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PREFACE

This dissertation is an original intellectual product of the author, O. Manoochehri. All of the work

presented here for RF, antenna and microwave circuits was conducted in the Andrew Laboratory at the

University of Illinois at Chicago.

Reconfigurable antennas are important for many applications such as satellite communication sys-

tems (1; 2; 3), cell phone communications (4; 5) and direction finding systems (6; 7; 8). I have focused

on direction finding system antennas and worked primarily on designing the antennas to be used in direc-

tion finding systems. Then, I also provided some contributions to design and fabricate RF components

needed by the antennas. Therefore, the main focus of this project is to introduce some novel ultra-wide

band reconfigurable antennas (9) with dual band ultra-wide-band omnidirectional antenna (10) used in

direction finding systems. Optimization of the fabrication process and experimentation with different

methods are the contribution of these projects.

Moreover, a wideband and high efficient multi feed multi beam reflector to be used in direction

finding and satellite communication systems fed by double ridge horn and Vivaldi antenna are designed.

We also designed and fabricated two reconfigurable microstrip antennas by using reflective surfaces

and PIN diodes to be used in wireless and medical purposes to detect tissue tumors.

The results have previously appeared (or is appearing) as an article in Journal of IEEE Antennas

(11), and Wireless Propagation Letters (12), Microwave and Optical Technology Letters (13) an article

in IEEE Transactions on Microwave Theory and Techniques (14), and several workshops and confer-

ence publications: (15), (16), USNC-URSI’16 (17; 18; 19; 20), USNC-URSI’17 (21; 22) and USNC-
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URSI’18 (23; 24). The copyright permissions for reusing the published materials have been presented

in Appendix B.

Omid Manoochehri
March 21, 2019
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SUMMARY

Modern wireless communications systems require the integration of multiple radios into a single

reconfigurable platform to maximize connectivity. In order to have a reconfigurable platform, each

component should be designed to be compatible and agile to meet the system demands. The UIC

Andrew Electromagnetics Lab has contributed to several solutions for antennas that are reconfigurable

in frequency and pattern and I studied wideband reconfigurable lens antennas because these antennas

are used in two main types of applications: (i) automotive radar systems (27) and (ii) direction finding

radar systems (28).

Today, designing small automotive radar systems is a big challenge in automobile industry naviga-

tion systems. These systems can be used to help drivers to increase safety. Moreover, direction finding

radar systems can be used for military, rescue and cellular operator applications to find unknown targets.

All of these systems need special antennas and the antennas should have low profile, wideband and the

capability to handle high RF power. Most radar systems do not have enough space for their antennas;

therefore the primary challenge for antenna designers is proposing small antenna. These antennas can

also be used for satellite communications where all the above requirements are not easily achieved. Au-

tomotive radar systems typically operate in the microwave region or mm-wave region where lens struc-

tures are good candidates to be used for reconfigurable antennas(14). A good example is the Luneburg

lens antenna. A Luneburg lens is fed by microstrip or horn antennas. The primary challenge of Luneburg

antennas is their size and fabrication process. Some authors proposed a semi-spherical dielectric lens fed

by microstrip antennas to reduce the size, but microstrip antenna could not handle high power. Others
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used one-layer dielectric instead of multi dielectric layers to have more natural fabrication process, but

the total efficiency is not sufficient. We have addressed some of these challenges in our preliminary re-

sults: low profile, wideband, the capability to handle high RF power and minimum difficulty to fabricate

(9). We designed and fabricated an ultra-wideband multibeam microwave lens antenna operating from

8 GHz to 18 GHz to cover X and Ku band for radar systems. The antenna consists of four excitation

ports connected to a parallel plate waveguide filled with a cylindrical dielectric slab. We simplified the

fabrication process by proposing a material with a uniform dielectric constant whose value is optimized

to maximize gain performance while simplifying the manufacturing process, instead of having an index

of refraction that varies with the radial distance from the axis of the cylindrical lens. We addressed the

capability to handle high RF power and reducing the size by replacing the antenna feed with coaxial

connector pins to reduce the overall size and increase the bandwidth compared to prior designs. Many

direction finding systems typically have 8 to 10 antennas placed along a circle and another one, the

reference antenna, placed at its center (6; 7; 8). When a wave from an unknown direction is incident

on the system, its phase and amplitude are measured by all antennas along the circle and compared

with the reference antenna to estimate the direction of arrival of the signal. The reference antenna is

omnidirectional and should have low ripple pattern in all directions to minimize the estimation error.

Biconical antennas are good candidates as reference antennas, but the primary challenge is designing a

wideband biconical antenna to receive both vertical and horizontal polarizations, since the polarization

of the incident signal is unknown. To address the lack of knowledge about the polarization of the inci-

dent signal, some authors proposed the use of polarizers to rotate the polarization of the incident wave.

However, the biconical antenna pattern has ripples in the azimuth plane at a higher frequency, and the
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main antenna beam drifts away from the horizontal plane, and this could create amplitude estimation

errors. We designed and fabricated a reference antenna consisting of an ultrawideband biconical antenna

operating from 2 GHz to 18 GHz surrounded with strip polarizers to have the capability to receive both

horizontal and vertical polarization and cover the S,C,X, Ku bands (10). This antenna uses 5 layers of

strips and un-balanced cones with two different cone angles to create stable patterns. Several layers of

polarizers are used to rotate the plane of polarization of the incident signals so that it becomes polarized

at a slant angle of 45◦. A direction finding system should be able to detect signals in the VHF and UHF

bands, and the primary challenge is designing a physically small antenna. TEM horn antennas are good

candidates, and some solutions include using metamaterials and lumped loading elements to decrease

the frequency operation. However, these (passive) methods are not sufficient to decrease the frequency

operation to the VHF band. We also designed and fabricated TEM horn antennas operating from 20

MHz to 2.5 GHz (12). 8 TEM horn antennas can be placed on a circle with 1 m radius with 45◦ of angu-

lar separation. We proposed an active circuit instead of a passive matching circuit to compensate for the

capacitive behavior of the antenna at low frequencies. A negative impedance capacitor circuit decreases

the lowest frequency from 200 MHz to 20 MHz. We also proposed an ultra-wideband 6 GHz to 18 GHz

phased array antenna with a beam scanning angle of 52◦ is proposed. Microstrip Rotman lens has been

designed to act as the beamforming network, and optimized to achieve minimum phase-error over the

whole frequency range. In order to satisfy the condition needed for avoiding grating lobes, as well as

achieving a wide radiation bandwidth and a high power handling capability, an E-plane double-ridged

horn antenna is used as the radiating element. A novel wide-band end-launcher coaxial to double-ridged

waveguide transition has also been developed for connecting the beamforming network to the antenna
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array. An excellent agreement between the measurements of the fabricated system and the simulated

results are observed. This antenna cab be used in directional finding systems.

We also proposed a novel design technique to design a highly efficient multi-feed reflector antenna.

This method controls the arrangement of feed positions in order to increase the efficiency and gain

of the whole structure. A broadband multiband antenna based on offset parabolic reflector in order

to use in broadband multiband applications is presented. The structure has been designed, simulated

and measured based on the proposed method at the frequency range of 6 GHz to 18 GHz, and takes

the advantages of low profile, high efficiency, and high gain. The proposed antenna system is a good

candidate for broadband access where wide coverage and high gain are simultaneously required. The

maximum gain is 27 dB at 18 GHz and the overall coverage is 30◦ in the elevation plane and 7◦ in the

azimuth plane by producing 4 distinct beams and aperture efficiency of more than 51%.

We also proposed a substrate integrated waveguide (SIW) slot array antenna with a reconfigurable

liquid crystal (LC) phase shifter for operation at X-band and Ku-band is proposed. The frequency range

of operation for a VSWR of better than 2 is from 11.85 GHz to 12.25 GHz with a realized gain of around

18 dB. Using LC phase shifter makes it possible to carry signals with higher power than conventional

phase shifters. Moreover, continuous phase shifting, as well as wideband operation, are among the

advantages of using a LC phase shifter. The proposed antenna can be used in satellite communication

systems.

xx



CHAPTER 1

INTRODUCTION

1.1 Thesis Organization

Today, fast-growing demand for wideband and miniaturized communication systems will drasti-

cally need more strong strategies to use multipurpose antennas with different frequency and pattern

bandwidths. Reconfigurable antennas are the best candidates to be used in portable and small systems,

because they are cheap and occupies less space compared with conventional antennas. Pattern recon-

figurable antenna are one of the most promising candidates for the new-generations of communication

systems. The main challenges of designing reconfigurable antennas are cost and frequency bandwidth.

Fabrication complexity increases the cost and size dramatically. Antenna frequency bandwidth is di-

rectly related to the antenna size and making small antennas limits their frequency bandwidth. In this

thesis, I present some techniques to decrease the proposed reconfigurable antenna size and fabrication

cost such as using active matching circuits, dielectric and liquid crystals.

Reconfigurable antennas can be controlled by digitally control systems and if we make active anten-

nas, we can simplify digitally control systems greatly. Digitally control systems use switches and active

diodes to control the antenna frequency bandwidth and each active element can limit whole frequency

bandwidth. Therefore, by using active reconfigurable antennas we can decrease the number of used

switches and diodes in the control systems. Reconfigurable antennas can also allow frequency hopping

and be used as filters. direction finding systems have different type of antennas. These antennas cover

1
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required frequency bandwidths such as VHF, UHF, C, S, X and Ku band. In each Chapter one of these

antennas is described. It is interesting to say that each antenna can be used in other applications such

as radar, satellite communication systems. This thesis is organized into nine chapters. Descriptions of

each chapter of the dissertation are as follows:

Chapter 1: This chapter provides the reader with the motivations for this work and identifies the re-

search questions that the work is focused on. Our approach to these problems is explained and a

list of related contributions is included in this chapter, as well.

In this Chapter, I have designed and fabricated a novel parallel waveguide lens

antenna from 8 GHz to 18 GHz to be used in direction finding systems. I was

the main responsible for the work, and the coauthors helped me to edit the paper

manuscript and test the antenna.

Chapter 2: This chapter presents the concepts of the lenses and focuses on the Luneburg and parallel

waveguide lens antenna used in direction finding systems (DF). We proposed an UWB parallel

waveguide lens that works from 8 GHz to 18 GHz. Design procedure with advantages and dis-

advantages are mentioned. The proposed antenna fabricated and the measured and simulation

results are in a good agreement. This antenna can be used in satellite communication systems

because it has a high gain and miniaturized dimension, the antenna has low loss and can handle

high RF powers.
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Chapter 3: This chapter presents the concepts of Rotman lens antenna and proposed an UWB Rotman

lens antenna used in directional finding systems with the simulation and measurement results

and indicates the advantage and disadvantage of Rotman Lens. This antenna can also be used in

satellite communication systems and scan 60◦ space angle by using horn antennas. Moreover, this

antenna can handle high RF power so it can be used in satellite transponders.

In this Chapter, I have designed a multibeam reflector antenna fed by double ridged

antennas to be used in a direction finding system from 6 GHz to 18 GHz. The an-

tenna can be used in satellite communication systems too and the proposed formula

has been approved by using genetic algorithm optimization. I was the main respon-

sible for the work, and the coauthors helped me to edit the paper manuscript and

test the antenna in the anechoic chamber.

Chapter 4: This chapter presents a novel design technique to design a highly efficient multi feed re-

flector antenna. This method controls the arrangement of feed positions in order to increase the

efficiency and gain of the whole structure. The proposed antenna system is a good candidate for

broadband access where wide coverage and high gain are simultaneously required. This antenna

can be used in satellite communication and direction finding systems. Two types of the antennas

are proposed to feed the reflector. 1) Double ridge horn antenna, 2) antipodal corrugated Vivaldi

antenna. These antennas are wideband and have a stable gain in the whole frequency bandwidth
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from 6 GHz to 18 GHz. We use some methods such as using corrugated edges and tapered match-

ing line to create stable patterns for the antennas.

In this Chapter, I have designed and simulated an SIW slot array antenna using

liquid crystal at Ku band and also designed a reconfigurable cross-slot microstrip

antenna at C band. The antennas can be used in electromagnetic imaging systems

too. The SIW antenna can scan the space by changing the DC bias applied on the

liquid crystal and the cross-slot antenna used PIN diodes to rotate the pattern in

the two perpendicular planes. I was the main responsible for the work, and the

coauthors helped me to edit the paper manuscript.

Chapter 5: In this chapter, a substrate integrated waveguide slot array antenna with a reconfigurable

liquid crystal phase shifter for operation at X-band and Ku band is proposed. Liquid crystals

(LCs) are used in microwave circuits recently because of their characteristics. LCs permittivity

can be changed when the E field bias changes. They can be good candidates for solid-state phase

shifters. We also proposed cross-slot antennas with parasitic slots and PIN diodes to rotate the

main pattern. A reflective surface is used to suppress the back lobes. This antenna can be used in

wireless communications and medical purposes to detect tissue tumors. Lung and chest tumors

can be detected using electromagnetic monitoring systems since there is a significant dielectric

contrast between the lung tissues and accumulated fluids. So, by analyzing the scattered wave,

tumor volumes and locations can be detected easily.



5

In this Chapter, I have designed a novel wideband TEM horn antenna to be used

in direction finding systems as a reference receiver antenna. The antenna has an

active RF matching circuit to receive low frequencies from 20 MHz to 200 MHz.

I was the main responsible for the work, and the coauthors helped me to edit the

paper manuscript and test the antenna.

Chapter 6: In this chapter, we review the concept of TEM horn antennas then proposed ultra-wideband

antenna works from 20 MHz to 2.5 GHz using active negative impedance capacitor (NIC) to

match the antenna at low frequencies. Eight numbers of this antenna can be used as receiving an-

tennas in Direction finding systems. These antennas should be wideband and small to cover wider

frequency bandwidth, especially at low frequencies. The main reason for using small antennas is

minimizing detection error at higher frequencies. The antennas should have a stable gain at whole

frequency bandwidth to minimize target range errors. TEM horn is an excellent candidate to be

used in DF systems.

In this Chapter, I have designed and a wideband dual polarized biconical antenna to

be used in direction finding systems as a reference receiver antenna. The antenna

can receive horizontal and vertical polarization simultaneously. I was the main

responsible for the work, and the coauthors helped me to edit the paper manuscript

and test the antenna in the anechoic chamber.
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Chapter 7: In this chapter the concept of the biconical antenna described then we proposed an Ultra-

wide band dual polarized asymmetric biconical antenna using polarizers to rotate the waves. This

antenna can be used as a reference antenna in the direction finding systems. The antenna should

have stable pattern in the azimuth plane because the other antenna received powers used in DF

systems are compared with this antenna received power. Therefore, the antenna gain should be

stable to minimize the target range error. Some techniques are used to stabilize the antenna gain

and pattern from 6 GHz to 18 GHz frequency band. The antenna gain variation is less than 2 dB

in the whole frequency band.

In this Chapter, I have designed a wideband Rotman lens antenna to be used in a

direction finding system from 6 GHz to 18 GHz. The antenna can scan the space

from −30◦ to +30◦. I tested the antenna and helped Mr. Amin Darvazehban to

simulate the antenna. I also helped the coauthors to edit the paper manuscript.

Chapter 8: This part concludes the dissertation with highlights and achievements of the project with

emphasis on bandwidth, RF power handling, and their applications.

1.2 Reconfigurable antenna

A reconfigurable antenna is an antenna capable of modifying its frequency and radiation proper-

ties dynamically in a controlled and reversible manner. In order to provide a dynamical response,

reconfigurable antennas integrate an inner mechanism (such as RF switches, varactors, mechani-

cal actuators or tunable materials) that enable the intentional redistribution of the RF currents over
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the antenna surface and produce reversible modifications over its properties. Reconfigurable an-

tennas differ from smart antennas because the reconfiguration mechanism lies inside the antenna

rather than in an external beamforming network. The reconfiguration capability of reconfigurable

antennas is used to maximize the antenna performance in a changing scenario or to satisfy chang-

ing operating requirements.

1.3 Types of antenna reconfiguration

Reconfigurable antennas can be classified according to the antenna parameter that is dynamically

adjusted, typically the frequency of operation, radiation pattern or polarization(29).

1.3.1 Frequency reconfiguration

Frequency reconfigurable antennas can adjust their frequency of operation dynamically. They

are particularly useful in situations where several communications systems are used because the

required antennas with different frequency bandwidths can be replaced by a single reconfigurable

antenna. Frequency reconfiguration is generally achieved by modifying physically or electrically

the antenna dimensions using RF-switches, impedance loading or tunable materials (30).

1.3.2 Radiation pattern reconfiguration

Radiation pattern reconfigurability is based on the intentional modification of the spherical distri-

bution of radiation pattern. Beam steering has a diverse applications and consists of steering

the direction of maximum radiation to maximize the antenna gain in a link with mobile de-

vices. Pattern reconfigurable antennas are usually designed using movable/rotatable structures

(31) or including switchable and reactively-loaded parasitic elements (32). In the last 10 years,



8

metamaterial-based reconfigurable antennas have gained attention due to their small form factor,

wide beam steering range and wireless applications (33).

1.3.3 Polarization reconfiguration

Polarization reconfigurable antennas are capable of switching between different polarization modes.

The capability of switching between horizontal, vertical and circular polarization can be used to

reduce polarization mismatch losses in portable devices. Polarization reconfigurability can be

provided by changing the balance between the different modes of a multimode structure (34).

1.3.4 Compound reconfiguration

Compound reconfiguration is the capability of simultaneously tuning several antenna parameters,

for instance, frequency and radiation pattern. The most common application of compound recon-

figuration is the combination of frequency agility and beam-scanning to provide improved spectral

efficiencies. Compound reconfigurability is achieved by combining in the same structure different

single-parameter reconfiguration techniques or by reshaping a pixel surface (35) dynamically.

In this thesis, we design different radiation reconfigurable antennas to be used in direction finding

and satellite communication systems (14; 9; 15; 25; 36).
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Reconfigurable
Antennas



CHAPTER 2

PARALLEL PLATE WAVEGUIDE ANTENNA LENS

Parts of this chapter have been presented in (9). Copyright c© 2018, IEEE.

Parts of this chapter have been presented in (37). Copyright c© 2017, IEEE.

2.1 Literature review of the lens antenna

Lenses are well-known structures used for modifying the shape of a wavefront by introducing an

engineered delay in the path of the wave. For dielectric lenses, the lens’ shape, as well as its dielectric

constant, can be controlled to provide the desired wavefront. In most microwave applications, the pri-

mary purpose of using a lens structure is to increase the gain of the antenna by transforming a spherical

wavefront to a plane wavefront (38).

Making a multibeam antenna system is another application, where a lens structure can become

very useful. Multibeam ultra-wideband antennas, with selective directional beams, high gain and low

grating lobes, are useful to many communication and radar systems including automotive radars (5).

Pencil beams as well as fan beams can be created using lens structures, where fan beams are more

suitable for some Doppler radars as well as direction finding systems (39). The Luneburg lens is one

of the most well-known dielectric lenses used in microwave lens antennas to create multibeam patterns.

This lens has a spherical shape with a gradual variation of its relative permittivity from 2 at its core

to 1 on its surface. By placing several feeds around the lens, a high-gain multibeam antenna with

independent beams is created (see Fig .2). High costs, bulkiness, and manufacturing problems are the

10
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main drawbacks of the Luneburg lens (40; 41). In contrast, the Rotman lens has low cost and it can be

made ultra-wideband (14); however, it gets very lossy due to the sidewall reflections (42)(see Fig. 14).

Figure 1: Top view of the microstrip Rotman lens.

Several variations of Luneburg lenses with fan-beam scanning capability have been designed by

using parallel plate techniques (43). In these techniques, one is interested in the propagation of the T E10

mode of a parallel plate waveguide parallel plate waveguide therefore a cylindrical Luneburg lens is

designed by varying the plate spacing so that the resulting index of refraction mimics the Luneburg lens
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Figure 2: (a) 40 GHz multilayer 15 cm Luneburg lens antenna excited by 16 septum horn antennas, (b) inside

view of the multilayer spherical luneburg lens with different dielectric relative permittivities.

law (44). Typically, a planar linear tapered slot antenna requires an antenna feed at the focal point of the

lens.

2.2 Lens system design

2.2.1 Proposed parallel waveguide lens antenna

We are also going to adopt a parallel plate structure with a ”Luneburg inspired” cylindrical lens,

but with two main differences: (1) instead of having an index of refraction that varies with the radial

distance from the axis of the cylindrical lens, we consider a material with a uniform dielectric constant

whose value is optimized to maximize gain performance while simplifying manufacturing process; (2)

the replacement of the antenna feed with a coaxial connector pin to reduce the overall size and increase

the bandwidth compared to (44).
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(a) (b)

Figure 3: The multibeam ultra-wideband antenna made of three main parts: (a) the feed structure consisting of

4 coaxial cable connectors, and the ”Luneburg inspired” cylindrical lens. (b) A view of the inside parts of the

proposed antenna (radiation aperture). The dimensions are given in Table I.

As it is shown in Fig. 3, the structure is fed by a simple coaxial cable, which creates a cylindrical

wavefront, that passes through a parallel plate waveguide filled with a single slab of dielectric with a

permittivity of 2.1 (Teflon). The dielectric plays the role of a lens and modifies the cylindrical wavefront

to create a planar wavefront at its output, which is shown in Fig. 4. This planar wavefront is then guided

towards the aperture of the antenna, and due to the uniform phase distribution on the planar wavefront,

a directive fan beam is created. The beam steering is simply done by exciting the corresponding input.

The main advantage of the proposed structure is its simplicity, where a single slab dielectric is used as

the lens structure with no need to use a layered dielectric structure and no geometrical modifications or

are necessary to be applied to the parallel plate waveguide. Moreover, no sophisticated design for the

feed antenna is necessary, since a simple coaxial feed is used. Most importantly, the proposed structure
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TABLE I: Dimensions of the lens antenna (mm)

Parameter L1 L2 L3 L4 L5 L6 L7

Dimension 17.5 60 248 35 15 5.15 16.7

Parameter d hp hc hL Rp RT RPost r

Dimension 1 3 1.5 2.5 50 40 1 122

is capable of handling high power, since no microstrip antenna is used as the feed and it is only limited

by the breakdown voltage of the dielectric and the power handling capability of the connectors. The

designed antenna system scans 40◦ in the azimuth plane using 4 distinct beams which overlap by 3 dB

with adjacent beams at 18 GHz and 1.5 dB at 8 GHz. The 3 dB radiation pattern beamwidth in the

azimuth plane is 9.1◦ at 18 GHz and 19.7◦ at 6 GHz. The structure has a fan beam radiation pattern

where the 3 dB beamwidth radiation pattern in the elevation plane varies from 30◦ at 18 GHz to 60◦

at 8 GHz. Such an antenna with steering capability can be widely used in radars, direction finding

systems (45; 46; 16; 47; 48). Preliminary results were provided in (16), and they have been expanded by

providing more explanations and including additional simulations and measurement results. All parts

of the system are simulated with CST Microwave Studio software (49). As can be seen in Fig. 3, the

proposed system consists of three main parts: the feed, the cylindrical lens, and the radiation aperture.

The excited cylindrical wavefront, created by coaxial feeds, is guided towards the lens and modified

to generate a plane wavefront at its output, where this plane wavefront is guided towards the radiation

aperture. We are going to give a step by step discussion of each part.
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2.2.1.1 Lens design

The proposed cylindrical lens sandwiched between two parallel conducting plates is illustrated in

Fig. 3. The lens, which is made out of a low-cost Polytetrafluoroethylene (PTFE) Teflon material (εr =

2.1 and tanδ = 0.0002), has a cylindrical cross-section to give the desired step-variation of the index

of refraction. The cylindrical cross-section is easy to fabricate and flexible enough to obtain the desired

performance. The lens is fed by four SMA connectors placed at an appropriate distance away from the

edge of the cylindrical lens to obtain better matching with the lens. This distance increases the degrees

of freedom to optimize the lens’ return loss value.

The mode of propagation in the proposed parallel plate waveguide is determined by the direction

of the electric field due to the connector pin. Referring to Fig. 3, there is a sectional parallel plate

waveguide defined by the 4 feed pins and the center of the cylindrical lens (see the region limited by

OAB). Within this region, waves travel along the radial direction with the equiphase surfaces represented

by curved surfaces of constant radius. In the previous work (44), the T E10 mode is the dominant mode

because the excitation ports are miniaturized microstrip antennas and microstrip antennas excite T E10

modes inside a waveguide. However, in this paper, connector pins excite the Ez field component in the

waveguide. Therefore, the radial variations of this field are represented by Hankel functions, and in the

sectional-plate geometry the propagation mode is T EMρ with Ez and Hφ components (50).

In Fig. 4, the transformations of a cylindrical wavefront to a planar one for different permittivity

values are compared. One can observe that when the permittivity is lower (for εr = 1.5) the shape of the

wavefront is convex. Then, by increasing the permittivity one obtains a sufficiently flat wavefront (for

εr = 2.1). Further increases of the permittivity cause the wavefront to become concave (for εr = 4) and,
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Figure 4: Simulation results are showing the magnitude of the electric field of the propagating wave for lenses

with different permittivities at 13 GHz. (a) εr = 1.5; (b) εr = 2.1; (c) εr = 4; and, (d) εr = 10.

Figure 5: Parameter definitions for a narrow horn antenna to determine the radiation beamwidths.



17

finally, even larger values of the permittivity cause the wavefront to differ significantly from the desired

planar wavefront.

As the permittivity increases a smaller disk is needed to create a planar wavefront. However, when

the wave is launched from the excitation ports, a portion of the wave leaks from the sides of the lens (as-

suming all the other dimensions are kept fixed), hence the sidelobe level (SLL) will increase. Therefore,

there should be a compromise between the size of the system, the SLL, and the gain. As it turns out, the

relative permittivity of 2.1 is the optimal value that results in dimensions compatible with our design

requirements. The planar wavefront is essential for generating a focused beam, which, in turn, depends

on the location of the feed. In order to achieve the best illumination, the phase center of the SMA feed

connectors must be located at the focal point of the lens and the radius of the lens should be more than

λg/4 where λg is the wavelength inside the lens at the lower frequency of the design bandwidth (44).

It is interesting to note that in a Luneburg lens antenna designers use a dielectric profile where εr

varies from the center of the lens to the lens surface. The variation of εr is related to the radius of

the lens. However, the lens fabrication process is complicated. In this paper we succeeded to obtain

excellent result only by using single material (PTFE) with a uniform value of the dielectric permittivity

εr = 2.1, which makes the fabrication easier compared to other designs based on the use of the Luneburg

lens.

2.2.1.2 Aperture design

.

The radiation aperture of the lens is the final step in the antenna system design. A radiation aperture

is chosen among different types of the antennas because: (1) it has a wide-bandwidth behavior; (2) it
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Figure 6: Simulation results of the realized gain at f = 13 GHz for lenses with different permittivities. (a) ε = 1.5;

(b) ε = 2.1; (c)ε = 4; and, (d) ε = 10.

.

does not require a matching circuit, such as in the case of microstrip antennas; (3) it can handle higher

levels of RF power compared to microstrip antennas because microstrip slot or Vivaldi antenna often are

used to feed the cylindrical lens and microstrip antennas due to substrate power handling limitation. In

addition, the lens should have a wide fan beam for each excitation port so that a narrow aperture can be

used for this structure. Accordingly, we can approximate the radiation aperture as a narrow horn antenna

and calculate the initial dimensions of the aperture using the approximate formulas for the azimuth and
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(a) (b)

Figure 7: Simulation results for (a) realized gain for a lossless and lossy dielectric lens. (b) frequency response of

the realized gain and radiation efficiency.

elevation plane radiation beamwidth for a narrow horn antenna (51). Referring to Fig. 5, the azimuth

and elevation plane radiation beamwidth are

Ψ
El
3dB =

53λ

b
,ΨAz

3dB =
68λ

a
(2.1)

where b corresponds to the distance L5 in Fig. 37b, a = rα is the effective horizontal width for the

lens aperture, where α = 60π/180 and r = λg/4 is the radius of the lens. These expressions provide

the initial values for the design parameters in Fig. 3. Then, the final dimensions are obtained using the

Particle Swarm Optimization feature of the CST software. Table II reports the optimized values and
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Figure 8: Simulated radiation patterns for excitation of (a) port 1; (b) port 2; (c) port 3; and, (d) port 4.

shows that there is good agreement between the initial approximations obtained with formulas (2.1),

and the simulation results for port 1.

Fig. 6 compares the radiation patterns of lenses with different relative permittivities at 13 GHz, be-

cause this is the center frequency of operation. Similar to the results shown in Fig. 4, the gain improves

going from εr = 1.5 to εr = 2.1, then it becomes worse for larger values of the relative dielectric permit-

tivity. We also note that εr = 2.1 is achieved with Teflon that has low values of tanδ at high frequencies

(more than 10 GHz). To better understand the effect of dielectric losses, the realized gain of the antenna

is simulated versus the frequency in Fig. 7a. While it is clear that there is an advantage at having a

dielectric with low tanδ , the effect of tanδ in the realized gain is more significant at higher frequencies

by about 1 dB. Fig. 7b shows the realized gain of the antenna and its efficiency. One can observe that
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TABLE II: Comparison of the simulation and calculated radiation beamwidth for port 1

Plane 8 GHz 10 GHz 13 GHz 18 GHz

φ Az(simulation) 19.7◦ 16.6◦ 15.1◦ 9.1◦

φ Az(calculation) 19.95◦ 16◦ 12.3◦ 8.9◦

θ El(simulation) 61◦ 46.5◦ 37.1◦ 31.1◦

θ El(calculation) 56.7◦ 45◦ 35◦ 25.3◦

there is a variation of about 5 dB within the operation bandwidth and that the efficiency is maximum

around 14 GHz. Since the behavior of both the gain and the efficiency are not linear with the frequency,

this explains the reason for designing the antenna and its feed at the center frequency.

It should also be mentioned that the dispersion, i.e., frequency dependent permittivity, also affects

the shape of the wavefront at different frequencies. Therefore, low dispersion and low loss materials

are more suitable for lens applications. Since the input ports are placed next to each other, the coupling

between them is inevitable. As can be seen in Fig. 8, by exciting each input port, a distinct beam is

created in the desired direction.

2.2.1.3 Feed SMA design

Four coaxial connector pins are used to excite the lens because connector pins have the advantage

of having small size compared to the use of microstrip antennas and the transition from the coaxial pin

to the waveguide has wider bandwidth than a microstrip antenna. Referring to Fig. 3, the four pins are
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placed in the air between the dielectric lens and the reflector wall AB. The connector pin and the coaxial

probe have an inductive behavior, which limits the whole frequency bandwidth. Hence, this inductive

behavior can be compensated by using a capacitive loading. Referring to Fig. 3, the capacitive loading

is introduced by adding a disk to the end of the pin, so as to create a capacitance between the floor of

the waveguide and the disk itself. The disk acts as an impedance matching section, where the design

parameters Rdisk and hc can be tuned to achieve the desired matching. The distance L6 of the connector

pin from the cavity wall is initially set to be a quarter wavelength at the central frequency (13 GHz) so

that this results in an open circuit seen by the coaxial probe. Moreover, The approximate value of the

capacitance introduced by the disk is

C = ε0
πR2

disk
d

(2.2)

(a) (b)

Figure 9: (a) Schematic of the cross-section of the single probe to waveguide transition ; (b) Approximate trans-

mission line equivalent circuit of the cross-section shown in Fig. 9a
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where Rdisk is defined in Fig. 9a and d is the distance between the disk and the floor of the waveguide

(52). The location of the feed and the geometrical parameters that define them were then fine-tuned

using CST Microwave Studio software with the goal to maximize the bandwidth and minimize the

reflections.

Impedance matching is sensitive to the fabrication especially at a higher frequency (more than

15 GHz), and some dimensions are so important to get desirable results. For instance, the disks at-

tached to the pin, the gap distance between the pins and the reflector, top and wall (see Fig 9a). The

reason is that capacitor values to compensate inductive behavior of the pins are directly related to these

distances. In order to create a strong coupling between the coaxial probe and the cavity, the distance

d is chosen to be very small. To further justify this design, we present in Fig. 9b the cross-section

of the overall antenna system and its equivalent transmission line model as it is seen from the feeding

port. The elements that appear in Fig. 7b are: Zd is the characteristic impedance of the transmission

Figure 10: Measurement results showing coupling between the ports.
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line representing the dielectric lens (θd is its electrical length); Zw is the characteristic impedance of

transmission line representing the free space between the dielectric lens and the disk (θw is its electrical

length); Zp1 is the characteristic impedance of the transmission line representing the connector pin (θp1

is its electrical length); Zp2 is the characteristic impedance of the transmission line representing the disk

(θp2 is its electrical length); Zb is the characteristic impedance of the transmission line representing the

free space between the pin plus the disk and the reflector wall AB (θb is its electrical length).

The stored reactive energy in the proximity of the coaxial pin and the top wall causes a reactive

impedance − jXB, with (52)

XB =
f0π2r2

0
cL

(2.3)

where r0 is the radius of the coaxial feed and L = L7 is the distance between the coaxial feed connectors,

shown in Fig. 9a.

The connector pin impedance Zp is given by the expression for an unbalanced cylindrical stripline

(53; 54)

Zp =
60
√

εeff
ln

2h
a

(2.4)

where εeff is the effective dielectric for the coaxial transmission line when the left region (PTFE) is filled

with dielectric and the right region (from the connector pin to the reflector wall) is air . The distance

between the transmission line and ground is h = d and for Zp1, a = r0 and for Zp2, a = Rdisk is the radius

of the disk. The radial parallel plate waveguide impedance can be easily given by (50)



25

TABLE III: Measured and simulated gain and beamwidth of port 1 at 4 frequencies

Port 1 Simulated Measured

f φ θ Gain (dB) φ θ Gain (dB)

8 GHz 19.7◦ 61◦ 13.6 20◦ 61.4◦ 13.1

10 GHz 16.6◦ 46.5◦ 15.9 17◦ 45.9◦ 15

13 GHz 15.1◦ 37.1◦ 16.8 15.5◦ 38◦ 16

18 GHz 9.1◦ 31.1◦ 18.5 9.3◦ 32◦ 17.5

Zρ
w(T EMρ) =

Ez

−Hφ

=
jβρ

ωε

H(2)
0 (βρρ)

H(2)
1 (βρρ)

(2.5)

here H(2)
0 (βρρ) and H(2)

1 (βρρ) are the second kinds Hankel functions , ρ is the radius in the cylindrical

coordinate system and βρ is the propagation constant in the ρ̂ direction given by

βρ =
√

β 2−β 2
z =

√
ω2εrε0µ0−0 = ω

√
εrε0µ0 (2.6)

The above formulas provide a good initial approximation for the design. Then full wave CST Mi-

crowave Studio software and particle swarm optimization, determine the dimensions given in Table I.
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2.3 Parallel lens fabrication and measurement

In this section, radiation pattern measurements, as well as S-parameter measurements are discussed

for the fabricated antenna. The measured mutual couplings between the ports are shown in Fig. 10. The

measured VSWR of all ports are shown in Fig. 11. As can be seen the bandwidth for VSWR<3 is

10 GHz. At each measurement step, one of the input ports is excited, and all the other ports are termi-

nated to a matched load. The coupling between ports is less than 12 dB throughout the frequency band

of operation. Due to the structure symmetry, other ports have the same coupling. Table III compares

the results of the simulations and measurements for beamwidth and gain at different frequencies, which

show a good agreement between simulations and measurements. The overlap between neighboring

radiation patterns is also shown in Fig. 12.

Figure 11: Measured VSWR of the antenna.
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2.4 Conclusion

A compact ultra-wideband multibeam microwave lens antenna for operation in the frequency range

from 8 GHz to 18 GHz has been proposed. A parallel plate waveguide structure with 4 input ports

with a dielectric lens to manipulate the wavefront and a linearly tapered radiation aperture has been

designed an optimized using particle swarm optimization to achieve minimum return loss and desired

radiation pattern over the frequency band of operation. Four distinct radiation beams can be generated

by the proposed structure, which covers a scan angle of 40◦ in the azimuth plane. The beamwidth in

the elevation plane is about 30◦. The main advantage of the proposed structure lies in its simple design

and high power handling capability. This design can be easily modified by, for example, increasing the

number of connectors to obtain more beams with an overall higher gain value. For the excitation, a

simple coax input is used without any need for complicated antennas such as linear tapered slot line. A

single dielectric slab is used to manipulate the curvature of the wavefront and obtain a planar wavefront,

without any need for multilayer dielectric structures such as Luneburg lens. The manipulated wavefront

is then guided towards a radiation aperture resembling a parallel plate horn antenna. This antenna has

been comprehensively simulated and optimized and the final design has been fabricated and measured.

A good agreement between measurements and simulations has been achieved.
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(a)

(b)

(c)

Figure 12: Measured radiation gains of the antenna at (a) 8 GHz; (b); 13 GHz (c) and 18 GHz.
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Figure 13: Measurement setup in Amirkabir University of Technology (a) antenna in anechoic chamber (b) S-

parameter measurements by a network analyzer ZNB40.



CHAPTER 3

MICROSTRIP ROTMAN LENS ANTENNA DESIGN

Parts of this chapter have been presented in (14). Copyright c© 2017, IEEE.

3.1 Ultra-wideband scanning antenna literature review

An increased interest in low profile ultra-wideband (UWB) scanning antenna array with high gain,

low grating lobe and large scan area for applications such as ground-based and airborne communication,

bio-medical imagining, automotive anti-collision radars and electronic warfare, has been recently ob-

served. For most of these applications, beam steering is highly desired. Various methods have already

been developed to increase the coverage of broadband multibeam systems. The most popular beam-

steering methods are phased array antenna based on phase shifters, Butler matrix, Luneburg lens and

Rotman lens. The effectiveness of phase shifters at high frequencies may be limited due to excessive

front-end loss and added system complexity. The advantages of a Butler matrix are the simplicity of

construction and implementation, however; it requires crossovers on the lines. The Rotman lens has the

advantages of lightweight, wideband, PCB fabrication, wide scanning array and true-time-delay (TTD)

meaning that it contains a constant time delay over a broadband frequency range. The Rotman lens acts

as a beam forming network (BFN) for phased array antenna in which by exciting each of the input ports,

an appropriate wavefront travels to create the needed time delay across the array antenna and conse-

quently the desired phase distribution over the antenna will be created. The question is that why have

we chosen a Rotman lens antenna instead of a Luneburg lens? The Luneburg lens is a spherical lens

30



31

designed to have a gradual variation of permittivity from 2 at the core of the lens, to 1 on its surface. By

placing several feeds around the lens, it is possible to create a high-gain multibeam antenna with several

beams working independently of each other. The main drawbacks of the Luneburg lens are high costs,

construction problems, and bulk. In contrast, the Rotman lens has the advantages of being low cost and

wideband; however, it shows significant losses due to the sidewalls reflections.

The schematic of the proposed phased array antenna system, consisting of a Rotman Lens as Beam

Forming Network (BFN) and 10 double-ridged horn antenna as a radiating element is indicated in

Fig. 14. We could increase number of the horn antennas, but based on the antenna array theorem,

10 double-ridged horn antennas are enough to obtain more than 14 dBi antenna gain (55). As indicated

in the Figure, the Rotman lens consists of three main parts, the input ports, the output ports connected to

the phased array radiating elements and dummy-ports, which are designed to reduce the reflection from

the sidewalls of the Rotman lens. The number of input ports determines the number of beams produced

with the lens (scanning steps) and the number of output ports is determined by the desired gain and

half-power beamwidth (HPBW) of the array. Since the antenna may be used for high power applica-

tions, the double-ridged horn antenna is used as a radiating element because has better power handling

in comparison to a microstrip antenna. Moreover, using ridges in horn antenna causes the impedance

of the antenna to be matched gradually to the impedance of the free space, which makes the antenna

more wideband compared to conventional horn antennas. An end-launched coaxial to double ridged

waveguide transition is designed in order to connect the output ports of the microstrip lens to double-

ridged E-plane horn radiating element.
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The designed antenna system scans 56◦ of space by 8 distinct beams which have 1 dB overlapping

level of adjacent beams at 6 GHz and 3 dB overlapping level of adjacent beams at 18 GHz. Its 3 dB

beamwidth radiation pattern is 20◦ at 6 GHz and 7◦ at 18 GHz. The return loss of the structure consisting

of the Rotman lens BFN, end launched coaxial to double ridged waveguide transition and the antenna is

below -10 dB in the whole frequency band from 6 GHz to 18 GHz.

Figure 14: Top view of the microstrip Rotman lens with a ten-element array of E-plane double-ridged horn

antenna.
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In order to minimize the radiation lobe in the grating lobe in scanning antenna the distance between

adjacent radiating elements should meet the following condition (56)

d <
λmin

1+ |sinθmax|
(3.1)

where λmin is the minimum wavelength and θmax is the maximum scanning angle. It should be

noticed that decreasing the distance between adjacent elements will decrease the directivity of the pro-

posed array as well, so there is a trade off between the directivity and grating lobe appearance. The

proposed antenna array consists of three parts; i) the Rotman lens as a beam forming network, ii) the

double ridged horn antennas as radiating elements and iii) the end launched coaxial to double ridged

antenna transition in order to connect the lens to the array.

3.2 Rotman lens

Fig. 15 shows the configuration and design parameter of the Rotman lens. The input ports are located

on geometrical beam contours, and the output ports are located on the receiver contour. These ports are

connected to the lens structure by the microstrip trace lines that are tapered in order to minimize the

reflection coefficient. The conventional Rotman lens consists of three focal points for which the phase-

error is theoretically zero. However, in practical applications, more than three ports are needed. Please

note that, the number of input ports (called beam ports) determines the steps of scanning, and the number

of output ports is determined by the desired gain (57). In the conventional Rotman lens the receiver and

beam contours are supposed to be circular. In this project, however, we do not limit our design to a

selected number of focal points (beam ports), where they generate no phase error. Instead, the lens is

designed to achieve a minimum average phase-error for all the ports rather than achieving no errors for
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a limited number of beam ports. To overcome the problem of generated phase error, we propose a lens

structure in which the locations of both beam ports on the beam contour and the array ports on the inner

receiver contour are optimized.

Figure 15: Configuration of the Rotman lens and design parameters.

According to the phase error relation reported in (58), the cost function can be defined as:

o =
N

∑
i=1

M

∑
j=1
|L2−L1| (3.2)
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where N and M are the number of beam and array ports on the respective contours. L1 and L2 are

electrical path length from the i-th beam port to the central phase array element on the x-axis; (see Fig.

15) and from i-th beam port to j-th phase array element.

L1 = FiO
√

εr +W0
√

εe (3.3)

L2 = FiPj
√

εr +Wj
√

εe +d sinψa (3.4)

where Fi and Pj are the position of i-th beam port on the beam contour and the position of j-th ar-

ray port on the inner receiver contour, respectively. O is the center coordination of the inner receiver

contour that is the reference point of the lens topology in Fig. 15. W0 is the electrical length of the

transmission line that connects O to the central phased array element, and Wj is the electrical length

of the transmission line that connects j-th array port on the inner receiver contour to the correspond-

ing radiating element εr and εe are the permittivity constants of the Rotman lens and the transmission

lines,respectively. In addition, d is the distance between the phase array radiating elements, and ψa is

the maximum scanning angle. We utilize the GA toolbox in MATLAB software to optimize Fi, for i =

1,2,3, . . . ,8 and Pj, for j = 1,2, . . . ,10.

3.3 Radiating element with transition

The configuration of the double ridged antenna can be seen in Fig. 16. A horn antenna is typically fed

by an SMA connector attached to its side wall, however in this project in order to satisfy the required

spacing between adjacent radiating elements we have devised a way for feeding antennas from the
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waveguide cross section, which enables a direct connection between the output of the Rotman lens

and the E-plane double-ridged horn antenna. For this purpose, a novel end-launched coaxial to double-

ridged transition has been developed. As indicated in Fig. 17, the transition consists of a mode converter

in order to convert the coaxial TEM-mode to TE-mode of the horn antenna. The rest of the adaptor

provides the impedance matching.

(a) (b)

Figure 16: (a) Front view of the E-plane double-ridged horn antenna. (b) Back view of the E-plane double-ridged

horn antenna.
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(a) (b)

Figure 17: (a) Side View of the horn antenna with the end-launched coaxial to double-ridged waveguide transition.

(b) Dimensions of the end-launched transition.

3.4 Fabrication and measurement

The designed antenna array element together with the Rotman lens beam forming network is fabri-

cated and tested. Fig. 18 shows the fabricated phased array system.

At each measurement, one of the input ports is excited, and all other ports terminated to a matched

load. Since the system is symmetric, only four of the input ports are tested. The return loss of the whole

system is depicted in Fig. 19. As it can be seen, the return loss of the whole structure is below -10 dB in

the whole frequency range from 6 GHz to 18 GHz.

The measured array pattern of the antenna array system at a different frequency bands is depicted

in Fig. 20 By exciting each of the input ports, a distinct beam is created in the desired direction. Due to

the design spacing between the elements, there are no grating lobes at all, when the first port is excited.

Grating lobes just occur at the frequency of 18 GHz for patterns with a scanning angle of 20◦ and larger,

and these grating lobes are out of the field of the view of the array.



38

Figure 18: Measurement setup. (a) Lens and array in anechoic chamber. (b) Return loss measurement by the

network analyzer.

A Rotman lens is called a true-time-delay (TTD) device meaning that it maintains a constant time

delay over a broadband frequency range of operation. In order to verify the true time-delay behavior of

the Rotman lens, Fig 21, shows the radiation pattern for different frequencies versus the angle. As it

can be seen, the location of the power peak remains almost unchanged as we scan the frequency, which

shows that the proposed lens is true time-delay and has a very small phase-error.

3.5 Conclusion

In this work an ultra-wideband phased array system with a total scanning angle of 56◦ in the fre-

quency range from 6 GHz to 18 GHz has been proposed. A microstrip Rotman lens with 8 input ports

and 10 output ports has been designed, optimized and fabricated to achieve a minimum phase-error.
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Figure 19: Return loss of the antenna with the end-launcher coaxial to waveguide transition.

Considering properties such as power handling capability, high bandwidth and small inter-element spac-

ing, an E-plane double-ridged horn antenna is designed as the radiating element. Due to the small inter-

element spacing it is required to feed the horn antenna from the waveguide cross section. Therefore, an

optimized wide-band end-launcher coaxial to waveguide adapter has also been designed. This phased

array system has been comprehensively simulated, optimized, fabricated and measured. A very good

agreement between the measured and simulated results has been achieved.
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(a) (b)

(c) (d)

Figure 20: Measured patterns generated by exciting all four ports at (a) 6 GHz, (b) 10 GHz, (c) 14 GHz. and (d)

18 GHz.
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(a) (b)

(c) (d)

Figure 21: Verification of the true time-delay property of the designed lens. The location of the peaks remains

almost unchanged by exciting the (a) first port, (b) second port, (c) third port, and (d) fourth port.



CHAPTER 4

RECONFIGURABLE REFLECTOR ANTENNA DESIGN

Parts of this chapter have been presented in (15). Copyright c© 2017, IEEE.

Parts of this chapter have been presented in (59). Copyright c© 2019, IEEE.

4.1 Literature review of multi-beam antennas

Phased array fed single reflector is another candidate for high gain multiband satellite antennas and

direction finding systems (2).

In this method, the feed array has a uniform or tapered amplitude distribution and a slowly varying

phase distribution, and a reflector (or a sub-reflector in a dual reflector antenna) is partially illuminated

by the array. Each antenna beam is formed by appropriate phase distribution over the whole feed array.

These beams cannot excite the whole reflector surface. Therefore, the aperture efficiency of the reflector

will be reduced (60). They also suffer from the disadvantages of increased mass compared to singly fed

shaped reflector, and the BFN also gives rise to loss (3). A multifocal antenna is an extended concept

of a bi-focal antenna (61). This is achieved by placing several primary sources in the focal plane and

then by switching them alternatively. However, this leads to the fact that the sources are no longer at

the reflector focus, and consequently, the efficiency of reflector would decrease, and the side lobe level

would increase (62). A multifocal paraboloidal reflector provides a homogeneous pattern in different

beam directions, but its aperture efficiency is poor. The efficiency drastically drops when the number of

foci increases, because the design flexibility of the foci arrangement is inadequate (63). In this chapter,

42
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Figure 22: Paraboloidal offset reflector, feeds and desired beams

a new method for designing a multi-feed multi-beam parabolic reflector is presented. The new design

method controls the arrangement of the feed positions in order to increase the efficiency and gain of

the whole structure. The advantage of this method from other ones is that this is much simpler and

has more efficiency than previous solving and optimization methods such as genetic optimization or

invasive weed optimization (64)-(65). Moreover, in previous methods, only the maximum efficiency

has been defined for one feed, and other feeds have not been optimized to achieve maximum efficiency.

But in this method, all feeds have been optimized for achieving maximum efficiency simultaneously.

To validate the proposed method, a reflector with four feeds is considered. The positions of offset feeds

are optimized by means of genetic algorithm optimization method with HFSS software to obtain high
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Figure 23: The basic configuration of the reflector antenna with its feeds

gain and efficiency simultaneously. The results have a good comparison with the genetic algorithm

optimization method. This structure is consisting of four distinct beams in order to coverage 6 degree

of the azimuth plane and 30 degree of the elevation one with a nominal gain of more than 27 dBi. The

maximum gain of the antenna is 29.6 dB at 18 GHz, and the minimum efficiency of the antenna is more

than 51%.

4.2 Design Principle

The design of a multiple-beam antenna depends on the beam size related to the minimum-coverage-

area requirement. A multi-beam reflector system is composed of a paraboloidal main reflector and
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multiple feeds as indicated in Fig22. In this chapter,a three step procedure for designing high perfor-

mance multiband offset reflector is presented. In the first step, according to the coverage area and the

3 dB beam width of each beam, positions of feeds are obtained. Then, according to the beam positions

, the angle of rotation for different beams in elevation plane ϕr are then obtained as indicated in Fig22.

In the next step, according to the desired gain and 3 dB beam width for each beam, we can design an

offset reflector, with an appropriate diameter D, focal length F, offset height H and angle subtended in

the bisection direction ΨB2. The procedure for designing one feed offset reflector is mentioned in (66).

After designing the appropriate one feed offset reflector and according to angular rotation obtained in

the first step can be calculated as below:

ΨB2 = ΨB1 +ϕr (4.1)

According to ΨB2 and equations for designing offset reflector a new reflector with the same D but

different focal length and offset height can be designed. The same procedure can be applied for the

other beams. First, find F3 and H3. Second, repeat that for the next n beams. According to ( F1,H1 ), (

Fn
2+1,H n

2+1) and ( Fn , Hn ) we can find the locus of feed x-position as:

Fn < x < F1 (4.2)

and the optimum feed y-position can be obtained as:

y = ax2 +bx+ c (4.3)
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(a) (b)

Figure 24: Double ridged aperture-matched horn antenna(a)side view, (b) top view

where a, b and c are defined as,

a =
(Hn−Hm)(Fm−F1)− (Hm−H1)(Fn−Fm)

(F2
n −F2

m)(Fm−F1)− (F2
m−F2

1 )(Fn−Fm)
(4.4)

m =
n
2
+1 (4.5)
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b =
(Hm−H)−a(F2

m−F2
1 )

Fm−F1
(4.6)

c = H1−aF2
1 −bF1 (4.7)

From the above equations, the optimum locus for feeds can be obtained. The advantage of this method

is using the whole surface of the reflector for all of the beams and increasing the reflector efficiency. In

addition, the structure is compact due to the efficient placement of feed.

TABLE IV: Comparison between the positions of feeds obtained by the proposed method and the positions opti-

mized with Genetic Algorithm in HFSS software (the units are cm and dx and dy are defined in Fig. 1).

4.3 Simulated and experimental results

In this work, an offset reflector with four distinct double ridged aperture-matched horn antenna has

been designed. The location of the feeds has been obtained by the method in previous section. Half

power beamwidth of each beam is 6 degrees in the azimuth plane and 6 degrees in the elevation plane.

The basic configuration is illustrated in Fig.23. Double ridge aperture-matched horn is used for reflector

feeding in order to obtain a good impedance matching in the whole frequency bandwidth from 6 GHz
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TABLE V: Aperture efficiencies of optimized offset reflector obtained by Genetic Algorithm with HFSS

TABLE VI: Aperture efficiencies of offset reflector obtained by the proposed method

TABLE VII: Single feed efficiency

to 18 GHz (VSWR<2) and slant polarization bandwidth. The performance of double ridge aperture-

matched horn is optimized to have a constant 3 dB beamwidth in the whole frequency bandwidth. The

variation of 3 dB beamwidth over whole frequency bandwidth is less than 30◦.
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Figure 25: Simulated and measured radiation pattern in the azimuth plane for peak beam 1.

The configuration of the double ridged match horn antenna is illustrated in Fig. 24a. The whole

structure is simulated with HFSS Software. In order to verify the validity of the design procedure, the

same offset reflector and double ridged aperture-matched horn antenna are considered. The positions

of feeds are obtained from optimization in HFSS software using a genetic algorithm (GA). The goal

of this optimization is achieving the appropriate location for feeds to obtain the maximum gain and

efficiency of whole structure. In Table IV, positions of the feeds obtained from the proposed method

and the positions optimized with Genetic algorithm in HFSS are compared. The results show a good

compromise between the two methods. The aperture efficiency of the reflector is calculated based on

the feed horn pattern with respect to the F
D ratio (67). The calculated aperture efficiency in different
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Figure 26: Simulated and measured radiation pattern in the azimuth plane for peak beam 2.

frequencies for the case in which the feed positions are optimized with the HFSS genetic algorithm are

listed in Table V. In Table VI measured aperture efficiencies at different frequencies for all feeds are

mentioned. The single feed efficiency in different frequencies is mentioned in Table VII. In this case,

the power radiating patterns of feeds based on the measured patterns of double ridged aperture-matched

horn antenna are calculated. The simulated and measured radiation patterns in the azimuth plane for

four distinct beams at the center frequency have been illustrated in Fig. 25. to Fig. 28. The elevation

radiation patterns for four distinct beams have also depicted in Fig. 29.
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Figure 27: Simulated and measured radiation pattern in the azimuth plane for peak beam 3

We also design an antipodal Vivaldi antenna instead of the double ridged horn antenna. The Vivaldi

antenna can be used in DF applications without using reflector too because they have smaller dimensions

and are low cost.

4.4 Introduction to Vivaldi antennas

Today, high-speed communications, direction finding, wireless and radar systems are widely devel-

oped. Many of these applications require UWB and compact antennas (14; 12). Several types of UWB

antennas are discussed in the literature such as helical, bicone, bowtie, horn and Vivaldi (10). Each

antenna type has its disadvantages and advantages. For short pulse wireless and high RF power with

linear polarization, horn antennas are good candidates but they cannot be used near the ground, and they
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Figure 28: Simulated and measured radiation pattern in the azimuth plane for peak beam 4

are costly to fabricate. Bowtie antennas have higher gain than dipole antennas however for high gain

applications they are not suitable. Bicone and helical antennas are not compact and cannot be used in

miniaturized systems. Therefore, one of the best UWB and compact candidate is the Vivaldi antenna

with a lot of advantages such as planar and small structure, low cost, ease of fabrication, high gain

and low side lobe level. Two types of Vivaldi antennas were introduced: the coplanar Vivaldi antenna

(68) and the antipodal Vivaldi antenna (69; 70). Coplanar Vivaldi antennas have exponentially tapered

radiation parts printed on the same side of the substrate.

We can use an antipodal Vivaldi antenna to feed the reflector instead of the double-ridge horn an-

tenna because it does not need any balun and can be fed by coaxial cable easily. An antipodal Vivaldi
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Figure 29: Simulated and measured radiation pattern in the elevation plane

antenna a with tapered corrugated edge from 6 GHz to 18 GHz is designed and fabricated. This antenna

can be used in ultra-wide band applications that need stable patterns such as in direction finding sys-

tems. The two tapered microstrip antennas are printed on the top and bottom sides of a substrate. The

microstrip ground plane is eliminated since one of the tapered microstrips is used as a ground plane. In

this technique, an unbalanced to balanced balun is not required. The measured antenna gain is 8 dBi

while maintaining VSWR less than 2. There is a good agreement between the simulated and measured

results.

Different types of feeding networks were introduced such as using vias or coupled lines. The main

problems of coplanar Vivaldi antennas are having cross-polarized radiations and using an unbalanced to

balanced balun to feed the antenna, so they cannot be suitable for radar systems.
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(a) (b)

Figure 30: The geometry of the proposed antenna. (a) dimension parameters in Table VIII (b) fabrication photo.

In antipodal Vivaldi antennas, one of the radiation parts is printed on the top, and another one is

printed on the bottom of the substrate. In antipodal Vivaldi antennas, cross-polarization is removed so

that they can be used in polarization sensitive systems. Different corrugated types have been proposed

such as rectangular, circular and triangular to improve the antenna gain and VSWR.

In this design, an antipodal Vivaldi antenna with linear tapered corrugated rectangular shape is

proposed to improve the antenna gain. The antenna is fabricated on a 813 mm Rogers RO 4003 with

εr = 3.55. The frequency of operation is from 8 GHz to 18 GHz. By removing two semicircles from

the ground plane, the return loss is improved, and the antenna gain also is stable in the whole frequency

bandwidth.
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4.5 Antipodal Vivaldi antenna design

The antenna structure including its dimensions is shown in Fig. 30. In this design, the connector

and the radiator are carefully considered to obtain a good matching condition because an unbalanced to

balanced balun is not used. Therefore, a circular taper is used to match the connector to the antenna. The

antenna input impedance is 50 Ω and should be constant. This explains why the taper rate is opposite

on both antenna sides. Moreover, the antenna symmetry must be kept to minimize cross-polarization.

The tapered slots have an exponential profile. Several parameters were optimized to achieve minimum

return loss and stable patterns such as L1, L2, and L9. We also added corrugated edges on the tapered

slots to improve S11 and the antenna gain. In previous designs, Vivaldi antennas were designed using

constant height rectangular or triangular corrugated edges that resulted in a gain that was frequency

dependent. To reduce the frequency dependence of the gain, we introduced a taper in the height of the

rectangular corrugation, which results in a gain curve that is flatter across the whole operation frequency.

We compared the gain, return loss and SLL of several types of corrugations such as rectangular, circular

TABLE VIII: Dimensions of the antenna (mm)

Parameter L1 L2 L3 L4 L5

Dimension 105 60 20 2 1.1

Parameter L6 L7 L8 L9 L10

Dimension 4 30 1 42 45
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and triangular. The best results were obtained with a linearly tapered rectangular shape. The tapered

corrugation also improved the SLL compared to the constant corrugated edge by about 3 dB.

4.6 Simulation and measurement results

The final dimensions are obtained using particle swarm algorithm with CST. The simulated and

measured S11 are shown in Fig. 31d. As shown in Fig. 31, there is a good agreement between the

simulated and measured results.

4.7 Conclusion

A novel method has been proposed for designing highly efficient multi-feed multi-beam offset re-

flector. A three step procedure for designing multi feed offset reflector has been proposed. In order

to validate the proposed method an offset reflector with four distinct feeds has been designed using

the proposed method and has been compared with an optimized method using genetic algorithm. The

results show a good agreement between the two methods. A broadband multi beam antenna based on

offset reflector is designed, simulated and fabricated. The maximum gain is 29.6 dB at 18 GHz and the

overall coverage is 30◦ in elevation plane and 6 degrees in the azimuth plane by producing 4 distinct

beams and the minimum efficiency of the antenna is more than 51%.



57

(a) (b)

(c)

(d)

Figure 31: (a) Simulated and Measured radiation patterns in the yz plane at (a) 8 GHz, (b) 12 GHz, (c) 18 GHz,

and (d) simulated and measured S11.



CHAPTER 5

RECONFIGURABLE ANTENNA USING METASURFACE AND LIQUID CRYSTAL

Parts of this chapter have been presented in (25). Copyright c© 2018, IEEE.

Parts of this chapter have been presented in (36). Copyright c© 2019, IEEE.

5.1 Introduction to Liquid Crystal antennas

Multibeam compact antennas, with selective directional beams, high gain and low grating lobes, are

useful to many communication systems such as DVB-T and radar systems including automotive radars

(14). The idea of making a rectangular waveguide inside a dielectric substrate by using a dense array

of via-holes to mimic the side walls of the waveguide led to the substrate integrated waveguide (SIW)

structures (71; 72; 73). These structures combine the advantages of planar microwave technology and

metallic waveguides. Making tunable structures such as reconfigurable antennas has become increas-

ingly popular in recent years, since it reduces the cost of implementation and improves the flexibility

of operation. In this Chapter, we are going to use liquid crystal (LC) material to make a tunable phase

shifter, which is used in the feed network of an SIW slot array antenna. Using LC crystal has several

advantages over conventional phase shifters such as wideband continuous phase shifting and higher

power handling capability. Liquid crystal molecules are in a state; in which they can flow even though

they have orientational order with a rod-like shape (74; 75). It means that the LC crystal permittivities

can be changed by applying external DC E-field. Therefore, the wave speed and phase can be ad-

justable. The anisotropy in the shape results in anisotropies in its physical parameters such as dielectric
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properties. LC materials are especially useful for planar microwave structures with tunable properties

such as tunable phase shifters. For microwave applications LC materials with positive anisotropy are

used, i.e., εr||− εr⊥ > 0 (where the E-field senses εr|| for its parallel components and εr⊥ for its prepen-

dicular components versus to the wave propagation direction). In our design, the tunable parameter

is the permittivity, which can be adjusted by a bias voltage. For zero bias voltage the molecules are

aligned parallel to the SIW transmission line (LC phase shifter)with the minimum permittivity of εr⊥.

By increasing the voltage (Vbias >Vthreshold), molecules are aligned with the electric field created by the

voltage and the εe f f increases as long as the molecules are aligned perpendicular to the transmission

line (Vbias > Vthreshold) and the maximum permittivity εr‖ is reached. Vthreshold is the minimum voltage

that all of the molecules are aligned parallel to the DC bias E-field.

5.2 Antenna design

The antenna consists of three main parts (Fig. 45), 1) SIW slot array as radiating elements 2) LC

phase shifters together with a network of bias voltages to control the phase of each LC phase shifter and

3) a 1-to-8 Wilkinson power divider as the feed line. The dimension of the antenna is 140 mm×205 mm

and is fabricated on GML 1000 substrate with εr = 2.2, h = 1.52 mm and tanδ = 0.005. The slot array

consists of eight SIW linear arrays with eight slots. Each slot length is about (λg/2). The maximum

possible value for the substrate thickness for the array is chosen to increase the liquid crystal permittivity

change and the slot radiation efficiency. On the other hand, to reduce the radiation loss from feed lines,

the thickness of the substrate (Rogers RO4003C with εr = 3.38, h = 0.2 mm and tanδ = 0.0027)

underneath the feed line was made smaller as it can be seen in Fig. 54c. To prevent distorting radiation
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Figure 32: Top view of the SIW slot array with 1-to-8 Wilkinson power dividers and the LC phase shifters.

pattern by feed line radiation, it is recommended to install a layer of absorber on the Wilkinson power

divider.

Therefore, the maximum power handling capability is determined by the breakdown voltage of this

thinner substrate underneath the feed line. According to our simulations and the substrate data-sheet,

each input is capable of carrying 36 W of microwave power. The dimensions of different parts of the

antenna are obtained with HFSS using particle swarm optimization and are shown in Fig. 33. The radius

of each via and the distance between them is 0.5 mm and 2 mm, respectively. In our design we have

used a standard LC material GT3-23001 from Merck, which has εr‖= 3.28, εr⊥= 2.46, tanδ ||= 0.0038

and tanδ ⊥= 0.0.0143. The length of the LC phase shifter is 60 mm and it can create ∆φ = 30◦ phase
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Figure 33: Side view of the antenna. The substrate underneath the feed line is thinner to avoid radiation losses

from the feed line.

shift at 12 GHz when the LC epsilon changes from 2.46 to 3.28. 30◦ phase shifts can rotate the main

lobe of the pattern about 11◦ in each direction. The Wilkinson 1×8 power divider is the third part and

is attached to SIW phase shifter with a rectangular transition matching. Each part is DC separated and

connected with lumped capacitors for RF connection because each phase shifter should be biased with

individual DC voltage. Each DC voltage is applied to the appropriate plate with a lumped inductor for

blocking RF signal leakage to the DC sources. As seen in Fig. 54c, the location of some inductors and

capacitors are shown.
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5.3 Simulation results of the liquid crystal antenna array

In this section, we are going to present the results of our design and simulations. Fig. 35 shows the

simulated S-parameter of the antenna. Since slot is a resonant structure, the bandwidth of the antenna

is not expected to be large. The frequency range of operation for a VSWR of better than 2 is from

11.85 GHz to 12.25 GHz. The simulated results for the radiation pattern of the antenna at 12 GHz are

shown in Fig. 36. As can be seen the maximum of 11◦ rotation in the main beam can be achieved, which

makes it possible to scan a total angle of 22◦.

5.4 Introduction to a reconfigurable antenna using metasurface

Reconfigurable antennas are well known and useful in many applications such as satellite com-

munications, radar, and wireless systems. Most reconfigurable antennas are designed using a Rotman

Figure 34: (a) Dimensional parameters of the feed line. The voltage pad is also shown(b) dimension of the slot.
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lens (14), a Luneburg lens (9), an active phased array (76) and a metasurface (77). Metasurfaces have

attracted a lot of interest recently because they are less bulky compared to phased arrays or lens meth-

ods, especially at lower frequencies. Metasurfaces can also be used in nanoscale applications such as

nano antennas at radio frequencies and in the optical domain (78).

In particular, many papers have proposed to design antennas containing metasurfaces to provide the

excitation. However, the individual radiation elements present in metasurfaces are narrow band; there-

fore researchers try to address this problem by proposing reconfigurable metasurfaces. Challenges of

reconfigurable metasurfaces include occupying larger space and requiring many active lumped elements

to control the metasurface unit cells. Some authors proposed using PIN diodes to control the direction

of the antenna such as the case of a Yagi-Uda design (79). Therefore, we proposed a design where a

Figure 35: The simulated S-parameter of the proposed antenna.



64

Figure 36: The simulated radiation pattern of the antenna at 12 GHz. (a) No rotation in the pattern (b) The pattern

rotates 11◦.

metasurface is part of the radiating structure and diodes control the elements that are active to determine

the beam direction. Hence, the antenna size can be minimized by using a metasurface and a tapered

cross-shaped antenna is used to increase the bandwidth.

5.5 Reconfigurable cross-slot antenna design

The structure of the proposed antenna consists of two sections: a tapered cross slot antenna on a

0.76 mm Rogers FR4-4003 substrate with εr = 4.2; and an artificial magnetic conductor (AMC) surface

on the same substrate. The whole structure is designed at the center frequency of 5.2 GHz to be used

in wireless communication too. The metasurface consists of periodical unit cell patches placed at the
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(a) (b)

Figure 37: Geometry of the proposed antenna. (a) Side view,(b) top view of the substrate. The dimensions are

given in Table IX.

distance l8 = 15 mm to create unidirectional radiation using a low profile structure. The cross-shaped

main slot is one wavelength long and is tapered, therefore obtaining higher bandwidth is easier compared

to a λ/2 long slot which has a higher quality factor (80). Cross slots occupy less real estate and can be

fed to obtain two orthogonal polarizations using two orthogonal microstrip stubs. (see Fig. 37). The

input slot impedance is adjusted by changing the feed via points so that the return loss can be minimized.

There are two paths to feed the antenna to obtain two orthogonal polarizations: for the first path diodes

D3, D4, and D9 should be ON and diodes D1, D2 and D10 should be OFF while for the second path

the state of the diodes is reversed. The PIN diodes are BAR50-02, SC-79 from Infineon Technologies

with a physical dimension of 1.2 mm× 0.8 mm× 0.55 mm and have 0.95 V forward voltage bias. All

the parasitic elements were included in the simulation. The cross-shaped antenna is surrounded by four

slots acting as reflectors. This occurs because the lengths of the slots exceed λg/2 so that their input
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TABLE IX: Dimensions of the antenna (mm)

Parameter L1 L2 L3 L4 L5 L6

Dimension 38 6.2 5 4.2 58 2.9

Parameter L7 L8 L9 L10 L11 L12

Dimension 0.5 15 120 8.5 1.4 0.76

impedances will be inductive according to the theory of two-element dipole array (80). The reflective

slots are used to rotate the beam. Diodes D5 and D7 rotate the main beam in the y-z plane and diodes

D6 and D8 rotate the main beam in the x-z plane. For example, when diode D5 is ON, and diode D7 is

OFF, the pattern rotates toward the negative y-axis. So, overall we can rotate the beam in four positions

by appropriately switching the PIN diodes.

5.6 Reconfigurable cross-slot antenna simulation results

The proposed antenna was simulated with CST software and optimized using its particle swarm

algorithm. It has an overall dimension of 120 mm×120 mm×15 mm. The final dimensions are listed

in Table IX. The radiation results when all the slot diodes are OFF, and one of them is ON are compared

in Fig. 38b. As shown in Fig. 38a, the main beam rotates about 17◦. The simulated S11 is also depicted

in Fig. 38c.
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(a)

(b)

(c)

Figure 38: (a) Simulated radiation patterns in the yz plane at 4.4 GHz, (b) simulated S11.
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Part II

Ultra-Wide-Band
Antennas



CHAPTER 6

TEM HORN ANTENNA DESIGN

Parts of this chapter have been presented in (12). Copyright c© 2017, IEEE.

6.1 Literature review of TEM horn antennas

We propose a UWB receiver antenna system that maximizes its operational bandwidth to cover a

huge number of bands from 20 MHz to 2.5 GHz. Its design was mainly motivated by a direction finding

application (81; 82; 83) where the goal was to replace three different narrowband antenna systems with

a more compact UWB single antenna system. Hence, benefits of the new design include (1) a smaller

physical size that results from replacing a 2 m monopole antenna with a horn antenna about 5 times

smaller in its larger dimension; (2) using a single antenna instead of three; and (3), reducing the cost of

the system. Many of these antenna systems may also be used in array configurations. Additional sample

applications include radar systems(84), broadband communication systems (85) and electromagnetic

compatibility measurement systems.

In the case of direction-finding applications, a transverse electromagnetic (TEM) horn antenna is

a suitable candidate for both its directivity and wideband behavior. However, the frequency at which

a TEM horn starts to radiate efficiently is not sufficiently low. Therefore, our approach consists of

dividing the overall operational bandwidth into two frequency ranges, as shown in the block diagram

of Fig. 39. An RF switch is used to select between low and high frequencies. At low frequency, a

negative impedance converter (NIC) is introduced to cancel the capacitive impedance of the antenna. At
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Figure 39: Block diagram of the proposed antenna system. The RF switch is controlled by using control pins

(control 1 and control 2) in order to select between low and high frequencies.

high-frequency, an impedance matching network is used. Obviously, this approach can be extended to

more than two frequency ranges. The TEM horn antenna, as well as the NIC circuit, are fabricated, and

the results of the measurements are reported in the following. Table X compares some parameters of the

present work with similar works to the best of the knowledge of the authors (86; 87; 88). As can be seen,

the proposed antenna system has the following advantages: (I) it has the largest fractional bandwidth

thanks to the active matching circuit; (II) it has both a very wide bandwidth and a good return loss; (III)

only one antenna is used to cover the whole operational bandwidth, unlike the others. As a result, the

proposed system is simpler, smaller, cheaper and lighter.

6.2 Active antenna design

6.2.1 TEM horn antenna design

TEM horn antennas have been widely used in ground penetrating radar (GPR), EMC measurement

systems and broadband communication systems (89). Low distortion of pulse transmission, directional
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TABLE X: Comparison with other works.

Reference Radiating

element

Frequency range(MHz)

Fractional bandwidth(I)

|S11|(dB) (II) Number of

the antennas

this proposal Active

TEM horn

20-2500;1.97 Min=10

Max=33

1

(86) Conical dipole 20-1300;1.94 Min=1

Max=18

2

(87) Conformal

shaped dipoles

240-3300;1.73 Min=10

Max=35

2

(88) Microstrip

TEM horn

150-3000;1.81 Min=2

Max=10

2
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radiation pattern, low cross polarization, and wide bandwidth are some of the properties that make TEM

horn antennas interesting for various applications (89; 90).

(a) (b)

Figure 40: Dimensional parameters of the TEM horn antenna. At the aperture we have L = 300 mm, w = 243 mm

and d = 429 mm. (b) fabricated TEM horn photo in Amirkabir University antenna laboratory.

Various attempts have been made to improve the radiation characteristics of these antennas. Partial

dielectric loading (91) and using a TEM horn antenna with an inductive loop antenna for low frequency

radars (92) are among the methods to improve the intensity of the pulse radiation for GPR applications.

A wider bandwidth can be achieved by shaping the antenna profile using an exponential (93) or even

an elliptical (94) taper. In our design, an exponential taper is employed to match the characteristic
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(a) (b)

Figure 41: Dimensions of the microstrip balun (a) bottom view, (b) top view. The discs with diameter L8 provide

mechanical support.

impedance at the feed point to the impedance of free space. The gradual exponential transition keeps

the reflections low and makes the bandwidth wider.

The antenna consists of two parts: (1) the horn section, and (2) the balun for matching the impedance

of the TEM horn antenna with a balanced structure to an unbalanced coax feedline (95). Design param-

eters for the horn antenna with an exponential taper are shown in Fig. 40a and Fig. 40b shows the

fabricated horn antenna. The distance d(y) between the two plates of an exponentially tapered TEM

horn antenna is given by (96)

d(y) = 2aexp(by) (0≤ y≤ L) (6.1)
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TABLE XI: Dimensions of the microstrip balun.

Parameter L1 L2 L3 L4 L5

value (mm) 38 71 36 11.5 23

Parameter L6 L7 L8 L9 L10

value (mm) 25 7 17 46 25

where a, b are arbitrary coefficients to be determined. The characteristic impedance at any point on

the antenna is expressed as (96)

Z(y) = Z0 exp(αy) α =
1
L

ln(ZL/Z0) (0≤ y≤ L) (6.2)

where Z0 = 50 Ω, ZL = 120π Ω and L is the antenna length. To determine the plate width, the

characteristic impedance of a parallel plate waveguide is employed, where the characteristic impedance

between two plates is given by (94)

Z(y) = 120π
d(y)
w(y)

Ω (6.3)

and w(y) is the plate width. The microstrip-type balun (96) to connect the coaxial feed to the antenna is

shown in Fig. 41 and the corresponding values of the design parameters are given in Table XI. An alter-

native for the microstrip feed is to use coax with an elliptical shaped cavity in order to reduce reflections

in the coaxial to double-ridged waveguide transition (96). However, according to our requirements, a

microstrip balun is more suitable because it has smaller dimensions. As shown in Fig. 41, the width
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of the upper plate has an increasing taper whereas the width of the ground plane has a decreasing ta-

per such that a transition from the characteristic impedance of the coaxial line to that of the balanced

parallel plates is obtained (90). Unlike the balun proposed in (90), which uses a linear taper, additional

optimized tapered sections are used in our design to improve the high frequency performance of the

balun. We should also note that the input impedance of the TEM horn antenna must be matched to the

output impedance of the balun. Fig. 42 shows the simulated radiation pattern with (49) and the mea-

sured radiation pattern at various frequencies for the single TEM horn antenna with microstrip balun.

As expected, for direction finding applications, this antenna should be used in an array configuration.

The radiation pattern of the antenna is almost omnidirectional at the lower frequencies. However, the

beamwidth gets narrower as the frequency increases but there exists a 3 dB beam overlap to cover the

azimuth plane. It is worth to mention that at each frequency, sampling algorithm in the software should

be calibrated to decrease the errors due to the variations of the power magnitude.

6.2.2 Negative impedance converter (NIC)

For the lower range of frequencies, i.e., below 200 MHz, the antenna remains electrically small

and consequently has a narrow bandwidth. For electrically small antennas, passive (Foster) matching

cancels the reactive part of the antenna impedance over a very narrow bandwidth (97). However, it is

possible to cancel the reactive part of the antenna input impedance over a wide bandwidth with non-

Foster elements, such as a negative impedance converter (NIC).

The NIC is an active two-port network that inverts the impedance connected to the other port (98),

and one realization was provided by Linville in (99). The schematic of our NIC is provided in Fig. 43,

where two transistors are biased in the common emitter configurations and their bases are connected
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(a) (b)

(c) (d)

Figure 42: Simulated and measured radiation pattern generated by the TEM horn antenna in the XY plane (see

Fig. 2a) at (a) 100 MHz (b) 500 MHz (c) 1 GHz and (d) 2.5 GHz.
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Figure 43: Schematic of the NIC circuit. The values of the elements are also given.

to form a feedback loop (98). Capacitor C7 is then connected between the two collector leads. The

transistors are NPN BJTs (BFR92) with class-A type biasing, which increases the voltage gain and

fulfills the condition for having a negative impedance. The circuit is fabricated on FR-4 substrate with

permittivity 4.3 and thickness of 1 mm. We should also notice that the active elements exhibit internal

losses, noise and bandwidth limitations (100).

Moreover, parasitic reactance must be considered when the circuit is laid out. Therefore, the manu-

facturer’s S parameter file for the transistor is used in our simulations with ADS (101). The output port

is connected to a 50 Ω load and the values of the elements, especially the capacitor C7 of Fig. 43, are op-

timized to achieve an acceptable matching over the desired frequency band (|S11|<−10 dB). Figs. 45a,
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Figure 44: Fabricated NIC circuit.

45b show the real and imaginary parts of the input impedance as well as the reflection coefficient of

the isolated antenna and the antenna connected to the NIC. As can be seen from Fig. 45a, the NIC sig-

nificantly reduces the large capacitive reactance of the antennas at low frequencies. Consequently, the

real part of the impedance increases at low frequencies. The influence of the NIC can also be observed

in the reflection coefficient in Fig. 45c, where the simulation and measurement results are shown. The

NIC significantly reduces the almost full reflection of the antenna at low frequencies as shown in Fig.

45c. The insertion loss of the NIC circuit varies between 2.9 dB and 4.6 dB over the frequency band

from 20 MHz to 200 MHz. A RF switch is introduced to bypass the NIC for frequencies above 200

MHz because of the excessive losses introduced by the NIC, as shown by the value of S11. Above 200

MHz the value of S11 of the antenna and NIC is below 10 dB; however, the losses are mostly due to

the NIC losses and not radiation. The fabricated NIC circuit is shown in Fig. 44. As can be seen from
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the simulation and measurement results, the bandwidth of the whole system for VSWR less than 2.0 is

about 2.5 GHz (i.e., from 20 MHz to 2.5 GHz).

NIC circuits are potentially unstable since we use positive feedback in this circuit so an efficient

stability test is necessary during the design step to prevent any undesired NIC response. Unfortunately,

most of the spectral stability tests are not sufficient to predict the system stability because the antenna

and matching circuit are used in non-Foster domain (99). In the other words, This NIC is only stable

for this antenna and this frequency bandwidth and there is no guaranty to be used with other antennas

because each antenna has a different input impedance values. The NIC stability is determined by the

system pole locations in the complex plane. So, the positive real parts of the poles create an instability in

the NIC. Moreover, the lumped elements, which are used to bias the transistors, have parasitic values that

increase the complexity of finding the NIC pole locations. The lumped element values are chosen based

on the antenna input impedance value versus the frequency, therefore the stable domain on the smith

chart or complex plane, depends on the antenna input impedances. Therefore, solid and straightforward

solution to find stable poles is not easy. Consequently, the proposed NIC stability has been checked

with ADS software in the whole frequency bandwidth. From 20 MHz to 200 MHz, the NIC circuit

K parameter is greater than 1 and the NIC is stable. For higher frequencies, the S21 becomes lossy

(greater than 20 dB) and the NIC is not useful. Hence, we used a switch to remove the NIC from the RF

line regardless of its stability. It is interesting to say that the NIC is unstable at the frequencies above

500 MHz.
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6.3 Conclusion

An ultra-wideband antenna system for the frequency range from 20 MHz to 2.5 GHz has been

proposed. The operation bandwidth of the passive antenna is from 200 MHz to 2.5 GHz. A NIC circuit

is used to reduce the capacitive behavior of the antenna from 20 MHz to 200 MHz, which also improves

the return loss. By using a simple RF switch in the antenna feed, the NIC can be switched in and out of

the circuit. The insertion loss of the NIC circuit varies between 2.9 dB and 4.6 dB over the frequency

band from 20 MHz to 200 MHz. This system has been simulated, optimized, fabricated and measured.

A good agreement between the measured and simulated results is observed. Future work will address

the mutual coupling between the antennas in an array configuration.
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(a)

(b)

(c)

Figure 45: (a) Imaginary part of the input impedance for the antenna with and without NIC (b) real part of the

input impedance for the antenna with and without NIC. (c) S-parameter of the antenna without/with NIC.



CHAPTER 7

UWB DUAL-POLARIZED BICONICAL ANTENNA

Parts of this chapter have been presented in (10). Copyright c© 2018, Wiley.

7.1 Literature review of the biconical antenna

Biconical antennas are omnidirectional, and they are very attractive because they have a very wide

bandwidth, high input impedance, and are easy to fabricate (102; 103). One limitation of biconical

antennas is that they are linearly polarized along the direction of their axis of symmetry. Since they are

usually placed vertically, they cannot receive horizontally polarized signals.

In this Chapter, we design polarizers that surround a biconical antenna so that the structure resulting

from the combination of the polarizers and the biconical antenna can respond to signals that have both

horizontal and vertical polarizations.

Specifically, several layers of polarizers are used to rotate the plane of polarization of horizontally

and vertically polarized incident signals so that they become polarized at a slant angle of 45◦. So,

this antenna can received both polarization at the expense of 3 dB loss for vertically polarized incident

signals (104; 105). In addition, in order to reduce the reception of signals reflected from the ground,

we are going to design an asymmetric biconical antenna such that the maximum of the radiation pattern

shifts towards the upper cone and away from the ground (106).

Our design requirements are as follows: omnidirectional radiation pattern with a ripple of less than

0.5 dB in the azimuth plane, 3 dB beamwidth of at least 20◦ in the elevation plane, to minimize target

82



83

ranges estimation errors and bandwidth from 2 GHz to 18 GHz to detect every target at S, C, X and Ku

bands and a VSWR below 2.5 to increase the antenna range capabilities.

The design procedure is as follows. First, the biconical antenna is designed and optimized without

polarizers in order to obtain the required VSWR and radiation pattern. Then we design and optimize the

polarizers, which surround the biconical antenna.

(a) (b)

Figure 46: (a) Dimensions of the biconical antenna with polarizers and mechanical fixtures. (b) Dimensions of

the asymmetrical biconical antenna. L1,L2,H1, H2, H3, α1, α2 are optimization parameters.

The conclusion of our simulations is that 5 layers of polarizers are needed to meet our design re-

quirements. Fig. 46 shows the final design consisting of a biconical antenna surrounded by polarizers

and the corresponding mechanical fixture. This chapter is organized as follows. In section 7.1.1, we
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present the design of the asymmetrical biconical antenna, its parameters as well as simulation results.

In section 7.1.2, the design procedure for the multilayer polarizers is discussed together with simulation

results and dimensions of the polarization layers. The fabricated sample, as well as measurement results,

are shown in section 7.2.

7.1.1 Asymmetric biconical antenna design

An ideal infinite biconical antenna has an input impedance that is frequency independent and is

solely determined by the cone half-angle. Actual finite biconical antennas have an input impedance that

is determined mostly by the cone half-angle α , and by the frequency of operation, the length of the

cone L and the separation distance h between the tips of the cones. At lower frequencies, the impedance

bandwidth is determined mostly by the length of the cones. At higher frequencies, the cone half-angles

should be chosen between 30◦ and 60◦ (106) to have stable radiation pattern and low VSWR.

In this Chapter, we consider the asymmetrical biconical antenna shown in Fig. 46, where for the

upper part two different cone angles have been considered to provide a stable pattern shape in the whole

frequency bandwidth.

At lower frequencies, the real part of the input impedance of the antenna is low (107). So based on

Schelkunoff’s formula (108) for the input impedance of a biconical antenna,

Zin = 120lncot
α

2
(7.1)
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Figure 47: Radiation patterns at several frequencies. (a) 2 GHz (b) 10 GHz (c) 14 GHz (d) 18 GHz.

the cone angle should be chosen smaller to compensate for the low input impedance. At higher frequen-

cies, the real part of the input impedance increases, and the cone angle can be chosen larger and the

antenna behavior is similar to the radiation from two parallel plates.

From the point of view of the return loss, the radiating portion of the antenna should have a tapered

profile to minimize the return loss, such as the Klopfenstein or the exponential tapers (109). However,

such profiles are not easy to fabricate; therefore, we considered the simpler design with two cones of
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different aperture angles, α1 for the lower cone and α2 as shown in Fig. 46, because satisfactory results

were obtained.

At higher frequencies, the dominant radiation occurs between the first (α1) and the third (α3) antenna

cones. The second cone has a smaller angle (α2 < α1) and has a higher impedance, according to the

equation 7.1.

Figure 48: Front view of the 5 layers of polarizers. Each sheet has a dimension of 327 mm by 11 mm and the

width of each strip is 2 mm.

From the point of view of the radiation pattern, this should not vary too much with the frequency

in the azimuth plane, therefore, the biconical antenna should not be electrically large (and thus behave

similar to a traveling wave antenna).
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(a)

(b) (c)

Figure 49: Simulation results of the biconical antenna with and without polarizers. (a) Return loss (b) Variation

of maximum gain versus frequency (c) Co-pol. and cross-pol. gain.

In order to determine the total length L1 +L2 we need to satisfy two conditions. One condition is

about the minimization of the return loss, for which we require that the total length at a characteristic

frequency fc be about one quarter wavelength or L1+L2' λ ( fc)/4. The other condition is about having

a pattern that does not vary too much with the frequency. In this design, by selecting the characteristic
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frequency fc = 1.34 GHz below the minimum operating frequency fmin = 2 GHz we obtain a pattern

that is sufficiently a stable within the operating frequency from 2 GHz to 18 GHz.

The important design parameters are indicated in Fig. 46. Since we require a bandwidth of 9:1 and

the pattern variations over the operation bandwidth are large, the angles α1 and α2 are used as the tuning

parameters to control the radiation pattern. In order to reach the appropriate matching, α1 and α2 as well

as L1, L2, H1, H2 and H3 are optimized using the particle swarm algorithm that is part of CST software

(49). During the optimization process, the variations in the antenna pattern and matching are observed,

and the variables are adapted to meet the design requirements. The biconical antenna is fed through an

SMA cable, where the central pin of the coaxial cable is connected to cone 3 and the shield is connected

to cone 1. After several iterations of design, simulation, and measurements, appropriate dimensions for

matching and radiation pattern were achieved as shown in Fig. 46. The radiation patterns at different

frequencies are shown in Fig. 47. As can be seen, the maximum of the radiation pattern in the elevation

plane is shifted away from the center, and the ripple in the radiation pattern throughout the operation

bandwidth is less than 3 dB.

7.1.2 Multilayer polarizers design

Designing an antenna with slant polarization makes it possible to receive both vertical and horizontal

polarizations. In order to receive both polarizations, the biconical antenna is surrounded by multilayer

polarizers (110; 111; 112; 102; 113).

In our design procedure, we started with a single layer polarizer with a slope of 45◦, but this could not

achieve the design requirements. Hence, we investigated a multilayer polarizer solution with different
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polarizing slopes for each layer. At the end of our simulations, we found that 5 layers of polarizers with

slopes of 0◦, 11.25◦, 22.5◦, 37.5◦ and 45◦, respectively, are needed to meet our design requirements.

The distance between the layers as well as the polarizing strips are important design parameters

and are shown in Fig. 48. The polarizers are designed on a Rogers RO4003 board with a thickness of

0.254 mm. Each sheet has a dimension of 327 mm by 11 mm and the width of each strip is 2 mm, see

Fig. 48. The distance between the layers is 3 mm and there is a gradual increase in the angle of the

polarizers to provide a smooth transition to a slant polarization. The design is optimized to receive both

polarizations in the frequency band from 2 GHz to 18 GHz. After placing the polarizers around the

antenna, its return loss degrades by a small amount, which is due to the reflections from the polarizer

layers, see Fig. 49a.

Fig. 49 shows the return loss of the biconical antenna with and without polarizers. Moreover, varia-

tions of the maximum gain versus frequency with and without polarizers are shown in Fig. 49b, where

the polarizers reduce the maximum gain due to their dielectric losses. It is apparent that achieving a slant

polarization using polarizers degrades both the return loss and the maximum gain of the antenna. Fig. 50

shows the frequency response of the realized gain for two polarizations in the presence of polarizers.

In order to keep the polarizers fixed in their place, it is necessary to add rings above the antenna. In

our first design, Teflon was used to keep the cones of the antenna in a protective layer. However, this

layer degrades the radiation pattern of the antenna so that it is necessary to repeat the simulation of the

antenna once more to account for the protective layer. In our revised design, however, foam was used

instead of Teflon because Teflon is heavy with high losses at high frequencies and high diffraction due to
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inhomogeneity. However, foam is much lighter, has lower losses and diffraction, therefore it introduces

less ripple in the radiation pattern.

In order to verify that the polarizers work as expected we are going to show their effect on the

polarization by a simulation. For doing this the received power in a biconical antenna due to a horizontal

polarized plane wave with and without polarizers is determined, which is shown in Fig. 50b and 50c.

As can be seen from Fig. 50b the received power by the biconical antenna is increased by an amount of

80 dB compared to the case without polarizers. Moreover, in order to investigate the effect of polarizers

on the vertical polarization, the received power in the biconical antenna with and without polarizers are

compared. As can be seen from Fig. 50c, adding polarizers introduces about 3 dB of loss in the vertical

polarization. Considering the effect of polarizers for both polarizations, it can be concluded that the

polarizers improve the antenna reception for horizontal polarizations, while they cause a 3 dB insertion

loss for vertical polarization, which shows that a slant polarization has been achieved. It is interesting

to say that the received power with polarizer of Fig. 50b and Fig. 50c are the same.

7.2 Fabrication and measurements of the biconical antenna

The biconical antenna with 5 layers of polarizers are fabricated and measured as shown in Fig. 52.

The received power at different angles for different frequencies as well as the radiation pattern in azimuth

and elevation planes are measured in an anechoic chamber. The results of radiation pattern measure-

ments are shown in Fig. 51. As can be seen, the radiation pattern in azimuth is almost omnidirectional

whereas the radiation in elevation shows deviation from an omnidirectional pattern. Moreover, Fig. 53

shows the received power versus the angle at different frequencies. The fluctuations in the received
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power are always less than 3 dB, which shows that an acceptable omnidirectional pattern has been

obtained.

7.3 Conclusion

In this Chapter an ultra-wideband antenna system for the frequency range from 2 GHz to 18 GHz

has been proposed. This system is especially designed to operate as a direction-finding system. Five

layers of polarizers are used to introduce slant polarization to enable the biconical antenna to receive

both horizontal and vertical polarizations. This system has been simulated, optimized, fabricated and

measured. A good agreement between the measured and simulated results is observed.
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(a)

(b) (c)

Figure 50: Simulation of the effect of polarizers by illuminating the structure with a horizontal polarized elec-

tromagnetic wave (a) the antenna without and with polarizers. (b) Received power of the horizontal polarized

electromagnetic field with and without polarizers. (c) Received power of the vertical polarized electromagnetic

field with and without polarizers. The red color plane is the plane of he incident wave containing the electric and

magnetic fields.
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(a)

(b)

(c)

Figure 51: Measured azimuth and elevation radiation patterns (a) 2 GHz (b) 10 GHz (c) 18 GHz.
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Figure 52: (a) Fabricated biconical antenna with polarizers. (b) Measurement of the fabricated sample in anechoic

chamber.
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Figure 53: Measured received power in azimuth pattern at different frequencies (a) 2 GHz; (b) 10 GHz; (c) 14

GHz; (d) 18 GHz.
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Part IV

Conclusions



CHAPTER 8

CONCLUSIONS

Todays, to detects the location of unknown targets direction finding systems are used. Direction

finding systems can be used in radio direction finder for cell phone services, satellite communication

systems, medical applications and plane or automobile navigation systems.

Direction finding systems have three main parts: i) the antennas; ii) the receiver; iii) the signal

processor and operator display software. This thesis focuses on the direction finding antenna part only.

The antenna should have some strict specifications and the primary requirements are mentioned as

follows:

i) The antenna should be wideband enough to cover most of the frequency bandwidth of unknown

targets; ii) The antenna should have a minimum gain variation in the whole frequency bandwidth to

reduce the range targets estimation errors; and, iii) The dimension and number of the antennas should

be small as possible to be useful in low frequencies (below VHF band).

The main novelty of the thesis is proposing some reconfigurable antennas instead of ordinary and

simple antennas to pass the above requirements and achieve better results compared with previous

works. I also designed and fabricated two low frequency and wideband small size antennas.

Reconfirable antennas can detect targets with higher accuracy since the beam can be rotate electron-

ically with higher resolutions. Therefore, we presented an ultra-wide band reconfigurable antenna in the

frequency range from 8 GHz to 18 GHz (9), (see Chapter 2) and a UWB phased-array system with a

total scanning angle of 56◦ from the frequency range of 6 GHz to 18 GHz (14) (see Chapetr 3). The lens

97
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antenna creates four distinct radiation beams, each covering a scan angle of 40◦ in the azimuth plane.

and about 30◦ in the elevation plane. The main advantage of the proposed structure lies in its simple

design and high power handling capability. For the excitation a simple coax input and a single dielectric

slab are used to manipulate the curvature of the wavefront and obtain a planar wavefront, without any

need for multilayer dielectric structures such as Luneburg lens. This antenna has been fabricated and

measured. The proposed parallel antenna has a smaller size, wider frequency bandwidth, and easier

fabrication process due to using a single layer slab lens than the previous published papers.

The microstrip Rotman lens with eight input ports and ten output ports has been designed, optimized,

and fabricated to achieve a minimum phase-error. Considering the properties such as power handling

capability, high bandwidth, and small interelement spacing, an E-plane double-ridged horn antenna is

designed as the radiating element. Due to the small interelement spacing, it is required to feed the horn

antenna from the waveguide cross section. Therefore, an optimized wideband end-launcher coaxial

to waveguide adapter has also been designed. This phased-array system has been comprehensively

simulated, optimized, fabricated, and measured. Each one of these antennas can be used individually

or together with other antennas. The antenna a has wider frequency bandwidth and smaller dimensions

than the other proposed Rotman lenses.

To detect higher attitude targets such as aircrafts, we also proposed a multi-feed multi-beam parabolic

reflector antenna (see Chapetr 4). We also proposed a method to control the feed arrangement of the

feed positions to obtain maximum efficiency and gain. The method is faster than the previous ones. Two

types of broadband antennas from 6 GHz to 18 GHz are designed to feed the reflector: i) a double-ridged

horn antenna; and, ii) antipodal Vivaldi antenna. The method is approved with HFSS using a genetic al-
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gorithm (GA) and is a good substitution for previous optimization methods (15). The proposed reflector

antenna fed by two types of antennas (Vivaldi and double-ridged horn antenna) has a wider frequency

bandwidth and more stable radiation patterns than the previous antennas.

Direction finding systems can be used for wireless and medical applications such as electromagnetic

torso image systems. Therefore, a wideband and miniaturized reconfigurable antenna using a metasur-

face from 3.5 GHz to 5.5 GHz is proposed (see Chapter 5). This antenna has a simple structure and uses

one tapered cross-shaped radiation slot with four parasitic slots and eight PIN diodes. Four diodes are

used to control four reflector slots to steer the radiation pattern and other diodes are used to switch the

feeding path to modify the polarization of the radiated beam. The metasurface behaves as a reflector and

reduces the back lobe. Simulation results are illustrated. The main lobe has a minimum gain of 7 dBi

and can be steered along 5 positions 0◦ and ±17◦ in two perpendicular elevation planes. For a medical

application, such as tumor detection, a miniaturized wideband reconfigurable microstrip slot antenna

with a grid mesh microstrip surface is proposed. The antenna works from 3.5 GHz to 5.5 GHz. The

antenna beam is steered from 0◦ to ±30◦in the zx and zy planes. Ten PIN diodes are used to select the

desired direction and rotate the antenna beam in two principal surfaces. The antenna is fabricated and

tested and there is a good agreement between the simulation and measurement results. The antenna can

be used in the UHF band. The proposed antenna has a wider frequency bandwidth, smaller dimensions,

wider steering angles, and lower number of the PIN diodes than the previous papers.

As mentioned before, to cover low frequency bandwidth (below VHF band) a UWB TEM horn

antenna for the frequency range from 20 MHz to 2.5 GHz (12) (see Chapter 6), and a dualband ultra wide

band bicone antenna for the frequency range from 2 GHz to 18 GHz (10) (see Chapter 7) as the reference
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antenna are proposed. The biconical antenna has five layers of polarizers to introduce slant polarization

and enable the biconical antenna to receive both horizontal and vertical polarizations. Direction finding

systems compare the target unknown signals with reference antennas to find the approximate location of

them. The proposed biconical antenna has the lower ripples on the radiation patterns than the previous

works and can receive both vertical and horizontal polarizations while others cannot.

The TEM horn antenna passive bandwidth is from 200 MHz to 2.5 GHz. A NIC circuit is used

to reduce the capacitive behavior of the antenna from 20 MHz to 200 MHz, which also improves the

return loss. By using a simple RF switch in the antenna feed, the NIC can be switched in and out of the

circuit. The insertion loss of the NIC circuit varies between 2.9 dB and 4.6 dB over the frequency band

from 20 MHz to 200 MHz. This system has been simulated, optimized, fabricated, and measured. The

proposed TEM horn antenna with a NIC circuit has a wider frequency bandwidth, and a smaller size

than the previous papers.

To measure the RF power capability of the proposed lens antenna a waveguide directional coupler is

proposed (26) (see Appendix 8). The coupler works in the 6 GHz to 18 GHz band, the VSWR of each

port is under 1.5, the minimum directivity is 15 dB, and the coupling coefficient is -50 dB. To reduce the

return loss, the ridge has been designed with an exponential taper, and some gaps have been added to the

connector pins. This structure has been fabricated, and an excellent agreement between measured and

simulated results is achieved. The proposed coupler has a wider bandwidth, lower coupling coefficient,

and the ripple on its responses than the previous directional coupler specifications.
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Appendix A

DOUBLE RIDGED WAVEGUIDE DIRECTIONAL UWB COUPLER

Parts of this chapter have been presented in (26). Copyright c© 2017, Wiley.

A.1 Introduction of a directional coupler

While the thesis focuses on designing some wideband reconfigurable antennas, I have provided

some contributions that one of them is collected in the appendices. To measure RF-power or signal

sampling in transmitters and direction finding systems couplers can be used. The frequency bandwidth

which is considered for most of direction finding systems is from 6 GHz to 18 GHz. Therefore, a direc-

tional coupler operating at the C, X, Ka and Ku bands from 6 GHz to 18 GHz is designed and fabricated,

where it is required to sample high-power and ultra-wide band (UWB) signals. Its coupling coefficient

is below -50 dB and this feature presents the advantage of eliminating the attenuator at the coupling port

when sampling in high power applications. The design solution is based on the introduction of a tapered

ridge to obtain wider frequency bandwidth. The traditional design of a microwave coupler was based on

two waveguides that are coupled through small apertures so that the field could be considered uniform

over the apertures. The number of apertures controls the amount of coupling. In the case of a single

aperture, the bandwidth is about 5-7 %, which is not sufficient for making a UWB coupler. Augmenting

the number of coupling apertures to improve the frequency bandwidth increases the mutual coupling,

which is not desirable (114). Various improvements have been made recently (115; 116). To the best

of our knowledge, there is not in the literature a directional coupler that meets all the features described
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(a) (b)

(c) (d)

(e)

Figure 54: Geometry and parameters of the waveguide directional coupler (a) top view, (b) inside view, (c) one

waveguide view, (d) side view (e) coupling hole view. The actual values of the dimensions are given in Table I.

above. The high-power requirement demands that waveguides be considered. In fact, microstrip tech-

nology cannot be used because it cannot handle high power levels, even though it satisfies the bandwidth

requirements (116; 117).
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Appendix A (Continued)

Other types of microwave couplers such as those based on ferrites cannot be considered because of

their high losses. On the other hand, coaxial and waveguide directional couplers are the most common

high-power solutions when bandwidth requirements are not critical. Hence, we start from a single

hole coupler based on waveguide technology to handle high power, and then we improve the design to

achieve the UWB requirements.

A.2 Design procedure of designing waveguide directional coupler

The proposed UWB double ridge waveguide coupler is shown in Fig. 54, and it was designed to

satisfy requirements including bandwidth, directivity, reduced size, power handling, losses and coupling

coefficient(118),(119). The main features of our design are: (1) using a tapered ridge and (2) introducing

a gap between the wall and the connector pin. Both these features improve the return loss and extend

it over 3 octaves. The starting point of the design is the standard waveguide WRD650, which has the

cutoff frequencies of the first two lowest order modes at 3.31 GHz and 18 GHz. An approximation of

the dominant mode cutoff frequency is (120),(121)
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[
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π
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√
b
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)(
b
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)
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2.45+0.2
s
a

)( sb
d(a− s)

)]−0.5
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where the symbols used are defined in Fig 55. The power handling capability of waveguides is related

to the maximum power that can be transmitted without causing an electric arc inside the waveguides.

One major limiting factor is the distance between metal edges inside waveguides. For double ridge

waveguides, this distance is shorter because it corresponds to the separation distance d between upper

and lower ridges, shown in Fig 55. Accordingly, it is apparent that these waveguides can handle lower
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Appendix A (Continued)
TABLE XII: Physical dimensions of the coupler

Parameter L1 L2 L3 L4 L5 L6 L7

Dimension (mm) 87.14 18.29 7.3 3.6 28.19 4.4 14.86

Parameter L8 L9 L10 L11 L12 L13 L14

Dimension (mm) 2.81 3 6 2.21 38 5.8 1.5

Parameter L15 L16 L17 L18 dg

Dimension (mm) 1 5.5 3.6 8.15 2.5

power than conventional rectangular waveguides. Fortunately, the ranges of levels of power handling

capability are acceptable and still significantly higher than those achievable with other couplers such as

microstrips. For the WRD650 waveguide, the average power handling is 1.5 KW, and the peak power

handling is about 3 KW (122).

The directivity of the cross waveguide depends on the location of the coupling aperture and is defined

as (120)

D =−20log
Ba

Aa
dB, (A.2)

where Aa and Ba are the transmission coefficients in the forward and backward directions, respectively,

given by (120)

Aa =−
Mhxhzkc

absa
− j

Pe2
yk2

2absaβ
, (A.3)

Ba =− j
Pe2

yk2

2absaβ
. (A.4)
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Figure 55: Cross section of the proposed double ridge waveguide coupler.

In the previous expressions, P and M are the electric and magnetic dipoles of the coupling aperture

and depend on its shape. These quantities have been determined experimentally for various aperture

shapes (114). Our design uses the cross shape because the coupling coefficients for the magnetic and

electric fields can be adjusted independently(123). Previous double ridge cross directional couplers

use multiple holes to increase the bandwidth, which results in larger coupling coefficient and bulky

structures(122). One goal of the proposed design is to avoid the presence of an attenuator, which is

required when the coupler is used to measure RF power. In fact, when the output RF power is high,

attenuators must be used before RF power meters to protect them against damage. This goal is met by

achieving a low value of the coupling coefficient below -50 dB by using only one coupling hole. The

drawback of using only one hole is that the bandwidth is reduced; however the reduction in bandwidth

is compensated for by introducing the tapering in the internal ridges. A similar approach was used

for the different context of the transition from a waveguide to a coaxial cable in (124). In addition, the

advantages of using only one hole include (i) a shorter overall length of the coupler and (ii) lower losses.

The expressions given in equations (A.3) and (A.4) depend on the TE modes in the trough region, which

may be approximated as (125)
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Figure 56: Directivity values versus position of the hole in three different frequencies.
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The values of the directivity as a function of the position of the coupling aperture are shown in Fig

56. This figure indicates that the directivity decreases when the operating frequency is increased and that

the coupling aperture must be located as close as possible to the waveguide wall to obtain the desired

value of 15 dB. In principle, this design approach is applicable to other frequency ranges; however, one

should bear in mind that below 1 GHz the dimensions of the waveguide increase dramatically and above

30 GHz mechanical fabrication tolerances are very challenging. To reduce the reflection coefficient, the

ridges of the waveguides have been tapered using a particle swarm optimization (PSO) algorithm, as it

is implemented in the CST software. This results into a profile are similar to an exponential tapering,

(see Fig 54). Another parameter that was optimized with the PSO algorithm to reduce the reflection

coefficient is dg, which is shown in Fig 54.

A.3 Fabrication and measurement results

The UWB double ridge cross waveguide coupler was designed using both HFSS and CST, fabri-

cated according to the optimized dimensions reported in Table I, and it is shown in Fig 57. Scattering

parameters were measured to verify the validity of the design with a HP8722D network analyzer and the

measurement results are given in Fig 56. The measured directivity is shown in Fig 58 and it satisfies the

design goal by exceeding the minimum requirement of 15 dB. There is an excellent agreement between

the measured and the simulation results obtained with CST and HFSS. The differences between sim-

ulation and measurements may be due to mechanical tolerances and the SMA connectors used, which

were of low loss type. Measured and simulated results have been shown in Fig 56. As shown in Fig

57, one arm along the direct pass is longer than the other arm. The reason is that in the trough pass

higher evanescent modes are created near the aperture hole and, with one arm longer than the other,
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these modes cannot reach the through port. Another reason is that the ridge taper can be designed to be

smoother so that S11 improves for high power pass.



110

Appendix (Continued)

(a)

(b)
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(c)

Figure 56: Measured and simulated results of (a) insertion Loss, (b) coupling coefficient, (c) return loss of the

coupler

Figure 57: Photo of the coupler.
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Figure 58: Measured and simulated directivity.
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