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Abstract 

Ultra-wideband Antennas and Components for Wireless Communication Systems 

Osama Ahmed, P.hD. 

Concordia University, September 2011 

 

 

Ultra-wideband (UWB) technology is rapidly developing as a high speed, and 

high data rate wireless communication mode. There are many challenges in dealing with 

this new emerging technology. One of these challenges is how to design an antenna ele-

ment that can operate effectively in the entire UWB frequency range. Another big chal-

lenge is to design UWB antenna beamforming systems including suitable UWB compo-

nents such as feed networks, transitions, crossovers, hybrid couplers and phase shifters to 

meet the UWB requirements.  

This thesis is primarily focused on designing UWB antenna elements and other 

microwave components for UWB wireless communications applications. The thesis starts 

with designing and implementing different new UWB disc monopole and hybrid anten-

nas with discussions covering their operation, electrical behavior and performance. An-

tennas are developed using microstrip technology to achieve low profile and compatibil-

ity with printed circuit board (PCB) technology. Different techniques for obtaining a 

bandstop function in the 5.0-6.0 GHz frequency band to avoid interference with other ex-

isting wireless local area network (WLAN) systems are numerically and experimentally 

presented. A UWB feed network prototype based on a modified two-section Wilkinson 
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power divider is then developed. The designed feed network has been used in construct-

ing two-element and four-element antenna arrays. The two-element antenna array has a 

total directive gain of about 5.5–8.5 dBi within the whole UWB frequency band while for 

the four-element antenna array, the achieved total directive gain is about 7.5–11.5 dBi. 

Two different UWB slot-coupled microstrip-to-microstrip vertical transitions are 

also addressed. The proposed transitions utilize trapezoidal- and butterfly-shaped mi-

crostrip patches at the top and bottom layers. The broadside coupling between microstrip-

coupled patches is achieved by cutting a rectangular-shaped slot in the mid-layer ground 

plane. The designed transitions are used to develop 3dB/90° hybrid couplers with good 

return loss, insertion loss, coupling and isolation characteristics across the desired fre-

quency range. Then two different 45° phase shifters are developed to be used in building 

4 × 4 Butler matrices for UWB beamforming applications. 

Finally, two compact and inexpensive multiple beamforming network (M-BFN) 

prototypes are developed. The developed microwave components using multi-layer mi-

crostrip PCB technology are used to design 4 × 4 Butler matrices. These matrices avoid 

using any crossing lines or crossovers and exhibit large bandwidth for UWB applications. 

To validate the proposed design, experimental prototypes of the proposed 4 × 4 matrices 

are designed, fabricated and tested. A four patch antenna array is connected to these ma-

trices to form multiple beamforming array systems. Simulations are carried out on these 

beamforming systems and the obtained radiation characteristics are also presented and 

discussed. 
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𝐶𝑛 Number of crossovers in N × N Butler matrix, 𝐶𝑛 = 2𝐶𝑛−1 + 2𝑛−2(2𝑛−2 −
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dB Decibels 
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f Frequency 
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n Order of the matrix 𝑁 = 2𝑛 
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𝑃𝑛 Number of phase shifters in N × N Butler matrix, 𝑃𝑛 = 𝑁(𝑛 − 1)/2 
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S21 (=S12) Transmission coefficient, expressed as an S parameter 
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tanδ Loss tangent 
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𝜑 Linear phase progression,𝜑 = (2𝑚− 1) 𝜋
𝑁

,𝑚 integer,𝑚 ∈ [1 − 𝑁/2,𝑁/2] 

σ Conductivity 

Ω Ohms 
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𝜃𝑜 Steered main-beam direction, 𝜃𝑜 = 𝑠𝑖𝑛−1(𝜆𝜑/2𝜋𝑑) 

φ Azimuth angle 
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Chapter 1 

Introduction 

 

1.1 Motivation for Use of UWB Technology 

Currently, there is an increased interest in Ultra-wideband (UWB) technology for 

use in several present and future applications. UWB technology received a major boost 

especially in 2002 since the US Federal Communication Commission (FCC) permitted 

the authorization of using the unlicensed frequency band starting from 3.1 to 10.6 GHz 

for commercial communication applications [1]. Although existing third-generation (3G) 

communication technology can provide us with many wide services such as fast internet 

access, video telephony, enhanced video/music download as well as digital voice ser-

vices, UWB –as a new technology– is very promising for many reasons. The FCC allo-

cated an absolute bandwidth up to 7.5 GHz which is about 110% fractional bandwidth of 

the center frequency. This large bandwidth spectrum is available for high data rate com-

munications as well as radar and safety applications to operate in. The UWB technology 

has another advantage from the power consumption point of view. Due to spreading the 

energy of the UWB signals over a large frequency band, the maximum power available to 

the antenna –as part of UWB system– will be as small as in order of 0.5mW according to 

the FCC spectral mask shown in Figure 1.1. This power is considered to be a small value 

and it is actually very close to the noise floor compared to what is currently used in dif-

ferent radio communication systems [2]. 
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Figure 1.2 shows the comparison between conventional narrowband (NB) versus 

UWB communications in both time- and frequency-domains. The conventional NB radio 

systems use NB signals which are sinusoidal waveforms with a very narrow frequency 

spectrum in both transmission and reception. Unlike a NB system, an Ultra-wideband ra-

dio system can transmit and receive very short duration pulses. These pulses are consid-

ered UWB signals because they have a very narrow time duration with very large instan-

taneous bandwidth starting from 500 MHz up to 7.5 GHz [2]-[3]. According to the defini-

tion in [4], one important feature of a radar and communications transmitter is called the 

effective isotropic radiated power (EIRP) which can be defined as the product of its gain 

and input power. Figure 1.3 shows the FCC spectral mask of the indoor UWB EIRP 

emission level. It can be seen that the maximum signal power is limited to −41.3 dBm per 

MHz throughout the whole UWB frequency range from 3.1 to 10.6 GHz. All the UWB 

systems and devices must work within this spectral mask for legal operation in order to 

comply with the FCC standards and regulations. 

 

Figure 1.1 UWB versus other radio communication systems (reproduced from [5]). 
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Figure 1.2 Time- and frequency-domain behaviors for conventional narrowband versus 
UWB communications (reproduced from [5]). 

 

 

 

Figure 1.3 FCC spectral mask for indoor UWB systems (reproduced from [1]). 
 

Frequency 
(GHz) 

EIRP  
(dB/MHz) 

0.96–1.61 
1.61–1.99 
1.99–3.1 
3.1–10.6 

Above 10.6 

–75.3 
–53.3 
–51.3 
–41.3 
–51.3 
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The huge bandwidth for UWB systems −compared to other conventional NB sys-

tems− can show a number of important advantages. There is an increasing demand for 

high speed and high data rate applications in communication systems [6]. One of those 

advantages is the ability of UWB system to achieve high data rates in future wireless 

communications which requires increasing the bandwidth of the communication system. 

Another advantage of UWB systems is the ability to effectively reduce fading and inter-

ference problems in different wireless propagation channel environments because of the 

limited transmitted power of UWB systems [7]. This is in addition to exploiting multipath 

or frequency diversity because of the huge bandwidth of UWB systems [8]. The signal-

to-noise ratio (SNR) of the UWB system can be increased using some techniques such as 

antenna diversity and beamforming which in turn will provide range extension and boost 

the capacity of worldwide interoperability for microwave access (WiMAX) for wireless 

metropolitan area networks (WMAN), and wireless fidelity (Wi-Fi) for wireless local ar-

ea networks (WLAN) [9]. 

In radar/sensor and imaging applications, when a signal is transmitted through a 

wireless propagation channel, both amplitude and phase of the signal will be varied in-

stantaneously with time. These different signal multipath components may be added to-

gether constructively or destructively depending on their phase relationships. If these sig-

nal multipath components are in phase, they will be added together constructively but if 

they are out-of-phase, they will be added together destructively. This phenomenon is 

called multipath fading and is caused by interference that occurs due to reflections, dif-

fractions or scattering from the various objects in the wireless propagation channel and it 

may affect the overall communication quality between transmitter and receiver [10]-[12]. 
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The solution of this severe fading problem is achieved by using smart antenna systems 

which are good candidates to maximize the received signal, enhance the SNR, increase 

the communication range, boost the channel capacity, improve communication quality, 

overcome the severe multipath fading problems and hence improve the overall UWB sys-

tem performance [13]. 

Smart antennas or multi-beam antennas (MBA) are considered very important and 

key elements in present and future wireless communication systems [14], [15]. These an-

tenna systems can be generally classified into two main categories based on transmit 

strategy: smart adaptive antenna arrays and switched-beam antenna (SBA) systems [16]. 

Smart adaptive arrays are able to process signals by changing their weights adaptively 

according to a certain algorithm in order to direct the main beam towards the desired di-

rection and/or to create pattern nulls in directions of undesired signals or interference. 

The advantage of this smart adaptive antenna array system is the remarkable increase in 

the signal-to-interference ratio (SIR) of the whole system and hence improves the overall 

performance of the system [17]. However, these antenna array systems are very complex 

in their physical structure and hence they are expensive to implement. 

On the other hand, switched-beam antenna (SBA) systems which generate multi-

ple fixed beams consist of antenna array elements connected to a multiple beamforming 

networks (M-BFN). The N × M beamforming network (BFN) has N fixed input or beam 

ports and M outputs connected to antenna array elements [18]. Because SBAs system is 

less complex in physical structure compared to the adaptive array system and hence inex-

pensive to implement, fabricate and test, it is considered to be more preferable by both 

academia and industry. There are many different M-BFN matrices have been proposed 
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such as the Blass matrix [19], [20], Nolen matrix [21], [22], Rotman lens [23], [24] and 

Butler matrix [25]-[27]. The Butler matrix is considered to be one of the most popular 

and widely-known networks among different switched beam networks. 

 

1.2 Challenges of UWB Technology 

UWB systems have shown a number of important advantages with great potential. 

To make UWB technology effective, there are several challenges to address. One of these 

challenges is the design of good and suitable UWB antenna as an important part of any 

UWB system. The antenna to be used for UWB applications must be operated over the 

entire 3.1-10.6 GHz FCC frequency spectrum and it must be capable of achieving high a 

matching impedance bandwidth of 7.5 GHz. Besides that, the behavior of both group de-

lay and phase versus frequency is another consideration that must be taken into account 

when we design the antenna. This is a very important characteristic of any UWB antenna 

because it measures the distortion and ringing of the signal in the time domain. An UWB 

antenna must have also a stable radiation pattern across the whole UWB frequency range 

as well as an omni-directional radiation pattern to be suitable for short-range indoor wire-

less communication applications and mobile/portable devices [28]. The efficiency re-

quirements such as high efficiency, stable gain design as well as the physical constrains 

such as a physically small, planar design to be applicable for recent mobile and portable 

devices are also very important [29]. 

Antenna array technologies are considered to be very attractive for different per-

sonal communication applications. Recently, there has been a great interest in the appli-

cation of antenna arrays in wireless communications because of the increasing demand 
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for high speed and high data rates for wireless communications. Antenna array allows 

using the available spatial domain efficiently by using a multi-element antenna (MEA) 

array such as in space division multiple access (SDMA), besides other conventional do-

mains such as frequency, time, and code in frequency division multiple access (FDMA), 

time division multiple access (TDMA), and code division multiple access (CDMA) re-

spectively. This will increase the number of degrees of freedom and then it will improve 

the overall system performance. The significant improvement in data transmission relia-

bility where the bit error rate is very low is also another advantage of using MEA tech-

nology [12], [16]. 

Combining both MEA and UWB technologies together with all their advantages 

will be an exciting application in very high data rate communications. It has been shown 

that the beamforming technique among these different techniques can achieve interfer-

ence mitigation, SNR enhancement and range extension [30].  

 

1.3 Objectives 

The overall objective of this thesis is to design a small size and low cost suitable 

antenna for UWB short-range communications applications integrated with a compact 

and inexpensive BFN to form a beamforming antenna array system for UWB applica-

tions. There are many challenges in dealing with the new emerging technologies like 

UWB technology. One of these challenges is how to design an antenna element that can 

operate effectively in the entire UWB frequency range. In this thesis, different UWB an-

tenna designs are investigated in order to understand their operation mechanism that leads 
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to the UWB characteristics. Another challenge related to the design of UWB beamform-

ing antenna array system is the design of suitable components such as feed networks, 

transitions, hybrid couplers and phase shifters to meet the UWB requirements.  

The design objectives for the UWB antennas and associated compact and inex-

pensive BFN for UWB communications applications are: 

 

• Design, build and test different UWB antenna elements with band-rejection capabili-

ties to avoid interference with other existing WLAN systems with good performance 

for UWB communications applications. 

• Design, build and test UWB feed networks circuits with good performance for anten-

na array applications and use them to construct UWB antenna arrays by connecting 

the developed UWB antenna elements with the designed UWB feed network. 

• Design, build and test different UWB components such as vertical transitions and hy-

brid couplers and phase shifters with UWB frequency bandwidth for multi-layer mi-

crowave circuits. 

• Design, build and test compact and inexpensive UWB Butler matrices as BFN.  

 

1.4 Organization of the Thesis 

This thesis is organized in seven chapters as follows: Chapter 2 covers the back-

ground introduction to UWB technology with discussing the advantages, applications and 

standards of the UWB technology in Section 2.2. It also presents the literature review for 

different UWB antenna designs and the techniques used for obtaining bandstop function 

in Section 2.3. In addition, Section 2.4 introduces a survey on different UWB linear an-
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tenna arrays designs. This is followed by a survey on UWB feed network designs and 

other associated microwave components in Section 2.5. Then, Section 2.6 gives the back-

ground information about different beamforming techniques for UWB applications with 

addressing the Butler matrix architecture. Finally, the chapter conclusions are outlined in 

Section 2.7. 

 

In Chapter 3, the theoretical background and analysis are discussed. Section 3.2 

presents the numerical and analytical techniques used in the analysis of all structures in 

this thesis. Electromagnetic (EM) numerical modeling techniques of both Ansoft High 

Frequency Structure Simulator (HFSS) and Computer Simulation Technology Micro-

wave Studio (CST MWS) simulation programs used in designing these components and 

circuits are introduced. It is followed by discussing the design methodology and the oper-

ation principle of UWB antennas based on the investigation of their performance and 

characteristics in Section 3.3. Finally, the chapter is summarized in Section 3.4. 

 

In Chapter 4, different designs for UWB planar printed circuit board (PCB) disc 

monopole and hybrid antennas are studied. Section 4.2 discusses the novel design for a 

printed circular disc monopole antenna with two steps and a circular slot and demonstrat-

ing some parametric studies to address the effect of different antenna parameters on its 

performance. This is followed by introducing the Ansoft HFSS and CST simulation re-

sults as well as the measured results for the fabricated antenna prototype. Then the band-

notched antenna with bandstop function in 5.0-6.0 GHz frequency band is designed based 

on the parametric studies carried out on bandstop filter element parameters. Smaller size 
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maple-leaf shaped monopole antennas with two different designs for band rejection are 

proposed in Section 4.3. Other shapes for planar PCB disc monopole antennas are pro-

posed in Section 4.4. In those different designs, we are trying to reduce the antenna over-

all dimensions to come up with the best antenna candidate for mobile and portable UWB 

applications or even decrease the metallic area to enhance the antenna efficiency and the 

gain as well. One design uses a radiating element in the shape of a butterfly while the 

other design uses a trapezoidal shape with a bell-shaped cut. Section 4.5 presents the 

compact hybrid printed monopole antenna loaded with a dielectric resonator (DR). This 

hybrid combination of both printed monopole and DR provides us with a very compact 

antenna design which is very suitable for UWB indoor communication applications. Fi-

nally, the chapter conclusions are given in Section 4.6. 

 

In Chapter 5, a compact design for UWB feeding network, and associated micro-

wave components such as transitions, hybrid couplers and phase shifters are demonstrat-

ed. Simulated as well as the measured results for some designed prototypes are discussed. 

Section 5.2 presents a compact UWB feeding network prototype based on modifying the 

conventional Wilkinson power divider. The designed UWB feed network is then integrat-

ed with the previously designed UWB antenna in Chapter 4 to construct two- and four-

element linear antenna arrays as in Section 5.3. The performance of antenna arrays are 

analyzed. It is followed by the design of two different vertical transition prototypes using 

multi-layer microstrip PCB technology for UWB applications as in Section 5.4. One de-

sign uses butterfly-shaped patches while the other uses trapezoidal patches. Then we de-

veloped two different 90° hybrid couplers by extending the 2-port transitions to 4-port 
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hybrid couplers in Section 5.5. Section 5.6 demonstrates the design of two 45° phase 

shifters based on exploiting the broadband coupling feature of the designed transitions. A 

conventional microstrip transmission line is used as a reference line with the designed 

trapezoidal and butterfly transitions to come up with constant phase with frequency. Fi-

nally, the chapter conclusions are summarized in Section 5.7.  

 

In Chapter 6, two different configurations for UWB 4 × 4 Butler matrices using 

two-layer microstrip PCB technology are designed, optimized, fabricated and measured. 

The simulated as well as the measured results are presented with detailed discussion and 

explanation is provided. Finally, Section 6.3 summarizes the chapter conclusions.  

 

Chapter 7 presents the conclusion and contributions for the carried out research 

followed by suggestions for future work. 

 

In Appendix A, we provided a detailed analysis for the modified UWB Wilkinson 

power dividers. 

 

In Appendix B, a detailed analysis for two-layer microstrip-to-microstrip vertical 

transition as a four-port network is discussed.   
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Chapter 2 

Background and Literature Review 

 

2.1 Introduction 

According to the Institute of Electrical and Electronics Engineers (IEEE) standard 

[31], the bandwidth of an antenna is defined as the frequency band within which the an-

tenna performance and characteristics agree well with a specific standard. For Ultra-

wideband (UWB) antenna design, there are two different definitions for antenna band-

width, i.e. impedance bandwidth and radiation bandwidth. Impedance bandwidth can be 

defined as the frequency range where the antenna reflection coefficient (S11) or return 

loss (RL = –20 log|S11|) is better than 10 dB or the antenna voltage standing wave ratio 

(VSWR) is less than 2.0:1. The radiation bandwidth of an antenna is defined as the fre-

quency range where the antenna radiation patterns are relatively stable at all frequencies. 

The frequency bandwidth of an antenna can be expressed in terms of either the 

absolute bandwidth (ABW) or the fractional bandwidth (FBW). Assuming that the anten-

na bandwidth has a lower edge frequency of fL, an upper edge frequency of fU and a cen-

ter frequency of fc. The ABW is defined as the difference between the upper and the low-

er edge frequencies of operation while the FBW can be defined as the percentage of the 

ratio between the absolute bandwidth and the center frequency as given in Eq. (2.1) and 

Eq. (2.2), respectively: 



13 
 

                                                   ABW =  (𝑓𝑈 − 𝑓𝐿)                                                             (2.1) 

                                            FBW =  𝐴𝐵𝑊
𝑓𝑐

= (𝑓𝑈−𝑓𝐿)
𝑓𝑐

 ×  100%                                          (2.2) 

where the center frequency 𝑓𝑐 =  (𝑓𝑈+𝑓𝐿)
2

. 

Another definition for the bandwidth in case of broadband antennas which is the 

ratio of the upper edge frequency fU to the lower edge frequency fL, as given in Eq. (2.3): 

                                                         BW =  𝑓𝑈
𝑓𝐿

                                                                      (2.3) 

In this chapter, the literature review and background information related to the de-

sign of antennas and other associated microwave components for UWB communication 

applications are provided. This chapter is organized as follows; Section 2.2 presents a 

brief introduction to the definition, standards and main advantages of ultra-wideband 

technology as well as its potential applications. A survey for different UWB antenna de-

signs is investigated and presented in Section 2.3. Then, Section 2.4 introduces the back-

ground information about UWB linear antenna array and its advantages. Then, the survey 

for UWB feed networks and other associated microwave components such as vertical 

transitions, hybrid couplers and phase shifters are introduced in Section 2.5. Section 2.6 

gives background information about different beamforming techniques antenna array sys-

tems followed by conclusions in Section 2.7. 

 

2.2 Ultra-wideband (UWB) Technology 

UWB technology is considered to be attractive by many researchers, scientists 

and engineers and a promising technology for high-speed, high data rates and short-range 

indoor wireless communications. This is especially true when the US FCC permitted us-

ing the frequency band from 3.1 to 10.6 GHz for UWB radio applications in 2002 [1]. 
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Currently, there is a great interest in UWB system design and implementation in both ac-

ademic research and industry areas. The concept of UWB radio was first developed sev-

eral decades ago exactly in the late 1960’s. The U.S. Department of Defense first founded 

the term ‘ultra wideband’ in 1989 [32]. In the beginning, UWB was mainly for military 

purposes such as radar applications which use wideband signals in frequency domain or 

very short duration pulses in the time domain to get fast, reliable and accurate infor-

mation about moving targets such as missiles. Recently, the FCC defined UWB as a sig-

nal with a minimum absolute bandwidth of 500 MHz where the fractional bandwidth is 

about 20% of the center frequency [1]. UWB systems use a very short duration pulse to 

transmit data over a large absolute bandwidth of up to 7.5 GHz. The FCC allowed in 

2002 using the unlicensed frequency band of 3.1-10.6 GHz with a limited transmitted 

power of –41.3 dBm/MHz for use in commercial wireless applications. Recently, it has 

shown to be of increasingly great research interest especially in the field of personal and 

commercial wireless communications. 

There are many potential applications for the UWB new emerging technology that 

can be used in recent personal and commercial communication systems, vehicular radar 

systems, and imaging systems such as ground-penetrating radar, wall-imaging systems, 

medical systems, and surveillance systems. UWB systems have shown a number of no-

ticeable features compared to other existing conventional NB systems. One of those fea-

tures is less complexity of UWB systems compared to conventional NB systems. Another 

feature is their low cost which becomes very attractive for commercial communications 

applications. Because the available power level for UWB systems is very low for FCC 

legal operation, this enables them to work very close to the noise floor level and hence to 
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have a noise-like signal spectrum which makes them good at mitigating severe multipath 

fading environments, strong interference and jamming. Some radar applications such as 

positioning, geo-location, localization and tracking objects require excellent time-domain 

resolution and high accuracy which can be achieved by using UWB systems rather than 

conventional NB systems [33]. For Wireless Personal Area Networks (WPANs) envi-

ronments, UWB technology is an excellent solution for the ultra high-speed data services 

up to 500 Mega bit per second (Mbps). These speeds can be greatly increased by using 

antenna arrays instead of single antenna element and different beamforming techniques. 

 

2.3 UWB Antenna Design 

UWB antennas, key components of the UWB system, have received attention and 

significant research in recent years [34]-[49]. With the increasing popularity of UWB 

systems, there have been breakthroughs in the design of UWB antennas. Implementation 

of a UWB system is facing many challenges and one of these challenges is to develop an 

appropriate antenna. This is because the antenna is an important part of the UWB system 

and it affects the overall performance of the system. Currently, there are many antenna 

designs that can achieve broad bandwidth to be used in UWB systems such as the Vivaldi 

antenna, bi-conical antenna, log periodic antenna and spiral antenna as shown in Figure 

2.1. A Vivaldi antenna [34]-[38] is one of the candidate antennas for UWB operation. It 

has a directional radiation pattern and hence it is not suitable for either indoor wireless 

communication or mobile/portable devices which need omni-directional radiation pat-

terns to enable easy and efficient communication between transmitters and receivers in all 

directions. Mono-conical and bi-conical antennas [39]-[41] have bulky structures with 
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large physical dimensions which limit their applications. Also, log periodic [40], [42] and 

spiral antennas [43]-[46] are two different UWB antennas that can operate in the 3.1-10.6 

GHz frequency band but are not recommended for indoor wireless communication appli-

cations or mobile/portable devices. This is because they have large physical dimensions 

as well as dispersive characteristics with frequency and severe ringing effect [42]. This is 

why we are looking for another candidate for UWB indoor wireless communications and 

mobile/portable devices that can overcome all these shortcomings. This candidate is the 

planar or printed monopole antenna [47]-[69]. Planar monopole antennas [47]-[55] with 

different shapes of polygonal (rectangular, trapezoidal... etc), circular, elliptical…etc 

have been proposed for UWB applications as shown in Figure 2.2.  

         

                            (a)                                                                     (b) 

   

                           (c)                                                                    (d) 
        

Figure 2.1 (a) Vivaldi antenna [35] (b) Mono-conical and bi-conical antenna [40] (c) 
Log-periodic antenna [40] and (d) Spiral and conical spiral antenna [45] 
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(a) Rectangular [47]-[50] 
 

 

(b) Circular and elliptical [51]-[52] 
 

 

 

(c) Other shapes [53]-[55] 
 

Figure 2.2 Modified shape planar antennas for UWB applications. 
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Due to their wide frequency impedance bandwidth, simple structure, easy fabrica-

tion on printed circuit boards (PCBs), and omni-directional radiation patterns, printed 

PCB versions of planar monopole antennas are considered to be promising candidates for 

applications in UWB communications. Recent UWB antenna designs focus on small 

printed antennas because of their ease of fabrication and their ability to be integrated with 

other components on the same PCBs [56]-[69]. Figure 2.3 illustrates several realizations 

of planar PCB or printed antenna deigns.  

 

 
                  (a)                                        (b)                                      (c)           

 

 
                   (d)                                      (e)                                                         (f) 
 
Figure 2.3 Planar PCB or printed antenna designs [64]-[69]. 
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However, there are several existing NB communication systems operating below 

10.6 GHz in the same UWB frequency band and may cause interference with the UWB 

systems such as IEEE 802.11a WLAN system or HIPERLAN/2 wireless system. These 

systems operate at 5.15−5.825 GHz which may cause interference with a UWB system. 

To avoid the interference with the existing wireless systems, a filter with bandstop char-

acteristics may be integrated with UWB antennas to achieve a notch function at the inter-

fering frequency band [70]-[81]. Figure 2.4 shows several developed bandstop antenna 

designs. 

 

 

              (a)                                 (b)                                (c)                                  (d) 
 

 
              (e)                                  (f)                                (g)                               (h) 
 
Figure 2.4 Printed antenna designs with single bandstop functions [70]-[78]. 
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2.4 UWB Linear Antenna Arrays 

A high gain antenna system is needed especially in certain applications such as 

microwave imaging, localization and/or radar applications. A UWB single antenna ele-

ment has relatively low gain of order of 3 or 4 dBi across the frequency band of opera-

tion. This can be improved using antenna arrays instead of just a single element. One im-

portant and critical problem in designing an antenna array system is the grating lobes. 

They appear when the inter-element spacing among antenna elements exceeds approxi-

mately the wavelength at the operating frequency. In order to avoid grating lobes at high-

er frequencies, this space should be kept smaller than a half wavelength at upper UWB 

frequency 𝑓 = 10.6 GHz. Actually, there are a few designs for antenna array for UWB 

applications [82]-[87]. In [82], only two-element antenna array as shown in Figure 2.5 is 

introduced with maximum achieved impedance bandwidth of about 83% (3.1-7.5 GHz). 

Both two-element and four-element antenna arrays, as illustrated in Figure 2.6, have been 

presented in [83]. The achieved total directive gain for the proposed two-element and 

four-element arrays in the UWB frequency band are 3.6-8.5 dBi (+4.9 dBi gain variation) 

and 6.5-10.5 dBi (+4.0 dBi gain variation), respectively. Some other UWB antennas ar-

rays have been introduced such as leaf-shaped bowtie [84], [85] and tapered-slot-fed an-

tenna arrays [86]. For the two- and four-element UWB leaf-shaped bowtie antenna arrays 

as shown in Figure 2.7, the radiation pattern is unidirectional which is not suitable for 

communications applications. The four-element UWB tapered-slot-fed antenna arrays as 

shown in Figure 2.8, is large and not planar with directional radiation patterns. 
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Figure 2.5 Two-element UWB antenna array [82]. 
 

      

Figure 2.6 Two- and four-element UWB antenna arrays [83]. 
 

 
 
Figure 2.7 Two- and four-element UWB leaf-shaped bowtie antenna arrays [84], [85]. 
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Figure 2.8 Four-element UWB tapered-slot-fed antenna array [86]. 
 

2.5 UWB Feed Networks and Associated Components 

There are many different types of feed networks or power dividers/combiners that 

can be used in different applications. The T-junction power divider/combiner is consid-

ered to be the most popular and simplest three-port network as shown in Figure 2.9 [88]. 

The T-junction can be used as a 2:1 power divider if we feed it from input port # 1 to di-

vide the power equally into two halves between output ports 2 and 3. It can be also used 

as a power combiner if we feed it from two input ports 2 and 3 to combine the power to 

output port # 1. The type and the application of the power divider can be determined ac-

cording to the phase difference between the two output ports. The power divider can be 

in-phase, quadrature-phase or out-of-phase if the phase difference between the output 

ports is 0°, 90° or 180°, respectively. 

Wilkinson power dividers are the most popular and widely used in various mi-

crowave circuits because of the ease and simplicity in the design, realization, implemen-

tation and testing [88]. Wilkinson power dividers have shown many advantages such as 

well-matched output ports with high isolation between them because of the use of an iso-

lation resistor. Also, they are considered to be in-phase power dividers because the two 



23 
 

output ports have the same phase. Basically, Wilkinson power dividers are for narrow-

band applications and therefore cannot be used for broadband or wideband applications 

such as ultra-wideband. This is why several proposed designs have been introduced to 

increase the operating bandwidth of the conventional Wilkinson power divider or even to 

reduce its size for certain applications as shown in Figure 2.10(a, b, c & d) [89]-[93]. It 

has been found that bandwidth enhancement can be achieved by increasing the number of 

divider sections, i.e. three-section Wilkinson power divider [89], [90], or by modifying 

the original Wilkinson divider by adding open-circuited stub matching networks which 

increase the operating bandwidth [91]. Another technique to obtain a broadband design is 

implemented by using multi-layered microstrip PCB technology to achieve a broadband 

in-phase power divider as shown in Figure 2.10(e) [94]. 

                                      (a)                                                                           (b) 
 
Figure 2.9 (a) Microstrip T-junction [88] and (b) Transmission line model of lossless T-
junction [88]. 
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       (a)                                                                           (b) 

 

                   
                                                          (c) 

 

        
                                                         (d) 

 

 
                                                          (e) 

 
Figure 2.10 (a) Broadband multi-section feed network [89] (b) Modified single stage 
Wilkinson power divider [90] (c) Modified two-section Wilkinson power divider [91] (d) 
Compact modified two-section Wilkinson power divider [92] and (e) Multi-layer in phase 
power divider [94]. 
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2.5.1 UWB Vertical Transitions 

Vertical transitions are basic elements of microwave circuits and key components 

in multi-layered beamforming networks such as Butler matrices. They are considered to 

be good alternatives that avoid the crossovers, or cross lines problems such as limiting 

operating bandwidth and increasing radiation losses. The main goal when we design any 

good transition is to achieve a minimum insertion loss over a maximum possible band-

width. Recently, different designs for the multi-layered vertical transitions have been 

studied for wideband applications to achieve a wide bandwidth with a reasonable inser-

tion loss [95]-[101]. Figure 2.11 presents some designs for wideband vertical transitions 

using different implementation technologies. In [95], a vertical transition in a multi-layer 

millimeter wave (MMW) module at 30 GHz using Substrate Integrated Circular Cavities 

(SICC) is proposed. Another design proposed in [96] uses broadband multi-layered tran-

sition using high efficiency Low-Temperature Co-fired Ceramic (LTCC) technology. 

Other designs are implemented using PCB technology. It can be noticed that the coupling 

mechanism between the two layers can be achieved by using either an aperture (slot) or 

via-holes. It has been found that transitions through via-holes have complexity in struc-

ture and difficulty in fabrication that will lead to performance degradation especially at 

higher frequencies [97]. To overcome the deficiencies through via-holes transitions, aper-

ture- or slot-coupled vertical transitions can be used instead as better replacement for via-

hole transitions. The aperture or slot which may take different shapes such as rectangular, 

circular, and elliptical or any other shape is etched on the common ground plane between 

the two layers [98]-[100].  
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           (a)                                                     (b) 

 

(c)                                              (d) 

              

(e)                                                (f) 

Figure 2.11 (a) SICC multi-layered vertical transition at 30 GHz [95] (b) LTCC multi-
layered vertical transition [96] (c) Vertical microstrip transition using via hole array ver-
tical metallic-wall [97] (d) Aperture-coupled vertical microstrip elliptical transition [98] 
(e) Microstrip to conductor backed coplanar waveguide (CB-CPW) transition [99] and (f) 
Microstrip to slot-line transition [100]. 
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2.5.2 UWB 90° Hybrid Couplers 

Hybrid couplers are fundamental and important microwave passive devices that 

can be widely used in many microwave integrated circuits (IC) applications such as in 

balanced mixers, modulators, and beamforming networks. A hybrid coupler is defined as 

a four port network [88]. They can be used as a divider/combiner to divide or combine 

signals with the desired phase. Some traditional and well-known 90° directional couplers 

such as branched-line, coupled line and Lange coupler are illustrated in Figure 2.12. 

Those types of couplers have a narrow bandwidth operation characteristic. For broadband 

wireless communication applications such as UWB systems, there are certain require-

ments for the design of good and efficient hybrid couplers. Couplers should have high-

performance, low cost and small size. There are many different techniques to design 

broadband directional couplers as shown in Figure 2.13. A technique introduced by [108] 

uses coupled lines with a slotted ground plane underneath. The spacing requirement be-

tween the lines is too small to achieve the desired coupling and hence the coupler be-

comes difficult to fabricate. Moreover, there are some serious constraints that affect the 

overall performance of these types of structures. Another approach [110] is used to im-

prove the performance and reduce the size of the conventional branch-line coupler by us-

ing a microstrip electromagnetic bandgap (EBG) element. The broadside coupling ap-

proach is considered another technique proposed to avoid the problems of spacing re-

strictions between the lines in coupled line couplers [106], [107], [109]. This suggested 

technique uses a multi-layered structure consisting of two dielectrics substrates and three 

metallic layers. Two microstrip patches of any shape are installed on the top and bottom 
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layers while a broadside coupling slot is etched in the common ground plane (middle lay-

er). 

   

(a) 

 

(b) 

 

(c) 

Figure 2.12 (a) Geometry and photograph of a branched-line coupler [88] (b) Geometry 
and photograph of a coupled line coupler [88] and (c) Microstrip Lange coupler [88]. 
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(a)                                                              (b) 

 

(c)                                                 (d) 

 

(e) 

Figure 2.13 (a) Slot-coupled rectangular directional coupler [106] (b) Slot-coupled ellip-
tical directional coupler [107] (c) Quadrature coupler with slotted ground plane [108] (d) 
Broadside directional slot-coupled coupler [109] and (e) Improved branch-line coupler on 
microstrip EBG element [110]. 
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2.5.3 UWB Phase Shifters 

There is a big need for phase shifters due to their consideration as important mi-

crowave devices widely used in various applications such as electronic beam scanning 

phased arrays, phase modulators… etc. Conventional phase shifters have narrowband 

performance where the phase changes linearly with increasing frequency. Because of the 

non-dispersive characteristic and broadband propagation properties of microstrip PCB 

technology, phase shifters should be implemented using microstrip PCB for wideband 

operation. Figure 2.14 shows the original Schiffman phase shifter which is considered to 

be one of the first designs based on using different sections of coupled-strip transmission 

lines operating in the transverse electromagnetic (TEM) mode and a reference transmis-

sion line [113]. By controlling the degree of coupling between coupled lines and the 

length of those lines, the desired constant broadband phase difference between these lines 

can be obtained. The problem with the original Schiffman phase shifter is that the 

achieved bandwidth does not cover the desired UWB frequency range. Recently, re-

searchers have tried to improve the original Schiffman phase shifter to achieve the de-

sired broadband phase response as shown in Figure 2.15 [114]-[117]. This can be 

achieved by using cascade of multiple coupled parallel transmission line sections con-

nected to each other [116]. These designs have a large size and some limitations in PCB 

fabrication because of very small gaps to achieve tight coupling. Another approach is 

achieved by using dumb-bell-shaped phase shifter having multi-section stubs but the 

bandwidth achieved is not enough for UWB operation [114]. In [115], an improved 

wideband Schiffman phase shifter is proposed by modifying the ground plane underneath 

the microstrip coupled lines to form a defected ground structure (DGS) while the 
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achieved bandwidth is from 1 GHz to 3.5 GHz. Another approach to design a broadband 

phase shifter in multi-layered PCB technology is achieved by using the multi-layered ver-

tical elliptical transition and a microstrip reference line as in [117].  

 

Figure 2.14 Original Schiffman phase shifter [113].  
 

           
(a)                                                            (b) 

 
(c)                                                                    (d) 

Figure 2.15 (a) Improved broadband dumb-bell-shaped phase shifter using multi-section 
stubs [114] (b) Improved wide-band Schiffman phase shifter [115] (c) Modified Schiff-
man phase shifter [116] and (d) Slot-coupled elliptical phase shifter [117]. 
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2.6 UWB Beamforming Techniques 

According to FCC regulations, the power spectral density (PSD) of UWB signal 

is limited for legal operation by the strict power regulations of the FCC mask. The maxi-

mum achievable coverage range will be limited by using a multi-element antenna array. 

This problem can be solved by using smart antenna systems. Beamforming is one of the 

most popular techniques that can be used to provide both coverage range extension and 

interference mitigation [9]. The potential of combining UWB and smart antenna systems 

technologies is to exploit the benefits of each. An exciting application of multi-antenna 

UWB techniques is in very high speed and high data-rate communications. UWB smart 

antenna systems have the ability to increase the data-rate of UWB systems beyond the 

current state of the art, i.e. 500 Mbps to several Giga bit per second (Gbps). This can be 

achieved by using the spatial-multiplexing benefit as well as exploiting the large gain in 

system capacity because of the huge bandwidth of UWB systems. This high speed and 

high data rates will be useful in many future applications such as multimedia communica-

tions. For those reasons we should give great attention to research in multi-element an-

tenna array UWB communications systems. 

 

2.6.1 Background Beamforming Techniques 

Beamforming techniques can be generally classified into two main categories: 

conventional or fixed beamforming techniques and modern or adaptive techniques. The 

fixed beamforming technique is considered to be a simple technique to improve the sys-

tem performance. Switched-beam antenna (SBA) systems are defined as antenna array 
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systems that can generate multiple fixed beams with increased performance [16]. Many 

different structures of multi-beam network beamformers have been proposed such as the 

Blass matrix [19], [20], the Nolen matrix [21], [22], the Rotman lens [23], [24], and the 

Butler matrix [25]-[27]. Butler matrix is considered to be the popular network among the-

se beamformers. This is because of its simple design and ease of implementation and test-

ing as shown in Figure 2.16. More details about the UWB Butler matrix beamformer ar-

chitecture is given in the following section. 

 
(a)                                                               (b) 

 
 

 
(c)                                                              (d) 

 
Figure 2.16 Schematic block diagram of (a) Blass matrix BFN [22] (b) Nolen matrix 
BFN [22] (c) Rotman lens beamformer [22] and (d) Butler matrix BFN [22]. 
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2.6.2 Butler Matrix Architecture 

A Butler matrix consists of a passive 𝑁 × 𝑁 phased antenna array network that 

has the ability to steer the main beam in the desired direction and/or to form nulls in the 

direction of strong interference or jamming. Practically, it consists of a combination of 

both hybrid couplers and phase shifters. The type of hybrid couplers used in its imple-

mentation determines the type of Butler matrix which can be either symmetrical or 

asymmetrical network. If the Butler matrix uses quadrature or 90° hybrids, the network 

becomes symmetrical while the asymmetric one uses out-of-phase or 180° hybrids. 

The standard symmetric 𝑁 × 𝑁  Butler matrix has (𝑁 = 2𝑛 ) input ports and 𝑁 

output ports associated with 𝑁 antenna elements. When it is fed by 𝑁-element linear an-

tenna array, 𝑁 orthogonal beams of the same gain as the whole array are obtained. Gen-

erally, the 𝑁 × 𝑁 Butler matrix can be constructed by cascading 𝐻𝑛 = 𝑁𝑛/2 hybrid cou-

plers and 𝑃𝑛 = 𝑁(𝑛 − 1)/2 phase shifters. In case of planar matrices with crossovers, the 

total number of crossovers 𝐶𝑛 is calculated from Eq. (2.4) [118] 

𝐶𝑛 = 2𝐶𝑛−1 + 2𝑛−2(2𝑛−2 − 1), 𝐶1 = 1                                (2.4) 

For example, for a 4 × 4 Butler matrix shown in Figure 2.17; 𝑁 = 4 = 22, 𝑛 = 2 

the matrix has four 90° hybrid couplers, two 45° phase shifters and two crossovers. Table 

2.1 shows the number of hybrids, phase shifters and crossovers in different Butler matri-

ces. The number of crossovers increases in a rapid manner by increasing the matrix order 

𝑛 and those crossovers will degrade the overall performance of the matrix. To avoid us-

ing crossovers in designing a Butler matrix, a two-layer PCB topology is to be used. Fig-

ure 2.18 shows a layout of 4 × 4 Butler matrix proposed in a two-layer topology.  
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The linear phase progression 𝜑 at the output ports for each input port can be cal-

culated from Eq. (2.5) [21] 

𝜑 = (2𝑚− 1)
𝜋
𝑁

,        𝑚 integer,𝑚 ∈ [1 − 𝑁/2,𝑁/2]                   (2.5) 

Due to this linear phase progression 𝜑 at the output ports, the main beam will be 

directed towards a certain angle 𝜃𝑜 which can be calculated from Eq. (2.6) [21]  

𝜃𝑜 = 𝑠𝑖𝑛−1 �
𝜆
𝑑
𝜑

2𝜋�
                                                     (2.6) 

where d is the inter-element spacing of the linear antenna array, 𝑚 is assigned for each 

input port and λ is the free space wavelength at the operating frequency. Table 2.2 shows 

the linear phase progression 𝜑 at the output ports and main beam direction 𝜃𝑜 for a 4 × 4 

Butler matrix when the inter-element spacing of the linear antenna array is d = λ/2. 

 

Table 2.1 Number of Hybrid Couplers, Phase Shifters and Crossovers in Butler Matrices 

Number of 
ports, 𝑵 = 𝟏𝒏 

Matrix order 
𝒏 

Number of 
3dB/90° hybrid 
couplers, 𝑵𝒏/𝟏 

 

Number of 
phase shifters, 
𝑵(𝒏 − 𝟏)/𝟏   

Number of 
crossovers, Eq. 

(2.4) 𝑪𝒏  

2 × 2 1 1 0 0 
4 × 4 2 4 2 2 
8 × 8 3 12 8 16 

16 × 16 4 32 24 88 
32 × 32 5 80 64 416 
64 × 64 6 192 160 1,824 

 
Table 2.2 Linear Phase Progression 𝜑 at the Output Ports and Main Beam Direction 𝜃𝑜 

for a 4 × 4 Butler Matrix 

 5 6 7 8 𝜷 𝜽𝒐 
1 45° 90° 135° 180° – 45° + 14.5° 
2 135° 0° 225° 90° + 135° – 48.6° 
3 90° 225° 0° 135° – 135° + 48.6° 
4 180° 135° 90° 45° + 45° – 14.5° 

225° = – 135°  
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Figure 2.17 Schematic block diagram of 4 × 4 Butler matrix. 
 

 
Figure 2.18 Block diagram of the proposed two-layer 4 × 4 UWB Butler matrix without 
crossovers.  
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2.7 Summary 

In this chapter, the state of art of UWB antennas together with feed networks and 

other microwave associated components for UWB applications has been presented. It 

started by describing the UWB technology and its advantages for future wireless commu-

nication systems. This was followed by investigating several relevant works related to 

UWB antenna element designs and antenna arrays. The chapter presented several UWB 

feed networks and other associated UWB microwave components such as vertical transi-

tions, 90° hybrid couplers and phase shifters. Then background information about UWB 

beamforming techniques was addressed with a focus on the architecture of a Butler ma-

trix as a suggested beamforming network for generating multiple fixed orthogonal beams. 

The layout of 4 × 4 UWB Butler matrix without crossovers was presented on two-layered 

microstrip PCB technology. 
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Chapter 3 

Theoretical Background and Analysis 

 

3.1 Introduction 

The design of compact and inexpensive ultra-wideband antennas and microwave 

components for beamforming antenna system is our target in this thesis. As mentioned in 

Chapter 2, various types of antennas and other associated microwave components have 

been recently considered for wideband and ultra-wideband applications. This chapter fo-

cuses on the theoretical background and design methodology used in designing those an-

tennas and other microwave components for UWB operation. Starting from the initial 

design for the microstrip-line-fed printed circular disc monopole antenna, we developed 

different novel antenna structures for future UWB applications. The initial parameters of 

the UWB printed circular disc monopole antenna are also given in this chapter. The oper-

ation mechanism of those kinds of UWB antennas are introduced and discussed. The idea 

of integrating a bandstop filtering element on the reference circular disc monopole anten-

na is also addressed here. The methodology used in designing UWB feed networks and 

associated microwave components such as vertical transitions, hybrid couplers and phase 

shifters will be presented in Chapter 5. 

This chapter is organized as follows: Section 3.2 presents the numerical and ana-

lytical techniques used in designing all UWB antennas and microwave components in 
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this thesis. Those techniques are based on Finite Element (FE) method as used in Ansoft 

High Frequency Structure Simulator (HFSS) and Finite Integration Technique (FIT) as in 

Computer Simulation Technology Microwave Studio (CST MWS). The operation princi-

ples and design methodologies of UWB disc monopole antennas and hybrid antennas 

based on the investigation of the antenna performance and characteristics are addressed in 

Section 3.3. Finally, conclusions are summarized in Section 3.4. 

 

3.2 Numerical/Analytical Techniques 

The principles of electromagnetic fields and waves are very important for the de-

sign and development of antennas as well as microwave devices and components as key 

elements of any wireless communication system. All proposed antennas and other associ-

ated microwave components in this thesis such as feed networks, vertical transitions, hy-

brid couplers, phase shifters and Butler matrices are analyzed and designed by solving the 

well-known Maxwell’s equations. These equations describe all electromagnetic phenom-

ena of different structures and configurations. They can be expressed in their either dif-

ferential or integral forms as [88] 

Differential form Integral form  

∇ ∙ 𝐷��⃗ = 𝜌𝑣 �𝐷��⃗ ∙ 𝑑𝑆 = 𝑄𝑒𝑛𝑐 
(3.1) 

∇ ∙ 𝐵�⃗ = 0 �𝐵�⃗ ∙ 𝑑𝑆 = 0 (3.2) 

∇ × 𝐸�⃗ = −
𝜕𝐵�⃗
𝜕𝑡

 �𝐸�⃗ ∙ 𝑑𝑙 = −
𝜕Φ𝐵

𝜕𝑡
 

(3.3) 

∇ × 𝐻��⃗ = J +
𝜕𝐷
𝜕𝑡

 �𝐻��⃗ ∙ 𝑑𝑙 = 𝑖𝑒𝑛𝑐 + 𝜀
𝜕Φ𝐸

𝜕𝑡
 

(3.4) 
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where the vectors 𝐸�⃗  and 𝐻��⃗  are the electric and magnetic field intensities and are meas-

ured in units of [V/m] and [A/m], respectively. The vector quantities 𝐷��⃗  and 𝐵�⃗  are the 

electric and magnetic flux densities and are in units of [C/m2] and [Wb/m2]. The scalar 

quantities Φ𝐸 = ∬𝐷��⃗ ∙ 𝑑𝑆 and Φ𝐵 = ∬𝐵�⃗ ∙ 𝑑𝑆 are the electric and magnetic fluxes and 

are in units of [C] and [Wb], respectively. 

When the EM field problem is complex, an exact solution in a closed form may 

be difficult to obtain and hence we should solve them by applying numerical techniques. 

Because of the complexity of proposed antenna structures and other microwave compo-

nents in this thesis, all proposed structures are modeled using commercial simulation 

software programs which enable us to design, simulate, tune and optimize structure’s 

physical parameters to reach the best design before fabricating prototypes. Currently, 

there are several numerical techniques that can be used to solve the EM problems, such as 

the Finite Element (FE) method [149], the Method of Moments (MoM) [150], the Finite 

Difference Time Domain (FDTD) [151] and the Finite Integration Technique (FIT) [152]. 

The first two methods solve the EM problems in the frequency domain while the other 

two methods use the time domain. Depending on the type of problem, we can choose the 

appropriate numerical technique. A comparison among those numerical techniques is 

summarized in Table 3.1. All simulations done in this thesis are performed using two dif-

ferent computer aided design (CAD) tools which are based on computational EM model-

ing techniques [149-152] to check the accuracy of simulated results before the fabrication 

process phase. Two independent CAD tools are selected: one is a frequency domain solv-

er while the other is a time domain solver. We compare them with respect to their storage 

capacity, running speed and accuracy. 
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Table 3.1 Comparison Among Several Numerical Techniques 

Numerical technique 
 

MoM [150] FE [149] FDTD [151] 
 

Storage capacity 
 

Moderate Large Large 

CPU runtime 
 

Moderate Moderate/Large Large 

Full/Sparse matrix 
 

Full Sparse Sparse 

 Analytical load  
 

Moderate Small Nil 

Structure complexity 
 

Good Very Good Good 

Material generality 
 

Limited Very Good Good 

Nonlinearity/inhomogeneity 
 

Difficult Easy Easy 

Open boundary support 
 

Easy Difficult  Difficult 

 

3.2.1 Finite Element Method using Ansoft HFSS 

The first simulation software program is Ansoft High Frequency Structure Simu-

lator (HFSS) [119]. Ansoft HFSS is currently considered to be one of the top industry-

standard software programs and a powerful EM field simulation tool for many years. It is 

based on a three-dimensional (3D) full-wave finite element (FE) method which is a fre-

quency-domain numerical technique for solving Maxwell's equations. Because of its high 

accuracy and performance, Ansoft HFSS can be used by engineers in industry or re-

searchers and scientists in academia to analyze and design different complex structures 

for high-frequency applications. 

Ansoft HFSS uses the FE numerical technique in order to generate an EM field 

solution for different 3D problems. First, the finite element technique is based on divid-
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ing the whole big problem space into small regions or sub-regions called elements. Then 

the fields in each finite element are formulated by local functions. Ansoft HFSS automat-

ically converts the whole problem structure into a finite element mesh which consists of a 

large number of very small 3D tetrahedral shapes as shown in Figure 3.1. Each single tet-

rahedron is a four-sided pyramid as presented in Figure 3.2. It can be seen that the mesh-

ing or discretization operation done by Ansoft HFSS is very coarse in almost the whole 

structure while it is very fine at some regions which need more accuracy such as near 

wave port, metallic edges or discontinuities. After finalizing the mesh operation of the 

whole structure, the solution process starts with two-dimensional (2D) port solutions as 

the structure excitation then followed by the field solution of the full 3D problem includ-

ing fields at all vertices, midpoints and interior points as in Figure 3.2. The program ex-

ploits the computed 2D fields on ports to be used as boundary conditions to solve the 3D 

fields of the whole structure. 

During the numerical iterative solution, Ansoft HFSS solves the electric field for 

a given problem based on the following matrix equation (for a lossless case) [119]:  

[𝐴]𝑥 + 𝑘𝑜2[𝐵]𝑥 = 𝑐                                                          (3.5) 

where [A] and [B] are square matrices and their sizes depend on the geometry of the 

problem and the size of the mesh, 𝑥 is the electric field vector, 𝑘𝑜 is wave number in free 

space and 𝑐 is the value of the source or excitation defined for the given problem. Then 

the magnetic field solution is calculated from the following relationship with the electric 

field: 

𝐻��⃗ = −
1
𝑗𝜔𝜇

∇ × 𝐸�⃗                                                             (3.6) 
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Figure 3.1 Meshing based on tetrahedral shapes of an antenna structure in Ansoft HFSS. 
 
 

 

Figure 3.2 A single tetrahedral mesh shape used in Ansoft HFSS. 
 

 

3.2.2 Finite Integration Technique using CST 

The other simulation software program is called Computer Simulation Technolo-

gies Microwave Studio (CST MWS) [120]. CST MWS is a tool for fast and accurate 3D 

EM simulation of high frequency problems. Currently, it is considered to be industry-

standard software programs and a powerful 3D EM field simulation tool. CST MWS is 
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based on the Finite Integration Technique (FIT) [121] which is equivalent to FDTD. Un-

like the FE method, FIT is a time-domain numerical technique for solving Maxwell's 

equations. Using the function of parametric study in both Ansoft HFSS and CST MWS 

simulation programs, we can tune and optimize the structure physical parameters to ob-

tain the best design before going to the fabrication process. CST MWS has different 

kinds of solvers not only a transient solver but also a frequency domain solver, an eigen 

mode solver and an integral equation solver. 

In a transient or time-domain solver, the value of the vector electric 𝐸�⃗  or magnetic 

𝐻��⃗  field quantities are computed through time at discrete spatial locations and at discrete 

time samples. The maximum time step ∆𝑡 used in the simulation program depends on the 

minimum mesh step size which can be determined by the density of the mesh used in the 

meshing process of the whole structure. Therefore the program takes more time to run 

simulation if the mesh is dense. Once the spatial mesh or discretization is performed by 

the CST program, the finite integration method is employed. CST has two different mesh 

types available, i.e. hexahedral and tetrahedral meshes. Another mesh type used by the 

Integral Equation (IE) solver is called surface mesh. Figure 3.3 shows a single hexahedral 

tetrahedral and surface mesh element used in CST program. For complex structures, CST 

uses a hexahedral mesh in meshing or discretization because it is considered to be very 

robust. Other solvers use a tetrahedral or surface mesh method. Figure 3.4 shows the 

meshing based on hexahedral shapes of an antenna structure in CST. 

The finite integration technique converts the well-known Maxwell equations in 

their integral form into set of discrete matrix equations called Maxwell grid equations 

(MGE) as follows [121]: 
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                            Integral form                           Matrix form 

�𝐷��⃗ ∙ 𝑑𝐴
    𝜕𝑉�

= �𝜌𝑣 ∙ 𝑑𝑉�⃗
𝑉

     ⇒     ��̃��𝑑 = 𝑞                                       (3.7) 

�𝐵�⃗ ∙ 𝑑𝐴
𝜕𝑉

= 0                    ⇒      [𝑆]𝑏 = 0                                       (3.8) 

� 𝐸�⃗ ∙ 𝑑𝑙
𝜕𝐴

= −�
𝜕𝐵�⃗
𝜕𝑡

∙ 𝑑𝐴
𝐴

        ⇒      [𝐶]𝑒 = −
𝑑
𝑑𝑡
𝑏                              (3.9) 

� 𝐻��⃗ ∙ 𝑑𝑙
𝜕𝐴�

= ��
𝜕𝐷��⃗
𝜕𝑡

+ 𝐽� ∙ 𝑑𝐴
   𝐴�

     ⇒      ��̃��ℎ =
𝑑
𝑑𝑡
𝑑 + 𝑗                        (3.10) 

where [𝐶], ��̃��, [𝑆] and ��̃�� are square matrices represent the discrete curl and divergence 

operators, respectively and their sizes depend on the problem geometry. 𝑒 and ℎ represent 

the electric and magnetic grid voltages and they are related to the electric and magnetic 

fields according to 𝑒 = ∫ 𝐸�⃗ ∙ 𝑑𝑙𝜕𝐴  and ℎ = ∫ 𝐻��⃗ ∙ 𝑑𝑙𝜕𝐴� . 𝑑 and 𝑏 are the electric and magnet-

ic facet flux vectors over the mesh cell. 

 

 
Figure 3.3 A single (a) hexahedral, (b) tetrahedral and (c) surface mesh element used in 
CST. 



46 
 

 

Figure 3.4 Meshing based on hexahedral shapes of an antenna structure in CST. 
 

 

3.3 UWB Antenna Design Methodology 

This section discusses the design methodology for determining initial parameters 

for UWB antennas. Two types of UWB antenna designs are presented; the first antenna 

design is based on the printed circular disc monopole antenna while the second design 

uses a hybrid technique of a printed monopole loaded with dielectric resonator. The first 

antenna type which is based on the printed circular disc monopole is a good candidate for 

achieving UWB impedance bandwidth with an almost stable dipole-like radiation pattern 

and constant gain across the whole desired frequency range. However, the antenna size is 

relatively large because the ground plane width should be at least twice the diameter of 

the circular disc otherwise the antenna impedance matching performance will be degrad-
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ed. To achieve the antenna miniaturization along with UWB performance, the hybrid 

technique of using printed monopoles loaded with dielectric resonators (DRs) is consid-

ered as an efficient solution to achieve both bandwidth enhancement and size reduction. 

In addition, they offer some good advantages compared to other conventional metallic 

antennas such as high efficiency and low cost needed for wideband wireless applications. 

Another advantage of such kinds of hybrid antennas compared to printed circular disc 

monopoles is their ability to have more degree of freedoms by using different monopole 

and dielectric material parameters in order to control the antenna characteristics. Both 

antenna types have similar radiation characteristics and gains for short-range wireless 

communications. The design methodology used in designing UWB feed networks for lin-

ear antenna arrays are presented in Appendix A. In addition, the theoretical background 

for the design of microwave vertical transitions and hybrid couplers needed for the de-

velopment of UWB beamforming networks is detailed in Appendix B. 

 

3.3.1 UWB Printed Disc Monopole Antennas 

Printed disc monopole antennas are considered to be good candidates for UWB 

applications because they have a simple structure, easy fabrication, wideband characteris-

tics, and omni-directional radiation patterns [56]-[69]. The geometry of the reference 

printed circular disc monopole antenna is shown in Figure 3.5. To determine the initial 

parameters of the printed circular disc monopole antenna, we should first understand their 

operation mechanism. It has been shown that disc monopoles with a finite ground plane 

are capable of supporting multiple resonant modes instead of only one resonant mode (as 

in a conventional circular patch antenna) over a complete ground plane [122]. Overlap-
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ping closely spaced multiple resonance modes (f1, f2, f3, …, fN) as shown in Figure 3.6 can 

achieve a wide bandwidth and this is the idea behind the UWB bandwidth of circular disc 

monopole antennas. The frequency of the first resonant mode can be determined by the 

size of the circular disc. At the first resonance f1, the disc antenna tends to behave like a 

quarter-wavelength monopole antenna, i.e. λ/4. That means the diameter of the circular 

disc is 2r = λ/4 at the first resonant frequency. 

 
Figure 3.5 The configuration of the reference printed circular disc monopole antenna 
showing the necessary antenna parameters. 
 
 

 
Figure 3.6 The concept of overlapping closely-spaced multiple resonance modes for the 
reference circular disc monopole antenna (reproduced from [123]). 

+ 
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Then the higher order modes f2, f3, …, fN will be the harmonics of the first or fun-

damental mode of the disc. Unlike the conventional patch antennas with a complete 

ground plane, the ground plane of disc monopole antennas should be of a finite length 𝐿𝐺 

to support multiple resonances and hence achieve wideband operation. The width of the 

ground plane 𝑊 is found to be approximately twice the diameter of the disc or 𝑊 = 𝜆/2 

at the first resonant frequency [123]. 

The printed disc monopole antenna can be fed using different feeding techniques 

such as microstrip line, coplanar waveguide (CPW), aperture coupling, or proximity cou-

pling.  In the case of a microstrip line feed, the width of the microstrip feed line 𝑊𝑓𝑒𝑒𝑑 is 

chosen to achieve a 50Ω characteristic impedance. The other antenna parameters such as 

the feed gap between the finite ground plane and the radiating circular disc 𝑑 and the 

length of the finite ground plane 𝐿𝐺 can be determined using a full-wave EM numerical 

modeling techniques. The small feed gap between the finite ground plane and the radiat-

ing circular disc 𝑑 is a very critical parameter which greatly affects the antenna imped-

ance matching between the microstrip feedline and the radiating disc. 

To avoid interference with some existing wireless systems in the 5.15−5.825 GHz 

frequency band, a filter with bandstop characteristics may be integrated with UWB an-

tennas to achieve a notch function at the interfering frequency band. The idea of integrat-

ing a bandstop filtering element to the reference circular disc monopole antenna is illus-

trated graphically in Figure 3.7. Recently, several techniques have been introduced to 

achieve a single band notch within this frequency band. The most popular and easiest 

technique is embedding a narrow slot into the radiating patch. The slot may have differ-

ent shapes such as C- shaped [70], slit ring resonator (SRR) [74], L- shaped [76], U- or 
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V- shaped [78], π-shaped slot [81].…etc. Some other techniques are based on using para-

sitic strips, i.e., inverted C-shaped parasitic strip [72]. Other techniques are based on us-

ing a slot defected ground structure in the ground plane, i.e., H-shaped slot DGS [71]. 

 
Figure 3.7 The idea of integrating a bandstop filtering element to the reference circular 
disc monopole antenna. 

 

3.3.2 UWB Hybrid Monopole DR Antennas 

Recently, DRAs have shown great attractive characteristics such as high radiation 

efficiency, low dissipation loss, small size, and light weight. Recent DRA antenna de-

signs focus on enhancing the operational bandwidth by exploiting their advantage of hav-

ing high degree of design flexibility [124]-[131]. Various techniques have been proposed 

to achieve bandwidth enhancement such as using different stacked DRAs to obtain multi-

ple-resonance operation [126], using different configurations such as conical, elliptical, 

tetrahedral [128] … etc, or using different feeding techniques [127], [129]. It has been 

found that using the above techniques, the achieved DRA bandwidth ranges from 25% to 

80%. Also, hybrid techniques of both monopoles and DRAs can be used to achieve wide 

bandwidth characteristics [125] and those hybrid monopoles and DRAs are considered 

very promising for achieving large bandwidth with a compact size. 

UWB antenna 

Bandstop filter 
element 

Bandstop antenna 



51 
 

3.4 Summary 

In this chapter, the theoretical background and design methodology used in de-

signing UWB antenna elements were discussed. We started with the design methodology 

to determine the initial parameters for the microstrip-line-fed printed circular disc mono-

pole antenna as a reference antenna used to develop novel antenna structures for future 

UWB applications. It was shown that UWB characteristic was achieved due to the over-

lapping of the closely spaced resonances over the frequency band. The numeri-

cal/analytical background of the EM modeling techniques for both Ansoft HFSS and CST 

MWS simulation tools used in designing and optimizing most of all antennas and micro-

wave components in this thesis are also addressed in the chapter. The design methodolo-

gy used in designing UWB feed networks for linear antenna arrays are presented in Ap-

pendix A. In addition, the theoretical background for the design of microwave vertical 

transitions and hybrid couplers needed for the development of UWB beamforming net-

work is detailed in Appendix B.   
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Chapter 4 

UWB Printed Disc Monopole Antennas 

 

4.1 Introduction 

This chapter focuses on the development of different novel UWB microstrip-line-

fed printed disc monopole and hybrid antennas with an emphasis of their frequency do-

main performance. Different antenna configurations are proposed and designed in order 

to find a best candidate for UWB operation. The best antenna candidate should have 

UWB performance with small size, constant gain, radiation pattern stability and phase 

linearity through the frequency band of interest. Also, the designed UWB antenna should 

have ease of manufacturing and integration with other microwave components on the 

same PCB such as feed networks, vertical transitions, hybrid couplers and phase shifters 

to construct UWB beamforming antenna array system. We have simulated, designed, fab-

ricated and then tested experimentally different printed disc monopole antenna prototypes 

for UWB short-range wireless communication applications. The printed disc monopole 

antennas are chosen because they have small a size and omni-directional radiation pat-

terns with large bandwidth. In order to understand their operation mechanism that leads 

to the UWB characteristics, those antenna designs are numerically studied. Also, the im-

portant physical parameters which affect the antenna performances are investigated nu-

merically using extensive parametric studies in order to obtain some quantitative guide-
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lines for designing these types of antennas. Because of the size limitations in the printed 

disc monopoles, hybrid monopole and dielectric resonator antennas are suggested to be 

used for achieving both bandwidth enhancement and size reduction.  

This chapter is organized as follows; Section 4.2 presents the simulated and ex-

perimental results of a novel UWB printed circular disc monopole antenna with two steps 

and a circular slot. Parametric studies to see the effect of some antenna parameters on its 

performance are investigated in the subsection 4.2.1. Also, a design for band-notched 

UWB antenna to avoid interference with other existing WLAN systems is addressed in 

the same section. Novel printed maple-leaf shaped monopole antenna with two different 

band-notch designs are proposed in Section 4.3. Section 4.4 studies two other new anten-

na designs, i.e. a butterfly-shaped and a trapezoidal printed monopole antenna with bell-

shaped cut. The compact hybrid printed monopole and DR antenna is discussed in Sec-

tion 4.5. Finally, conclusions are summarized in Section 4.6. 

 

4.2 Novel Printed Circular Disc Monopole Antenna with Two 

Steps and a Circular Slot 

For better understanding the antenna characteristics, the antenna reflection coeffi-

cient (S11) curves are plotted in decibel or dB scale, i.e. (S11dB = 20 log|S11| = –Return 

loss RL). The geometry and photograph of the proposed printed circular disc monopole 

antenna with two steps and a circular slot is shown in Figure 4.1. The radiating element is 

fed by a 50Ω microstrip feed line with width of Wf = 4.4 mm. The substrate used in our 

design is Rogers RT/duroid 5880 high frequency laminate with thickness of h = 1.575 
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mm, relative permittivity of εr = 2.2 and loss tangent of tanδ = 0.0009. A finite ground 

plane of length LG and width W lies on the other side of the substrate. The feed gap of 

width d between the finite ground plane and the radiating patch is a very critical parame-

ter for antenna matching purposes and to obtain wide bandwidth performance.  

This proposed antenna has a reduction in the overall antenna surface area com-

pared to those reported in [64] and [66]. A parametric study is carried out to investigate 

the effect of antenna physical parameters such as the width of the substrate W, the width 

of the feed gap d, the radius of circular slot RS and the steps dimensions W1, W2, L1 and L2 

on the performance of the proposed UWB antenna. 

 
(a) 

 

 
(b) 

Figure 4.1 (a) Geometry and (b) photograph of the proposed microstrip line fed monopole 
antenna. 

 

4.2.1 Effect of the Antenna Parameters on its Performance 

During the parametric study, one parameter varies while all other parameters are 

kept fixed. The optimized antenna parameters are: W = 41 mm, L = 50 mm, LG = 18 mm, 

R = 10 mm, Δy = 2 mm, RS = 3 mm, W1 = 8 mm, W2 = 4 mm, L1 = 3 mm and L2 = 3 mm. 

𝜙 
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Figure 4.2 shows the simulated antenna reflection coefficient (20 log|S11|) curves using 

CST MWS for different values of substrate width W, feed gap width d, slot radius RS and 

the steps dimensions W1, W2, L1 and L2. It can be noticed from results that the smallest 

substrate width for obtaining the maximum available bandwidth is W = 41 mm. It can be 

also seen that the reflection coefficient impedance bandwidth is greatly dependent on 

both the feed gap width d and the circular slot radius RS and by controlling these two pa-

rameters, the impedance matching between the radiating patch and the feed line can be 

easily controlled. By tuning the width of the feed gap d, the maximum achieved imped-

ance bandwidth is determined. The circular slot inside the radiating patch acts as an im-

pedance matching element which controls the antenna impedance matching as well as the 

antenna impedance bandwidth. Also, the circular slot inside the radiating patch can be 

used for miniaturizing the monopole antenna. Also, it can be noticed that the rectangular 

steps have no remarkable effect on the overall antenna impedance bandwidth. The opti-

mum values for feed gap width, slot radius and steps dimensions are d = 1 mm, RS = 3 

mm and W1 (= 2W2) = 8 mm and L1 (= L2) = 3 mm, respectively. 

Cutting out two rectangular steps and a circular slot from the radiating patch to 

reduce the overall metallic area and hence reduce the antenna copper losses without af-

fecting the antenna operation or disturbing the current distribution of the antenna is a 

challenging task. This can be done by investigating the antenna surface current distribu-

tions. Figure 4.3(a) & (b) presents the antenna surface current and electric field distribu-

tions for the proposed disc monopole antenna. From the electric field distributions, it is 

noticed that the monopole antenna supports multiple resonant modes. It can be seen that 

the current distribution is mainly located close to the radiating patch edges rather than in 
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the center. For increasing the maximum achieved impedance bandwidth, the lower reso-

nant frequency should be decreased. This can be done by increasing the antenna perime-

ter which directly affects lower resonant frequency and then the antenna impedance 

bandwidth. To increase the antenna perimeter, cutting out steps from the radiating patch 

are used here. This is simply because the surface current will take longer path when the 

antenna perimeter p is larger and the new antenna with larger perimeter p appears to be 

like a longer length monopole antenna and then the lowest resonance frequency fL will be 

decreased according to [63]: 

𝜀𝑒𝑓𝑓 ≈(𝜀𝑟+1)/2                                                         (4.1) 

 
     (a)                                                                  (b)  

 
  (c)                                                                  (d)  

Figure 4.2 Parametric studies of effect of (a) substrate width W (b) feed gap width d (c) 
circular slot radius RS and (d) steps dimensions W1 (= 2W2) and L1 (= L2) on antenna re-
flection coefficient.  
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𝑓𝐿 (GHz) = 300 𝑝�𝜀𝑒𝑓𝑓⁄                                                (4.2) 

where εeff is the effective dielectric constant and the perimeter p units are in millimeters. 

For example, in the proposed antenna design, p = 71.4 mm, εr = 2.2, then εeff = 1.6 

and the calculated lower resonant frequency using Eq. (4.2) is found to be fL ≈ 3.3 GHz. 

From the simulated and measured reflection coefficient results shown in Figure 4.4, the 

lower resonant frequency is fL ≈ 3.3 GHz which agrees well with the calculated value.  

 

         
f1 = 3.3 GHz                        f2 = 6.9 GHz                       f3 = 10.2 GHz 

(a) 

 

   
f1 = 3.3 GHz                        f2 = 6.9 GHz                       f3 = 10.2 GHz 

(b) 
Figure 4.3 Simulated (a) surface current and (b) electric field distributions at the three 
resonant frequencies 3.3, 6.9 and 10.2 GHz.  

(iii) (ii) (i) 

(iii) (ii) (i) 
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4.2.2 Experimental and Simulation Results 

A prototype of the microstrip-line-fed monopole antenna with optimized dimen-

sions was fabricated as shown in Figure 4.1 and tested experimentally in the Applied 

Electromagnetics Laboratory at Concordia University. All scattering parameters meas-

urements were carried out using Agilent E8364B programmable network analyzer 

(PNA). The measured and simulated reflection coefficient (S11) curves are presented in 

Figure 4.4. It can be noticed that both measured and simulated results are in good agree-

ment with each other and the measured 10 dB return loss bandwidth ranges from 3.0 to 

11.4 GHz which covers the entire UWB frequency spectrum. Compared to the simulated 

results, the second resonant frequency at 7 GHz is shifted up while the third resonant fre-

quency at 10 GHz is shifted down. This may be due to the sub-miniature version A 

(SMA) connector losses and/or substrate losses especially at high frequencies (7-10 

GHz). Even the loss effect of the substrate is modeled correctly and taken into account in 

the simulations; the simulation results did not change too much and did not agree with the 

measured results. In general, the proposed antenna exhibits an UWB impedance band-

width (3.1-10.6 GHz) in both simulated and measured results. 

For further understanding the antenna performance, the Ansoft HFSS simulated 

maximum realized total directive gain in the boresight direction and the phase of reflec-

tion coefficient ∠S11 for the proposed antenna are presented in Figure 4.5. The boresight 

of directional antenna is defined as the direction of maximum gain of the antenna. For 

most of antennas, the boresight is the axis of symmetry of the antenna, i.e. z-axis. It can 

be seen that the antenna has good gain stability across the frequency band of interest (3.1-

10.6 GHz). It ranges from 3.4 dB to 5.2 dB with gain variation of about 2 dB. The behav-
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ior of the phase of reflection coefficient ∠S11 versus frequency is also studied and shown 

in the same figure. It can be noticed that the phase seems to be linear across the whole 

UWB frequency range. 

 
Figure 4.4 Measured and simulated reflection coefficient curves of the proposed mi-
crostrip line fed monopole antenna. 

 

 
Figure 4.5 The simulated gain and phase of reflection coefficient ∠S11 versus frequency 
of the proposed microstrip-line-fed monopole antenna. 
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Figure 4.6 shows the radiation characteristics for the proposed antenna. Both yz-

cut plane (E-plane) and xz-cut plane (H-plane) radiation patterns have been simulated 

using Ansoft HFSS and measured in an anechoic chamber at the three resonant frequen-

cies 3.3, 6.8, and 10.2 GHz. From the measured results, the proposed antenna has omni-

directional radiation pattern in H-plane at lower frequency (3.3 GHz) and near omni-

directional at higher frequencies (6.9 and 10.2 GHz) with good agreement with simula-

tions. The measured E-plane radiation patterns agree with the simulations especially at 

lower frequency (3.3 GHz) while the agreement is not as good as the H-plane patterns at 

higher frequencies (6.9 and 10.2 GHz). There are some ripples and discrepancies in the 

measured radiation patterns especially at the higher frequencies which may be due to sen-

sitivity and accuracy of the measuring devices at higher frequencies in addition to the ef-

fects of the SMA feed connector and the coaxial cable.  The E-plane is identified by most 

of UWB antenna patterns which is perpendicular to H-plane (almost symmetric). Re-

searchers in UWB antenna typically define E-plane as the plane containing the feedline 

and the maximum radiation of the antenna. H-plane is the plane perpendicular to E-plane. 

We have investigated both simulated and measured E-plane patterns. From simu-

lations, nulls in E-plane at θ = 90° depend on the size of the finite ground plane and the 

contact point of SMA feed connector in particular at the upper edge frequency. By 

searching several published UWB antennas of similar disc monopole antennas, similar 

behavior of measured results are reported in many papers including [59], [153]-[156].  
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f = 3.3 GHz                            f = 6.8 GHz                              f = 10.2 GHz 
 (a) E-plane (yz) 

          
f = 3.3 GHz                            f = 6.8 GHz                              f = 10.2 GHz 

 (b) H-plane (xz) 
 
Figure 4.6 Measured co-pol (blue solid line), cross-pol (red dashed line), Ansoft HFSS 
simulated co-pol (green dash-dotted line) and cross-pol (magenta dotted line), (a) E-plane 
and (b) H-plane radiation patterns of the proposed antenna.  

 

A modification can be made to the above designed antenna for achieving the 

bandstop function to avoid possible interference to other existing WLAN systems. A very 

narrow arc-shaped slot is cut away from the radiating patch as shown in Figure 4.7(a) will 

act as a filter element to make the antenna will not respond at the bandstop frequency. 

For perfect band-rejection performance of UWB antenna, the return loss of the stop-band 

notch should be almost 0dB or the reflection coefficient is almost 1.0. However, in our 

first band-stop antenna design, we could achieve voltage standing wave ratio (VSWR) of 

about 8 (reflection coefficient is 0.78 or -2.1dB). The arc-shaped slot filter element di-
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mensions will control both the bandstop frequency fnotch and the rejection bandwidth of 

the band-notched filter BWnotch. The arc-shaped slot filter dimensions are: the radius of 

the slot R1, the thickness of the slot T and the slot angle 2α. Figure 4.7(b) illustrates the 

simulated reflection coefficient curves using both HFSS and CST MWS for comparison. 

From the simulation results, it can be seen that the band-notched characteristic in the 5.0-

6.0 GHz band is achieved with good agreement between them. 

Parametric studies were carried out to address the effect of arc-shaped slot dimen-

sions on the band-notched performance. Figures 4.8 shows the effect of varying the slot 

radius R1, slot thickness T and the slot angle 2α parameters on the simulated antenna re-

flection coefficient, respectively. From results in Figure 4.8(a) & (c), it can be seen that 

the notch frequency fnotch decreases by increasing both the arc-shaped slot radius R1 and 

the angle 2α while the notch bandwidth BWnotch is almost the same. On the other side, 

both the notch frequency and bandwidth increase at the same time by increasing the slot 

thickness T. For achieving a band-notched performance in the 5-6 GHz frequency band, 

the arc-shaped slot parameter dimensions are: R1 = 7.5 mm, T = 0.7 mm and 2α = 160°.  

 
                      (a)                                                                             (b) 
Figure 4.7 (a) Geometry of the band-notched antenna, R1 = 7.5 mm, T = 0.7 mm and 2α = 
160° (b) Simulated reflection coefficient curves versus frequency. 
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(a)                                                                      (b)  

 
(c)                                                             

Figure 4.8 Simulated reflection coefficient curves versus frequency for different values of 
(a) arc-shaped slot radius R1, (b) thickness of the slot T and (c) the slot angle 2α.  
 

4.3 Maple-leaf Shaped Monopole Antennas 

In this section, we developed different maple-leaf shaped monopole antennas with 

two band-rejection techniques for the 5.0-6.0 GHz frequency band. Figure 4.9(a) & (b) 

show the geometrical configuration and the photograph of the proposed UWB maple-

leaf-shaped monopole antenna prototype. The radiating element consists of a maple-leaf-

shaped patch as a radiating element which represents the Canada flag symbol. The radiat-

ing patch is fed by a microstrip line and both are etched on a Rogers RT Duroid 5880 

substrate with dielectric constant εr = 2.2, dielectric loss tangent tanδ = 0.0009, and 
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thickness h = 1.575 mm. The proposed antenna parameters L1 ~ L10 are determined using 

an extensive parametric study and optimization in both Ansoft HFSS and CST MWS to 

address the effect of those parameters on the overall performance of the antenna. Details 

of the optimized parameters are summarized in Table 4.1. Our target here is to design a 

compact antenna for UWB operation. So, we tried to reduce the overall antenna size by 

reducing the substrate dimensions from 50 × 41 mm2 as in the previous antenna design to 

35.48 × 30.56 mm2 as in the present antenna design. Here, there is a reduction in the an-

tenna size by almost 47% compared to our first proposed antenna prototype, i.e. circular 

disc monopole antenna with two steps and a circular slot. 

The maple-leaf shaped monopole antenna is used to achieve wider impedance 

matching bandwidth by introducing many leaf arms into the main radiating patch. This 

will lead to increasing the overall perimeter of the antenna and hence the monopole an-

tenna looks bigger in size than its real physical size. This is simply because the current 

takes paths close to the edges rather than inside the radiating patch. The proposed maple-

leaf shaped monopole antenna has a wider bandwidth with smaller size compared to the 

first UWB antenna design (stepped monopole antenna). 

 

Table 4.1 Maple-leaf Shaped Printed Monopole Antenna Dimensions (Units in mm) 

W L LG W1 Wf d L1 L2 

30.48  35.56  12.95  5.59  4.06  0.84  2.27  7.47  

L3 L4 L5 L6 L7 L8 L9 L10 

2.65  4.10  4.34  3.05  5.39  7.73  4.02  5.24  
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Figure 4.9 (a) Geometry and (b) photograph of the proposed maple-leaf shaped printed 
monopole antenna prototype. 

 

Figure 4.10(a) illustrates the simulated and measured reflection coefficient curves 

against the frequency for the designed maple-leaf antenna. It can be noticed from the re-

sults that the proposed antenna exhibits a simulated impedance bandwidth from 3 to 13 

GHz with good agreement between Ansoft HFSS and CST simulation programs while the 

measured impedance bandwidth becomes dual-band, one in 4.1-7.0 GHz and the other 

one in 8.7-13.3 GHz. The explanation for the difference between the measured and simu-

lated results can be easily understood if we mention that both simulated reflection coeffi-

cient curves are already very close or even touch the -10 dB level in the region 7.0-9.0 

GHz frequency band. So, if there is any manufacturing error in the antenna parameters L1 

~ L10 during the fabrication proposes of the antenna prototype will be a big issue. This is 

in addition to calibration errors during S-parameters measurement and the effect of SMA 

connector which was not taken into account during simulations. Also, the manufacturing 

tolerance as well as the effect of SMA connector have been simulated in CST MWS pro-
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gram and simulation results are shown in Figure 4.10(b) and it is found from the obtained 

result that it confirms the above explanation. 

The antenna radiation characteristics across the whole UWB frequency band were 

also investigated. Figure 4.11 shows both the measured and simulated E- and H-plane 

radiation patterns at frequencies 3, 5, 7, and 9 GHz, respectively. The measured H-plane 

radiation patterns are very close to those obtained in the simulation. It can be noticed that 

the H-plane patterns are omni-directional at all frequencies of interest. The measured E-

plane patterns follow the shapes of the simulated ones, though the agreement is not as 

good as the H-plane patterns. There are some fluctuations, ripples and distortions on the 

measured curves, which may be caused by the SMA feed connector and the coaxial cable. 

We developed two different band-notched antennas using two different tech-

niques for band rejection. Figure 4.12(a) introduces the first proposed band-notched an-

tenna which is designed by modifying the above maple-leaf antenna by cutting a narrow 

H-shaped slot away from the radiating patch. The H-slot acts as a filtering element where 

slot dimensions control the rejection band of the band-notched filter. Figure 4.12(b) pre-

sents the second proposed band-notched antenna which is designed by cutting two narrow 

rectangular slits in the ground plane making a DGS. In the maple-leaf band-stop anten-

nas, we achieved VSWR of 10 (reflection coefficient is 0.82 or -1.7dB) with H-shaped 

slot and VSWR of 24 (reflection coefficient is 0.92 or -0.7dB) with two slits in the 

ground. It can be concluded that using two slits in the ground plane achieves better rejec-

tion characteristics compared to using narrow slots (either arc-shaped or H-shaped) in the 

radiating patch. 
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(a)                                                                  (b) 

                          
Figure 4.10 (a) Measured and simulated reflection coefficient curves of the maple-leaf 
antenna (b) effect of fabrication tolerance on the performance of maple-leaf antenna. 
 

   

f = 3 GHz                    f = 5 GHz                    f = 7 GHz               f = 9 GHz                                 
(a) 𝐸-plane (yz)               

 

f = 3 GHz                    f = 5 GHz                    f = 7 GHz               f = 9 GHz                                 
 (b) 𝐻-plane (xz)               

Figure 4.11 Measured (red solid line) and simulated (blue dashed line) (a) E-plane and 
(b) H-plane radiation patterns of the maple-leaf antenna. 

 

In both techniques, we can control both the notch center frequency fnotch and the 

bandwidth BWnotch by adjusting the H-slot and the two slits dimensions, respectively. In 

the first band-notched antenna, we adjust the slot length LS, thickness WS, and location 
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from the substrate edge DS to control the bandstop characteristic. In the second band-

notched antenna, we control the bandstop characteristic by adjusting the two rectangular 

slits length LS, thickness WS, and distance between them S. The remarkable thing here is 

that the notch center frequency fnotch is controlled by adjusting the mean length of the slot 

or the two slits to be about one half-wavelength, i.e. λ/2 at the desired notched frequency. 

For example, the calculated mean length of the H-shaped slot is about 26 mm and the 

calculated λ/2 at the notch frequency fnotch = 5.5 GHz is 27.7 mm. It is found that the 

notch bandwidth BWnotch can be controlled by adjusting the thickness of the slot or the 

two slits. 

 

 
(a) 

 
(b) 

Figure 4.12 Photograph and geometry of the proposed bandstop antennas using (a) H-slot 
(b) two slits. 
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Figure 4.13(a) & (b) present the simulated and measured reflection coefficient 

curves of both band-notched antennas with H-slot and two slits, respectively. It is obvi-

ous from the results that the bandstop function in the 5.0-6.0 GHz is successfully 

achieved for both antenna designs. The discrepancies in the 7-9 GHz frequency band 

come from the maple-leaf antenna itself not from the filter elements for band rejection. It 

can also be noticed that these discrepancies in the 7-9 GHz frequency band are more re-

markable in the first prototype than the second one. This is may be due to the effect of 

using DGS in the finite ground plane enhanced the antenna performance in the 7-9 GHz 

frequency band.  

Figure 4.14 and Figure 4.15 show the CST simulated surface current distributions 

over different frequencies, i.e. 3, 5.5 and 7 GHz for both band-notched antenna designs 

with H-slot and two slits, respectively. It can be noticed that at the bandstop frequency 

5.5 GHz, nearly all the currents are trapped at the H-shaped slot or two slits which are 

preventing the current from radiation while at the radiation frequencies 3 and 7 GHz, the 

current is uniformly distributed through the whole radiating patch. 

The CST simulated antenna maximum realized gains in the bore-sight direction 

versus frequency for the maple-leaf antenna, band-notched antennas with H-slot and two 

slits are presented in Figure 4.16. It can be seen that the maple-leaf antenna gain is almost 

stable over the whole frequency band and it ranges from 2 dB to 4.3 dB with gain varia-

tion about 2.3 dB through the whole frequency band of interest. For band-notched anten-

na designs with H-slot and two slits, a sharp gain decrease is remarkably happened in the 

5.0-6.0 GHz frequency band. Gain results ensure that the band-notched antennas are not 

responding in the bandstop frequency range between 5.0 and 6.0 GHz. 
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 (a)                                                                  (b) 

                          
Figure 4.13 Measured and simulated reflection coefficient curves for bandstop antennas 
(a) using an H-slot (WS = 0.65 mm, LS = 8.6 mm and DS = 18.6 mm) and (b) using two 
slits (WS = 0.5 mm, LS = 10.2 mm, and S = 3 mm). 
 

 
 

 
(a)                                           (b)                                        (c) 

 
Figure 4.14 Surface current distributions for the first bandstop antenna at the (a) radiating 
frequency f1 = 4 GHz, (b) bandstop frequency f2 = 5.5 GHz and (c) the radiating frequen-
cy f3 = 7 GHz. 
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(a)                                           (b)                                        (c) 

 
Figure 4.15 Surface current distributions for the second bandstop antenna at the (a) radi-
ating frequency f1 = 4 GHz, (b) bandstop frequency f2 = 5.5 GHz and (c) the radiating 
frequency f3 = 7 GHz. 
 
 

 
Figure 4.16 Simulated gain curves versus frequency for all three maple-leaf antennas. 
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4.4 Other Shapes of Monopole Antennas 

In this section we continue to enhance the UWB antenna performance to obtain a 

compact in size antenna with maximum possible impedance bandwidth for UWB opera-

tion. We are considering the design of two compact omni-directional UWB antennas with 

different shape of radiating patches. The first design is the butterfly-shaped monopole 

antenna while the second one is trapezoidal-shaped monopole antenna with a bell-shaped 

cut as shown in Figure 4.17 (a) and (b), respectively. The butterfly-shaped monopole an-

tenna size is 35 × 35 mm2 which is bigger than the previous maple-leaf-shaped antenna 

(35.5 × 30.5 mm2) by about 13%. The other proposed design is the trapezoidal-shaped 

monopole antenna of size 34 × 30 mm2 which is smaller than the maple-leaf-shaped an-

tenna by about 6%. The best candidate among all printed disc monopole antennas from 

the antenna size point of view is the trapezoidal antenna with bell-shaped cut. Moreover, 

the candidate antenna still has UWB impedance bandwidth with reasonable stable radia-

tion characteristics and constant gain through the desired frequency range. 

Both proposed antennas are etched on 1.575mm-thick Rogers RT 5880 substrate 

(εr = 2.2 and tanδ = 0.0009) and fed by 50Ω characteristic impedance microstrip line. The 

finite ground plane length is LG = 10 mm and the feed gap width is d = 0.5 mm. The 

butterfly-shaped antenna consists of a radiating element of two overlapped elliptical discs 

of major radius a = 16.6 mm and a minor radius b = 10.4 mm (elliptically ratio a/b ≈ 1.6 

forming the two wings of the butterfly). Two annular slot rings of an outer radius r1 = 2 

mm and an inner radius r2 = 1 mm have been cut out from the radiating patch. They are 

located at distance c (= e) = 5.2 mm from the two ellipses’ edges. These slot rings can 
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increase the bandwidth of the proposed antenna and they are useful to reduce the overall 

metallic area. 

 
(a) 

 

 
 
 

 
(b) 

 

 
 

Figure 4.17 Geometry and photograph of the (a) butterfly-shaped (b) trapezoidal-shaped 
monopole antenna. 

 

The trapezoidal-shaped antenna consists of a trapezoidal patch of dimensions L1 = 

12 mm, L2 = 11 mm, W1 = 10 mm and bevel angle α = 55.7°. Two elliptical cuts have 

been cut out from the radiating patch forming a bell shaped cut. The first elliptical cut is 

of a major radius Rx1 = 10 mm and a minor radius Ry1 = 6 mm (elliptically ratio Rx1/Ry1 = 

1.67). The second elliptical cut is of a minor radius Rx2 = 6 mm and a major radius Ry2 = 
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14 mm (elliptically ratio Ry2/Rx2 = 2.33). An antenna prototype of both structures with 

optimized parameters has been fabricated for experimental investigation.  

The measured and simulated reflection coefficient curves against frequency for 

butterfly and trapezoidal antennas are plotted in Figure 4.18, respectively. It is observed 

from the results that the simulated reflection coefficient with Ansoft HFSS and CST are 

almost in good agreement and both antennas exhibit wide impedance bandwidth from 3 

GHz to beyond 12 GHz (FBW is > 110%) for both antennas. The measured results shows 

that the both antenna designs still have wide impedance bandwidth covering the UWB 

frequency range. It is shown that there are different resonances occur at different fre-

quencies across the UWB frequency range and the overlap among these resonances 

achieve the wide bandwidth characteristic of those types of printed monopole antenna. 

The measured and simulated E- and H-plane radiation patterns at frequencies 3, 5, 7 and 

9 GHz are illustrated in Figure 4.19 and Figure 4.20, respectively. As expected, both an-

tennas exhibit a dipole-like radiation patterns in E-plane and good omni-directional radia-

tion patterns in H-plane.  

 
(a)                                                                    (b) 

Figure 4.18 Measured and simulated reflection coefficient curves of the (a) butterfly an-
tenna and (b) trapezoidal antenna. 
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    f = 3 GHz                    f = 5 GHz                   f = 7 GHz                     f = 9 GHz  
(a) E-plane (yz)       

 

    f = 3 GHz                    f = 5 GHz                   f = 7 GHz                     f = 9 GHz  
(b) H-plane (xz)               

Figure 4.19 Measured (red solid) and simulated (blue dashed) (a) E-plane and (b) H-plane 
radiation patterns for butterfly antenna. 
 
 

 
    f = 3 GHz                    f = 5 GHz                   f = 7 GHz                     f = 9 GHz  

(a) E-plane (yz)               

 
    f = 3 GHz                    f = 5 GHz                   f = 7 GHz                     f = 9 GHz  

(b) H-plane (xz)           
     

Figure 4.20 E- and H-plane radiation patterns of the trapezoidal antenna. Blue dashed 
lines for simulated and red solid lines for measured. 
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4.5 Compact Hybrid Monopole Antenna Loaded with a Dielec-

tric Resonator 

In this section, we present a new compact hybrid printed monopole antenna load-

ed with a dielectric resonator (DR). The antenna consists of a microstrip-line-fed mono-

pole with a finite truncated ground plane printed on a Rogers RT/duroid5880 high fre-

quency laminate with thickness of h = 0.787 mm, loss tangent of tanδ = 0.0009 and rela-

tive permittivity of εr = 2.2. The printed monopole is then loaded with a DR of a quarter 

elliptical cylinder of Rogers RO3010. The printed monopole of width W2 and length L2 is 

installed on the lower side of the substrate at a distance dx from the substrate edge and is 

fed by a 50Ω microstrip line of width W1 and length L1. The DR has a shape of quarter 

elliptical cylinder of Rogers RO3010 with relative permittivity of εr = 10.2, thickness of 

H, minor and major radii of A and B, respectively. The reason of using this hybrid com-

bination of a printed monopole with truncated ground of length LG and DR is to achieve 

wide bandwidth required for UWB operation. It is obvious that both the ground plane and 

microstrip line together act as a monopole antenna. The antenna impedance bandwidth 

can be enhanced in three ways; by loading the monopole antenna with a DR; second by 

making an inner air groove of radius R inside the DR at distance X and Y from the DR 

edges and, third by controlling the tuning arm of length LS in the truncated ground plane 

for matching purposes and to increase the antenna impedance bandwidth. The role of 

both inner groove inside DR and the tuning arm is numerically studied and presented in 

details in [132]. Compared to the antenna in [133], the proposed antenna has a size reduc-

tion by 62%, with achieved bandwidth increase of 4%. The optimized antenna parameters 

are tabulated in Table 4.2. 
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(a)                                                                              (b) 
Figure 4.21 (a) Geometry and (b) photograph of the compact hybrid DR antenna. 

 

Table 4.2 Optimized Parameters for the Proposed Compact Hybrid DR Antenna 

Parameter W L A B R X Y LG 
Value (mm) 13.0 22.5 12.0 14.0 7.0 1.5 3.5 11.0 
Parameter W1 L1 W2 L2 LS dx H h 

Value (mm) 2.0 5.0 1.24 14.2 12.5 4.76 2.54 0.787 
 

The measured and simulated reflection coefficient curves for the proposed com-

pact hybrid DR antenna using Ansoft HFSS and CST are illustrated in Figure 4.22. The 

simulated impedance bandwidth is from 3.6 to 11.2 GHz while the antenna exhibits a 

measured impedance bandwidth of dual-band in 3.9-4.4 GHz and in 4.8-10.6 GHz. Fig-

ure 4.23(a) and (b) introduce the simulated input impedance, the simulated maximum re-

alized total directive gain in the boresight direction and measured antenna group delay, 

respectively. The antenna input impedance has almost a real part of 50Ω and imaginary 

part of 0Ω at most of frequencies in the desired frequency band. It can be noticed that the 

proposed antenna total directive gain is almost stable over the whole frequency band of 

interest. The measured and simulated E- and H-plane radiation patterns at 4, 6 and 8 GHz 

for the proposed antenna prototype are plotted in Figure 4.24(a) and (b), respectively.  
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Figure 4.22 Simulated and measured reflection coefficient curves for the proposed com-
pact hybrid DR antenna. 
 
 

 
(a)                                                                (b) 

 
Figure 4.23 Simulated (a) input impedance and (b) realized total directive gain and meas-
ured group delay for the proposed compact hybrid DR antenna. 
 

 

The surface area of the proposed hybrid monopole loaded with DR is 13 × 22.5 

mm2 which is considered 71% less compared to the surface area of the previously de-

signed trapezoidal antenna with bell-shaped cut (34 × 30 mm2). Taking the antenna 

height along z-axis into account, the overall size of the proposed hybrid DR antenna is 13 

× 22.5 × 3.327 mm3 which is considered 39.5% less compared to the overall size of the 
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previously designed trapezoidal antenna with bell-shaped cut (30 × 34 × 1.575 mm3). A 

comparison among all different UWB antenna design prototypes is summarized in Table 

4.3. The trapezoidal monopole antenna with bell-shaped cut is considered the best candi-

date for UWB operation because it has a large bandwidth of 112% covering almost the 

whole UWB frequency range with small size and good gain stability. 

 

 
f = 4 GHz                                 f = 6 GHz                                f = 8 GHz           

 (a) E-plane (yz) 
 

 
f = 4 GHz                                 f = 6 GHz                                f = 8 GHz              

 (b) H-plane (xz) 
 

Figure 4.24 Measured (red solid line) and simulated (blue dash line) E- and H-plane radi-
ation patterns for the proposed compact hybrid DR antenna at 4, 6 and 8 GHz. 
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Table 4.3 Comparison Among Different UWB Antenna Design Prototypes 

Parameter Circular disc 
monopole 
with two 

steps and a 
circular slot 

 

Maple-leaf 
antenna 

 

Butterfly 
antenna 

 

Trapezoidal 
antenna 

with bell-
shaped cut 

Hybrid 
monopole 

DR antenna 

Dimensions 
(mm) 

41 × 50 × 
1.575 

 

30.5 × 35.5 
× 1.575 

35 × 35 × 
1.575 

 

30 × 34 × 
1.575 

 

13 × 22.5 × 
3.327 

 
10 dB RL 
bandwidth 

(GHz) 
 

3.0~11.5  
 

(Dual-band) 
4.1~7.0, 
8.7~13.3 

 

3.0~10.8  
 

3.2~11.4  
 

(Dual-band) 
3.9~4.4, 
4.8~10.6  

 
10 dB RL 
bandwidth 

(%) 
 

117% 
 

52%,  
42% 

113%  
 

112% 
 

12%,  
75% 

Realized 
gain (dB) 

 

3.4~5.2  
±1.8 

 

2.0~4.3 
±2.3 

 

2.0~4.7 
±2.7 

 

2.7~5.3 
±2.6 

 

0.2~4.4 
±4.2 

 
Group delay 

(ns) 
 

4.2 
 

2.7 1.5 4.2  4.2 
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4.6 Summary 

In this chapter, different UWB disc monopole antennas have been developed in 

microstrip PCB technology to achieve low profile and ease of integration. Parametric 

studies to see the effect of some antenna parameters on its performance have been numer-

ically investigated. For further understanding the behavior of the proposed antennas, sur-

face current distributions have been simulated and presented. Different techniques for 

obtaining bandstop function in the 5.0-6.0 GHz frequency band to avoid interference with 

other existing WLAN systems have been numerically and experimentally presented. The 

effects of band-notched parameters on the band-notch frequency and bandwidth have 

been studied. A hybrid technique of combining both printed monopole antenna with DR 

has also been used to achieve wide bandwidth along with a very compact structure. It has 

been shown that UWB characteristic was achieved due to the overlapping of the closely 

spaced resonances over the frequency band. The chapter has investigated the frequency 

domain performances of different printed disc monopole antennas and hybrid antenna. 

Experimental as well as the simulated results have confirmed UWB characteristics of the 

proposed antennas with nearly stable omni-directional radiation properties over the entire 

frequency band of interest. These features and their small sizes make them attractive for 

future UWB applications.  
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Chapter 5 

UWB Feed Networks and Associated 

Components 

 

5.1 Introduction 

Due to the rapid increase in using UWB technology for short-range wireless 

communications, researchers are now developing various components that can operate in 

the UWB frequency range. Feed networks, transitions, couplers, and phase shifters are 

considered fundamental passive components and key elements extensively used in differ-

ent microwave circuits and systems such as antenna array feed networks, amplifiers, mix-

ers, modulators, and beamforming systems [88]. This chapter addresses the development 

of different structures for UWB feed networks, vertical transitions, hybrid couplers, and 

phase shifters in inexpensive microstrip PCB technology. The design of UWB feed net-

works based on modifying the traditional Wilkinson power divider is introduced. The 

equivalent circuit models for those components are given and analyzed in details in Ap-

pendix A. To optimize the performance of those structures, EM simulation is used to tune 

their physical dimensions. For achieving a higher gain for certain applications, antenna 

arrays may be used. The previously designed feed network is used to construct compact 

and inexpensive microstrip printed two-element and four-element UWB linear antenna 
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arrays with increased directivity. The UWB antenna element used is the previously de-

signed antenna discussed in Chapter 4. 

The proposed vertical transitions, hybrid couplers and phase shifters can provide a 

large dynamic coupling range with low insertion losses across the UWB frequency band. 

These advantages can make the designed transitions, couplers and phase shifters good 

candidates for the design of UWB subsystems as beamforming matrices in compact two-

layer microstrip PCB topologies. The analysis of the proposed two-layer microstrip-to-

microstrip vertical transition is performed by assuming the structure as a four-port cou-

pler with one input port, one output port and the other two ports are terminated with open 

circuit loads. Details of the analysis based on the even-odd mode quasi-static analysis are 

presented in Appendix B. 

The designed vertical transitions are then used to develop two-layer 90° 3dB hy-

brid couplers for UWB applications. Starting from the design parameters of the transi-

tions, the full wave EM simulation programs are used to optimize those parameters to 

meet the design requirements for the UWB hybrid couplers such as good return loss and 

isolation with reasonable insertion losses across the whole UWB frequency band. Moreo-

ver, the phase between the direct and the coupled signals should be 90° throughout the 

frequency range of interest. Also, the designed vertical transitions are then used to devel-

op two-layer 45° phase shifters for UWB applications. 

The chapter is organized as follows; Section 5.2 shows the numerical and experi-

mental results for the design of UWB feed network based on a modified two-section Wil-

kinson power divider/combiner. Section 5.3 focuses on the design of two-element and 
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four-element UWB linear antenna arrays by exploiting the previously designed antenna 

elements and feed networks. The design of two different shapes of vertical microstrip 

transitions is presented in Section 5.4. The design of trapezoidal- and butterfly-shaped 

vertical microstrip transitions are addressed in subsections 5.4.1and 5.4.2, respectively. 

From the previously designed two-layer vertical microstrip transitions, we developed the 

two-layer 90° 3 dB hybrid couplers for UWB applications presented in Section 5.5. Sub-

sections 5.5.1 and 5.5.2 describe the design of trapezoidal- and butterfly-shaped mi-

crostrip hybrid couplers, respectively. Then Section 5.6 presents the design of UWB 

phase shifters and finally the conclusion is outlined in Section 5.7. 

 

5.2 UWB Feed Networks 

In this section, two different UWB feed network structures based on a modified 

two-section Wilkinson power divider for UWB applications are presented. The first feed 

network is designed and simulated numerically. The second one is designed, simulated, 

fabricated and tested experimentally. From the equations in Appendix A, according to the 

desired bandwidth ratio, the initial values for the feed network parameters can be deter-

mined. With the aid of EM simulation tools, we can optimize the parameters of the feed 

network by using full-wave analysis of the whole structure to achieve the desired perfor-

mance. Both simulated and measured results show that the proposed feed networks have 

almost equal power split with low insertion loss and good return loss at all ports. The iso-

lation between the two output ports are found to be better than 10 dB which make these 

feed networks good as dividers and/or combiners at the same time. 
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5.2.1 Design Methodology for UWB Feed Network 

For designing a UWB feed network, a modified Wilkinson power divider is pro-

posed. Figure 5.1 shows the schematic diagram of the proposed feed network for UWB 

operation. It simply consists of modified one-section Wilkinson power divider with char-

acteristic impedance of Z1 and electrical length of θ1. Broadening the bandwidth is 

achieved by adding stub matching network to each branch with additional transmission 

lines at the end. The first transmission lines are extended (𝑍1, θ1′ ) and one open circuit 

(OC) stub with (ZS,θS) are added to each branch. Also, we added another section of Wil-

kinson power divider with (Z2, θ2) at the end of the stub matching network. The resistor 

at the end of the second section of Wilkinson power divider can be removed without af-

fecting the feed network performance. By adjusting the length and width of the OC stubs, 

the bandwidth can be broadened. To determine the divider basic parameters for UWB 

frequency operation, the even-odd mode decomposition analysis is to be performed. De-

tails of the even-odd mode decomposition analysis of such kind of modified two-section 

Wilkinson power dividers are outlines in Appendix A.  

 

Figure 5.1 Schematic of the proposed UWB 1-to-2 feed network. 
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The design procedure is relatively simple. First, a traditional Wilkinson power di-

vider should be designed with its center frequency 𝑓0 at 6.85 GHz and the bandwidth ra-

tio of 3.5:1 covering the whole UWB frequency range (3.1-10.6 GHz). Second, from the 

design equations given in Appendix A, according to the desired bandwidth ratio 𝑓𝑈 𝑓𝐿⁄ , 

the initial values for the divider parameters 𝜃1,𝑍1, 𝜃2,𝑍2, and 𝐵𝑠 can be determined by 

means of elementary transmission line theory [89]. Then, the length of the extended line 

is chosen arbitrarily to be different than that of the main line, i.e. 𝜃1′ ≠ 𝜃1 to obtain more 

flexibility and degree of freedom and hence the bandwidth can be enhanced. With the aid 

of full-wave EM numerical modeling techniques, all other optimized parameters can be 

determined by using full-wave analysis of the whole structure. Simulations are carried 

out using both Ansoft HFSS and CST simulation programs. To validate the proposed de-

sign, a prototype is designed, fabricated and tested experimentally. Measured results 

show good performance within the whole UWB frequency range. 

 

5.2.2 Modified Two-Section Wilkinson Power Divider 

The initial investigations of the second proposed UWB feed network parameters 

were made from the formulas in Appendix A and results are summarized in Table 5.1. 

Full-wave analysis has been carried out using both EM simulator Ansoft HFSS and CST 

for comparison. The proposed UWB feed network is designed, fabricated and then exper-

imentally tested. The circuit layout and the photograph of the UWB feed network proto-

type are presented in Figure 5.2(a) & (b), respectively. The substrate used is Rogers 

RT5880 with a thickness of 0.787 mm, relative permittivity εr = 2.2, and loss tangent tanδ 

= 0.0009. The overall size of the proposed divider is 22 mm×19.6 mm. The parameters 
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of the proposed feed network were optimized to attain good return loss at all ports and 

good isolation over the whole UWB frequency range. The final dimensions and parame-

ters for the proposed feed network are summarized in Table 5.2.  

The simulated S-parameters for the proposed feed network are shown in Figure 

5.3(a). It can be seen that the power is divided equally between the output ports with very 

small insertion loss ranges from 0.1 dB to 0.5 dB (HFSS) or from 0.5 dB to 1.0 dB 

(CST). The simulated return losses at all three ports are also presented in the same Fig-

ure. The return loss at the input port (𝑆11) is better than 13 dB and it reaches to less than 

35 dB at some frequencies while the return losses at the output ports (𝑆22 and 𝑆33) are 

lower than 10 dB with better than 29 dB at some frequencies through the whole UWB 

frequency range. The isolation between the two outputs ports 𝑆23 = 𝑆32 is found to be 

better than 10 dB throughout the desired frequency range. 

 
                 (a)                                                                       (b) 

Figure 5.2 (a) Circuit and (b) photograph of the proposed UWB feed network 
 

Table 5.1 Initial Parameters for the Proposed UWB Feed Network. 

Parameter 𝒁𝟏 𝜽𝟏 𝜽𝟏′  𝒁𝟏 𝜽𝟏 𝒁𝑺 𝜽𝑺 
value 89.2 Ω 48.76° 27.1° 61Ω 137° 52.1 Ω 11.2° 
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For further investigating the performance of the proposed UWB feed network, the 

phase difference and the group delay between the two outputs ports are simulated using 

HFSS and shown in Figure 5.3(b). It can be noticed that the output signals are in phase 

with phase difference is 0°±0.5° across the whole frequency range. Also, the simulated 

group delay is almost constant and less than 0.14 ns which show good linearity within the 

UWB frequency range. The S-parameters for the feed network are measured using Ag-

ilent E8364B programmable network analyzer and shown in Figure 5.4. It can be seen 

that the proposed UWB feed network still have good return losses, insertion losses and 

isolation between output ports across most frequencies in the UWB frequency range. 

 

Table 5.2 Optimized Parameters of the Proposed UWB Feed Network (Unit: mm) 

Parameter Wo Lo W1 L1 𝑾𝟏
′  

Value 2.4 5.0 0.9 4.0 0.9 
Parameter 𝑳𝟏′  W2 L2 WS LS 

Value 2.5 1.8 5.0 2.3 0.8 
 

 

 

(a)                                                                    (b) 
Figure 5.3 Simulated (a) return loss, insertion loss, and isolation (HFSS: with marker, 
CST: without marker) (b) phase difference and group delays between ports. 
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Figure 5.4 Measured return loss, insertion loss, and isolation for the UWB feed network. 
 

5.3 Two- and Four-Element UWB Antenna Arrays 

The two-element and four-element UWB linear antenna arrays are constructed by 

feeding two or four UWB antenna elements with previously designed UWB feed net-

works. The geometry and photograph of the proposed two-element and four-element lin-

ear antenna array prototypes are shown in Figure 5.5(a) and (b), respectively. The inter-

element spacing between the antenna elements has a great effect on the overall perfor-

mance of the array. Also, the addition of feed networks to the array may affect the array 

performance. In order to investigate the effect of different design parameters on the array 

performance, extensive parametric studies were carried out using full-wave analysis of 

the whole arrays. The target here is to design a two-element and four-element linear an-

tenna arrays with good impedance matching characteristics across the desired UWB fre-

𝑺𝟏𝟏 

𝑺𝟏𝟏 𝑺𝟏𝟏 

𝑺𝟏𝟏 
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𝑺𝟏𝟏 
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quency range. Moreover, the designed arrays should attain higher gain, stable radiation 

patterns, phase linearity, and constant group delay characteristics throughout the desired 

frequency band of interest.  

 
 

 
(a) 

  
(b) 

Figure 5.5 Geometry and photograph of the proposed (a) two-element and (b) four-
element UWB printed disc monopole antenna array. 

 

It has been found from the parametric studies that using a rectangular cut in the 

common ground plane of dimensions (WS and LS) in the two-element antenna array, a 

good array performance can be achieved through the entire UWB frequency range. The 
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reason behind using the rectangular cut in the common ground plane is to enhance the 

impedance matching characteristics of the array by reducing the mutual coupling effect 

between the closely adjacent two antenna elements. The center-to-center distance be-

tween the two antenna elements are chosen to be close to the half wavelength at the UWB 

lower edge frequency fL = 3.1 GHz which is d = 54 mm. However the chosen inter-

element spacing is higher than the minimum requirement to avoid grating lobes, the 

achieved array impedance matching bandwidth is better. The optimized values for the 

rectangular cut in the common ground plane are: WS = 22 mm and LS = 15 mm. 

Properly adjusting the interspacing distance parameters D1 and D2 between the 

antenna elements, the impedance matching characteristics of the four-element array and 

the array performance can be controlled. This can be done by applying full-wave analysis 

of the whole structure and using extensive parametric study and different optimization 

techniques. For maximum achieved bandwidth, the optimized interspacing distances be-

tween the four antenna elements were found to be D1 = 28.5 mm and D2 = 38.5 mm. The 

non-uniform array is chosen here to achieve better array impedance matching bandwidth 

than that of the uniform array. Using uniform array with large inter-element spacing will 

result in higher grating lobes. With the proposed non-uniform array, the array impedance 

bandwidth is enhanced with better grating lobe levels compared to the large uniform ar-

ray. D2 is chosen to be smaller than D1 to reduce the effect of mutual coupling among 

center elements which results in better impedance matching performance. The measured 

and simulated reflection coefficient curves of two- and four-element antenna arrays are 

shown in Figure 5.6(a) and (b), respectively. It can be noticed from the results that the 

measured and simulated reflection coefficient curves versus frequency using both HFSS 
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and CST are in good agreement. The two-element array has impedance bandwidth start-

ing from 3.1 to 10.6 GHz covering the whole UWB frequency range. There are some fac-

tors that negatively affect the overall array performance in case of four-element array. 

One factor is the mutual coupling among the four antenna elements which is greater than 

that of two-element array. Also the use of three feed networks in four-element array 

compared to only one in two-element array badly affects the array performance. Accord-

ing to the previously mentioned factors, the four-element array impedance bandwidth is 

multi-band instead of ultra-wideband within the UWB range, i.e. 3.26-3.5 GHz, 4.16-4.52 

GHz, 5.18-9.14 GHz, and 9.62-10.22 GHz. The simulated maximum realized total di-

rective gain in the boresight direction of both two- and four-element antenna arrays are 

presented in Figure 5.7. The gain of the single antenna element is plotted here for com-

parison purposes. The average gain of the two- and four-element arrays are about 3 dB 

and 6 dB higher than that of the single element as expected, respectively. 

  
    (a)                                                                     (b) 

Figure 5.6 Measured and simulated reflection coefficient curves versus frequency for the 
(a) two-element and (b) four-element antenna array. 
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Figure 5.7 Simulated gains of the two-element and four-element antenna array compared 
to a single antenna element. 

 

            
                  f  = 3 GHz                                f  = 5 GHz                                 f  = 7 GHz            

(a) E-plane 

            
                  f  = 3 GHz                                f  = 5 GHz                                 f  = 7 GHz            

(b) H-plane 
Figure 5.8 The normalized E- and H-plane radiation patterns of the two-element array at 
3, 5 and 7 GHz. (solid: antenna array, dash-dot: without mutual coupling, dash: single 
antenna element, marker: measured). 
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The normalized E- and H-plane radiation patterns of the two- and four-element ar-

rays at different frequencies, i.e. 3, 5 and 7 GHz are shown in Figure 5.8 and Figure 5.9, 

respectively. In those figures, the effect of mutual coupling among the antenna elements 

on the array radiation characteristics is numerically studied. The radiation patterns of 

both the two- and four-element arrays with and without mutual coupling effect are simu-

lated. The measured radiation patterns of both antenna arrays are also presented. The ra-

diation patterns of the single antenna element are shown for comparison purposes. 

The E-plane radiation patterns of both two- and four-element arrays are almost the 

same like the single antenna element with no big change. The H-plane radiation patterns 

of both arrays are bi-directional compared to the omni-directional pattern of the single 

antenna element with good stability with frequency. 

  
(a) E-plane 

                   f  = 3 GHz                               f  = 5 GHz                               f  = 7 GHz                  

 
(b) H-plane 

Figure 5.9 The normalized E- and H-plane radiation patterns of the four-element array at 
3, 5 and 7 GHz. (solid: antenna array, dash-dot: without mutual coupling, dash: single 
antenna element, marker: measured). 
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5.4 UWB Two-Layer Microstrip Vertical Transitions 

The Fabrication of all dual layer structures has been performed in the Poly-

Grames research center in Ecole Polytechnique at University of Montreal. Poly-Grames 

research center has the ability to manufacture printed circuits on all types of microwave 

substrates. Their present fabrication capabilities are limited to two layers (double sided) 

and hole (via) metallization are limited to circuits no larger than 4’’x 4’’ for copper. The 

process starts with fabricating each layer separately as a single layer then both layers are 

stacked together by a special type of adhesive materials, i.e. epoxy glue using a special-

ized machine for that purpose. Epoxy adhesives are better in heat and chemical resistance 

than other common adhesives. The alignment between substrates is made using 0.125’’ 

pins at 2.5’’ center to center. It is well-known that the big problem with dual layer struc-

tures is the problem of misalignments between the two stacked layers and hence this will 

lead to degradation in the circuit performance in measurement compared to simulations 

results.  

In this section, two different designs for aperture or slot-coupled vertical mi-

crostrip-to-microstrip transitions for UWB applications are presented. In those proposed 

designs, the microstrip coupling patches have either trapezoidal- or butterfly-shaped 

structures while the coupling slots have rectangular structures. The microstrip coupling 

patches may take any shape such as rectangular, circular or any arbitrary shape …etc. 

Trapezoidal- and butterfly-shaped coupling patches have been chosen for our proposed 

transitions based on a comparison was done among different shapes for the microstrip 

coupling patches seeking for the best candidate for designing a good UWB microstrip 

vertical transition. It has been found that both the trapezoidal and butterfly shapes are bet-
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ter than the other two rectangular and circular shapes for the microstrip coupling patches. 

The simulated results using Ansoft HFSS and CST show that the proposed transitions 

have small insertion loss values and high return loss values over the UWB frequency 

range (3.1-10.6 GHz). All proposed transition designs are built using two RT Duroid 

5880 substrates with thickness of h = 0.508 mm, relative permittivity of εr = 2.2 and loss 

tangent of tanδ = 0.0009. The overall dimensions of proposed transitions are 20×20 mm2. 

 

5.4.1 Design Methodology for UWB Vertical Transitions  

The arbitrary structure of the proposed UWB microstrip vertical transition as a 

four-port coupler is shown in Figure 5.10. It simply consists of two arbitrary-shaped mi-

crostrip patches connected to the input and output microstrip lines and they are located on 

the top and bottom layers of the structure. The coupling between these microstrip patches 

is achieved by cutting an arbitrary-shaped slot in the common ground plane located at the 

middle layer. First, the analysis should be performed for those UWB transitions to come 

up with the necessary design parameters. Those kinds of transitions with complex-shaped 

patches are difficult to be analyzed using the even–odd mode quasi-static analysis of 

broadside slot-coupled microstrip lines [88], [112]. Transitions with rectangular-shaped 

patches can be easily analyzed and the equivalent rectangular-shaped patch parameters 

can be obtained instead. Details of the analysis of such kind of two-layer microstrip verti-

cal transition structures are discussed in Appendix B.  

The target here is to design a microstrip two-layer vertical microstrip transition 

for UWB operation from 3.1 GHz to 10.6 GHz. So it is better to design the transition at 
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the center frequency of operation f = 6.85 GHz with a bandwidth of 7.5 GHz to cover the 

whole UWB frequency range. Initially, the value of the patch and coupling slot length 𝑙 is 

set to quarter of the effective wavelength at the centre frequency, i.e. 7.8 mm. The mi-

crostrip transmission lines at the top and bottom layers have 50Ω characteristic imped-

ance and hence their widths Wm can be found from the microstrip design equations [107]. 

For a given coupling value 𝐶, the even- and odd-mode characteristic impedances can be 

calculated using Eq. (B.9) and Eq. (B.10). Table 5.3 shows the relationship between the 

even- and odd-mode characteristic impedances for different transition coupling values. 

 
Figure 5.10 The arbitrary microstrip vertical transition as a four-port coupler. 

 

Table 5.3 Even- and Odd-mode Impedances for Different Coupling Values 

 Coupling Values 𝐶 (dB) 
Characteristic 
Impedances 

 

0.3 
(10.46 dB) 

0.4 
(7.96 dB) 

0.5 
(6.02 dB) 

0.6 
(4.44 dB) 

0.7 
(3.1 dB) 

0.8 
(1.94 dB) 

𝑍0𝑒(Ω) 68.1 76.3 86.6 100 119 150 
𝑍0𝑜(Ω) 36.7 32.7 28.8 25 21 16.7 
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It can be noticed that by increasing the coupling values, even-mode characteristic 

impedance (𝑍0𝑒) increases while the odd-mode characteristic impedance (𝑍0𝑜) decreases. 

From the equivalent rectangular-shaped patch initial parameters and the calculated even- 

and odd-mode characteristic impedances for the desired coupling value, the full-wave 

analysis is used to optimize the complex-shaped transition parameters to achieve the 

UWB operation with good performances. 

Two different transition configurations using different patch shapes are presented. 

The first configuration uses trapezoidal-shaped patches on the top and bottom layers and 

a rectangular coupling slot in the middle ground plane layer. The performance of this 

transition can be controlled by adjusting the trapezoidal parameters (minor width, major 

width) and the coupling slot dimensions (width and length). The other configuration has 

butterfly-shaped patches and a rectangular slot in the common ground plane. In this de-

sign, the transition characteristics are controlled by the butterfly patch dimensions (radi-

us, angle and stub length) and the coupling slot dimensions (width and length). This con-

figuration has five parameters to adjust and hence it offers more degree of freedom to 

achieve the design goal compared to the trapezoidal transition.  

 

5.4.2 Trapezoidal-Shaped Microstrip Vertical Transition 

The proposed two-layer trapezoidal-shaped microstrip vertical transition is shown 

in Figure 5.11. The patches used here in this proposed transition are of trapezoidal shapes 

with minor and major widths of Wp1 and Wp2, respectively and the rectangular coupling 

slot of width WS. The length of the microstrip trapezoidal coupling patch Lp which is 
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equal to the length of the rectangular coupling slot LS, i.e. Lp = LS. The initial parameters 

of the proposed transition can be determined from Eq. (B.11) through Eq. (B.15) in Ap-

pendix B. The electrical equivalent circuit of the proposed two-layer microstrip vertical 

transition is not easy to obtain, especially it employs arbitrary shaped patches such as 

trapezoidal ones and a coupling slot. For that reason, the application of extensive para-

metric studies becomes very important and helpful to study the effect of the trapezoidal 

patches and coupling slot parameters on the overall transition performance. The simulat-

ed transition parameters for different coupling values 𝐶 have been simulated and then 

presented in Table 5.4.  

 

 
Figure 5.11 Configuration of the proposed UWB trapezoidal vertical transition. (a) Bot-
tom layer, (b) mid layer, (c) top layer (d) the whole structure and (e) photograph of fabri-
cated transition. 
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Table 5.4 Parameters of the Trapezoidal Transition for Different Coupling Values (Units: 
mm) 

 Coupling Values 𝐶 (dB)  
Transition 
Parameters 
 

0.7 
(3.1 dB) 

0.8 
(1.94 dB) 

0.9 
(0.92 dB) 

Wp1 3.7 4.1 5.2 
Wp2 5.8 5.0 4.6 
WS 6.5 7.4 8.0 

 

It has been found that to achieve UWB bandwidth of operation, the coupling val-

ue should be in the range from 0.7 to 0.9, and this is why we simulated the transition pa-

rameters at those coupling values seeking the best value. It can be noticed from the values 

given in Table 5.4 that by increasing the coupling values, both the trapezoidal minor 

width Wp1 and the coupling slot width WS increase while the trapezoidal major width Wp2 

decreases. By adjusting the transition physical parameters, we can easily control the cou-

pling between the trapezoidal patches. For UWB operation, the optimized transition pa-

rameters are: Wp1 = 3.7 mm, Wp2 = 5.8 mm, WS = 7.2 mm, Lp (= LS) = 7.7 mm and Wm = 

1.3 mm.  

Figure 5.12 (a) shows the simulated return losses and insertion losses between the 

input and output ports for the proposed UWB transition using both HFSS and CST with 

good agreement between them. Because of symmetry, we present only results 𝑆11 (=𝑆22) 

and 𝑆21 (=𝑆12). The return loss 𝑆11 is better than 16 dB at the center frequency and reach-

es 40 dB at some frequencies while the insertion loss 𝑆21 between the input and output 

ports is less than 1 dB in the UWB frequency range. The measured S-parameters 𝑆11, 𝑆12, 

𝑆21 and 𝑆22 for the proposed transition are presented in Figure 5.12(b). It is obvious that 

the measured return loss at the input port 𝑆11 is different than measured return loss at the 
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output port 𝑆22 especially at high frequencies more than 9.5 GHz although the structure is 

symmetric. This may be due to the fabrication error in the alignment between the two 

layers during fabrication process. Discrepancies in the measured insertion losses above 7 

GHz may be due to the substrates losses especially at higher frequencies. We have to take 

into account the material used to stick the two layers together and its thickness which 

may affect the performance of the fabricated prototypes. 

 
(a)                                                             (b) 

Figure 5.12 (a) Simulated and (b) measured S-parameters of the proposed trapezoidal 
vertical transition. 

 

5.4.3 Butterfly-Shaped Microstrip Vertical Transition 

Figure 5.13 shows the butterfly-shaped microstrip-to-microstrip vertical transi-

tion. In this new design, butterfly-shaped microstrip patches are used at the top and bot-

tom layers and they are connected to the input and output microstrip lines. The butterfly-

shaped patches consist of two circular arcs connected back to back with radius R and an-

gle θ. An open circuit stub of length d is attached to the butterfly microstrip patches to 

tune the coupling and the impedance matching bandwidth. The coupling between these 

patches is achieved by cutting a rectangular-shaped slot of length LS and width WS from 
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the common ground plane which is located at the middle layer. The simulated transition 

parameters for different coupling values are tabulated in Table 5.5. It can be noticed that 

by increasing the coupling values, both the butterfly radius R and the coupling slot width 

WS increase while both the butterfly angle θ and the OC stub length d decreases. By ad-

justing the transition physical parameters, we can easily control the coupling between the 

butterfly patches. For UWB operation, the optimized transition parameters are: R = 2.2 

mm, θ = 90°, WS = 7.3 mm, LS = 6.0 mm, d = 4.5 mm and Wm = 1.3 mm. 

 
Figure 5.13 Configuration of the proposed UWB butterfly vertical transition. (a) Bottom 
layer, (b) mid layer, (c) top layer, and (d) the whole structure and (e) photograph of fabri-
cated transition. 
 

Table 5.5 Parameters of the Butterfly Transition for Different Coupling Values 

 Coupling Values 𝐶 (dB)  
Transition 
Parameters 

 

0.7 
(3.1 dB) 

0.8 
(1.94 dB) 

0.9 
(0.92 dB) 

𝑅 (mm) 0.9 1.7 1.6 
𝜃° 90° 75° 50° 

𝑊𝑠 (mm) 4.8 8.8 11.5 
𝑑 (mm) 4.5 3.5 3.0 
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Figure 5.14(a) shows the simulated return losses and insertion losses between the 

input and output ports for the proposed UWB transition using both HFSS and CST with 

good agreement between them. The return loss 𝑆11 = 𝑆22 is better than 16 dB at 8.8 GHz 

with better than 42 dB at some frequencies while the insertion loss 𝑆21 = 𝑆12 between the 

input and output ports is less than 1 dB in the desired frequency range. The measured S-

parameters for the proposed butterfly transition are presented in Figure 5.14(b). Also, it is 

obvious that there is difference between the measured return losses at both input port 𝑆11 

and output port 𝑆22 especially at higher frequencies although the structure is symmetric. 

This may also be due to the misalignment between the two layers during fabrication pro-

cess.  

From the simulated and measured results for both proposed transitions, it is obvi-

ous that the second transition with butterfly-shaped patches has improved characteristics 

compared to the trapezoidal-shaped transition. This is because the butterfly transition has 

curved structure with less sharp edges compared to the trapezoidal transition which min-

imizes the radiation losses from the microstrip patches and hence improves its overall 

performance across the whole UWB frequency range. Measured results in Figure 5.12(b) 

and 5.14(b) for both transitions prove our conclusions especially for the insertion loss S21. 

It can be noticed that the insertion loss S21 increases rapidly with frequency especially 

above 8 GHz in the trapezoidal transition which does not occur in the butterfly transition 

even above 10 GHz. 
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     (a)                                                                   (b) 

Figure 5.14 (a) Simulated and (b) measured S-parameters of the proposed butterfly verti-
cal transition. 

 

 

5.5 UWB Two-Layer Microstrip 90° Hybrid Couplers 

In this section, we are developing trapezoidal- and butterfly-shaped two-layer mi-

crostrip 90° backward hybrid couplers with rectangular slot-coupling from the previously 

designed trapezoidal- and butterfly-shaped transitions. The first configuration uses trape-

zoidal-shaped patches on the top and bottom layers and a rectangular coupling slot in the 

middle ground plane layer. The performance of this coupler can be controlled by adjust-

ing the trapezoidal parameters and the coupling slot dimensions to achieve good UWB 

return loss and isolation with acceptable transmission magnitudes and phases. The other 

configuration has butterfly-shaped patches and a rectangular slot in the ground plane. In 

this design, the coupler characteristics are controlled by the butterfly patch dimensions 

and the coupling slot dimensions. Here, configuration 2 has five parameters to adjust and 

hence has more degree of freedom to achieve the design goal. The main advantage for 

those couplers is the flexibility in their design parameters than the conventional circular, 
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rectangular … etc shaped couplers. For all proposed coupler designs, the substrates used 

are the same like what we used in the previously designed transitions. 

 

5.5.1 Design Methodology for UWB 90° Hybrid Couplers 

The geometry of an arbitrary microstrip hybrid four-port coupler is shown in Fig-

ure 5.15. The shown four-port microstrip hybrid coupler generally consists of two dielec-

tric substrates and three microstrip layers. The top layer includes an arbitrary-shaped 

patch connected to a microstrip line with port # 1 (input) and port # 2 (direct output) at 

both ends. The bottom layer is identical to the top layer. It contains another arbitrary-

shaped patch facing the top one and connected to a microstrip line with port # 3 (coupled 

output) and port # 4 (matched) at both ends. Port # 4 is called matched or isolated port 

because there is no output power goes to that port and hence it should be connected to a 

50Ω matched load. The middle layer contains the common ground plane and by cutting a 

rectangular-shaped slot, the coupling between the microstrip patches can be achieved. 

 
Figure 5.15 The arbitrary microstrip hybrid four-port backward coupler. 
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Because the proposed UWB hybrid couplers have complex-shaped patches, the 

analysis of those kinds of couplers is difficult and hence it is preferred to simplify those 

complex-shaped patches into their equivalent rectangular-shaped patches of width Wp, 

length Lp, the coupling slot width of WS and the coupling slot length of LS (= Lp) as shown 

in Figure 5.15. The analysis procedure for the equivalent rectangular-shaped microstrip 

hybrid couplers is similar to the one described in [107], [112]. To design a UWB hybrid 

coupler, it is important to make sure that it covers the whole UWB range with acceptable 

performance. A suitable coupling value 𝐶𝑑𝐵  should be selected to achieve the desired 

UWB bandwidth. Then the even-mode (𝑍0𝑒) and odd-mode (𝑍0𝑜) characteristic imped-

ances can be determined from: 

𝑍0𝑒 = 𝑍0�
1 + 10−𝐶𝑑𝐵 20⁄

1 − 10−𝐶𝑑𝐵 20⁄                                                   (5.1) 

𝑍0𝑜 = 𝑍0�
1 − 10−𝐶𝑑𝐵 20⁄

1 + 10−𝐶𝑑𝐵 20⁄                                                    (5.2) 

where the multiplication of both even- and odd-mode characteristic impedances is 

𝑍0𝑒𝑍0𝑜 = 𝑍02. For example, in case of a 3 dB hybrid coupler, 𝐶𝑑𝐵 = 3 dB and hence the 

values of even- and odd-mode characteristic impedances calculated from Eq. (5.1) and 

Eq. (5.2) are 120.9Ω and 20.6Ω, respectively. 

After calculating the required values of even- and odd-mode characteristic imped-

ances, the dimensions of the equivalent rectangular-shaped couplers can be determined 

using the approach in [107]. Both the rectangular-shaped patch width Wp and the cou-

pling slot width WS can be determined from the odd- and even-mode characteristic im-
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pedances, respectively. The rectangular-shaped patch length Lp which is equal to the cou-

pling slot length LS is set to quarter of the effective wavelength at the centre frequency of 

operation, i.e. fc = 6.85 GHz. Now, the initial parameters for the equivalent rectangular-

shaped couplers are determined. The optimized parameters for the proposed UWB hybrid 

couplers with complex-shaped patches can be evaluated using full wave EM simulation 

of the whole structure with the aid of extensive parametric study or different optimization 

techniques.  

 

5.5.2 Two-Layer Trapezoidal-shaped Microstrip 90° Hybrid Coupler 

The configuration and the photograph of the proposed trapezoidal-shaped mi-

crostrip hybrid coupler are shown in Figure 5.16. Extensive parametric studies are carried 

out to justify the effect of coupler physical parameters on both the coupling level and the 

phase difference between both direct and coupled ports. For designing UWB 90° hybrid 

coupler, the optimized trapezoidal-shaped coupler parameters for different coupling val-

ues, i.e. 𝐶𝑑𝐵 = 3, 6 and 10 dB are summarized in Table 5.6. For UWB operation, the op-

timized coupler parameters for 3db/90° coupler are: Wp1 = 3.7 mm, Wp2 = 4.5 mm, WS = 

7.2 mm, Lp (= LS) = 7.7 mm and Wm = 1.3 mm. 

Figure 5.17(a) shows the simulated return loss 𝑆11  and isolation 𝑆41  of the de-

signed coupler using both HFSS and CST with good agreement between them. From the 

results, it is clear that the designed coupler features good characteristics across the de-

sired frequency range. The return loss is better than 17 dB (20 dB on average) across the 

whole UWB frequency range. The isolation is higher than 14 dB (20 dB on average) for 
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the same band. The simulated insertion losses (both through 𝑆21 and coupled 𝑆31) of the 

designed coupler are shown in Figure 5.17(b). The results indicate that the coupling is 

3±1.25 dB for the UWB frequency band.  

Figure 5.18 presents the simulated phase and phase difference between port # 2 

(direct) and port # 3 (coupled), respectively. It is obvious that the phase is quite linear in 

the UWB frequency band and the phase difference is 90°±2.5° through the whole fre-

quency band of interest. The measured S-parameters as well as the phases and the phase 

difference between the direct and coupled ports of the trapezoidal coupler are plotted in 

Figure 5.19. The measured phase difference is acceptable in the 3.0-8.0 GHz frequency 

band while it changes too much when the frequency increases more than 8 GHz. 

 

Figure 5.16 Configuration of the UWB trapezoidal 90° hybrid coupler. (a) Bottom layer, 
(b) mid layer, (c) top layer, and (d) the whole structure and (e) photograph of fabricated 
transition prototype. 
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Table 5.6 Parameters of the Trapezoidal Hybrid Coupler for Different Coupling Values 
(Units in mm) 

 

 

 

 

(a)                                                                    (b) 
Figure 5.17 Simulated (a) return losses and isolation, (b) coupling and insertion losses of 
the trapezoidal coupler. 

 

 

(a)                                                                    (b) 
Figure 5.18 Simulated (a) phases and (b) phase difference between ports 2 and 3 of the 
trapezoidal coupler.  

 Coupling Values 𝐶𝑑𝐵  
Coupler 

Parameters 
3 dB 6 dB 10 dB 

𝑊𝑝1 3.7 2.2 2.2 
𝑊𝑝2 4.5 3.0 2.5 
𝑊𝑠 7.2 3.62 2.65 
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(a)                                                                    (b) 

Figure 5.19 Measured (a) S-parameters and (b) phases and phase difference between the 
direct and coupled ports for the trapezoidal coupler. 

 

5.5.3 Two-Layer Butterfly-shaped 90° Microstrip Hybrid Coupler 

This section presents the other design for the two-layer 90° hybrid coupler built in 

microstrip PCB technology. Figure 5.20 presents the geometrical configuration of the 

proposed butterfly-shaped microstrip 90° hybrid coupler. The proposed coupler has but-

terfly-shaped microstrip patches connected to microstrip lines facing each other on the 

top and bottom. Full-wave analysis is used to determine the dimensional parameters of 

the butterfly-shaped patches R and θ and the slot width WS numerically. The optimized 

butterfly-shaped coupler parameters for different coupling values 𝐶𝑑𝐵 = 3, 6 and 10 dB 

are tabulated in Table 5.7. For UWB operation, the optimized coupler parameters for 

3db/90° coupler are: R = 2.83 mm, θ = 90°, WS = 10 mm, LS = 6.0 mm and Wm = 1.3 mm. 

The simulated return loss, isolation and insertion losses for the designed UWB 

coupler using both HFSS and CST are plotted in Figure 5.21. It is obvious from the re-

sults that the designed coupler exhibits good performances across the desired UWB fre-

quency band. The return loss is better than 14 dB and isolation is higher than 14 dB (be-
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low 20 dB on average) across the whole range. Results also indicate that the coupling is 

about 3±2 dB for the UWB frequency band. The simulated phase and phase difference 

between port # 2 (direct output) and port # 3 (coupled output) are illustrated in Figure 

5.22(a) and (b), respectively. It is clear that the phase is quite linear in the UWB frequen-

cy band and the phase difference is 90°±7° in the same frequency band.  

The measured S-parameters and phase difference between the direct and coupled 

ports for the butterfly coupler are given in Figure 5.23(a) and (b), respectively. Results 

show good coupler performance especially in the lower frequency band. Compared to the 

previous trapezoidal coupler, the butterfly coupler features better characteristics through 

the whole UWB frequency range. 

 

Figure 5.20 Configuration of the proposed UWB butterfly directional coupler. (a) Bottom 
layer, (b) mid layer, (c) top layer, and (d) the whole structure and (e) photograph of fabri-
cated transition prototype.  
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Table 5.7 Parameters of the Butterfly Directional Coupler for Different Coupling Values  

 

 

 

(a)                                                                    (b) 
Figure 5.21 Simulated (a) return loss and isolation, (b) coupling and insertion losses of 
the butterfly coupler. 

 

 

(a)                                                                    (b) 
Figure 5.22 Simulated (a) phases and (b) phase differences between ports 2 and 3 of the 
butterfly coupler. 

 Coupling Values 𝐶𝑑𝐵  
Coupler 

Parameters 
3 dB 6 dB 10 dB 

𝑅 (mm) 2.83 3.0 1.7 
𝜃° 90° 95.4° 99.5° 

𝑊𝑠 (mm) 10 4.5 2.9 
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(a)                                                                    (b) 

Figure 5.23 Measured (a) S-parameters and (b) phase difference between the direct and 
coupled ports for the butterfly coupler.  

 

5.6 UWB Two-Layer Microstrip Phase Shifters 

In this section we continue using the previously designed trapezoidal- and butter-

fly-shaped vertical microstrip transitions to develop phase shifters for UWB applications. 

The problem with the conventional narrowband phase shifters is that the phase changes 

linearly with the frequency. To design a wideband phase shifter where the phase is almost 

constant with frequency, we exploit the wideband characteristics of the designed trape-

zoidal- and butterfly-shaped transitions and the conventional transmission lines. For all 

proposed phase shifter designs, the substrates used are the same as what we used in the 

previously designed transitions. 

 

5.6.1 Two-Layer Trapezoidal-shaped 45° Phase Shifter 

The configuration of the proposed trapezoidal-shaped 45° microstrip phase shifter 

is shown in Figure 5.24. It simply consists of the designed trapezoidal-shaped transition 
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connected to port # 1 and port # 2. The reference transmission line is installed on the top 

layer between port # 3 and port # 4. By controlling the transition parameters and the 

length of the reference transmission line, the suitable constant phase shift can be obtained 

over the desired bandwidth. The simulated and measured return and insertion losses for 

the 45° trapezoidal phase shifter are illustrated in Figure 5.25(a) and (b), respectively. It 

can be seen that the simulated return and insertion losses are better than 10 dB and 1.2 dB 

in the 3.1-10.6 GHz band, respectively. There is a good agreement between both HFSS 

and CST simulation results. The measured return and insertion losses are good in the 

lower frequency band from 3.3 GHz to 9.6 GHz. The phase difference (∠𝑆43 − ∠𝑆21 ) 

has been simulated and plotted in Figure 5.26(a). The simulated achieved phase differ-

ence is almost 45° with phase error of less than ±7° across the whole UWB frequency 

band. Also, the measured phases and phase difference between the ports (1, 2) and ports 

(3, 4) are shown in Figure 5.26(b). It can be noticed that phases are almost linear as a 

function of frequency and the measured phase difference achieved is varying around 45° 

but it deteriorated at higher frequencies above 8.0 GHz. 

 

 

 

(a) (b) 
Figure 5.24 Configuration of the proposed trapezoidal-shaped UWB 45° phase shifter. (a) 
The whole structure and (b) photograph of fabricated prototype.     
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    (a)                                                                    (b) 

 
Figure 5.25 (a) Simulated and (b) measured return and insertion losses of the proposed 
UWB 45° trapezoidal phase shifter.  

 

 
     (a)                                                                   (b) 

 
Figure 5.26 (a) Simulated phase difference and (b) measured ∠S21 & ∠S43  phases and 
phase difference (∠S43 − ∠S21 ) of the proposed 45° trapezoidal phase shifter. 
 

5.6.2 Two-Layer Butterfly-shaped 45° Phase Shifter 

The other configuration of the proposed butterfly-shaped 45° microstrip phase 

shifter is shown in Figure 5.27. It is simply consists of the designed butterfly-shaped tran-

sition connected to ports 1 and 2. The reference transmission line is installed on the top 

layer between ports 3 and 4. The desired constant phase shift over the maximum availa-

ble bandwidth can be obtained by controlling the transition parameters and the length of 
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the reference transmission line. The simulated and measured return and insertion losses 

for the 45° butterfly phase shifter are illustrated in Figure 5.28(a) and (b), respectively. It 

can be noticed that the return and insertion losses are better than 13 dB and 0.8 dB across 

the whole UWB band. The measured return and isolation losses are good in the 2.8-9.8 

GHz frequency band. The simulated and measured phases between ports (1, 2) and ports 

(3, 4) and the phase difference are presented in Figure 5.29(a) and (b), respectively. It can 

be seen that the phase is almost linear with frequency. The achieved phase difference is 

almost 45° with acceptable phase error especially in the lower frequency band.  

 
(a)                                                                      (b) 

 
Figure 5.27 Configuration of the proposed butterfly-shaped UWB 45° phase shifter. (a) 
The whole structure and (b) photograph of fabricated phase shifter prototype.     
 
 

   
    (a)                                                                  (b) 

Figure 5.28 (a) Simulated and (b) measured return and insertion losses of the proposed 
45° butterfly phase shifter. 
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(a)                                                                    (b) 

 
Figure 5.29 (a) Simulated phase difference and (b) measured ∠S21 & ∠S43  phases and 
phase difference (∠S43 − ∠S21 ) of the proposed 45° butterfly phase shifter. 
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5.7 Summary 

A UWB feed network prototype has been proposed and designed. This prototype 

is based on a modified two-section Wilkinson power divider by adding stub matching 

network to each branch with additional transmission lines at the end and saving the resis-

tor of the second section. This prototype has been fabricated and tested at UWB frequen-

cy band. It has been used in constructing two- and four-element UWB antenna arrays. 

Both simulated and measured results show that the proposed feed network has acceptable 

insertion loss, satisfactory isolation and good return loss of all ports within the whole 

UWB frequency range. The two- and four-element antenna arrays have been developed 

from the designed antenna elements and feed networks. Both measured and simulated 

results show that the two-element antenna array has UWB impedance performance, with 

antenna array gain of about 5.5–8.5 dBi within the whole UWB frequency range. For the 

four-element antenna array, the achieved impedance matching is multi-band within the 

UWB frequency range, and the gain of the antenna array is about 7.5–11.5 dBi. In addi-

tion, the radiation patterns of the antenna array are quite stable with frequency. 

The design of two UWB slot-coupled vertical microstrip-to-microstrip transitions 

has been presented. The proposed transitions utilize broadside coupling between com-

plex-shaped microstrip patches of trapezoidal and butterfly shapes located at the top and 

bottom layers. The coupling mechanism between those layers is achieved by cutting a 

rectangular-shaped slot at the common ground plane or the middle layer. For achieving 

the maximum possible bandwidth where the transition performances remain acceptable, 

the coupling value between the microstrip patches is found to be between 0.7 and 0.8. 

Both simulated and measured results have shown that the proposed transitions have a 
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good return loss and an acceptable insertion loss across the desired UWB frequency 

range while the phase is almost linear with frequency. The designed transitions have been 

used to develop two different 3dB/90° hybrid couplers with good return losses, insertion 

losses, coupling and isolation characteristics across the desired frequency range. Then 

two different 45° phase shifters have been designed to be used in building 4 × 4 Butler 

matrices in the next chapter. 
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Chapter 6 

UWB Microstrip Beamforming Networks 

 

6.1 Introduction 

This chapter focuses on the design of UWB compact and inexpensive Butler ma-

trices employing the previously developed two-layer microstrip components reported in 

Chapter 5. The microstrip two-layer layout for a 4 × 4 Butler matrix to avoid using any 

cross lines or crossovers is presented in Figure 2.18 in Chapter 2. In the previously de-

signed Butler matrices with crossovers, the maximum achievable bandwidth is greatly 

affected by those elements. Moreover, the structure complexity of those Butler matrices 

will be increased using crossovers and hence there will be some fabrication problems and 

limitations as well as the expected losses will be increased which limit their performance 

[135]. The proposed 4 × 4 Butler matrices using microstrip PCB technology are compact, 

inexpensive and offering wideband performances for both transmission magnitudes and 

phases with good return losses and isolation characteristics. The use of microstrip PCB 

technology is good choice for designing a compact size and low cost beamforming net-

work [27]. Two different 4 × 4 Butler-matrix configurations are designed, fabricated and 

then tested based on the previously presented microwave components with trapezoidal 

and butterfly patch shapes. It has been found that separate elements as well as the con-

structed Butler matrices have good simulated and measured results. 
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This chapter is organized as follows: Section 6.2 focuses on the design of two dif-

ferent 4 × 4 Butler-matrix configurations for the UWB applications. It starts with Section 

6.2.1 which introduces the design and implementation of trapezoidal-shaped 4 × 4 Butler 

matrix based on using the previously developed trapezoidal-shaped components in Chap-

ter 5. Another configuration in Section 6.2.2 is the butterfly-shaped 4 × 4 Butler matrix 

based on previously developed butterfly-shaped hybrid couplers and phase shifters. Both 

numerical and experimental investigations are introduced and discussed in details for dif-

ferent Butler-matrix configurations. All matrix characteristics including the calculation of 

transmission magnitudes and phases as well as the return losses and isolations are simu-

lated numerically using both Ansoft HFSS and CST Microwave Studio. To demonstrate 

the functionality of the designed UWB 4 × 4 Butler-matrix configurations, four identical 

patch antenna elements designed at f = 5.8 GHz are connected to four output ports of the 

Butler matrix and the radiation pattern characteristics are simulated, presented and dis-

cussed. Finally, conclusions of this chapter are summarized in Section 6.3. 

 

6.2 UWB 4 × 4 Two-Layer Butler Matrix 

The proposed 4×4 Butler matrices are designed and optimized numerically using 

EM simulation programs: HFSS and CST. The Butler matrix components are the 3dB/90° 

hybrid couplers and 45° phase shifters as discussed in Chapter 5. The substrates used in 

all prototypes are Rogers RT/duroid 5880 with thickness of h = 0.508 mm, and relative 

permittivity of εr = 2.2. S-parameter measurements for testing the fabricated matrix proto-

types are carried out using Agilent E8364B programmable network analyzer. 
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6.2.1 Configuration One 

Figure 6.1 shows the developed 4 × 4 trapezoidal-shaped UWB Butler matrix us-

ing 3dB/90° hybrid couplers and 45° phase shifters of trapezoidal shapes. The physical 

dimensions of the components used to construct the 4 × 4 Butler matrix are the same as 

given in Chapter 5. Figure 6.2(a) presents the simulated results for the transmission mag-

nitude parameters 𝑆51, 𝑆61, 𝑆71 and 𝑆81 with frequency when port # 1 is fed while the 

other ports are terminated with 50Ω matched loads. The transmission magnitude parame-

ters 𝑆52, 𝑆62, 𝑆72 and 𝑆82 as functions of frequency when port # 2 is fed and keeping all 

the other ports terminated with matched loads are shown in Figure 6.2(b).  

The return losses and isolation versus frequency for ports 1 and 2 are also simu-

lated and presented in Figure 6.3(a) and (b), respectively. This Butler matrix is designed 

to operate in the UWB frequency range from 3.1 to 10.6 GHz. The designed 4 × 4 Butler 

matrix is fabricated and then tested experimentally. Figure 6.4(a) and (b) show the exper-

imental results of the transmission magnitudes for port # 1 and port # 2, respectively 

while the other six ports are terminated with 50Ω matched loads. The measured return 

losses and isolation parameters for both ports are demonstrated in Figure 6.5(a) and (b), 

respectively. From both simulated and measured results, the proposed Butler matrix has a 

wideband performance across the UWB frequency range with reasonable insertion loss 

values especially in the mid-frequency band around 6.85 GHz. The simulated and meas-

ured return loss 𝑆11 (port # 1 is fed) is below -10 dB for most of frequencies and the same 

for 𝑆22 (port # 2 is fed). Also, the simulated and measured isolations when port # 1 is fed, 

𝑆21, 𝑆31, and 𝑆41 are better than 10 dB, 27 dB and 18 dB, respectively. When port # 2 is 

fed, the isolations 𝑆12, 𝑆32, and 𝑆42 are better than 10 dB, 10 dB and 27 dB, respectively. 
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(a) 

 

 
(b) 

Figure 6.1 (a) Geometry and (b) photograph of the developed configuration one for the 
trapezoidal-shaped 4×4 Butler matrix prototype. 
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    (a)                                                                   (b) 

Figure 6.2 Simulated transmission magnitudes of the trapezoidal-shaped 4×4 Butler ma-
trix when: (a) port # 1 is fed, (b) port # 2 is fed.  
 

 
     (a)                                                                   (b) 

Figure 6.3 Simulated return losses and isolations of the trapezoidal-shaped 4×4 Butler 
matrix when: (a) port # 1 is fed, (b) port # 2 is fed. 
 

 
    (a)                                                                   (b) 

Figure 6.4 Measured transmission magnitudes of the configuration one for the trapezoi-
dal-shaped 4×4 Butler matrix when: (a) port # 1 is fed, (b) port # 2 is fed. 
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     (a)                                                                   (b) 

Figure 6.5 Measured return losses and isolations of the developed configuration one for 
the trapezoidal-shaped 4×4 Butler matrix when: (a) port # 1 is fed, (b) port # 2 is fed. 

 

The difference between simulated and measured results is may be due to the error 

in alignment during fabrication process and the substrates losses especially at higher fre-

quencies. The simulated and measured differential phase characteristics of the proposed 

Butler matrix are shown in Figure 6.6 and Figure 6.7, respectively. The matrix has almost 

good differential phases of –45°, –90° and –135° when port # 1 is fed and +45°, –90° and 

+135° when port # 2 is fed within the UWB frequency. The phase differences α between 

consecutive output ports are –45° and +135° when ports 1 and 2 are fed, respectively.  

 
      (a)                                                                   (b) 

Figure 6.6 Simulated differential phase characteristics of the trapezoidal-shaped 4×4 
Butler matrix when: (a) port # 1 is fed, (b) port # 2 is fed. 



126 
 

Figure 6.8(a) and (b) presents the surface current distributions for the developed 

configuration one at the center frequency f = 6.85 GHz when ports 1 and 2 are fed, re-

spectively.  

 

  
      (a)                                                                  (b) 

Figure 6.7 Measured differential phase characteristics of the developed configuration one 
for the trapezoidal-shaped 4×4 Butler matrix when: (a) port # 1 is fed, (b) port # 2 is fed. 

 

        P5          P7         P6           P8                       P5           P7         P6          P8 
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(a)                                                              (b) 

Figure 6.8 Surface current distributions for the developed configuration one at center fre-
quency f = 6.85 GHz when: (a) port # 1 is fed, (b) port # 2 is fed. 
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The designed Butler matrix is then used to feed four identical tapered slot antenna 

(TSA) [157] elements for a multi-beam antenna system as shown in Figure 6.9. This is to 

study the effect of both transmission magnitudes and phases of the designed Butler ma-

trix on the main beam direction of the array. We can steer the main beam in four different 

directions according to the port fed. The TSA array inter-element spacing is designed at 

upper edge frequency to be one wavelength, i.e. d = 28.3 mm. It can be seen from Figure 

6.10 that the main beam directions are +6°, –20°, +20° and –6° when ports 1, 2, 3 and 4 

are fed with signals, respectively. Also, the array side-lobe level (SLL) is better than –3.9 

dB in all cases with good angular 3dB beam-widths between 13° and 13.5°. The ideal 

values for main beam directions are +7°, –22°, +22° and –7° when ports 1, 2, 3 and 4 are 

fed with signals, respectively. The errors in the main beam locations are –1°, +2°, –2° 

and +1°, respectively. 

 
(a)                                                                (b) 

Figure 6.9 Configuration and geometrical dimensions of (a) single TSA antenna element 
and (b) array model. 
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 (a)                                                                   (b) 

 
 (c)                                                                   (d) 

Figure 6.10 Simulated radiation patterns of four-element TSA array fed by the developed 
Butler matrix in configuration one at f = 10.6 GHz when: (a) port # 1 is fed, (b) port # 2 is 
fed, (c) port # 3 is fed and (d) port # 4 is fed. 
 

6.2.2 Configuration Two 

Figure 6.11 shows the developed 4 × 4 butterfly-shaped UWB Butler matrix using 

3dB/90° hybrid couplers and 45° phase shifters of butterfly shapes. The physical dimen-

sions of the components used to construct the 4 × 4 Butler matrix are the same as given in 
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Chapter 5. Figure 6.12(a) presents the simulated results for the transmission magnitude 

parameters 𝑆51, 𝑆61, 𝑆71and 𝑆81 as a function of frequency when port # 1 is fed while the 

other ports are terminated with matched loads. The transmission magnitude parameters 

𝑆52, 𝑆62, 𝑆72and 𝑆82 as a function of frequency when port # 2 keeping all the other ports 

terminated with 50Ω matched loads are shown in Figure 6.12(b). The simulated return 

losses and isolation versus frequency are also plotted and presented in Figure 6.13(a) and 

(b), respectively. The measured transmission magnitudes, return losses and isolations are 

shown in Figure 6.14 and Figure 6.15, respectively. 

(a) 

    (b) 

Figure 6.11 (a) Geometry and (b) photograph of the developed configuration two for the 
4×4 butterfly Butler matrix prototype. 
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From both simulated and measured results, the proposed Butler matrix has wide-

band performance across the UWB frequency range with reasonable insertion loss values 

especially in the 5.0-10 GHz frequency band. Both simulated and measured return losses 

𝑆11  are better than 10 dB for most of frequencies and the same for 𝑆22. Also, the simulat-

ed and measured isolations when port # 1 is fed, 𝑆21, 𝑆31, and 𝑆41 are better than 17 dB, 

25 dB and 15 dB, respectively. When port # 2 is fed, the simulated and measured isola-

tions 𝑆12, 𝑆32, and 𝑆42 are better than 17 dB, 17 dB and 24 dB, respectively. 

Figure 6.18(a) and (b) presents the magnetic field distributions for the developed 

configuration two at the center frequency f = 6.85 GHz when both ports 1 and 2 are fed, 

respectively.  

Compared to configuration 1, the measured return losses, isolations and insertion 

losses are better in case of configuration 2 with butterfly-shaped patches. This may be 

due to the curved shape of the butterfly compared to the trapezoidal structure and hence 

the radiation losses are less.  

  
(a)                                                                   (b) 

Figure 6.12 Simulated transmission magnitudes of the butterfly 4×4 Butler matrix when: 
(a) port # 1 is fed (b) port # 2 is fed. 
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 (a)                                                              (b) 

Figure 6.13 Simulated return losses and isolations of the butterfly 4×4 Butler matrix 
when: (a) port # 1 is fed (b) port # 2 is fed. 
 

 
(a)                                                                 (b) 

Figure 6.14 Measured transmission magnitudes of the configuration two for the butterfly-
shaped 4×4 Butler matrix when: (a) port # 1 is fed (b) port # 2 is fed. 
 

 
(a)                                                                 (b) 

Figure 6.15 Measured return losses and isolations of the developed configuration two for 
the butterfly-shaped 4×4 Butler matrix when: (a) port # 1 is fed (b) port # 2 is fed. 
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The simulated and measured transmission phases of the proposed Butler matrix 

are shown in Figure 6.16 and Figure 6.17, respectively. The matrix has almost good dif-

ferential phases of –45°, –90° and –135° when port # 1 is fed and +45°, –90° and +135° 

when port # 2 is fed within the frequency band of interest especially in the 5.0-10 GHz 

frequency band. 

To demonstrate the impact of Butler matrix transmission magnitudes and phases 

on the array main beam direction, the designed Butler matrix is fed by a four-element lin-

ear TSA array. The array inter-element spacing is chosen to be 0.5𝜆𝑜= 28.3 mm at the 

upper edge frequency f = 10.6 GHz. Figure 6.19 shows the simulated array radiation pat-

terns at the four output ports. 

 
(a)                                                           (b) 

Figure 6.16 Simulated differential phase characteristics of the butterfly 4×4 Butler ma-
trix when: (a) port # 1 is fed (b) port # 2 is fed. 
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(a)                                                              (b) 

Figure 6.17 Measured differential phase characteristics of the developed configuration 
two for the butterfly-shaped 4×4 Butler matrix when: (a) port # 1 is fed, (b) port # 2 is 
fed. 
 

       

Figure 6.18 Magnetic field distributions for the developed configuration two at center 
frequency f = 6.85 GHz when: (a) port # 1 is fed, (b) port # 2 is fed. 

 

It can be noticed from radiation characteristics that the proposed configuration-

two beamforming antenna array system can steer the main beam in four different direc-

tions according to the port fed. The main beam directions are +7°, –20°, +20° and –6° 

when ports 1, 2, 3 and 4 are fed with signals, respectively. Also, the array side-lobe level 

(SLL) is better than –4.1 dB in all cases with good angular 3dB beam-widths between 

(a) (b) 
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13° and 13.5°. Compared to configuration 1, the obtained radiation patterns with configu-

ration 2 at f = 10.6GHz exhibit better main beam directions and side lobe levels. 

 

 
 

(a)                                                                   (b) 
 

 
 

(c)                                                                   (d) 
 
Figure 6.19 Simulated radiation patterns of four-element TSA array fed by the developed 
Butler matrix in configuration two at f = 10.6 GHz when: (a) port # 1 is fed, (b) port # 2 
is fed, (c) port # 3 is fed and (d) port # 4 is fed. 
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6.3 Summary 

This chapter has presented the design of two 4×4 Butler matrix prototypes based 

on two different shapes for compact and inexpensive beamforming networks. The con-

structed beamforming networks are based on using two-layered printed circuit board mi-

crostrip technology to design 4×4 Butler matrices. It has been shown that these beam-

forming matrices avoid using any crossing lines or crossovers and hence exhibit good 

bandwidth performance for UWB applications. Both simulation and experimental results 

including return loss, isolations, transmission magnitudes and phases are presented and 

discussed for both configurations. Furthermore, to study the effect of the obtained trans-

mission magnitudes and phases on the performance of the proposed beamforming matri-

ces, a four-element patch antenna array was connected to these matrices to construct mul-

tiple beam antenna systems. Simulations were performed on these beamforming systems 

and the obtained radiation characteristics are also introduced and discussed. 
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Chapter 7 

Conclusions and Future Work 

 

7.1 Conclusions 

This thesis has presented the design methodology and results of antenna elements 

and arrays together with other associated microwave components and beamforming in-

cluding feed networks, transitions, hybrid couplers and phase shifters over the UWB fre-

quency band. Several UWB antenna elements have been designed, optimized, fabricated 

and tested seeking for better design for future UWB wireless communication systems. By 

introducing a simple and proper narrow slot either in the radiating element or in the feed-

ing structure, frequency-notched characteristics are obtained and a good band-notched 

performance in the 5.0–6.0 GHz band is achieved. Also, a band rejection function is 

achieved by cutting narrow slots in the finite ground plane. The proposed antenna per-

formance is suitable for UWB applications avoiding the interference of the existing IEEE 

802.11a or HIPERLAN/2 wireless local area network systems. In addition, a UWB power 

divider/combiner network is developed and used to feed UWB two- and four-element lin-

ear array antennas. To demonstrate UWB antenna array beamforming networks, compact 

and inexpensive 4 × 4 Butler matrices for UWB applications are developed and fabricat-

ed using UWB two-layered microstrip PCB hybrid couplers and phase shifters integrating 

different UWB vertical microstrip transitions. Prototyping and measurement verification 

for different UWB elements are also presented and discussed. 
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UWB Antenna Elements 

Optimized UWB printed disc monopole or hybrid monopole DR antenna proto-

types have been fabricated and their electrical characteristics have been experimentally 

measured. Simulation and experimental results show an antenna impedance bandwidth 

with reflection coefficient or return loss better than 10 dB over the whole UWB frequen-

cy range (3.1–10.6 GHz) for all proposed antennas except for the maple-leaf antenna and 

hybrid monopole DR antenna where the achieved impedance bandwidth is dual-band. All 

proposed antennas exhibit reasonable omni-directional radiation patterns in the H-plane 

and good gain flatness over the frequency band of interest. The antenna phase is almost 

linear with good group delay variation across the desired frequency range. Compared to 

the other antenna designs, the trapezoidal monopole antenna with bell-shaped cut is con-

sidered to be the best candidate for UWB operation because it has a large bandwidth of 

112% covering almost the whole UWB frequency range with small size (30 × 34 × 1.575 

mm3) and good gain stability (±2.6 from 2.7 dB to 5.3 dB). 

UWB Power Dividers and Antenna Arrays 

To design and construct a UWB array antenna system for high gain applications, 

UWB feed networks are necessary. For this purpose, a compact modified Wilkinson 

power divider prototype is introduced. This feed network is based on a modified version 

of the conventional two-section Wilkinson power divider with overall size 22 × 13.38 

mm2. The prototype is fabricated and experimentally tested. Simulation and measured 

results show that the designed feed network is working well over the UWB frequency 

range. It is then integrated with UWB antenna elements to develop two- and four-element 
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antenna arrays. The two-element antenna array demonstrates a UWB impedance perfor-

mance, with antenna array gain of about 5.5–8.5 dBi within the whole UWB frequency 

band. For the four-element antenna array, the achieved impedance matching is multi-

band within the UWB frequency band, and the gain of the antenna array is about 7.5–11.5 

dBi. In addition, the radiation patterns of the antenna array are quite stable with frequen-

cy. 

UWB Microstrip Vertical Transitions, Couplers and Phase Shifters 

The design procedure and implementation of different UWB slot-coupled mi-

crostrip-to-microstrip vertical transitions are also introduced. The proposed transitions 

utilize broadside coupling between trapezoidal- and butterfly-shaped microstrip patches 

at the top and bottom layers. The coupling mechanism uses a rectangular-shaped slot at 

the common ground plane located at the middle layer. For achieving the maximum possi-

ble bandwidth for UWB operation where the transition performances remain acceptable, 

the coupling value between the microstrip-coupled patches should be between 0.7 and 

0.8. The transitions and their subsequent use and integration are fully modeled by 3D 

electromagnetic numerical modeling techniques. The simulated results have shown that 

the proposed transitions have a good return loss and an acceptable insertion loss across 

the desired UWB frequency range while the phase is almost linear with frequency. The 

transitions are then used to develop 3dB/90° hybrid couplers with good return losses, in-

sertion losses, and coupling and isolation characteristics through the frequency band of 

interest. By installing a conventional microstrip transmission line to a vertical transition, 

it can be used as a phase shifter with constant phase through a wide bandwidth of opera-

tion. 



139 
 

UWB Beamforming Networks 

The design of two different prototypes based on two different shapes for compact 

and inexpensive beamforming networks is then presented. The constructed BF networks 

are based on using two-layered microstrip PCB technology to design 4 × 4 Butler matri-

ces. These matrices avoid using any crossovers or crossing lines and hence exhibit wide 

bandwidth for UWB applications. To validate the proposed design, experimental proto-

types of the proposed 4 × 4 Butler matrices were designed, fabricated and tested. Both 

simulation and experimental results including return loss, isolations, transmission magni-

tudes and phases are presented and discussed. Furthermore, to test the beam-steering 

functionality of the proposed matrices, four patch antenna elements were connected to 

these matrices to form multiple beam antenna systems. Simulations were performed on 

these beamforming systems and the radiation characteristics were also introduced and 

discussed. 

 

7.2 Contributions 

This work has provided an insight into the design of antenna elements, arrays and 

associated microwave components such as feed networks, vertical transitions, hybrid 

couplers and phase shifters for UWB wireless communication applications and will pro-

vide a platform for further research in the area. Several journal and conference publica-

tions are resulted and reported the contributions of this work in [60]-[62], [132]-[133] and 

[136]-[148].  
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The major contributions of the thesis are detailed below. 

• From surface current distributions, it has been shown that disc monopole antennas 

with a finite ground plane are capable of supporting multiple resonant frequencies and 

the overlap of those multiple resonances leads to a large bandwidth required for UWB 

operation. This idea is considered to be the operation mechanism for UWB disc mon-

opole antennas. Starting from the original circular disc monopole antenna, different 

printed disc monopoles presented in [60]-[62], [132]-[133], [136]-[138], [141]-[144], 

[146]-[148], have been developed in order to achieve better performance or even to 

reduce the antenna size for mobile and portable devices. In addition, it has been 

shown that using a hybrid combination of printed monopole and other materials such 

as dielectric resonators (DRs), a noticeable enhancement in the bandwidth is achieved 

with remarkable reduction in the overall size of the antenna. 

• The proposed UWB antenna elements are integrated with bandstop filtering elements 

to achieve a notch function at potential interfering frequency band, i.e. 5.15–5.825 

GHz to avoid interferences with other existing systems. Different techniques for band 

rejection have been used and presented in [60], [136]-[138], [141], [143], [146]-[147] 

such as cutting a narrow slot in the radiating element, feeding structure or even in the 

finite ground plane without affecting the performance of the antenna in other working 

frequency bands. 

• A compact feed network prototype for UWB applications is also proposed in the the-

sis and presented in [140], [145]. With this feed network, two- and four-element line-

ar antenna arrays discussed in [139] are implemented for obtaining high gain. The 
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impact of interaction or mutual coupling between antenna elements on the array ra-

diation characteristics is also discussed in detail. 

• Two novel shapes, i.e. trapezoidal and butterfly shapes have been used for designing 

two-layered vertical microstrip transitions, 3dB hybrid couplers and 45° phase shift-

ers for UWB applications. The two designs for vertical microstrip transitions present-

ed in Chapter 5 are combined and submitted as a full length journal paper to IEEE 

Transactions on Microwave Theory and Techniques. The two new designs for 3dB 

hybrid coupler as well as phase shifters will be combined and submitted as a full 

length journal paper each. 

• Lastly, a compact size and low cost UWB beamforming network is designed and im-

plemented for UWB communications applications. The proposed beamforming sys-

tem is 4 × 4 Butler matrix constructed from the previously designed components such 

as transitions, hybrid couplers and phase shifters. The two new designs for 4 × 4 But-

ler matrices will be combined and submitted as a full length journal paper. 

 

7.3 Future Work 

Based on the completed work in this thesis, much future research may be carried out and 

outlined in the following tasks: 

• Investigate new techniques to reduce the size along with enhancing the bandwidth of 

UWB printed disc monopole antennas for use in mobile and portable devices. 
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• Detailed understanding of resonant modes mechanism of hybrid printed monopole 

antennas loaded with dielectric resonator (DR) and the antenna performance at those 

different resonant modes to come up with improved design of UWB antennas. 

• A better understanding of the operation of bandstop filters elements to achieve band 

rejection properties to minimize/eliminate potential interference with narrowband 

communication systems operating in the same UWB frequency band. 

• Looking for different shapes, techniques or design approaches to design UWB mi-

crowave components such as transitions, hybrid couplers and phase shifters with bet-

ter performances in the whole UWB frequency range. 

• The developed UWB microwave components such as transitions, hybrid couplers and 

phase shifters will be used to design beamforming network. So enhancing those com-

ponents and minimizing their losses as much as possible will lead to a better beam-

forming network. 

• The design of 8 × 8 or even 16 × 16 Butler matrices which requires the design of 

22.5° and 67.5° phase shifters in addition to 45° phase shifters. 

• Design of other types of beamforming networks such as a 4 × 4 Nolen matrix exploit-

ing the designed transitions and hybrid couplers. It needs three different types of cou-

plers, i.e. 3 dB, 4.77 dB and 6 dB hybrid couplers. 
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Appendix A 

Analysis of Modified UWB Wilkinson 

Power Dividers 

 

Figure A.1 shows the schematic diagram of the proposed power divider for UWB 

operation. It simply consists of modified two-section Wilkinson power divider with re-

moving the resistor of the second section R2. The first section consists of transmission 

lines with characteristic impedance of 𝑍1  and electrical length of 𝜃1 . To enhance the 

bandwidth, the first transmission lines are extended (𝑍1,𝜃1′) and one open-circuit (OC) 

stub with (𝑍𝑆,𝜃𝑆) has been added to each branch. The second section consists of trans-

mission lines with characteristic impedance and electrical length of (𝑍2,𝜃2) at the end of 

first section. By adjusting the length and width of the stubs, the bandwidth can be in-

creased. 

 
Figure A.1 Schematic of the proposed UWB in-phase power divider/combiner 

Plane of 
symmetry 

Plane of 
symmetry 
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  The proposed power divider for UWB applications is symmetric in structure, so it 

can be analyzed by the even–odd decomposition method [88]. The purpose of the present 

analysis is to determine the divider basic or initial parameters for UWB frequency opera-

tion such as 𝑍1,𝑍2,𝑍𝑆 ,𝜃1, 𝜃1′ ,𝜃2 and 𝜃𝑆. The impedance of the input and output ports are 

chosen to be 50Ω. To prevent signal transmission between the two output ports for good 

isolation between them, a single lumped resistor R is attached between the two output 

ports. The OC stubs are represented by their equivalent input admittance 𝑌𝑆 = 𝑗𝐵𝑆: 

𝑌𝑆 = 𝑗𝐵𝑆 = 𝑗
𝑡𝑎𝑛𝜃𝑆
𝑍𝑆

                                                       (A. 1) 

The equivalent half circuits of the divider in the even- and odd-modes are shown 

in Figure A.2 and Figure A.3, respectively. Assuming that the proposed power divider is 

matched at all ports, hence the equivalent half circuits should be matched at all ports as 

well as the complete circuit [89]: 

𝑆11𝑒 = 𝑆22𝑒 = 𝑆22𝑜 = 0                                                          (A. 2)                                                       

where 𝑆 is the scattering parameter of the divider and the superscripts 𝑒, 𝑜 denote the 

even- and the odd-mode half circuits, respectively. The reflection coefficients can be ob-

tained by analyzing the even- and the odd-mode half circuits in the following sections. 

 

A.1 Even-mode Analysis 

In case of an even-mode, there is no current flow through the plane of symmetry, 

which means the middle of the power divider is open circuit (OC) case. Therefore, the 

resistor R can be omitted and the impedance at port # 1 is doubled to be 2𝑍𝑜. Using 

transmission line theory [89], the even-mode input admittance at port # 1 (𝑌𝑖𝑛1𝑒 ) is: 
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Figure A.2 Circuit of the power divider for the even-mode analysis 
 
 

𝑌𝑖𝑛1𝑒 =
1
𝑍1
𝑌𝑙1𝑒 + 𝑗(1 𝑍1⁄ ) 𝑡𝑎𝑛𝜃1
1 𝑍1⁄ + 𝑗𝑌𝑙1𝑒  𝑡𝑎𝑛𝜃1

                                             (A. 3) 

𝑌𝑙1𝑒 = 𝑗𝐵𝑆 +
1
𝑍1
𝑌𝑙𝑜𝑎𝑑1𝑒 + 𝑗(1 𝑍1⁄ ) 𝑡𝑎𝑛𝜃1′

1 𝑍1⁄ + 𝑗𝑌𝑙𝑜𝑎𝑑1𝑒  𝑡𝑎𝑛𝜃1′
                                     (A. 4) 

𝑌𝑙𝑜𝑎𝑑1𝑒 =
1
𝑍2

1 𝑍𝑜⁄ + 𝑗(1 𝑍2⁄ ) 𝑡𝑎𝑛𝜃2
1 𝑍2⁄ + 𝑗(1 𝑍𝑜⁄ ) 𝑡𝑎𝑛𝜃2

                                        (A. 5) 

The even-mode input admittance at port # 2 (𝑌𝑖𝑛2𝑒 ) can be calculated from: 

𝑌𝑖𝑛2𝑒 =
1
𝑍2
𝑌𝑙2𝑒 + 𝑗(1 𝑍2⁄ ) 𝑡𝑎𝑛𝜃2
1 𝑍2⁄ + 𝑗𝑌𝑙2𝑒  𝑡𝑎𝑛𝜃2

                                           (A. 6) 

𝑌𝑙2𝑒 =
1
𝑍1
𝑌𝑙𝑜𝑎𝑑2𝑒 + 𝑗(1 𝑍1⁄ ) 𝑡𝑎𝑛𝜃1′

1 𝑍1⁄ + 𝑗𝑌𝑙𝑜𝑎𝑑2𝑒  𝑡𝑎𝑛𝜃1′
                                         (A. 7) 

𝑌𝑙𝑜𝑎𝑑2𝑒 = 𝑗𝐵𝑆 +
1
𝑍1

1 2𝑍𝑜⁄ + 𝑗(1 𝑍1⁄ ) 𝑡𝑎𝑛𝜃1
1 𝑍1⁄ + 𝑗(1 2𝑍𝑜⁄ ) 𝑡𝑎𝑛𝜃1

                              (A. 8) 

Then the even-mode scattering parameter at port # 1 (𝑆11𝑒 ) and port # 2 (𝑆22𝑒 ) can be cal-

culated using: 

𝑆11𝑒 =
(1 2𝑍𝑜⁄ − 𝑌𝑖𝑛1𝑒 )
(1 2𝑍𝑜⁄ + 𝑌𝑖𝑛1𝑒 ) ;  𝑆22𝑒 =

(1 𝑍𝑜⁄ − 𝑌𝑖𝑛2𝑒 )
(1 𝑍𝑜⁄ + 𝑌𝑖𝑛2𝑒 )                                       (A. 9) 
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A.2 Odd-mode Analysis 

  In case of an odd-mode, there is a voltage null along the plane of symmetry which 

means the middle of the divider is short circuit (SC) case. Therefore, the resistor 𝑅 will 

be grounded and the impedance at port # 1 is to be zero. The odd-mode input admittance 

at port # 2 (𝑌𝑖𝑛2𝑜 ) can be calculated as follows: 

𝑌𝑖𝑛2𝑜 =
1
𝑍2
𝑌𝑙2𝑜 + 𝑗(1 𝑍2⁄ ) 𝑡𝑎𝑛𝜃2
1 𝑍2⁄ + 𝑗𝑌𝑙2𝑜  𝑡𝑎𝑛𝜃2

                                         (A. 10) 

𝑌𝑙2𝑜 =
2
𝑅

+
1
𝑍1
𝑌𝑙𝑜𝑎𝑑2𝑜 + 𝑗(1 𝑍1⁄ ) 𝑡𝑎𝑛𝜃1′

1 𝑍1⁄ + 𝑗𝑌𝑙𝑜𝑎𝑑2𝑜  𝑡𝑎𝑛𝜃1′
                                 (A. 11) 

𝑌𝑙𝑜𝑎𝑑2𝑜 = 𝑗𝐵𝑆 − 𝑗
1

𝑍1 𝑡𝑎𝑛𝜃1
                                             (A. 12) 

Then the odd-mode scattering parameter at port # 2 (𝑆22𝑜 ) can be calculated from: 

𝑆22𝑜 =
(1 𝑍𝑜⁄ − 𝑌𝑖𝑛2𝑜 )
(1 𝑍𝑜⁄ + 𝑌𝑖𝑛2𝑜 )                                                          (A. 13) 

  By applying the condition in Eq. (A.2) to the scattering parameter expressions in 

Eq. (A.3) through Eq. (A.5), the solution of the divider can be determined.  

 
Figure A.3 Circuit of the power divider for the odd-mode analysis 
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  Using arbitrary values for 𝑍1,𝑍2,𝑍𝑆 ,𝜃1, 𝜃1′ ,𝜃2 and 𝜃𝑆 makes the solution is very 

complicated. We can simplify our model by removing the two additional transmission 

lines at the end of each branch (𝑍2,𝜃2) this will lead to R = 2𝑍𝑜 and: 

𝑍12𝑡𝑎𝑛𝜃1𝑡𝑎𝑛𝜃1′ − 2𝑍𝑜2 = 0                                                  (A. 14) 

𝑡𝑎𝑛𝜃1𝑡𝑎𝑛𝜃1′ + 𝐵𝑆𝑍1𝑡𝑎𝑛𝜃1 − 1 = 0                                        (A. 15) 

and by solving the above two equations, the relationship between divider parameters can 

be formulated as: 

𝑍1 = √2𝑍𝑜 �𝑡𝑎𝑛𝜃1𝑡𝑎𝑛𝜃1′�                                                     (A. 16) 

𝐵𝑠 = �1 − 𝑡𝑎𝑛𝜃1𝑡𝑎𝑛𝜃1′ � (𝑍1𝑡𝑎𝑛𝜃1)⁄                                           (A. 17) 

𝑍𝑠 = �𝑍1𝑡𝑎𝑛𝜃1𝑡𝑎𝑛(𝜃𝑠)� �1 − 𝑡𝑎𝑛𝜃1𝑡𝑎𝑛𝜃1′ ��                                    (A. 18) 

The initial value of 𝜃1 can be calculated according to the operating bandwidth from [91]: 

𝜃1 = 90° �1 −
1
√2

�
𝑓𝑈 𝑓𝐿 − 1⁄
𝑓𝑈 𝑓𝐿 + 1⁄ ��                                                (A. 19) 

where 𝑓𝑈 𝑓𝐿⁄  is the desired bandwidth ratio.  

  From the above equations, according to the desired bandwidth ratio, the initial 

values for the divider parameters 𝜃1,𝑍1, and 𝐵𝑠 can be determined. Then, the length of 

the extended line is chosen arbitrarily to be different than that of the main line, i.e. 

𝜃1′ ≠ 𝜃1 to obtain more design flexibility and hence the bandwidth can be enhanced. Al-

so, two additional transmission lines are installed at the end of each branch and by adjust-

ing them; the frequency response can be improved. With the aid of CAD tools, we can 

determine the other parameters by using full-wave analysis of the whole structure.  
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Appendix B 

Analysis of Two-Layer Vertical Mi-

crostrip Transition 

 

First, we consider that the transition is a 4-port coupler with two open circuit 

(OC) ports as shown in Figure B.1. Assuming that 𝑎𝑖 is the input signal to the ith port 

while 𝑏𝑖 is the output signal from the ith port and 𝐶 is the coupling between the top and 

bottom microstrip-coupled patches. The output signals at the input (port # 1) and output 

(port # 2) can be calculated as [112]: 

 
Figure B.1 The arbitrary microstrip vertical transition as a four-port coupler. 
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𝑏1 =
𝑗𝐶𝑠𝑖𝑛𝜃 ∙ 𝑎3 + √1 − 𝐶2 ∙ 𝑎4
√1 − 𝐶2 cos 𝜃 + 𝑗𝑠𝑖𝑛𝜃

                                           (B. 1) 

𝑏2 =
√1 − 𝐶2 ∙ 𝑎3 + 𝑗𝐶𝑠𝑖𝑛𝜃 ∙ 𝑎4
√1 − 𝐶2 cos 𝜃 + 𝑗𝑠𝑖𝑛𝜃

                                            (B. 2) 

The reflection coefficient at OC-terminated port # 3 and port # 4 is equal to unity. 

If we assume that the output port # 2 is perfectly matched, so the incident (or reflected) 

signals at port # 3 and port # 4 are calculated from: 

𝑏3 = 𝑎3 =
𝑗𝐶𝑠𝑖𝑛𝜃 ∙ 𝑎1

√1 − 𝐶2 cos𝜃 + 𝑗𝑠𝑖𝑛𝜃
                                        (B. 3) 

𝑏4 = 𝑎4 =
√1 − 𝐶2 ∙ 𝑎1

√1 − 𝐶2 cos𝜃 + 𝑗𝑠𝑖𝑛𝜃
                                         (B. 4) 

where the phase 𝜃 = 𝛽𝑒𝑓𝑙 with 𝑙 is the length of the coupling structure and 𝛽𝑒𝑓 is the ef-

fective phase constant and it is related to the even- and odd-mode phase constants 𝛽𝑒 and 

𝛽𝑜 from: 

𝛽𝑒𝑓 =
𝛽𝑒 + 𝛽𝑜

2
=

2π√εr
λ

                                                            (B. 5) 

The return loss of the input port # 1 (𝑆11) and the insertion loss from the input 

port # 1 to the output port # 2 (𝑆21) can be expressed as: 

𝑆11 =
𝑏1
𝑎1

=
1 − 𝐶2(1 + 𝑠𝑖𝑛2(𝜃))

�√1 − 𝐶2 cos 𝜃 + 𝑗𝑠𝑖𝑛𝜃�
2                                            (B. 6) 

𝑆21 =
𝑏2
𝑎1

=
𝑗2𝐶√1 − 𝐶2𝑠𝑖𝑛𝜃

�√1 − 𝐶2 cos 𝜃 + 𝑗𝑠𝑖𝑛𝜃�
2                                            (B. 7) 
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The coupling 𝐶 can be expressed in terms of the even- and odd-mode characteris-

tic impedances 𝑍0𝑒 and 𝑍0𝑜, respectively and vice-versa from: 

𝐶 =
𝑍0𝑒 − 𝑍0𝑜
𝑍0𝑒 + 𝑍0𝑜

                                                            (B. 8)  

Z0e = Z0�
1 + 𝐶
1 − 𝐶

                                                             (B. 9) 

Z0o = Z0�
1 − 𝐶
1 + 𝐶

                                                           (B. 10) 

where 𝑍0 = 50Ω is the characteristic impedance of the microstrip ports of the assumed 

coupler and Z0eZ0o = Z02.  

The relationship between the even- and odd-mode characteristic impedances and 

the transition dimensions can be calculated from: 

𝑍0𝑒 =
60𝜋𝐾(𝑘1)
√𝜀𝑟𝐾 ′(𝑘1)                                                  (B. 11) 

𝑍0𝑜 =
60𝜋𝐾 ′(𝑘2)
√𝜀𝑟𝐾(𝑘2)

                                                  (B. 12) 

where 𝐾 ′(𝑘) = 𝐾(𝑘 ′) = 𝐾�√1 − 𝑘2�;  𝑘 ′ = √1 − 𝑘2 

In the above expression, 𝐾(𝑘) denotes the first kind elliptical integral. The parameters 𝑘1 

and 𝑘2  are related to coupling structure dimensions. An approximate expression for 

𝐾(𝑘)/𝐾 ′(𝑘) is [112]: 

𝐾(𝑘)
𝐾 ′(𝑘) =

𝐾(𝑘)
𝐾(𝑘 ′)

=
2
𝜋
𝑙𝑛 �2�

1 + 𝑘
1 − 𝑘�

, 0.5 ≤ 𝑘2 ≤ 1                             (B. 13) 
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                              =
𝜋

2𝑙𝑛 �2�1 + √1 − 𝑘2

1 − √1 − 𝑘2
�

, 0 ≤ 𝑘2 ≤ 0.5 

𝑘1  and 𝑘2  which can be calculated using the even-odd mode analysis for the 

broadside-coupled structures [107] are: 

𝑘1 = �
sinh2 (𝜋2𝑤𝑠/(4ℎ)) 

sinh2 (𝜋2𝑤𝑠/(4ℎ)) + cosh2 (𝜋2𝑤𝑝/(4ℎ))
                          (B. 14) 

𝑘2 = tanh(𝜋2𝑤𝑝/(4ℎ))                                                     (B. 15) 

where ℎ is the substrate thickness, 𝑤𝑝 and 𝑤𝑠  are the widths of the coupled microstrip 

patches (at the top and bottom layers) and the coupling slot (at the middle layer).  

The length of the microstrip/slot coupling structure 𝑙 = 𝑙𝑝 = 𝑙𝑠 can be calculated 

from [107] as a function of the effective wavelength λc at the center frequency of opera-

tion 𝑓 = 6.85 GHz and the transition dimensions 𝑤𝑝 and 𝑤𝑠 from: 

𝑙 =
𝜆𝑐
4 �1 − �

𝜋(𝑤𝑝 + 𝑤𝑠)
4𝜆𝑐

�
2

�
−1

                                           (B. 16) 

Perfect coupling means that 𝐶 = 1 where the even-mode characteristic impedance 

Z0e goes to infinity and the odd-mode characteristic impedance 𝑍0𝑜 is zero. The case for 

no coupling means that 𝐶 = 0 where 𝑍0𝑒 = 𝑍0𝑜 = 𝑍0. The desired coupling value can be 

determined by the desired operating bandwidth for the proposed transition. The effect of 

varying the operating frequency on both transition insertion loss 𝑆21 and return loss 𝑆11 

for different coupling values are demonstrated in Figure B.2 and Figure B.3, respectively. 

The curves show the relationship among insertion and return losses at different coupling 
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values, i.e. 𝐶 = 0.5, 0.6, 0.7, 0.8 and 0.9. It can been noticed that to design a transition for 

UWB operation, the optimum coupling value 𝐶 should be ranging from 0.7 to 0.8 where 

the corresponding frequency will be ranging from 3 GHz to 11 GHz to cover the whole 

UWB frequency spectrum.  

To design a UWB vertical transition, it is important to make sure that it covers the 

whole UWB range with acceptable performance. We should select a suitable coupling 

value 𝐶 to achieve the desired UWB bandwidth. Then the even- and odd-mode character-

istic impedances can be determined from Eq. (B.9) and Eq. (B.10). The dimensions pa-

rameters of the transition patches and the coupling slot can be determined from Eq. 

(B.11) through Eq. (B.16). The width of the microstrip transmission lines at the top and 

bottom layers is chosen to give 50Ω impedance using the standard microstrip design 

equations.  

 
 

Figure B.2 Transmission coefficients versus frequency for different coupling values. 
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Figure B.3 Reflection coefficients versus frequency for different coupling values. 


