperture length of the third method. The 

gain variation in the second method is less than the first one because the ohmic loss is high due to 

presence of ISRs.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

CHAPTER 8 CONCLUSIONS AND FUTURE WORKS 

Three iterations of a waveguide-based beam scanning waveguide-fed slot array are presented in 

this work. Phase shifting is realized with electromechanical reconfigurable structures inserted in 

the waveguide. Element excitation phase shifting results in antenna beam steering. This antenna 

actuation mechanism is slow compared to electronically reconfigurable devices, nevertheless it can 

operate with high RF power levels and is less sensitive to temperature variations. Although the 

experimental evidence of the scanning capabilities of rotating a ridge in a metal waveguide slot 

array has already been explored by Solbach al. [78], to the knowledge of the author, an engineering 

approach has not been adopted to accomplish an antenna design achieving real specifications, so 

far. 

An overview of the most generally-used slot arrays in classic waveguide technology has been 

performed in this project. Subsequently, in order to focus on the novelties – regarding the beam 

steering performance – derived from the employment of this approach, an analysis of these slot 

array waveguides with the rotating dielectric slabs has been done. Before the beginning of the 

design, a break into the synthesis approach has been done to remove the possible confusions that 

appear to the designer’s mind. These confusions are possibly because of the validity of the classic 

design procedure when using a waveguide with rotating dielectric slabs.  

A brief review of the main design has been accomplished to conclude that the triangular tapering 

design method, together with the same set of equations, is perfectly appropriate to achieve designs 

on the waveguide with the rotating dielectric slabs. Although other types of distribution such as 

Tylor and Chebyshev can also be applied to reduce the side lobe level, the triangular tapering 

method produced acceptably good results. This is the reason why we did not try other distribution 

types in this work. It should also be noted that since this is not possible to make a triangular tapering 

distribution design that works for all slabs rotation angles, the measured and the theoretically 

calculated side lobe levels are different. Therefore, trying to adjust the tapering to reduce the side 

lobe levels may not be necessary. 

We were obliged to make shorter arrays due to some performance limitations because of the size 

of our measurement system and the fabrication facilities available in the laboratory. However, this 

is not a limit for the proposed design. 
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8.1.1 Dielectric covered slot 

The complete pattern of a phased array is derived by multiplying the array factor by the element 

pattern [15]. The fine distinction in array multiplication is that as the array factor steers with the 

phase change, the element pattern remains unchanged and while the array is steered the peak of the 

total array pattern pursues the element pattern form. The unaffected element pattern has several 

effects on the total array. First, the peak of the main beam is decreased by the level of the element 

pattern at the desired angle. Secondly, the maximum of the antenna pattern and of the array factor 

are not in the same direction and as a result that the scan angle is a few degrees less than desired 

[15]. These are general trends in array scanning which yields the designer to improve the element 

pattern specifications [15]. 

The presence of a suitable dielectric substrate on the waveguide lowers the resonant conductance 

of the slot sets which can alter the characteristics of the individual slots and considerably affect the 

mutual coupling [112]. A very simple simulation using the method of [112] has been done by the 

dielectric cover of εr = 2.2 and a thickness of 0.254 mm. Figure 8.1 shows that as the dielectric 

covers the slot, the beam widens. This effect is promising in a way to improve the antenna concepts 

presented in this work.  
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Figure 8.1: Effect of the dielectric covered slot on the element pattern. 
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8.1.2 1D Pencil beam scanning 

A cylindrical parabolic reflector can be added in order to convert the fan beam of the slotted 

waveguide into a pencil beam. The cylindrical parabolic antenna consists of a cylindrical reflector 

with parabolic cross section and a line feed, which could be our slotted waveguide, along the focal 

line of the reflector (see Figure 7.2). A pencil beam can be scanned in one direction by creating the 

one-dimensional (1-D) phased array of waveguide antenna. Figures 8.3 and 8.4 show the simulation 

result. 

The simulation characterisations of the cylindrical reflector are: 

 20-element array (see chapter 3) 

 Triangular amplitude distribution (see chapter 3) 

 Slots replaced by dipoles over a ground plane 

 FEKO simulator: MoM for the array and PO for the reflector 

 Non-optimized system however demonstrates good quality of focusing in the E plane by 

the reflector. 
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Figure 8.2: Simulation model of the array with cylindrical parabolic reflector. 
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Figure 8.3: Simulated scanning performance of the array with cylindrical parabolic reflector at 

9.35 GHz and 𝜙 = 0. 
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Figure 8.4: Simulated 3-D radiation pattern and current distribution on the reflector of the array 

with cylindrical parabolic reflector at 9.35 GHz. The beam is scanned at θ = 36°. 
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APPENDIX A – SINGLE ROTATING DIELECTRIC SLAB INSIDE THE 

SLOTTED BROADWALL WAVEGUIDE 

In order to assess the effect of the single dielectric slab in the waveguide we have simulated an 

array of 10 slots applying the triangular amplitude distribution. The configuration is shown in 

Figure 3.1a. The normalized radiation pattern of a 10-slotted waveguide array with a single slab 

(with the parameters mentioned in Chapter 3) in three different rotation angle is shown below.  

Figure A.1 shows the normalized radiation pattern of the array. The unavoidable grating lobe of 

the radiation pattern for the oblique position of the slab (θ1 = 45°) is regarded to the asymmetric 

field distribution inside the waveguide.  

 

 

Figure A.1: Radiation pattern of the single slab inside the waveguide in three different 

rotation angles (H-plane at 9.35 GHz). 
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APPENDIX B – CONDUCTANCE CALCULATION OF A 20-ELEMENT 

NON-RESONANT ARRAY 

The amplitude distribution over a 20-element array is chosen as a triangular distribution 

superimposed on a constant lower level: 

 

𝑎ଵ = 𝑎ଶ଴ = 1 + 2   

𝑎ଶ = 𝑎ଵଽ = 2 + 2 

𝑎ଷ = 𝑎ଵ଼ = 3 + 2 

𝑎ସ = 𝑎ଵ଻ = 4 + 2  

𝑎ହ = 𝑎ଵ଺ = 5 + 2 

𝑎଺ = 𝑎ଵହ = 6 + 2 

𝑎଻ = 𝑎ଵସ = 7 + 2 

𝑎଼ = 𝑎ଵଷ = 8 + 2 

𝑎ଽ = 𝑎ଵଶ = 9 + 2 

𝑎ଵ଴ = 𝑎ଵଵ = 10 + 2 

If the relative excitation level of the nth slot is 𝑎௡, the power 𝑃௡ radiated by this slot will be 

proportional to 𝑎௡
ଶ  . Thus when we specify the required amplitude distribution  𝑎௡ to yield the 

desired beamwidth and side-lobe level we will know the 𝑃௡ within a constant of proportionality. 

Let r be the fraction of the incident power to be dissipated in the match load (Figure B.1) and we 

let 𝑟 = 0.15. So we have 

𝑟 +  ∑ 𝑃௡
ଶ଴
௡ୀଵ = 1  
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Figure B.1: Equivalent circuit model of the non-resonant array 

 

We must normalize the values given above such that 2𝑘(9 + 16 + 25 + 36 + 49 + 64 + 81 +

100 + 121 + 144) = 1 − 𝑟 = 0.85 which give 𝑘 = 6.5891 × 10ିସ . The required 𝑃௡ are found 

to be 

𝑃ଵ = 𝑃ଶ଴ = 9𝑘 = 0.0059   

𝑃ଶ = 𝑃ଵଽ = 16𝑘 = 0.0105 

𝑃ଷ = 𝑃ଵ଼ = 25𝑘 = 0.0165 

𝑃ସ = 𝑃ଵ଻ = 36𝑘 = 0.0237  

𝑃ହ = 𝑃ଵ଺ = 49𝑘 = 0.0323 

𝑃଺ = 𝑃ଵହ = 64𝑘 = 0.0422 

𝑃଻ = 𝑃ଵସ = 81𝑘 = 0.0534 

𝑃 = 𝑃ଵଷ = 100𝑘 = 0.0659 

𝑃ଽ = 𝑃ଵଶ = 121𝑘 = 0.0797 

𝑃ଵ଴ = 𝑃ଵଵ = 144𝑘 = 0.0659 

By using the equation 𝑔௡ =
௉೙

௥ା∑ ௉೔
ಿ
೔స೙

=  
௉೙

ଵି∑ ௉೔
೙షభ
೔సభ

 (4.176 of [97]) we find that the 𝑔௡ are 

𝑔ଵ = 0.006        𝑔ଶ = 0.011      𝑔ଷ = 0.017       𝑔ସ = 0.025       𝑔ହ = 0.034  

𝑔଺ = 0.046        𝑔଻ = 0.061      𝑔଼ = 0.081       𝑔ଽ = 0.106       𝑔ଵ଴ = 0.142  

𝑔ଵଵ = 0.165        𝑔ଵଶ = 0.166      𝑔ଵଷ = 0.165       𝑔ଵସ = 0.160       𝑔ଵହ = 0.150  

𝑔ଵ଺ = 0.135        𝑔ଵ଻ = 0.115      𝑔ଵ଼ = 0.090       𝑔ଵଽ = 0.063       𝑔ଶ଴ = 0.038  
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For the non-resonant array a simplified design procedure may be used, provided the array consists 

of many slots (20 in this work) and is design for a beam angle not along normal to the array. In this 

case each slot radiates very little of the total power and hence represents a small discontinuity in 

the waveguide and produces only a small reflection of the incident wave. Furthermore, the slots 

are not spaced by 𝜆௚ 2⁄  so the reflections from the different slots do not add up in phase and the 

total reflection coefficient at the input to the array will also be small.  
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APPENDIX C – SCANNING PERFORMANCE OF THE PROPOSED 

ANTENNAS 

 

Figure C.1: Simulated model of broad wall slotted waveguide with rotating dielectric slabs. 

 

 

Figure C.2: H-plane (𝜙 = 0 at 9.35 GHz) normalized patterns of the broad wall slotted antenna, 

simulated in different rotating angle θ1. Scanning range is 14°. 
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Figure C.3: 3D radiation patterns at 9.35 GHz of the broad wall slotted antenna (Chapter 3), with 

and without flare. The fan-beam deformed with the flare. 
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Figure C.4: 3D radiation patterns of the narrow wall slotted antenna at 14 GHz (Chapter 5). The 

antenna is without X-pol filter. 

 

 

Figure C.5: Simulated model of narrow wall slotted ridge waveguide with rotating dielectric slab. 
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Figure C.6: E-plane (𝜙 = 0 at 9.35 GHz) normalized patterns of the narrow wall slotted 
waveguide, simulated in different rotating angle θ1. Scanning range is 36°. 
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(b)  

Figure C.7: 3D radiation patterns of the narrow wall slotted waveguide at 9.35 GHz (Chapter 6). 
The beam is steered at θ = 6° and θ = 42° for horizontal (a) and vertical (b) position of the 

dielectric slab respectively. 
 


