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ABSTRACT 

 

Design and Analysis of a Compact Multi-band UWB-MIMO Antenna  

 

 Martins Chidozie Ezuma 

 Advisor: Prof. Jae-Young Pyun, Ph.D. 

Dept. of Information and 

Communication Engineering. 

 Graduate School of Chosun University 

 

 

   The Ultra-wide band (UWB) communication technology has received so much publicity 

over the years as the most efficient solution for short distance data intensive wireless 

communication. This is mainly because of the enormous unlicensed bandwidth assigned by the 

federal communications commission (FCC) for UWB communication. Also, the UWB 

technology is well suited for high data rate communications like multimedia video streaming. 

Furthermore, as the world welcomes the dawn of the Internet of Things (IoT) era, UWB 

communication is regaining some renewed attention for indoor location based systems, home 

networking systems and intra-body communications for medical healthcare systems. In these 

application areas, device manufacturers are interested in making their devices very portable and 

equipped with high data rate connectivity. The UWB technology meets these requirements. 

  This thesis presents the design and analysis of an innovative two-port Ultra-wide band 

multiple-input-multiple-output (UWB-MIMO) antenna for multiband wireless application. The 

proposed MIMO antenna achieves a higher diversity than a single monopole antenna and is 

thus suitable for high speed wireless applications. In order to design the MIMO antenna, first, a 



- x - 

UWB monopole antenna is designed by carefully cutting out beveling slot from the sides of a 

rectangular monopole antenna. This technique enhances the impedance bandwidth of the 

antenna and helps in achieving multiband resonance characteristics. The antenna achieves a 

bandwidth of about 5.5 GHz with resonant modes at 5 GHz, 6 GHz, 7 GHz and 9 GHz 

respectively. This makes the antenna suitable for multiband wireless communication. The two 

port MIMO antenna is then designed by cascading the monopole antenna on a planar FR4 

dielectric substrate of dimension 34   72 mm
2
. Each of the elements of the MIMO is feed 

separately by a 50 Ω microstrip feedline. Also, this thesis presents a detailed analysis of the 

effects of the bevel slots, dimensions of the antenna, and separation distance between the 

elements of the MIMO antenna on the performance of the proposed UWB monopole antenna 

and the MIMO antenna as well. The results are simulated with the help of the three-

dimensional (3D) high frequency structure simulator (HFSS) software. The simulation results 

shows that the antenna is suitable for multiband UWB-MIMO wireless application. 
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초 록 

 

소형 다중대역 UWB-MIMO 안테나의 설계 및 분석 

 

Martins Chidozie Ezuma 

지도교수: 변재영교수, Ph. D. 

조선대학교 대학원 정보통신공학과 

 

  초 광대역 무선 통신 기술(Ultra-wide band (UWB) communication 

technology)은 근거리 데이터 집약 무선통신기술의 가장 효율적인 대안 

기술로 각광받고 있다. 이는 미국연방통신위원회(FCC)에서 UWB통신을 

위한 방대한 무허가 대역폭을 배정하였기 때문이다. 또한 UWB 기술은 

다중매체 영상 스트리밍과 같은 초고속 통신에 적합하다. 더욱이, 사물간 

인터넷 (Internet of Things, IoT) 시대가 도래함에 따라 UWB통신은 실내 

위치 기반 시스템, 홈 네트워킹 시스템, 그리고 의료시스템을 위한 인체통신 

등에서 또다시 주목을 받고 있다. 기기 제작자들은 이러한 적용가능성을 

기반으로 휴대하기 쉽고 초고속 통신에 접속이 가능한 장치의 제작에 관심을 

보이고 있다. 
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  이 논문은 다중대역 무선 어플리케이션을 위한 혁신적인 2포트 광대역 

다중입출력(UWB-MIMO) 안테나의 설계 및 분석을 소개한다. 본문에서 

소개될 MIMO 안테나는 싱글 모노폴 안테나보다 수신 폭이 더욱 광범위하기 

때문에 고속 무선 어플리케이션에 적합하다. MIMO 안테나를 설계하기 

위해서는 첫째, 사각형 모노폴 안테나의 측면으로부터 경사면을 조심스럽게 

잘라내어 UWB 모노폴 안테나를 설계해야 한다. 이 기술을 통해 임피던스 

대역폭을 높일 수 있고 다중대역폭의 공진 특성을 얻을 수 있다. MIMO 

안테나는 각각 5 GHz, 6 GHz, 7 GHz 그리고 9 GHz의 공진모드를 가진 약 

5.5 GHz의 대역폭을 갖는다. 따라서 다중대역 무선통신에 적합하다. 

   둘째, 2포트 MIMO 안테나는 34   72     공간의 평평한 FR4 기질 

표면으로 포노폴 안테나를 늘어뜨리는 식으로 설계된다. MIMO 각 요소의 

공급원은 2개의 50 Ω 마이크로스트립 피드라인이다. 이 논문은 또한 경사면, 

안테나의 크기, MIMO 안테나 요소간의 이격거리가 모노폴 안테나와 MIMO 

안테나의 작동에 미치는 영향에 대한 상세한 분석을 다룬다. 3D HFSS(High 

Frequency Structure Simulator) 소프트웨어를 사용해 도출한 분석결과에 

따르면 안테나가 다중대역 UWB-MIMO 무선 어플리케이션에 적합한 것으로 

나타났다. 
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Chapter 1: Introduction 

1.1 Background 

The world is already excited by the promises of multi gigabit wireless communication 

(communication networks with a speed above 1 Gigabit/s). This is now considered as the basic 

requirement for all future wireless communication standards. In 2009, IEEE announces a major 

ratification of the IEEE 802.15.3 standard for Wireless Personal Area Networks (WPANs). This 

ratification emphasized the rollout of the first IEEE 802 radio system that would deliver multi-

gigabit throughput for consumer electronics [1]. Also, in the same year, the IEEE standard board 

made a major amendment on the IEEE 802.11n by defining new mechanism that will allow for a 

significant improvement on the throughput of wireless LANs (WLANs). This emphasis on high 

data rate for short range WPAN and WLAN has made the UWB technology a promising alternative 

to conventional radio technologies. 

   The recent emphasis on the UWB technology is primary due to the wide spectrum band 

assigned to the UWB communication technology by the Federal Communications Commission 

(FCC). In the United States, the UWB technology is assigned a bandwidth from 3.1 to 10.6 GHz. 

Thus, the UWB technology is enabled for multi-gigabit wireless communication [2]. However, in 

order to mitigate the interference with legacy technologies within the UWB spectrum (like WLAN, 

WiMAX), the FCC limits the power spectral density (PSD) of UWB emissions to -41.3 dBm/MHz 

[3]-[4]. This limit on the PSD greatly limits the data transmission rates of UWB technology. In 

order to solve this problem, researchers are considering the prospect of combining UWB and 

MIMO antenna technologies. This is because the MIMO antenna technology can greatly enhance 
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the channel capacity (bits/Hertz) and speed of a wireless communication system without the need 

to increase the channel bandwidth or the transmitter power.  

 The MIMO technology uses multiple antennas in both the transmitter and the receiver, and this 

has the advantage of improving the channel capacity and the signal quality without the need to add 

new spectrum or power [5]. The MIMO technology achieves a higher channel capacity by 

improving the spectrum efficiency.  Furthermore, the combination of MIMO antenna technology 

enhances the capacity of UWB devices to mitigate errors due to multipath fading when the signal is 

propagating through a NLOS environment. It is well known that UWB technologies are mostly 

used within indoor environments, where the problem of multipath propagation is extreme and this 

leads to Inter Symbol Interference (ISI) error. Therefore, since MIMO antenna technology exploits 

multipath propagation for enhancing the channel capacity of a wireless link, it is only reasonable to 

combine UWB and MIMO technologies [6]. Other benefits of the MIMO antenna technology 

include high diversity gain, low correlation, improved link quality, extended coverage, reduced 

analog hardware requirements, and concurrent localization. Furthermore, the MIMO space–time 

coding (STC) strengthens the power for a specific transmitted symbol without increasing the 

overall transmission power, the MIMO beamforming can increase the signal coverage and provide 

support for multi-user communications in an energy efficient manner, the UWB-MIMO relay 

enhances NLOS communication, and the time-reversal (TR) transmission explores the multipath 

scattering to improve the reliability or target detectability of MIMO radars [7]-[9]. These benefits 

will have an overall synergic effect on the UWB communication system. Thus, the design of UWB-

MIMO antenna has gained popularity and it is expected to dominate future WPAN and WBAN 

enabled devices.  

 However, there are two significant problems encountered in the design of UWB-MIMO antenna 

[7]. Firstly, there is a need to make the antenna very compact [10], [11]. Secondly, the need to 
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reduce the mutual coupling between the elements of the antenna [10]. Motivated by the desire to 

overcome these design problems, this thesis proposes a very compact two element multi-band 

UWB-MIMO antenna with reduced mutual coupling between the elements. Also, the proposed 

antenna achieves a high diversity gain, good radiation property and a very large impedance 

bandwidth. Furthermore, the proposed antenna has multi-resonance modes and could be used for 

various applications within the UWB spectrum. The thesis includes a thorough description of the 

design procedure, simulation of the performance factors, and the parametric analysis of the effects 

of the geometric dimensions on the performance of the antenna. The thesis also presents a thorough 

overview of the UWB antenna technology. 

1.2  Objectives 

The main objectives of this thesis are outlined below: 

(1) To present an overview of the historical development and characteristics of UWB                             

technology. 

(2) To present a brief survey on UWB antenna technology. 

(3) To describe the benefits of using MIMO antenna technology for UWB communication. 

(4) To design an efficient multi-band UWB monopole antenna and analyze its performance. 

(5) To describe and design a compact UWB-MIMO antenna. 

(6) To analyze the performance of the proposed UWB-MIMO antenna. 

1.3  Thesis contribution 

The novel contribution of this thesis is outlined below: 
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(1) The thesis describes how to design a compact UWB monopole with multiband resonating     

modes by using bevel slot techniques. 

(2) The thesis presents a detail description of the design procedure and performance analysis of a 

compact UWB-MIMO. 

(3) The thesis describes how to determine a balance between compactness and the mutual coupling 

between the elements of a UWB-MIMO antenna by performing a parametric analysis of the 

envelop correlation coefficient and the mutual coupling as a function of the isolation between the 

antenna elements. 

 (4) The thesis describes the benefit of using a MIMO over the UWB spectrum by simulating the 

diversity gain of the proposed UWB-MIMO antenna. 

1.4  Thesis organization 

The remainder of this thesis is organized as follows:  

Chapter 2 presents detailed background information of the UWB antenna technology. The chapter 

includes UWB development and regulations, a survey of the historical development of UWB 

antenna technology, advantages and challenges of the UWB technology, applications of UWB 

technology, UWB modulation techniques, UWB channel and antenna modelling techniques and 

Characteristics of UWB antennas. 

Chapter 3 presents motivation and benefits of using MIMO antenna techniques for UWB 

communication. Fundamental concepts of MIMO antenna technology are explained. The State of-

Art of UWB-MIMO antenna is provided. Also, the deign challenges associated with UWB-MIMO 

antenna is briefly described. 
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Chapter 4 This chapter presents and describes a UWB monopole antenna which is used as the 

basic building block of the proposed UWB-MIMO antenna. This chapter gives a detailed geometric 

description and design procedure of the proposed UWB monopole antenna. The chapter includes 

parametric analysis that shows the performance of the proposed UWB monopole antenna.  

Chapter 5 presents the proposed compact UWB-MIMO antenna. Investigation of the performance 

and characteristics of the proposed UWB-MIMO antenna is provided.  

Chapter 6 This is the conclusion of the work. 

 

 

 

 

 

 



- 6 - 

Chapter 2: The UWB Antenna Technology 

2.1  Overview of the Ultra Wideband Communication 

2.1.1 Brief historical development of UWB 

The term ultra wideband (UWB) technology was first used in a document published by the US. 

Department of Defense in 1989. The term was used to refer to impulse, carrier-free, baseband, time 

domain, nonsinusoidal, orthogonal function and large-relative-bandwidth radio/radar signals [12]. 

However, the UWB technology has a long history that dates back to the earliest experiment on 

radio science. Wide-band signals were first generated by the pioneering “spark-gap experiment” 

carried out by the German physicist, Heinrich Hertz, in 1893. Hertz experiment laid the foundation 

of radio science and wireless communication. Hertz was able to generate wideband pulses over a 

spark gap with the help of an end-loaded half-wave dipole acting as the transmitting antenna and a 

resonate circular or square loop antenna acting as the receiver. This Hertzian experimental 

arrangement shown in figure 1 is considered as the first UWB radio communication system.  

 

Figure 1: Hertz experiment [13] 
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     The result of the Hertz experiment, which was published in 1887, provided a conclusive proof 

of the existence of electromagnetic waves, which had been earlier predicted by Maxwell’s 

equations. The experiment also provided the earliest technique for generating wideband radio 

pulses. The spark gap technology was later adopted by Guglielmo Marconi in the late 1800’s in the 

design of his wireless telegraphy which was based on pulse communication for transmitting Morse 

codes. Thus, the spark gap radio was the first pulse based UWB radio technology [14]. Spark gap 

radios remained dominant until the 1920’s when they were discontinued because of their 

unregulated RF emissions that were considered disruptive interference to narrowband carrier based 

radios [14]. The breakthrough research on wireless telephony by Reginald Aubrey Fessenden 

shifted the interest of radio research engineers from wideband to narrowband communications. The 

latter supported frequency division multiplexing, which allows the transmission of multiple signals 

over a finite bandwidth [15]. Multiplexing improves the spectral efficiency and enhances the 

channel capacity of narrowband communication over wide band communications.  

The research interest on pulse based UWB radio was reawaken in the 1960-70’s when researchers 

started experimenting on impulse radios. The pioneering contribution Harmont in the late 1960’s 

laid the foundation of the design of modern UWB transmitters and receivers. Few years later, Ross 

and Robbins experimented on different applications of the UWB signals. In 1973, Ross submitted a 

landmark patent on UWB communication technology for radar systems. The pioneering work of 

Harmont, Ross and Robbins were based on the matched filtering technique while the experiment of 

Van Etten lead to system level design approach for UWB systems and antennas [12]. However, it 

was not until 1993 that the first patent with the exact phrase “UWB antenna” was submitted by 

Hughes [16]. 
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On February 14, 2002, the FCC authorized the allocation of 7.5 GHz frequency band ranging 

from 3.1 – 10.6 GHz for UWB communication. The provision placed an emission limit of                

-41.3 dBm/MHz for all UWB devices. This limit ensures that UWB communication can coexist 

with other wireless standards like WIMAX, WLAN and ISM enabled devices operating within the 

allocated UWB band. Thus, even without a band stop filter, UWB communication systems can 

operate without interference with other devices that are enabled with either WLAN or WIMAX 

connectivity. Figure 2 shows the UWB spectrum coexisting with other radio network technologies.  

 Over the years, researchers have continued to develop the UWB technology for various 

applications. One area where a lot of effort has been invested is in the development of UWB 

antennas. Also, in recent times, researchers have been investigating new application areas for the 

UWB technology. These new areas include IR-UWB impulse radars for localization & 

surveillance, WBAN for healthcare and new WPAN enabled devices. 

 

Figure 2: The UWB spectrum [17] 
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2.1.2 UWB definition and Spectral Waveform 

According to the FCC’s report of February 14, 2002, a UWB technology is one transmitting 

information that is spread over a large bandwidth greater than 500 MHz. This definition is based on 

the absolute bandwidth of the transmitted signal. More commonly, UWB is defined with respect to 

the fractional bandwidth (FBW) of the transmitted signal radiating from an antenna. According to 

this definition, a UWB signal is a transmission whose FBW exceeds 20% of the center frequency. 

Mathematically, the FBW is defined as follows: 
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where: 

    Hf , Lf  are the upper and lower band frequencies of the signal measured at -10dB, respectively. 

   B is the absolute or nominal bandwidth defined as B = Hf  - Lf  

    Cf  is the central frequency of the signal, defined as 
 

2

LH
C

ff
f


  

 

Thus, unlike the narrowband (NB) radio and traditional spread spectrum technologies that occupy a 

few kilohertz (KHz) or some few megahertz (MHz), UWB signals are spread over a wide 

bandwidth measuring some few gigahertzes as shown in figure 3. This is possible because the 

UWB signal is transmitted as ultra-short pulses with very low duty cycle in the picoseconds range. 

As a consequence, Fourier analysis predicts correctly that UWB signals will not propagate like 

traditional sinusoidal sine waves but as a train of short pulses as shown in Figure 4. Figure 4 shows 

a train of pulses of width 1000-picosecond in time domain occupying a large bandwidth in the 
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frequency domain. Figure 5 provides a comparison of the time- and frequency domain behavior of 

narrowband and UWB technologies. 

 

 

Figure 3: The UWB Fractional Bandwidth [18] 

 

 

Figure 4: UWB waveform in time domain (left) and frequency domain (right) [19]. 
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Figure 5: Comparison of the time- and frequency domain behavior of narrowband and UWB [20]. 

 

Also, because of the large bandwidth, we expect the channel capacity of UWB communication to 

be very large as predicted by the Hartley-Shannon’s law: 
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where C is the maximum capacity, B is the bandwidth of the signal, S is the power of the signal, 

and N is the noise power. And thus, even when the channel is harsh or noisy (with very low S/N 

ratio), the UWB communication link can still achieve a high data due to its large bandwidth.  

  The shape of a UWB pulse is very important factor in the design of UWB systems. The spectrum 

of a UWB signal will depend on the pulse shape and width. Most UWB signals are either Gaussian 

or Rayleigh pulses [21]. The Gaussian pulse and its higher derivatives are the most popular pulse 

shapes encountered in literatures. The basic Gaussian pulse is described mathematically as: 
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Figure 6: Gaussian pulses for A = 1. The solid curve has σ = 2 and the broken curve has   4 [21].  

 

In (2.3), A is the amplitude, t is time and σ is the time constant of the pulse. Figure 6 shows the 

plots of the Gaussian pulse for the instances where             In some cases, due to the 

derivative characteristics of the antennas, the output from the UWB antenna can be modeled by the 

first derivative of the basic Gaussian pulse. This radiated pulse is called a Gaussian monopulse 

(impulses) or Gaussian monocycle which is mathematically described as: 
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The Gaussian monopulses have very short time duration in the nanosecond range and because of 

this feature, they produce ultra-wide spectrum that occupies the available UWB bandwidth. The 

short time duration makes it difficult to intercept these pulses while the ultra-wide spectrum spread 

overrides the need to employ a continuous wave carrier signal to help transmit the UWB impulses. 

These advantages ensure that the information propagated by UWB monopulse is secured [22]. 
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On the other hand, if the transmitter generates a first derivative Gaussian pulse, then the output 

from the antenna will be described by the second derivative Gaussian pulse called Gaussian doublet 

which is given as: 
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In general, the n-th derivative Gaussian pulse is given as: 
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Figure 7 shows the mathematical model for the UWB Gaussian derivatives for order 0 to 7.  

 

 

Figure 7:  Plots of the 1D Gaussian derivative function for order 0 to 7 [23]. 
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The Rayleigh pulse is similar to the Gaussian pulse. Mathematically, the Rayleigh pulse is 

described as : 
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 where α is the pulse shaping parameter.  

The first deriavative of the Rayleigh pulse will generate the Rayleigh monocycles  which are often 

called the Scholtz’s monocycle. The Scholtz’s monocycle is often described as: 
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where  (Tau) replaces α in (2.7) for adjusting the width of the pulse. The waveform and PSD of 

the Scholtz’s monocycle are shown in Figure 8. 

 

 

Figure 8 : Waveform and PSD of Scholtz monocycle [24]. 
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And the n-th deriavative of the Rayleigh pulse is given as: 

)(
4

)(
4

)( )2(

2

)1(

2

)( tx
n

tx
t

tx nnn  







.                                                                                      (2.9) 

Other interesting monocycle shapes for UWB includes: The Manchester monocycle, RZ-

monocycle, Sine monocycle and Rectangular monocycle. These monocycles have different 

spectrum characteristics. For example, the Gaussian pulse and rectangular monocycle have some dc 

components that can reduce radiation efficiency of the antenna. On the other hand, the Scholtz’s, 

Gaussian and RZ-Manchester monocycles have a wider 3dB bandwidth than [24]. In particular, the 

PSD of Scholtz’s monocycle does not meet the FCC requirement because its bandwidth extends 

from several dc components to several GHz components [24].   

  In summary, properly selecting the pulse shape can maximize the efficiency of the radiated power 

and this ensures that the UWB emission stays within the FCC’s limits. However, most of the 

standard monocycles do not match the FCC’s PSD mask and so engineers are always trying to 

synthesize or obtain new pulse shape parameters that would effectively satisfy the FCC 

requirement [25]. 

2.1.3 UWB regulations and Spectral Masking 

A. UWB regulation in USA 

On February 14
th

 2002, the FCC authorized the allocation of the frequency band ranging from          

3.1 - 10.6 GHz for all UWB application in USA. On April 22
nd

, 2002, the FCC released a revision 

of part 15 of the first document regarding UWB system.  According to the FCC, the benefits of 

UWB technology will only be truly appreciated if the technology does not interfere with licensed 

services and other radio operation [26]. Thus, In USA, the FCC authorized that in all localization 

and communications applications of the UWB, the maximum mean Equivalent Isotropic Radiated 
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Power (E.I.R.P) should not exceed -41.3 dBm/MHz. Figure 9 shows the emission mask for both 

indoor and outdoor usage of the UWB technology. 

 

Figure 9: FCC’s emission limit masks for indoor and outdoor UWB applications [27] 

In Figure 9, the term “Part 15 limit” applies to non-intentional emissions like those wideband 

radiations from a spark plug in an automobile or from a workshop. This also applies to household 

wideband emissions. 
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UWB devices can operate under an FCC-like condition within the 6 - 8.5 GHz band. This implies 

that within this band, UWB devices do not need to employ or use any interference mitigation 

technique provided their maximum mean E.I.R.P does not exceed -41.3 dBm/MHz. However, in 

this document, CEPT stated that it may consider a different set of conditions for UWB devices 

operating in other regions of the UWB spectrum.  

In July 2007, the Electronic Communications Committee (ECC) made a final decision which 

authorized UWB devices and equipment operating in the 3.1 - 4.8 GHz and 8.5 - 9 GHz bands to 

make use of interference mitigation techniques. These authorizations were made in order to protect 

WIMAX and other location services operating in these bands. The final report recommended the 

use of Low Duty Cycle (LDC) for mitigating interference in the 3.1 - 4.8 GHz and Detect And 

Avoid (DAA) technique for mitigating interference in both 3.1 - 4.8 GHz and 8.5 - 9 GHz. Also, 

the decision of July 2007 authorized UWB devices to operate with a mean maximum E.I.R.P of -

41.3 dBm/MHz in these bands. Table 1 presents a summary of decision of the ECC in July 2007 

[27]. Figure 10 shows the EU spectral mask for UWB indoor applications. 

Also, the EC gave a similar mandate to European Telecommunications Standards Institute (ETSI) 

to develop a harmonized standard for UWB devices. In ETSI, the Task Group 31A (TG31A) and 

Task Group 31C (TG31C) worked on sensing systems operating in the UWB spectrum i.e. the task 

of developing a harmonized standard for UWB sensors [28]. 

Table 1. Decisions of the ECC in July 2007 [27] 

Frequency range     

(GHz) 

Maximum mean 

E.I.R.P.spectral density 

(dBm/MHz) 

Maximum peak E.I.R.P 

(measured in 50 MHz) 

Below 1.6 –90 dBm/MHz –50 dBm 

1.6 to 2.7 –85 dBm/MHz –45 dBm 

2.7 to 3.4 –70 dBm/MHz –36 dBm 

3.4 to 3.8 –80 dBm/MHz –40 dBm 

3.8 to 4.2 –70 dBm/MHz –30 dBm 
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4.2 to 4.8 GHz 

(Notes 1 and 2) 
–70 dBm/MHz –30 dBm 

4.8 to 6 –70 dBm/MHz –30 dBm 

6 to 8.5 –41.3 dBm/MHz   0  dBm 

8.5 to 10.6 –65 dBm/MHz –25 dBm 

Above 10.6 –85 dBm/MHz –45 dBm 

Note 1: UWB equipment placed on the market before December 31st, 

2010 is authorized in the  4.2 - 4.8 GHz frequency band with a maximum 

mean E.I.R.P. spectral density of –41.3 dBm/MHz, and a maximum peak 

E.I.R.P. of 0 dBm measured in 50 MHz. 

Note 2: In case of devices installed in road and rail vehicles, operation is 

subject to the implementation of Transmit Power Control (TPC) with a 

range of 12 dB with respect to the maximum permitted radiated power. If 

no TPC is implemented, the maximum 

authorized mean E.I.R.P. spectral density is limited to –53.3 dBm/MHz. 

 

 

Figure 10: EU spectral mask for UWB indoor applications [9]. 
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C. UWB regulation in Japan 

In Japan, the regulation for indoor UWB devices emphasizes two major bands; from 3.4 – 4.8 GHz 

and from 7.25 – 10.25 GHz. The regulation authorizes an FCC-like condition for 7.25 - 10.25 GHz 

i.e. A UWB emission in this band must have a maximum mean E.I.R.P of -41.3 dBm/MHz. Also, 

the Japanese authorization states that a UWB device in this band does not need to employ or use 

any interference mitigation technique. On the other hand, the regulation authorizes the use of DAA 

interference mitigation technique in the 7.25 - 8.5 GHz. This interference mitigation band is similar 

to the CEPT proposal which ensures a coexistent between the UWB radio and other licensed radio 

technologies in that band. Furthermore, the Japanese regulation ensures that the average PSD of all 

the bands in the UWB spectrum is limited to -41.3 dBm/MHz. Figure 11 shows the Japanese UWB 

emission mask. 

 

 

Figure 11: The Japanese UWB emission masks [29]. 
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There has been similar development of a national harmonized UWB standard in Korea, Singapore 

and China. Figure 12 shows a summary of the proposed UWB spectral mask in Asia as compared 

to the spectral mask in USA.  

 

Figure 12: The Proposed spectral mask in Asia [30]. 
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Figure 13: Latest WiMedia regulatory chart [31]. 

2.1.4 Advantages and Disadvantages of UWB Technology 

UWB communication has gained popularity as the future standard for short range WPAN 

communication. This is mainly because of its large bandwidth. According to the Hartley-Shannon’s 

law, the extremely large bandwidth translates to a large channel capacity. This allows for ultra-fast 

data rates in the range of several gigabits per seconds (Gbps) through the channel for up to 10m. 

Also, UWB has some other interesting benefits that have made it very popular. Table 2 presents a 

summary of the advantages and benefits of UWB communication. 
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Table 2: Advantages and benefits of UWB [32] 

Advantage Benefit 

Enhanced penetration ability 

This is due to its ultra-short waveforms in the 

nanoscale range. This makes the UWB suitable for 

radar applications, indoor localization and ranging. 

No radio spectrum license is 

required 

The cost of operation is reduced as no licensing fee is 

required 

Large channel capacity 

High bandwidth can support real-time high definition 

video streaming, medical imaging and hot-spot 

WPAN applications.  However, the actual capacity 

will depend on the modulation technique, the 

regulatory limitations on the P.S.D and bandwidth of 

the UWB emission. 

Low SNR 
This guarantees a high performance even in noisy and 

harsh environments. 

       multiple-access communication 
The large bandwidth of UWB supports multiple-

access wireless communication 

Low transmit power 
Saves energy and protects and ensures the UWB 

signal does not interfere with license users 

Resistance to jamming  

 

This is because UWB signals are ultra-short pulses 

and so covers a large spectrum Provides. Thus, they 

provide high degree of security with low probability 

of detection and intercept. 

High performance in multipath 

channels 
Delivers higher signal strengths in adverse conditions. 

Simple transceiver architecture 

 

Reduced cost of design, ultra-low power consumption 

and miniaturization. This is because UWB systems 

use carrier-less transmission which makes the 

hardware simple and nearly all digital 
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However, due to the fact that UWB systems do not require a modulate continuous-waveform (CW) 

RF signals like most traditional RF communication technologies, the UWB suffers from some 

setback. Table 3 summarizes the challenges and problems associated with UWB systems. 

Table 3: Disadvantages and problems of UWB [32] 

Challenge Problem 

Pulse-shape distortion Low performance using classical matched filter 

receivers. 

Staying within the spectral mask regulation of 

the FCC 

Non-conformance may likely cause interference 

to licensed user. 

Tight Jitter requirements High‐efficiency UWB antennas are required. 

Channel estimation Difficulty predicting the template signals. 

 

 

High-frequency synchronization is required. 

Very fast ADCs and improved high speed 

automatic gain control (AGC) are required. This 

is the disadvantage of using very short pulses in 

UWB technology. The pulse coding requires a 

long synchronization time 

Multiple-access interference Detecting the desired user's information is more 

challenging than in narrowband communication. 

Low transmission power Information can travel only short distances. 

 

 

2.1.5 Application of UWB technology 

The UWB has found application in various areas. These areas includes: Wireless personal area 

communications (WPAN and sensor networks), radar, positioning systems, and imaging systems. 

The impact of the UWB technology in these areas is briefly described in Table 4. 



- 24 - 

Table 4: Application of UWB [32] 

Applications 

 Military and Government                   Commercial 

 

 

Data 

communications 

- - Secure LPI/D communications 

-  

- - Covert wireless sensor 

networks (battlefield operations) 

- -Secured WPAN 

- - Local and personal area networks 

- - Wireless streaming video distribution 

(home networking) 

- - Wireless sensor networks (health and 

habitat monitoring, home automation) 

 

 

 

Radar 

- - Through-wall imaging (for law 

enforcement, firefighters) 

-  

- - Ground-penetrating radar (for 

rescue operations) 

-  

- - Surveillance and monitoring 

- - Medical imaging (remote heart 

monitoring) 

- - Ground-penetrating radar (detection of 

electrical wiring, studs, etc. on construction 

sites) 

- - Automotive industry (collision avoidance, 

roadside assistance) 

- - Home security (proximity detectors) 

 

Localization 

- - Personnel identification 

- - Lost children 

- - Prisoner tracking 

- - Inventory tracking 

- - Tagging and identification 

- - Asset management 

 

 

2.1.6 UWB Channel Model: Saleh-Valenzuela Model 

Most UWB applications are for indoor short range communications. In such an environment, 

multipath propagation effect is more pronounced. In order to evaluate various UWB PHY 

proposals for standards like IEEE 802. 15.3a, there is need to provide a universal model of the 
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UWB channel for all indoor environment. There are several proposed models for the UWB channel 

but noteworthy is the well-known Saleh-Valenzuela (S-V) indoor channel model and the Path Loss 

& Link Budget Model. In this section, we will briefly discuss the Saleh and Valenzuela model. 

The S-V model was established in 1987 [33]-[34]. This model is a discrete time multipath model of 

the UWB channel. According to the S-V model, the multipath components of the transmitted signal 

will always arrive at the receiver antenna in clusters or groups. These cluster arrivals can be 

modelled as a Poisson distribution with a rate Λ and within each cluster the subsequent arrivals can 

be modelled by a Poisson distribution with a rate λ > Λ. From these distributions an analytical 

tractable channel model can be derived.    

 Although the UWB channel can be modelled in frequency domain and the time domain, the S-V 

model makes use of the discrete time analysis, which allows us to describe the UWB channel by a 

simple impulse response function. Therefore, using knowledge of discrete time domain analysis 

and Fourier analysis we can easily analyse the multipath delay spread and attenuation in the 

channel. According to the model, each transmitted RF radar pulse can be represented in time 

domain as: 

    tjtptx exp)()( ,                                                                                                   (2.10) 

In (2.10), )(tp is the baseband pulse shape,  is the angular frequency of the propagating RF signal 

in the channel, and  is the phase angle [33]. According to Saleh and Velenzuela, the impulse 

response of the UWB channel can be expressed as: 
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0 0
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



l k

kllkl Ttth                                                                                                    (2.11) 

Following the terminology used by Saleh and Velenzuela in [33]: lT  is the arrival time of the first 

path of the 𝑙-th cluster; kl is the delay of the k-the path within the 𝑙-th cluster relative to the first 

path arrival time and δ (t) is the Dirac delta function. The summation over 𝑙 represents the clusters, 

while the summation over 𝑘 represents the arriver within each of the clusters. kl is the Rayleigh 

distribution random variable, which is an empirically derived model for the distribution of path 
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amplitudes. kl is such that its mean square value is described by a double-exponential decay . This 

is mathematically expressed as: 

     2 2 0,0 exp / exp / ,l klkl T                                                                             (2.12) 

where   (   )  is the average power of the first arrival of the first cluster which is determined by 

the separation distance between the transmitter and the receiver and Г is the cluster decay factor. 

The time of arrival will be described by two Poisson process: the first process models the arrival 

times of clusters and the second process models the arrival times of the rays within the clusters 

[35]. The Poisson distribution of cluster arrival time and the ray arrival time are given as: 
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                                                            (2.13) 

where Λ is the cluster arrival rate and λ is the ray arrival rate. Figure 14 gives an illustration of the 

channel of the UWB channel impulse response according to the S-V model. 
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Figure 14: An illustration of channel impulse response [34]. 
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2.1.7 UWB Main Modulation Techniques 

There is several modulation techniques proposed for UWB communication systems. However, the 

IEEE 802.15.3a task group, which was mandated to standardize the UWB technology, reduced the 

number of proposals from 21 to 2 [36]. These two are Direct-Sequence Spread-Spectrum (DSSS) or 

frequency hopping (FH) and Multiband-OFDM (MB-OFDM). These two techniques can be 

broadly classified as single band UWB modulation and multiband modulation technique 

respectively. In this section, we will briefly discuss both of these techniques. 

A. Direct Sequence Spread-Spectrum Technique (DSSS) 

The DSSS technique is the most popular single band UWB communication technique. Single band 

communication techniques (also called impulse-radio modulation) are based on the transmission 

and reception of very short baseband pulse of the order of a few nanoseconds [37]. Each pulse is a 

typical Gaussian monocycle and so has an ultra-wide spectral occupancy in the frequency domain 

as predicted by Fourier Transform [38]. Since the pulses occupy most of the available bandwidth, 

this modulation is often called a spread spectrum technique. The earliest single band spread 

spectrum technique is the time hopping pulse position modulation (TH-PPM) introduced in 1993 

by Scholtz [39]. However, the DSSS technique varies slightly from the traditional Time-Hopping 

techniques. DSSS is very reliable even in a dense multipath environment. In DSSS, the multipath 

resolution is just about a few nanoseconds of the differential path delay and this ensures the 

multipath fading is very insignificant [40]. Also, the resulting wide band signal has a PSD at same 

level as the background noise and this makes the transmission robust against jamming. A low PSD 

allows the signal to coexist with other neighbouring radio networks. 

B.  Multiband Orthogonal Frequency Division Multiplexing (MB-OFDM) 

The development of the MB-OFDM was motivated by the challenges encountered with impulse 

radios. Firstly, the process of generating specific pulse shape to meet the FCC spectral mask is a 

difficult task and makes impulse radios vulnerable to jittering. Furthermore, some narrowband 

technologies are so sensitive to the slightest source of interference and so will not coexist with 

impulse radios on same spectrums. To allow for coexistence with these technologies, impulse 
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radios can be designed with band notch filters (e.g. using a band notched antenna). However, the 

band notch characteristics will always distort the received signal.  To solve this problem, more 

complex processing is needed and this will add to the complexity and cost of such impulse radios. 

The easiest way to mitigate this problem is not ensure the impulse radio does not operate on same 

frequency band as these sensitive narrowband technologies. One effective way of solving this 

problem is to use a different modulation technique for the UWB other than the spread spectrum. 

Thus, it is only natural for researchers to experiment with OFDM based techniques. 

Unlike the DSSS technique where each pulse is very short and spreads over the whole UWB 

spectrum, in the case of MB-OFDM, the pulses are not short and so the entire UWB frequency 

band is divided into several smaller bands. Each of these bands must have a bandwidth greater than 

500 MHz.  This provision ensures that each of the sub-bands satisfies the bandwidth requirement of 

the FCC [41]. In order to conform to the FCC requirement, the entire UWB band of 7.5 GHz (3.1-

10.6 GHz) is divided into fourteen 528 MHz sub-bands [42].  Figure 15 shows the band group 

allocation used in MB-OFDM. To implement MB-OFDM, the bands are grouped into six major 

groups and the OFDM packets are then spread using a Time-Frequency Code (TFC) [43]. The TFC 

determines the hopping sequence of the six OFDM symbol burst [44]. Thus, the UWB data is 

efficiently transmitted simultaneously over the multiple carriers.  

 

Figure 15: Diagram of the band group allocation over the 3.1 – 10.6 GHz band [43]. 
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In MB-OFDM, each of the 528MHz is subdivided to 128 orthogonal subcarriers which are 4.125 

apart. However, only 122 subcarriers are useful for transmitting the modulated OFDM symbols. 

This is because there are six null subcarriers in each band (two at each end and one at the middle). 

Figure 16 describes the specification of each OFDM symbols in the MB-OFDM. 

Although, implementing MB-OFDM makes the UWB system more complex than an impulse radio, 

there are several important benefits. These includes: a near perfect efficiency in capturing energy 

even in a dense multipath environment and ability to coexist with narrowband radios operating 

within the UWB spectrum. 

 

Figure 16: The specification of each OFDM symbol in UWB MB-OFDM [44]. 
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2.2 The UWB Antenna 

2.2.1  History of UWB Antennas 

The antenna is an important component of all wireless systems. The Great Russian physicist, 

Aleksandr Stepanovich Popov is credited as the inventor of the antenna. In 1895, while 

experimenting with a coherer, a device which had been invented by Oliver Lodge, Popov 

discovered that he could receive the “Hertzian waves” by attaching an antenna to the coherer. As a 

result of this discovery, Popov is now widely considered alongside Marconi and Lodge as the 

inventor of the radio. Later in 1898, Oliver Lodge filed a patent for a radio device that made use of 

crude antennas which he called a “capacity area”. In his patent description, Lodge introduced the 

concept of “syntony,” which explains that a transmitter and the receiver should be tuned to the 

same frequency so as to receive clear signal [45]. Lodge went on to design several tuning circuits 

that made use of antennas that resembles today’s bow-tie antenna. Lodge’s patent application also 

included pictures of his biconical antennas. Thus, the history of UWB antennas can be traced back 

to the era of spark-gap radios. Oliver Lodge is also credited for introducing the concept of 

monopole antennas which used the earth as the ground plane. Lodge’s antennas are described in 

[46]-[47]. 

In the beginning of the 20
th
 century, Interest on wide band communication technologies had faded 

quickly because of the invention of narrowband communication technologies. However, decades 

after the pioneering work of Lodge and Popov, Carter revived the science and art of wide band 

antenna design in the 1940s. This renewed interest in wideband communication was due to the 

advent of the television and the need for wide bandwidth to transmit video signals. Carter’s antenna 

achieved broad bandwidth by introducing a tapered feed to Lode’s original antenna [47]. Carter 

also improved on Lodge’s biconical antenna and made an improved monopole antenna.  

Also, in 1940 Schelkunoff proposed a conical waveguide in conjunction with a spherical dipole 

antenna. These designs were patented in 1941. Schelkunoff’s antenna resembles a coaxial horn 

antenna when it is assembled. Schelkunoff’s antenna was later improved by Linenbald in 1941. In 

1962, Marié patented an improved slot antenna which operated on same principle as Schelkunoff 
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antenna.  In 2000, Barnes made a further improvement on Marié‘s slot antenna. Schelkunoff’s 

coaxial horn antenna, Lindenblad’s antenna and Marié antenna are described in [47]-[48].  

From the brief historic survey above, it is obvious that wide band antennas date back to the spark-

plug era and so they long precede the recent popularity of the UWB radio. However, in recent times 

so many UWB antennas have been invented due to the development in UWB radio. Furthermore, 

the recent UWB antennas are smaller and more effective than earlier wide band antennas. In the 

next section, we will describe briefly the state of art of recent UWB antennas. 

2.2.2  State of the art 

According to IEEE standard definition, an antenna is defined as a means for radiating or receiving 

radio waves [49]. An antenna is considered as a UWB antenna if its operational bandwidth exceeds 

500 MHz or 0.2 of the centre frequency. In the last three decades, a plethora of UWB antennas 

have emerged in response to the prospect of commercializing UWB technology for short range 

high data rate wireless applications. Depending on the radiation characteristics, we can classify 

antennas into four groups: frequency independent antennas; multi-resonant antennas; travelling 

wave antennas and small element antennas [50]. These classes of antennas are briefly described in 

this section. 

A. Frequency independent antennas 

The main advantage of the UWB technology is the enormous bandwidth it provides. An ideal 

UWB antenna is one with bandwidth covers the whole electromagnetic spectrum. The frequency 

independent antennas are the only class of antennas with a theoretical bandwidth that extends 

through the electromagnetic spectrum [51]. However, in practice frequency independent antennas 

have a finite bandwidth. It is important to note that frequency independent antennas have an almost 

uniform impedance and radiation property over their wide operation bandwidth. Thus, these 

antennas are such that, within their operational bandwidth, their essential properties are 

independent of frequency. In 1954, Victor H. Rumsey proposed that the geometries of frequency 

independent antennas can be expressed entirely in terms of angles as: 
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where r, θ, and φ represents the spherical coordinates, ɑ and φ0 are constants and F(θ) is any 

arbitrary function of θ. Based on  Ramsey’s theory that an antenna specified entirely by its angles 

would have properties that are independent of frequency, it became clear that an ideal “infinite 

length” structure based upon the equiangular or logarithmic spiral could be a frequency 

independent antennas [52]. Examples of practical frequency independent antennas include spiral, 

logarithmic-periodic and conical spiral antennas. 

B. Multi-resonant antennas 

These antennas are made up of arrangements of multiple narrowband radiating elements. Thus, 

these antennas have multiple resonance modes across the operational bandwidth. The Yagi antenna 

or log periodic is a popular example of this class of antennas. Also, multi-resonating antennas can 

be made from planar monopole antennas by cutting slots or fractal shapes out of the radiating 

element and ground plane [53]-[54]. 

C. Travelling wave antennas 

This class of antennas employs a travelling wave on a guiding structure to flare and receive radio 

waves. Their most distinguishing feature is the manner in which the radio-frequency current that 

generates the radio waves travels through the antenna. In these antennas, the radio-frequency 

current travel only in one direction which is contrast to the dual directional flow of radio-frequency 

current in resonant antennas likes dipoles and monopoles. Thus, travelling wave antennas are 

directional antennas because the travelling wave of electromagnetic oscillations is propagated in 

only one direction: along its major geometric axis.  These antennas have very wide bandwidth and 

large gain and so suitable for UWB applications. Examples includes horn antenna, Vivaldi antenna, 

and tapered slot antennas are described in [50] and [55]. 

 



- 33 - 

D. Small element antennas 

The commercialization of UWB technology for WPAN application has placed a demand for small, 

efficient and low cost antennas. Due to tis demand, several innovations have been employed to 

effectively miniaturize existing antennas.  When compared to the conventional antennas, these 

miniaturized antennas have wider impedance bandwidth, lower gain at high frequencies and higher 

cross-polar radiation [56]. These new class of innovative antennas are referred to as small antennas. 

In the period between 1947-75, pioneering works on small antenna was done by Harold A. 

Wheeler. He defined a small antenna as any antenna whose size is only a small fraction of their 

wavelength [57]-[58]. Wheeler proposed that the dimension of an electrical small antenna has an 

upper bound, which is expressed as: 

1ka  ,                                                                                                                       (2.15) 

where 


2
k (Radians/meter);  is the free space wavelength of the antenna (meters) and a is 

the radius of a hypothetical sphere enclosing the maximum dimension of the antenna (meters) 

Furthermore, Wheeler introduced the concept of “radiation power factor” or PF, which describes 

the radiation of larger amount of real power than the radiation of reactive power from a small 

antenna [57]. PF can be estimated if we model the antenna with an equivalent circuit as shown in 

figure 17. In the equivalent circuit model, the behavior of the small antenna can be modeled as 

either a capacitor (C) or an Inductor (L) which is resonated by a reactor of a different kind [58].  
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Figure 17: Radiation power factor of small antenna: (a) Capacitor model (b) Inductor model [58]. 

 

In general, Small antennas are products of innovative evolution from monopole and the basic 

dipole antennas. In [50], the authors described the evolution from a hertzian “wire” dipole antenna 

towards a biconical antenna, which is considered as a valuable frequency-independent antenna. 

Also, the article describes the evolution from a biconical antenna towards a single cone antenna, 

which has a stable phase center within the UWB operational bandwidth. This makes the single cone 

or discone antennas suitable for UWB system applications like channel measurement and system 

testing [50]. However, they have a limited impedance bandwidth. Furthermore, an alternative 

evolution from the biconical antenna to the monopole antenna is possible. The evolution towards 

the monopole antenna is desirable because the latter is suitable for compact UWB WPAN 

applications. To further improve the monopole antenna, we can replace the radiating “wire” with a 

“flat plate”.  The flat plate could have any arbitrary shape like square, triangle, circle, elliptical etc. 

[50]. Figure 18 shows different flat plate or planar monopole UWB antennas formed by evolution 

from the wire dipole antenna. 
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Figure 18: Monopole antennas formed from the wire monopole by replacing the radiating “wire” 

with a flat plate: (a) monopole antennas with rectangular patch (b) monopole antennas with 

triangular patch (c) monopole antennas with circular and elliptical patch [59]. 

(a)

(b)
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2.3 Modelling the UWB antenna:  

2.3.1 Brief Overview 

Over the years, various models have been developed for describing an antenna. The choice of a 

suitable model will depend on the perspective of the engineer. For example, to a microwave circuit 

engineer, the antenna is best modelled as an equivalent circuit having characteristics like input 

impedance, admittance, and reflection coefficients. However, to a radio link optimization and 

planning engineer or a radio network engineer, the antenna is best modelled as an electromagnetic 

radiator having properties like polarization, radiation pattern, gain, and directivity [50]. In general, 

the various UWB antenna models can be broadly classified into two: 

(a) Parametric Models – There are several parametric models used to describe the response of 

a UWB antenna. They include: 

(i) The equivalent circuit model 

(ii) The VHDL-AMS model [60]. 

(iii) The singularity expansion model [61]. 

(iv) The directional time-frequency model of the UWB impulse response [62]. 

(b) Statistical models –These are new and non-traditional models. These models attempt to 

represent the antenna as part of the radio channel and then statistically derive the response 

of the antenna to the perturbation of close objects in the surroundings. These models 

attempt to estimate the randomness associated with the antenna, its terminals and the 

surrounding environment [63].  

In this section, we will briefly discuss the equivalent circuit model of the UWB antenna.  

According to this model, the UWB antenna can be modelled by a passive equivalent circuit. 

Thus, using the well-known theories of circuit analysis, the characteristics of the UWB antenna 

can be derived. This model has gained popularity over the years because it provides vital 

information for the design of a well-matched UWB antenna. 
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2.3.2 Equivalent circuit Model of the UWB antenna: Brief overview 

In general, antennas can be modelled as linear, passive elements with characteristic input 

impedance. In narrowband systems, the properties of the antennas are assumed to be fixed or single 

value over the operation bandwidth. Thus, narrowband antennas can be modelled as standard 

resistors with a value of say 50 Ω [64]. However, the properties of UWB antennas are frequency 

dependent and so they vary over the operational bandwidth. This characteristic complicates the 

modelling and analysis of UWB antennas. Also, this complicates the modelling of a UWB radio 

system. The standard Friis transmission equation is not sufficient to describe the transmitter-to 

receiver transfer function of the UWB system because of the waveform dispersion of the UWB 

antennas. In general, the UWB antenna acts like a pulse-shaping filter whose bandwidth limitations 

can be viewed as a transfer function in the frequency domain or a time-domain distortion of the 

received pulse [65]. Thus, an accurate equivalent circuit model must account for the waveform 

distortion or dispersions so that it can be compensated at the transceiver/receiver [66].  

Several equivalent circuit models have been proposed for the determination of the input impedance 

and admittance function of a UWB antenna. They include: the degenerated Foster canonical model 

by Wang [64]; Ansarizadeh’s topology model for the patch antenna [67]; Ma proposed an 

equivalent circuit model for band-notched UWB antennas [68]; Nie’s numerical model for UWB 

monopoles [69]; and Long’s broadband dipole equivalent circuit model [70].  

The transfer function and impulse response of a UWB antenna system can be derived using the 

simple equivalent circuit model described in [71]. Figure 19 shows the simple equivalent circuit 

model for the transmitting/receiving antennas systems of a UWB radio. In the figure, the subscripts 

t and r represents the transmit and receive sides of the antenna system. Zo is the characteristic 

impedance of the transmission line connecting the transmit antenna to the source. Zload is the load 

impedance connected to the output of the receive side. Vt (ω) is the Vr (ω) represents the input and 

output signals.  

The Frii’s equation describes the relationship between the average output power (Pr) and the input 

power (Pt) of the antenna system. That is, the Friis equation relates the power fed to the 

transmitting antenna and the power received wirelessly by the receiving antenna which is 

positioned at a sufficiently large distance apart from the transmitter. The Friis equation helps us to 
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estimate the range of a wireless communication system or the maximum range of a wireless link. 

Also, the Friis’ transmission equation can be used for estimating the radiation efficiency of a 

transmitting antenna whose gain is known. For narrowband antenna system, the Friis equation is 

given in [72] as: 
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where Г  and G are the return loss and gain in the antenna system. The return loss is due to the 

impedance-mismatch in the antenna system. The term |  ̂    ̂| is the polarization matching factor 

between the transmitting antenna and the receiving antenna. The separation distance between the 

transmitter and receiver is r while λ is the operational wavelength. The term  (     )  is referred 

to as the free-space loss factor. According to classical wave theory, in free space, a travelling radio 

wave is modeled as spherical wave propagation, and so the free-space factor shows that the power 

of the wave is decreasing by 
 

    
 as it propagates radially.  

 

Figure 19: Equivalent circuit schematic of the UWB Antenna system [71]. 
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The expression in (2.16) is not sufficient to describe the UWB antenna system. This is because 

UWB antennas are frequency-dependent. Hence a modification is needed. The essential properties 

of UWB antennas like the gain (G) and return loss (Г) are functions of frequency and so will vary 

across the operational bandwidth. Thus, the appropriate Friis equation for UWB antenna system 

must account for the frequency-dependent nature of the antennas. The modified Friis equation is 

given in [71] as: 
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The Transfer function of the antenna system, H (ω), which describes the relation between the 

source and output signal (voltage) is given as: 
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According to the terminology used in [71], c is the velocity of light, )( t   is the phase variation 

due to the transmitter and  )(r   is the phase variation due to the receiver. From (2.18) and 

(2.19), it is obvious that the transfer function, H (ω) is a determined by the essential characteristics 

(such as gain, polarization matching, and impedance matching) of the transmitting and receiving 

antennas. Also the separation distance between the antennas and their orientation in space are 

important factors. Hence, instead of using the modified Friis equation, we can use the transfer 

function, H (ω) to describe the UWB antenna system which is characterised by dispersions [71]. In 

fact, the time domain transformation of H (ω) using Fourier Transformation technique, will 

describes the degree of distortion or dispersion in the received signal [72]. Thus, (2.18) and (2.19) 

predicts that by flattening the magnitude of transfer function, H (ω) and the phase response, )(

over the operation bandwidth, we can reduce the distortion in the received signal [73]. 
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Furthermore, the UWB antenna system in figure 19 can be modelled as a two-port network. In the 

two-port network, the transfer function, H (ω) can be measured in terms of S21 or S12. Where, S21 is 

a measure of the output power at receiving antenna relative to the input power to the transmitting 

antenna. That is, S21 is a measure of the power transmitted to the receiver from the transmitter 

while S12 represents the power transferred from the receiver to the transmitter. Thus, using either 

the measured value of S12, S21 or H (ω), we can estimate important characteristics of the UWB 

antenna system such as gain, polarization or impedance matching [71]. This information can help 

us investigate the PSD of the UWB emission in free space which is necessary to ensure the UWB 

device complies with the spectra mask of the FCC. 

2.4  UWB Antenna Design Requirements  

UWB antennas should satisfy certain requirements. These requirements are briefly summarized in 

Table 5. 

Table 5: UWB antenna design requirement 

Property                                        Requirement 

 

Impedance  bandwidth 

The FCC authorized UWB technology to operate in the range 3.1-10.6 

GHz. Thus UWB antennas should have a very large impedance 

bandwidth within this range. 

 

 

Phase 

UWB antennas should have linear phase throughout the operational 

bandwidth. This ensures that the group delay (which is the derivative 

of the phase) is constant. A constant group delay reduces the 

dispersion or distortion of the received signals caused by the antenna. 

 

Radiation Pattern 

UWB antennas for WPAN and sensor applications are expected to 

have omnidirectional radiation pattern. The exceptions are travelling 

antennas like horn antennas with directional radiation patterns like 

those used in radars. In practice, ideal omnidirectional radiation 

pattern is not possible. 

 

Directivity and Gain 

UWB antennas with omnidirectional radiation patterns have low 

directivity and low gain. This is true for small antennas. 
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   Radiation efficiency 

For small UWB antennas used for communication, the radiation 

efficiency is expected to be high because of the strict spectral mask of 

-41.3dBm/MHz which is defined by the FCC. 

 

 

Profile or Physical size 

UWB antennas for WPAN and sensor applications should be small 

and compact. According to Harold A. Wheeler, the physical 

dimension of small antennas should be comparable to their 

wavelength. 
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Chapter 3: UWB-MIMO antenna systems 

3.1 Multi Antenna Systems 

Multiple antenna communication system has gained a lot of attention in wireless communication 

because they promise to increase the throughput and reliability of communication links [74]. Multi-

antenna technology represents a major technological breakthrough from the conventional Single-

input-single-output (SISO) radio technique. There are different types of multi-antenna system used 

in wireless communication. These are SIMO, MISO and MIMO. Table 6 gives a brief description 

of the various antenna systems. Although, all three multi-antenna systems can increase the diversity 

of the communication link, the MIMO antenna system offers more benefit than the others. The 

MIMO technique which refers to the use of an array of antennas for both transmitting and receiving 

can significantly improve the channel capacity, robustness to multipath fading and overall 

performance of the wireless link.  

Table 6: Multi-antenna system [75] 

Multi-antenna types 

 

SISO 

Single-input-single-output means that the 

transmitter and receiver of the radio system 

have only one antenna.  

 

SIMO 

Single-input-multiple-output means that the 

receiver has multiple antennas while the 

transmitter has one antenna. 
 

 

MISO 

Multiple-input-single-output means that the 

transmitter has multiple antennas while the 

receiver has one antenna. 
 

 

MIMO 

Multiple-input-multiple-output means that 

the both the transmitter and receiver have 

multiple antennas. 
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The conventional radio system is very limited. The link capacity of SISO radio system can only be 

increased by increasing the channel bandwidth. Also, noise and fading in the channel could only be 

overcome by increasing the transmission power. These solutions are in accordance with the 

Shannon-Nyquist criterion. However, the fundamental breakthrough research on Bell Laboratories 

layered space-time architecture (BLAST) by Gerard J. Foschini changed the field of wireless 

communication [76]-[77]. Foschini proved that by using multiple antennas at both the transmitter 

and the receiver, the wireless channel capacity can be tremendously increased without increasing 

the channel bandwidth and transmission power. Foschini realized that by carefully allocating the 

data packets to be transmitted to the transmitting antennas, he could simultaneously transmit 

multiple streams of data through the same channel. Thus, BLAST enhanced the channel capacity 

by enabling spatial multiplexing over multiple-antenna wireless communication systems.  

The BLAST scheme proved that multi antenna could be exploited to increase the channel capacity. 

Also, researchers have investigated other benefits of using multiple antennas at the receiver. 

Researchers have shown that by using appropriate processing architectures to combine the different 

versions of the transmitted data packets received by the multi-antennas at the receiver, multipath 

scattering in the channel can be properly exploited to increase the channel capacity and make the 

communication link more robust against the problems of multipath fading observed at the receiver 

[76]-[79]. This is contrary to SISO radio systems where multipath fading caused by obstacles in the 

channel is considered a major problem at the receiver. These discoveries have made the use of 

multi antenna system popular in modern wireless communication. 

In this chapter, we will briefly discuss MIMO diversity and the benefits of using MIMO technique 

in UWB communication. The chapter also includes a brief discussion of the MIMO channel 

modelling, a brief review of the State-of-Art of UWB-MIMO antenna system and the challenges of 

designing UWB-MIMO antenna systems. 

 

3.2 MIMO Diversity 

Diversity is technique used to increase the reliability and spectral efficiency of a fading channel by 

introducing some redundancy [80]. The primary purpose of diversity is to increase the performance 
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of a fading channel by transmitting the desired signal through M different channels. Thus, while 

some copies of the received signal may have undergone deep fading, other copies may not [81]. 

Therefore by introducing redundancy (transmitting several copies of same signal) we can overcome 

the problems of deep fading.  

There are three major types of diversity: time diversity, frequency diversity and spatial diversity. In 

time diversity, the information bearing signal is transmitted on different time slots. That is, each 

symbol is transmitted several times. In order to ensure that each transmission undergoes an 

independent fading, successive transmissions should be separated by a time interval that should be 

at least equal to the coherence time [82]. Together with the appropriate error coding, time diversity 

can be used to combat selective (fast) fading in the channel. In frequency diversity, the same 

information signal is modulated through M different subcarriers. In order to ensure different copies 

of the received signal undergo an independent fading, each carrier must be separated by at least the 

coherence bandwidth (Δf)c [82]. Frequency diversity is used to overcome frequency selective 

fading in the channel. 

In spatial diversity, the same information signal is transmitted or received through M different 

antennas so as to achieve maximum gain. In order to ensure different copies of the received signal 

undergo an independent fading, the antennas should be well spaced apart. The famous Alamouti’s 

2×1 space-time code is considered as the fundamental breakthrough research on transmit diversity. 

MIMO antenna technique uses spatial diversity at both the transmitter and the receiver side. Thus, 

each pair of transmit-receive antenna provides an independent signal pathway from the transmitter 

to the receiver. This makes the communication link robust against the channel fading and also 

enables spatial multiplexing which can significantly increases the channel capacity without 

increasing the channel bandwidth or the transmitter power. Popular spatial multiplexing Schemes 

include BLAST, Vertical-BLAST, Turbo-BLAST and Diagonal-BLAST.  

 

3.3 MIMO Channel Model 

A typical MIMO system has m transmit antennas and n receive antennas. The transmitter 

simultaneously send copies of same information signal through the transmit antennas. At the 
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receiver, each of the antennas receives not only the component signals meant for it but also the 

components meant for the other receive antennas [83]. The receiver decodes the original 

information by combining all the received signals. Thus, the MIMO channel can be modeled as a 

matrix channel consisting of m n pathways. The direct pathway from the first transmit antenna to 

the first receive antenna is denoted as h11 and the direct pathway from the second transmit antenna 

to the second receive antenna is specified as h22 etc. The channel matrix, H will be modeled as an 

n×m matrix given as: 

                                                                                                 (3.1) 

The MIMO system is modeled by the transmission formula: 

nHxy                                                                                                                                (3.2) 

Where y is the receive vector, x is the transmit vector and n is the noise. Figure 20 shows a general 

MIMO system.  

 

Figure 20: General MIMO system [84] 
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The channel model for a 2×2 MIMO system is shown in figure 21. The figure shows that the data is 

divided into four independent streams. At the receiver end, the received signal y1 (t) and y2 (t) are 

processed by a DSP to extract the transmitted data (original data). The purple arrows in the figure- 

 

 

Figure 21: 2×2 MIMO channel model [85] 
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illustrate the process (matrix inversion) used to recover the original data from the received signal. 

The receiver can recover the transmitted data by multiplying the channel information matrix and 

the received data. However, since not all channel matrices are invertible, this method will not 

always work. Fortunately, there are other techniques that can be used to get around this problem. 

They include the SVD (Singular Value Decomposition). In SVD, the channel matrix is 

decomposed into three other matrices 

The channel capacity of MIMO channel will depend on the number of independent streams which 

is denoted by M. In symmetrical MIMO antenna constellations (m = n), M is less than the number 

of antennas; while in asymmetric constellation (m  ), M is always smaller than the minimum 

number of antennas. In any case, the capacity of the MIMO channel is given by the Shannon-

Hartley theorem as: 

)1(log2
N

S
MBC                                                                                                                 (3.3) 

Where B is the channel bandwidth and 
 

 
 is the signal to noise ratio. Thus, it is obvious that the 

capacity of the MIMO channel will increase linearly with the number of independent streams. 

Thus, as we increase the number of transmit and receive diversity in the MIMO system, the channel 

capacity increases linearly. Thus, by adding more antenna elements, we can increase spectral 

efficiency without increasing the bandwidth or the signal power. This attribute of MIMO can be 

exploited in UWB systems where the emission power of the signal are highly constrained and so 

limiting UWB systems to very short range applications. Moreover, there are other benefits of 

applying MIMO antenna techniques for UWB communication.  

 

3.4 Benefits of MIMO for UWB communication. 

In the last two decades, the spectral efficiency and throughput of several wireless communication 

technologies have been greatly enhanced without increasing bandwidth or transmission power by 

integrating MIMO techniques in the PHY layer. As a result, in recent times, the design of multi-

antenna system composed of several UWB antennas for extremely high data rate communication 
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has become very promising. There are five main benefits of combining UWB and MIMO. They 

are: channel capacity, space-time coding (STC), beamforming, UWB-MIMO relay and time-

reversal (TR) transmission.  

It has been proved experimentally that MIMO systems can considerably increase the capacity of a 

wireless channel by optimizing the use of the transmission spectrum and power [86]. This 

technique benefits from the use of spatial diversity at both sides of the radio interface and 

leveraging on an appropriate STC to improve the throughput and reliability of the wireless link 

[86]. STC improves the reliability of the communication link over fading channels by relying on 

the use of multiple transmit antennas to transmit redundant copies of the same information signal 

[87]-[89]. Thus, while the Shannon-Hartley theorem (for the MIMO channel) defines the maximum 

benefits of combining UWB and MIMO (i.e. using multiple antennas in UWB system), STC 

enables the realization of the maximum benefit [9].   

UWB beamforming provides energy efficient technique for increasing the coverage of UWB 

communication, delivering high data communication on demand and also useful for indoor 

localization [90]. TR is a nontraditional technique that exploits spatial diversity to achieve spatial 

and temporal focusing which helps to mitigate intersymbol interference (ISI) caused by time-

varying dispersive multipath environments and compensate for channel variations in an extreme 

fading environment [91]-[92]. Also, since UWB emissions have limited PSD, their coverage is 

limited. Multihop relaying has emerged as a solution that enhances the coverage of UWB systems 

by splitting the link between the data source and its destination [93]-[94]. This reduces the end-to-

end path loss between the source and the destination especially in non-line-of-sight (NLOS) indoor 

environments [95]. In addition to reducing the path-loss, by enabling cooperation among the 

source, destination and relays, UWB-MIMO relay can also improve the spatial diversity gain. The 

results from [96]-[98] shows the performance gain of using UWB-MIMO relay. 

 

3.5 State-of-Art of UWB-MIMO Antenna Design 

Due to the aforementioned benefits of using MIMO antennas for UWB applications, various UWB-

MIMO antenna design techniques have been proposed. In [99], the authors investigated the effects 
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of inserting an inverted-Y shaped stub on the ground plane of a UWB-MIMO antenna with two 

identical monopoles. The stub acts as a filter enhancing the isolation between the ports of the 

radiating elements as well as reducing the mutual coupling. This eventually also helped in 

miniaturizing the proposed UWB-MIMO antenna. However, the introduction of the inverted-Y 

shaped stub made the design more complex to implement. In [100], the authors investigated the 

effects of the antenna orientations on the impedance matching and mutual coupling of a two 

element UWB-MIMO antenna. From their analysis, the horizontal antenna configuration system 

achieved a lower correlation than the vertical antenna configuration system. However, the latter 

antenna configuration achieves more compactness in MIMO array design than the former antenna 

configuration. M. Ju-soh et al. investigated the effect of spatial design on the radiation pattern of a 

dual band UWB-MIMO antenna array with identical elements [101]. The authors concluded that 

their proposed MIMO antenna has a higher gain over a single element antenna due to the mutual 

influence of radiation intensity. However, the antenna design is complex and not very compact. In 

[102], a novel configuration of quasi rhomboid shaped bowtie antenna for UWB-MIMO 

applications is presented. The antenna in [102] is compact and has a good correlation. However, 

the design is very complex as it requires etching the radiating patch on both sides of the substrate. 

This is a time demanding process and would require a lot of care to ensure symmetry in aligning 

the radiating patches on both sides of the substrate. Recently, it has been reported that some of 

these compact UWB-MIMO antennas are finding applications in traditional portable wireless 

devices like mobile handsets [103] as well as in emerging wireless systems like underground 

wireless sensor networks used in mining [104] and UWB radar imaging systems [105]-[108]. 

 

3.6 Challenges in designing UWB-MIMO antenna systems 

Although, significant benefits can be derived by using MIMO antennas technique in wireless 

communication systems, there are three major challenges encountered in the design of UWB-

MIMO antennas. These are: compactness, mutual coupling and correlation. These challenges are 

related to each other; thus increasing compactness will increase the mutual coupling and correlation 

effect. Thus, several authors have focused on various techniques for reducing the effects of mutual 

coupling and correlation. A natural approach is to employ spatial isolation between the elements of 

the UWB-MIMO array. More recently, researchers have tried adopting different orientation for 
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each of the elements in the MIMO antenna array so as to reduce the effects of coupling and 

correlation [109]-[112]. Also, some researchers have proposed the use of well-shaped stubs to 

provide isolation between the antenna elements [113]. In [114], the use of parasitic elements to 

reduce mutual coupling by creating a reverse coupling was proposed. In [115] and [116] the 

authors propose the use of electromagnetic band-gap (EBG) and decoupling strip structures 

respectively so as to reduce mutual coupling. In each case, there are associated trade-offs like 

compactness, cost and radiation efficiency. Thus, it is important for designers to employ techniques 

that best fit their need without compromising on the objective of the design.  
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Chapter 4: The proposed UWB Antenna 

4.1 Overview 

The objective of this thesis is to design an effective multiband UWB-MIMO antenna consisting of 

two identical UWB monopole antenna. Thus, it is imperative to first design and simulate the 

performance of a single UWB monopole antenna which forms the building block of the UWB-

MIMO array. The UWB-MIMO antenna is designed by cascading two monopole antennas on same 

substrate base. Each antenna element in the UWB-MIMO is fed by a separate 50 Ω feedline. In this 

chapter, a detail description of proposed UWB monopole is provided. The antenna design process 

is described and its performance is investigated.  

 

4.2 The Antenna Geometry 

 The schematic of the proposed UWB monopole antenna is shown in figure 22. The antenna has an 

overall dimension of 25 35 1.6 mm
3 
and it is built on an FR4 substrate with a relative permittivity 

of 4.4 and a loss tangent of 0.02. The antenna is designed by carefully cutting out symmetric bevel 

slots from the four edges of a rectangular monopole antenna. These bevel slots help to enhances the 

impedance bandwidth of the resulting antenna. Also, they help create multiple resonant modes 

along the UWB operational bandwidth. Each slot on the antenna acts like a frequency resonator. 

Also a circular slot is inserted at the center of the antenna. Together with the bevel slots, the 

circular slot helps to control the flow of surface current which determines the far radiation pattern 

of the antenna. Furthermore, the ground plane of the antenna is truncated and this helps in 

enhancing the impedance bandwidth of the antenna.  

The proposed antenna is designed with the help of the three-dimensional (3D) high frequency 

structure simulator (HFSS). Figure 23 shows the designed antenna in HFSS. The antenna is excited 

using a 50 Ω microstrip feedline. Based on this design, the optimized set of design parameters is 

given in Table 7. This set of optimized parameters is derived by carefully performing a parametric 

simulation analysis on each of the design parameter.  
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Figure 22: The geometry of the proposed UWB antenna [117] 

 

 

                              Figure 23: The antenna modeler designed in HFSS 
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Table 7: The optimized parameters of the proposed UWB monopole antenna [117]. 

Antenna Parameters Optimized value 

W1  10 mm 

W2 2 mm 

W3 2 mm 

W4 2 mm 

W5 2 mm 

W6 1 mm 

W7 8 mm 

W8      2.75 mm 

W9 3 mm 

W10  35 mm 

W11  18 mm 

W12     1.25 mm 

L1                      1 mm 

L2 1 mm 

L3 1 mm 

L4 1 mm 

L5 1 mm 

L6  34 mm 

L7     14.7 mm 

L8 14 mm 

L9 8 mm 

L10 5 mm 

R  1.5 mm 
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4.3 Result and Discussion 

4.3.1 Antenna Bandwidth 

One of the requirements in the design of UWB systems is the extremely wide impedance 

bandwidth and thus the FCC has made available 7.5 GHz available for this purpose within the 

unlicensed band from 3.1 to 10.6 GHz. The impedance bandwidth of a UWB antenna is best 

expressed in terms of its FBW. According to (2.1), the definition of the FBW is given as the ratio 

of the signal bandwidth to the center frequency. An antenna with a FBW of 25 % or an absolute 

bandwidth of 500 MHz is considered as a UWB antenna. The impedance bandwidth and FBW can 

be easily measured graphically from the plot of the reflection coefficient (also called the S11 plot or 

return loss). The plot of the reflection coefficient of the proposed antenna is simulated with the help 

of HFSS and shown in figure 24. 

 

 

Figure 24:  The reflection coefficient of the proposed UWB monopole. 
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Figure 24 shows that the antenna has a wide bandwidth ranging from 4.3 GHz to 10 GHz at -10 dB. 

For the proposed UWB antenna, the FBW is given by (2.1) as: 
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
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The antenna has a very good FBW and thus suitable for UWB applications. Also, figure 24 reveals 

that the peak resonance frequencies occur at 5 GHz, 6 GHz, 7 GHz, and 9 GHz respectively. Thus, 

the antenna becomes suitable for multi band applications.  

 

4.3.2 Radiation Pattern 

It is important that UWB monopoles have a good radiation property. Theoretically, perfect 

omnidirectional radiation pattern is ideal but not releasable in practice. The far field 3D radiation 

pattern for each of the resonant frequency of the proposed antenna is shown in figures 25 (a) – (d). 

From these figures, it is obvious that the antenna has a good radiation property (closely 

omnidirectional). 

 

 

Figure 25 (a): The 3D radiation pattern at 5 GHz 
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Figure 25 (b): The 3D radiation pattern at 6 GHz 

 

 

Figure 25 (c): The 3D radiation pattern at 7 GHz 
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Figure 25 (d): The 3D radiation pattern at 9 GHz 

 

4.3.3 The smith chart 

In practical microwave systems operating at high radio frequencies, there is a need to match the 

impedances of the different interconnecting parts of a system. This is important to ensure maximum 

power transfer from a source to a load and to avoid the reflection of energy from the load to the 

source as well [118]. In antenna design, impedance matching between the transmission lines and 

the antenna is very important. In traditional approach, complex formulas are often used to perform 

impedance matching. This approach is complicated and confusing. The smith chart provides an 

alternative graphical approach for impedance matching. Generally, the impedance of the antenna is 

expressed as: 

LLL jXRZ   ,                                                                                                                      (4.1) 

where ZL, RL, and XL represent the load impedance, load resistance and the reactance of the load 

respectively. The maximum power transfer from the source to the load will be achieved when the 
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source impedance equals the complex conjugate of the load impedance. This condition minimizes 

the reflected power from the load to the source [118]. This criterion is expressed mathematical as: 

LLSS

LS

jXRjXR

ZZ



 *

                                                                                                        (4.2) 

Where   
 , Rs and Xs represent the complex conjugate of the load impedance, the resistance of the 

source and the reactance of the source respectively. In our design case, the load is the antenna. 

Also, other useful design information like voltage standing wave ratio (VSWR), complex reflection 

coefficient, and single and double stub tuning methods can be derived from the smith chart [119]. 

The smith chart correlates input impedance at a point to the reflection coefficient.  

 

  

Figure 26: The normalized smith chart of the proposed antenna 

Figure 26 shows the normalized smith chart of the proposed UWB antenna. The blue grid lines 

represent the resistance of the antenna (RL) and the black arcs represent the reactance of the antenna 
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(XL). The figure reveals that the antenna has a VSWR lower than 1.5:1 over the operational 

bandwidth. This value is acceptable for UWB antenna. Thus the proposed antenna is well matched. 

In our simulation, the transmission line or feed line has a purely resistive impedance of 50 Ω. For 

perfect matching, using the information from the smith chart, the mismatch in the antenna-

transmission line system can be compensated by connecting a single or double stub tuner to the 

antenna system. The tuner is a variable impedance matching device. The parameters of the tuner 

can be adjusted in a laboratory practice until the antenna system is perfectly matched. 

 

4.3.4 The surface current 

The surface current density distribution at different frequencies is shown in figure 27. The surface 

current density distribution is uniform except at the feedline region where there are some marked 

variations. The antenna achieves a good radiation property because of the uniform distribution of 

the surface current on the patch. 

 

4.3.5 Parametric Analysis 

In order to investigate the performance of the proposed UWB antenna, parametric sweep analysis is 

performed to show the effects of the length of the patch, ground plane, and the radius of the circular 

slots on the performance of the antenna. In each case, the parameter of concern is varied while the 

other parameters are left constant. The parametric sweep analysis is shown in Figures 28 (a)-(d). 

From figure 28 (a), it is obvious that decreasing the width of the patch (W11) will shift the resonant 

frequencies to the left but with little effect on the magnitude of the return losses at each of the 

resonant frequencies. On the other hand, figure 28 (b) shows that increasing the length of the patch 

(L8) will shift the resonant frequencies to the right. Also, this reduces the return loss at the resonant 

frequencies. Figure 28 (c), it is clear that reducing the length of the ground plane (L7) will 

effectively decrease the return loss and increase the bandwidth just below the -10 dB mark.  

 



- 60 - 

 

Figure 27: The surface current distribution at (a) 5 GHz, (b) 6 GHz, (c) 7 GHz and (d) 9 GHz. 
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Figure 28 (a): Parametric sweep of the reflection coefficient observed under the various patch 

width.  

 

 

 

Figure 28 (b): Parametric sweep of the reflection coefficient observed under the various patch 

length. 
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Figure 28 (c): Parametric sweep of the reflection coefficient observed under the various length of 

the finite ground plane. 

 

        

Figure 28 (d): The parametric sweep of the reflection coefficient observed under the various radius 

of the circular slot. 
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Figure 28 (d) is a parametric sweep that demonstrates the effect of varying the radius of the circular 

slot. The size of the circular slot has renounced effect on the return loss at 6 GHz and 10 GHz. 

However, the main function of the circular slot is to control the flow of surface current on the 

antenna. Therefore, by carefully adjusting each of the design parameters, the desired features of the 

antenna can be achieved. 

In summary, in this chapter, a novel multiband UWB monopole antenna was proposed. The design 

process is explained and the performance of the antenna is investigated by simulation in HFSS. The 

proposed UWB monopole will form the building block of the UWB-MIMO antenna. Thus, in the 

next chapter, the UWB-MIMO antenna will be designed and analyzed. The important properties 

like diversity gain, mutual coupling and correlation will be investigated. 
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Chapter 5: The proposed UWB-MIMO Antenna 

5.1 The MIMO Antenna Design 

In chapter 4, a novel multiband UWB monopole is proposed for the design of the UWB-MIMO 

antenna. The monopole antenna forms the basic building block of the UWB-MIMO. The UWB-

MIMO is designed by cascading the two identical UWB monopoles on same substrate. The 

antennas has an overall dimension of 34   72   1.6 mm
3
. The substrate is an FR4 slab with a 

dielectric permittivity    of 4.4 and a loss tangent of 0.02. Each of the UWB monopole antenna is 

excited separately by a 50 Ω microstrip feed lines. Figure 29 shows the schematic of the proposed 

UWB-MIMO antenna. The monopoles are separated by a distance, D. The effect of the mutual 

coupling and correlation between the antenna monopoles will be determined by the isolation 

between the monopoles.  

The ground plane is discontinued for the antenna array so as to reduce the effect of coupling. In this 

chapter, the mutual coupling, envelop correlation and diversity gain of the UWB-MIMO antenna 

will be investigated. 

                        

Figure 29: The proposed UWB-MIMO antenna 
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5.2 Mutual coupling in the proposed UWB-MIMO 

Mutual coupling (MC) is a well-known factor that affects the performance of any antenna array. 

Theoretically, mutual coupling is a current in an antenna element induced as a result of a voltage 

flow in the neighboring antenna element. It is similar to the interaction between the primary and 

secondary coils in a power transformer. The presence of MC is more likely to have a negative 

effect on the MIMO channel capacity as described in [120]-[121]. Also, the MC could have a 

negative effect on the array radiation pattern, the array manifold, and the matching characteristics 

of the antenna elements [122]. However, in other MIMO systems, MC may have good effects on 

the channel. This is because MC can in fact have a decorrelating effect on the channel coefficients 

and consequently increase the channel capacity [123]-[125].  

For a MIMO array consisting of two elements, the MC coefficient (S12) is a measure of the port-to-

port isolation between the two antenna elements. Figure 30 shows the variation of MC under the 

various values of D. From this plot, we can clearly see that MC decreases as the magnitude of D is 

increased. Also the figure shows that the antenna array has a very low MC which is very desirable 

for UWB-MIMO application. 

 

Figure 30: The magnitude of the mutual coupling coefficient, S12, as a function of the separation 

distance (D) between the elements of the proposed UWB-MIMO antenna. 



- 66 - 

5.3 Envelop correlation and Diversity Performance 

The main objective of cascading multiple antennas to form a MIMO array is to increase the 

diversity of the antenna system. The basic idea of diversity is to create various independent replicas 

of the original signal path, which is often distorted by the fading and multipath effects in the 

channel. Thus, the diversity helps overcome the problem of fading in the channel as well as 

increase the average signal to SNR at the receiver [126]. At the receiver system, the various 

replicas of the transmitted signal arriving from the different path are all combined. Thus, if the 

signal through one of the independent paths is deeply faded, the receiver will rely on the strong 

signal from any other independent path and this will increase the overall reception. 

The diversity performance of a multi-antenna system can be measured from either the envelop 

correlation coefficient (  ) or the diversity gain [127]. The value of ρe can be evaluated from either 

the full-sphere complex radiation pattern or the scattering parameters of the multi-antenna system 

[128]. In spherical coordinates Ω = (θ, ϕ), the value of   is computed from the radiation pattern as: 
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),(),(),(   is the generalized radiation field of the ith antenna over 

the spheres. The dot symbol (•) represents the Hermitian product [129]. Also, θ and ϕ represent the 

vertical and horizontal planes of the polarized complex radiation pattern. In 2-dimensional form, 

   can be calculated using the scattering parameters of the MIMO array by: 
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where Sij is the generalized S-parameter reflection coefficient for the input signal that is reflected 

from jth port into the ith port. Using (5.2), the value of    can be simulated under the different 

values of D. The result of this simulation for the proposed UWB-MIMO antenna is shown in -

figure 31. 
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Figure 31: The Envelop correlation coefficient at different separation distance (D). 

From figure 31, it is obvious that the value of    varies with the frequency. The value of    is 

higher at some frequencies and lower at some other frequencies. However, the average value of    

decreases steadily as D is increased. Most importantly, the figure shows that the correlation 

between the elements of the UWB-MIMO antenna is negligible. This shows that the proposed 

UWB-MIMO antenna will be effective when deployed in practical systems e.g. portable UWB 

WPAN devices. Thus,    is a considerable factor for characterizing MIMO antennas [129].  In 

most cases,    should be less than 0.5 in order to get a good diversity [130]. Generally, closely 

spaced elements will have a higher correlation between them and this will decrease the capacity of 

the MIMO channel. 

The diversity gain is another important parameter for estimating the diversity performance of a 

multi antenna system. The diversity gain can be computed from the value of     Also, it is 

important to note that the diversity gain of a MIMO system depends on the correlation, the power 

imbalance in the MIMO system and the techniques used for combining the signals received by each 

of the antennas in the MIMO array [131]. 
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In practice, the diversity gain is defined as the difference between the combined cumulative 

distribution function (CDF) and a reference CDF at a certain level of CDF which is normally 

considered to be 1%. Thus, the nature of the diversity gain will depend on the reference CDF. If the 

reference CDF is the strongest average signal, the diversity gain is called the apparent diversity 

gain. If the reference CFD is 100%, then the measured diversity gain is called the effective 

diversity gain [132]. 

The apparent, actual, and effective diversity gains are the three different diversity gains that can 

be used for describing MIMO systems. However, people refer more often to the apparent diversity 

gain than the others. This is because the apparent diversity gain (Gapp) can be easily obtained from 

the value of    as follows: 

2110 eappG                                                                                                                    (5.3) 

When the value of     for the multiple received signals is zero, the apparent diversity gain has a 

maximum value of 10. From (5.3), it is clear that the lower the correlation, the higher is the 

diversity gain [126]. 

 

Figure 32: Diversity gain against envelop correlation coefficient (selection combining) for the 

proposed UWB-MIMO antenna. 
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Figure 32 shows the variation of Gapp with ρe for our proposed UWB-MIMO antenna. From the 

diversity gain result, it is obvious that the Gapp increases as the value of    decreases. Also, the 

maximum value of Gapp is close to 10 dB, which are the theoretical maxima when the two 

monopoles are uncorrelated. It is important to note that if the correlation coefficient is reduced to 

0.5, our proposed MIMO system achieves a high diversity gain of about 8.5 dB. Also, figure 33 

shows the variation of Gapp with D at 1 % CDF. From the plot, we can obviously conclude that the 

diversity gain does not increase linearly with the separation distance. 

 

 

 

Figure 33: Diversity gain against distance between the two monopoles. 
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Chapter 6:  Conclusion 

Ultra-wide band technology has gained a lot of attention in recent times for use in short range 

WPAN, localization and impulse radar systems. In order to improve the coverage, capacity and 

speed of UWB system, many researchers have decided to explore the possibility of integrating the 

MIMO antenna technique into UWB systems.  

The objective of this thesis is in two folds: Firstly, the thesis is an attempt to provide a general 

survey of the past and future trends of UWB technology. This is relevant for a proper 

understanding of the technology and the motivation behind the current trend. Secondly, the thesis 

proposed the design of a novel wide band UWB-MIMO antenna for multiband wireless 

applications. The proposed UWB-MIMO antenna consists of two compact UWB monopole 

elements separated by a small distance apart with each element feed by a separate microstrip 

feedline. The proposed UWB-MIMO is very compact with dimensions 34            and 

could fit into several portable WPAN devices. Each element of the proposed UWB-MIMO antenna 

has a wide operational bandwidth of 5.5 GHz and good radiation property. Also, the effect of 

mutual coupling (MC) and correlation is minimized in the design by employing effective spatial 

isolation between the elements of the MIMO. The UWB-MIMO has a MC that goes far below -20 

dB for separation distance of 16 mm or more. This is a good result and ensures reliability of the 

antenna system. Also, the antenna system has a very low envelop correlation coefficient (  ). The 

value of    is less than 0.5 even at a close spacing between the antenna elements. Also, the antenna 

system achieves a high diversity gain of 8.5 for an    of 0.5. This ultimately describes the benefit 

of using the multi-antenna system for UWB communication. Furthermore, the multiband 

resonating characteristics makes the antenna suitable for a wide variety of applications. Finally, the 

thesis also includes the results of parametric analysis to show the effects of adjusting some of the 

design parameters to meet design specifications. 

The main limitation of the thesis is the lack of an actual anechoic chamber to compare the results of 

simulation. Although, the design software, HFSS, is considered very reliable by RF engineers, it 

does not undermine the need to carry out actual experimental testing in an anechoic chamber.  



- 71 - 

List of Publications 

 

Martins EZUMA, Jae-Young PYUN, Design of a Compact UWB Antenna for Multi-band Wireless 

Applications {Accepted by ICOIN 2015 conference, Siem Reap, Cambodia}. 

 

Martins EZUMA, Jae-Young PYUN, Synthesis and Design of an Optimized 5.2 GHz Microstrip 

Antenna Using Bio-inspired Genetic Algorithm {Accepted, World IT Congress 2015, Jeju, South 

Korea}. 

 

Martins EZUMA, Jae-Young PYUN, Design and Analysis of a Multiband UWB-MIMO Antenna 

for 5-10 GHz Applications {in review }. 

 

Martins EZUMA, Jae-Young PYUN, Design and Synthesis of an Optimized 5.2GHz Microstrip 

Antenna Using Accurate Transmission Line Modelling and Genetic Algorithm {in review}. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

         South Korea, May 2015 

         Martins Chidozie Ezuma 



- 72 - 

References 

[1] IEEE-SA News Release [Online]. Available: http://grouper.ieee.org/ groups/802/3/av/index.ht 

[2] Martins Ezuma and Jay Young-Pyun, “Design of a Compact UWB Antenna for Multi-band 

Wireless Applications,” International Conference on Information Networking (ICOIN), 2015. 

[3] “Federal communications commission revision of Part 15 of the commission’s rules regarding 

ultra-wideband transmission system from 3.1 to 10.6GHz,” ET Docket No. 98-153, Federal 

Communications Commission, Washington, DC, 2002. 

[4]  Kissick, William A., “The temporal and spectral characteristics of ultra-wideband signals,” US 

Department of Commerce, National Telecommunications and Information Administration, 

2001. 

[5]  Foschini, Gerard J. “Layered space-time architecture for wireless communication in a fading 

environment when using multi-element antennas,” Bell labs technical journal, vol. 1, no. 2 pp. 

41-59, 1996. 

[6]  Najam, Ali Imran, Yvan Duroc, and Smail Tedjini, “Design of MIMO Antennas for Ultra-

Wideband Communications,” In MAnisfestation des JEunes Chercheurs en Sciences et 

Technologies de l'Information et de la Communication (MajecSTIC 2009), pp. 1-8, 2009. 

[7] Kupferschmidt C., Dimitrov E., Kaiser T, “Multiple antenna UWB systems,” WP3 of the 

EUWB project. Proceedings of IEEE International Conf. Ultra Wideband, vol. 3, pp. 143-144, 

2008. 

[8]  Abou-Rjeily C., Daniele N., Belfiore J.C., “Space-time coding for multiuser Ultra-wideband 

Communications,” IEEE Trans. Communications, vol. 54, no. 11, pp. 1960-1972, 2006. 

[9]  Kaiser, Thomas, and Feng Zheng, “Ultra wideband systems with MIMO,” John Wiley & Sons, 

2010. 

[10]  Ren, Jian, Wei Hu, Yingzeng Yin, and Rong Fan. “Compact Printed MIMO Antenna for 

UWB Applications,” 2014. 

[11]  Yu, Jian-Feng, Xiang Long Liu, Xiao-Wei Shi, and Zedong Wang, “A Compact Four-Element 

UWB MIMO Antenna with Qsca Implementation,” Progress In Electromagnetics Research 

Letters, vol. 50, pp. 103-109, 2014. 

[12]  Barrett, Terence W., “History of ultra-wideband (UWB) radar & communications: pioneers 

and innovators,” In Proc. Progress in Electromagnetics Symposium, pp. 1-42, 2000. 

[13]  http://tikalon.com/blog/blog.php?article=2014/Branly 

[14]  Wilson, James M., “Ultra-wideband/a disruptive RF technology?” Version 1.3, Intel Research 

and Development, 2002. 

[15]  D. Tran, P. Aubry, A. Szilagyi*, I.E. Lager, O. Yarovyi and L.P. Ligthart, “On the Design of a 

Super Wide Band Antenna,”  Published in Ultra Wideband, InTechOpenAccess, pp. 399- 425, 

2010. 

[16]  Duroc, Yvan, and Ali Imran Najam, “UWB antennas: design and modeling,” INTECH Open 

Access Publisher, pp. 371-392, 2010. 

[17]  Amolak Singh Badesha, “WiMedia UWB PHY Design and Testing,” Microwave Journal, 

http://www.microwavejournal.com/articles/3987-wimedia-uwb-phy-design-and-

testing?v=preview, 2006. 

[18]  Anderson, Christopher R., Jeffrey H. Reed, R. Michael Buehrer, Dennis Sweeney, Stephen 

Griggs, and Jeffrey H. Reed, “An introduction to Ultra Wideband communication systems,” 

Prentice Hall, 2005. 



- 73 - 

[19]  “Time Domain’s Ultra Wideband (UWB),” Part Two: Definition and Advantages, TIME 

DOMAIN®, 2012. 

[20] Y. M. Kim, “Ultra Wide Band (UWB) Technology and Applications,” technical re-port, NEST 

group, The Ohio State University, July 10, 2003. 

[21]  http://webpages.ursinus.edu/lriley/courses/p212/lectures/node10.html 

[22]  Conroy, J. T., Joseph L. LoCicero, and Donald R. Ucci, “Communication techniques using 

monopulse waveforms,” In Military Communications Conference Proceedings (MILCOM), 

IEEE, vol. 2, pp. 1181-1185, 1999. 

[23]  Bart M. Haar Romeny, “Front-End Vision and Multi-Scale Image Analysis: Multi-scale 

Computer Vision,” Springer, 2003. 

[24]  Xiaomin chen and Sayfe Kiaei, “Monocycle Shapes for Ultra Wideband System,” IEEE 

International Symposium on Circuits and Systems (ISCAS), vol.1, pp. 597-600, 2002. 

[25]  Sheng, Hongsan, Philip Orlik, Alexander M. Haimovich, Leonard J. Cimini, and Jinyun Zhang, 

“On the spectral and power requirements for ultra-wideband transmission,” IEEE International 

Conference on Communications (ICC), vol. 1, pp. 738-742, 2003. 

[26]  Oppermann, Ian, Matti Hämäläinen, and Jari Iinatti, “UWB: theory and applications,” John 

Wiley & Sons, 2005. 

[27]  Xavier Begaud, “Ultra wide band antennas,” ISTE, Wiley Online Library, 2011. 

[28]  Hirt, Walter, “The European UWB radio regulatory and standards framework: Overview and 

implications,” IEEE International Conference on Ultra-Wideband (ICUWB), pp. 733-738, 

2007. 

[29]  Homayoun Nikookar and Ramjee Prasad, “Introduction to Ultra Wideband for Wireless 

Communications,” Springer, 2009. 

[30]  Jianxin Liang, “Antenna Study and Design for Ultra Wideband Communication Applications 

(PhD Thesis),” the University of London, July 2006 

[31]  G. Heidari, “WiMedia UWB: technology of choice for wireless USB and Bluetooth,” John 

Wiley & Sons, Inc., 2008. 

[32]  F.Nekoogar, “Ultra-wideband communications: fundamentals and applications,” Upper Saddle 

River, NJ: Prentice Hall Professional Technical Reference, 2006. 

[33]  Saleh, Adel AM, and Reinaldo A. Valenzuela, “A statistical model for indoor multipath 

propagation,” IEEE Journal on Selected Areas in Communications, vol. 5, no. 2, pp. 128-137, 

1987. 

[34]  Foerster, Jeff. “UWB channel modeling contribution from Intel,” IEEE P802. 15-02/279-SG3a, 

2002. 

[35]  Spencer, Quentin, Michael Rice, Brian Jeffs, and Michael Jensen, “A statistical model for 

angle of arrival in indoor multipath propagation,” IEEE 47th Vehicular Technology 

Conference, vol. 3, pp. 1415-1419, 1997. 

[36]  Cook, Jarrod, Nathan Gove, Brian Huggins, In Soo Ahn, and Prasad Shastry, “Ultra Wideband 

Research and Implementation,” Final Report Senior Capstone Project, 2007. 

[37]  SADOUGH, Seyed Mohammad-Sajad. “A tutorial on ultra wideband modulation and 

detection schemes,” 2009. 

[38]  Win, Moe Z., and Robert A. Scholtz, “Impulse radio: How it works,” IEEE communications 

letters, vol. 2, no. 2, pp. 36-38, 1998. 

[39]  R. A. Scholtz, “Multiple access with time-hopping impulse modulation,” Military 

Communications Conference (MILCOM), vol. 2, pp. 447–450, 1993. 



- 74 - 

[40]  Pursley, Michael B., “Direct-sequence spread-spectrum communications for multipath 

channels,” IEEE Transaction on Microwave Theory and Techniques, vol. 50, no. 3, pp. 653-

661, 2002. 

[41]  Mandke, Ketan, Haewoon Nam, Lasya Yerramneni, and Christian Zuniga, “The evolution of 

UWB and IEEE 802.15. 3a for very high data rate WPAN,” EE 381K-11 Wireless 

Communications UWB Group, The University of Texas at Austin, 2003. 

[42]  Wylie-Green, Marilynn P., Pekka A. Ranta, and Juha Salokannel, “Multi-band OFDM UWB 

solution for IEEE 802.15. 3a WPANs,” IEEE/Sarnoff Symposium on Advances in Wired and 

Wireless Communication, pp. 102-105, 2005. 

[43] .http://www.rohdeschwarz.de/de/Produkte/messtechniktestsysteme/signalgeneratoren/AFQK26

4.html. 

[44] “MB-OFDM Modulation Overview,” 

http://rfmw.em.keysight.com/wireless/helpfiles/89600B/webhelp/subsystems/mbofdm/content/

mbofdm_modoverview.htm 

[45]  O.Lodge, August 16. 1898, Electric Telegraphy, US Patent609.154 

[46]  Boyle, K. R., E. Spits, M. De Jongh, S. Sato, T. Bakker, and A. van Bezooijen, “Antenna 

tuners for mobile applications,” 7
th
 European Conference on Antennas and Propagation 

(EuCAP), IEEE, pp. 3632-3633, 2013. 

[47]  Schantz, Hans Gregory, “A brief history of UWB antennas,” IEEE Aerospace and Electronic 

Systems Magazine, vol. 19, no. 4, pp. 22-26, 2004. 

[48]  Miškovský, Pavel “UWB Antenna Design for Communication System Performance 

Optimization,” PhD Dissertation, Centre Tecnològic Telecomunicacions Catalunya (CTTC), 

2009. 

[49]  “IEEE standard definitions of terms for antennas,” IEEE Std 145-1993, March 18, 1993. 

[50]  Duroc, Yvan, Anthony Ghiotto, Tan-Phu Vuong, and Smail Tedjini, “Ultra-wideband 

antennas: Design and modeling,” Second International Conference on Communications and 

Electronics (ICCE), pp. 318-323, 2008. 

[51]  Baldonero, Paolo, Antonio Manna, Fabrizio Trotta, and Roberto Flamini, “UWB 

Multifunction Antennas,” INTECH Open Access Publisher, 2011. 

[52]  Dyson, John D, “A survey of the very wide band and frequency independent antennas—1945 

to the present,” Res. Nat. Bur. Stand, vol. 66, no. 1, pp. 1-5, 1962. 

[53]  Ghazi, Azad, Mohammad Naghi Azarmanesh, and Mouhammad Ojaroudi, “Multi-resonance 

square monopole antenna for ultra-wideband applications,” Progress In Electromagnetics 

Research C, vol. 14, pp. 103-113, 2010. 

[54]  Run-Nan, Cai, Yang Ming-Chuan, Lin Shu, Zhang Xing-Qi, Zhang Xin-Yue, and Liu Xiao-

Feng, “Design and Analysis of Printed Yagi-Uda Antenna and Two-Element Array for WLAN 

Applications,” International journal of antennas and propagation, Volume 2012. 

[55]  M. Stasiowski and D. Schaubert, “Broadband Array Antenna,” Proceedings of the 2008 

Antenna Applications Symposium, pp. 42-59, 2008. 

[56]  L.Guo, S.Wang, C.C.Chiau, X.Chen, C.G.Parini, “On small antennas.” 

http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4458334. 

[57] Wheeler, Harold A., “Fundamental limitations of small antennas,” Proceedings of the IRE, vol. 

35, no. 12, pp. 1479-1484, 1947. 

[58]  Wheeler, Harold A., “Small antennas,” IEEE Transactions on Antennas and Propagation, vol. 

23, no. 4, pp. 462-469, 1975. 

[59]  Minin, Igor, “Microwave and millimeter wave technologies: Modern UWB antennas and 

equipment,” Teh, Vukovar, 2010. 



- 75 - 

[60]  Khouri, Rami, Yvan Duroc, Vincent Beroulle, S. Tedijini, and Osman Franscico Oliveira 

Gomes, “VHDL-AMS Modeling of an UWB Radio Link Including Antennas,” 14th IEEE 

International Conference on Electronics, Circuits and Systems (ICECS), IEEE, pp. 570-573. 

2007. 

[61]  Rialet, D., S. K. Podilchak, M. Clenet, M. Essaaidi, and Y. M. M. Antar, “Characterization of 

compact disc uwb monopole antennas using the singularity expansion method,” IEEE 

International Conference on Ultra-Wideband (ICUWB), pp. 412-416, 2012. 

[62]  Duroc, Yvan, Tan-Phu Vuong, and Smail Tedjini, “A time/frequency model of ultrawideband 

antennas,” IEEE Transactions on Antennas and Propagation, vol. 55, no. 8, pp. 2342-2350, 

2007. 

[63]   Sibille, Alain, “Statistical antenna modelling,” 29th URSI General Assembly, 2008. 

[64]  Wang, Stanley BT, Ali M. Niknejad, and Robert W. Brodersen, “Circuit modeling 

methodology for UWB omnidirectional small antennas,” IEEE Journal on Selected Areas in 

Communications, vol. 24, no. 4, 871-877, 2006. 

[65]  Akhoondzadeh-Asl, L., M. Fardis, A. Abolghasemi, and G. Dadashzadeh, “Frequency and 

time domain characteristic of a novel notch frequency UWB antenna,” Progress In 

Electromagnetics Research (PIER), vol.  80, pp. 337–348, 2008. 

[66]  Wang, Yong, Jiazi Li, and Li-Xin Ran, “An equivalent circuit modeling method for ultra-

wideband antennas,” Progress In Electromagnetics Research, vol. 82, pp. 433-445, 2008. 

[67]  M. Ansarizadeh, A. Ghorbani, and R. A. Abd-Alhameed, “An Approach To Equivalent Circuit 

Modeling of Rectangular Microstrip Antenna 2008 Progress In Electromagnetic Research B” 

vol. 8, pp. 77-86, 2008. 

[68]  Ma, T.G. and Wu, S.J., “Ultra wideband Band-Notched Folded Strip Monopole Antenna,” 

IEEE Trans. Antennas Propagation, vol. 55, pp. 2473-2479, 2007. 

[69]  Nie, X. C., N. Yuan, L. W. Li, and Y. B. Gan, “Accurate modeling of monopole antennas in 

shielded enclosures with apertures,” Progress In Electromagnetics Research, PIER, vol. 79, pp. 

251–262, 2008. 

[70]  Long, B., P. Werner, and D. Werner, “A simple broadband dipole equivalent circuit model,” 

IEEE APS Int. Symp. Dig., vol. 2, pp. 1046–1049, 2000. 

[71]  Chen, Zhi Ning, Xuan Hui Wu, Hui Feng Li, Ning Yang, and Michael Yan Wah Chia. 

“Considerations for source pulses and antennas in UWB radio systems,” IEEE Transactions on 

Antennas and Propagation, vol. 52, no. 7, pp. 1739-1748, 2004. 

[72]  Weng, Yuanfan, and 翁远帆, “Design of band-notched characteristics for compact UWB 

monopole antennas,” PhD diss., The University of Hong Kong (Pokfulam, Hong Kong), 2012. 

[73]  C. A. Balanis, “Antenna Theory Analysis and Design, 3rd edition,” John Wiley & Sons, Inc., 

2005. 

[74]  Hassibi, Babak, “Multiple-antenna systems and wireless networks,” In Radio and Wireless 

Symposium, IEEE, pp. 63-66, 2006. 

[75]  “Tutorial: Multiple-Input and Multiple-Output (MIMO) System Analysis,” 

djj.ee.ntu.edu.tw/MIMO.docx 

[76]  Foschini, Gerard J., “Layered space-time architecture for wireless communication in a fading 

environment when using multi-element antennas,” Bell labs technical journal, vol. 1, no. 2, pp. 

41-59, 1996. 

[77]  Foschini, Gerard J., and Michael J. Gans, “On limits of wireless communications in a fading 

environment when using multiple antennas,” Wireless personal communications, vol.  6, no. 3 

pp. 311-335, 1998. 



- 76 - 

[78]  G. G. Raleigh, and J. M. Cioffi, “Spatio-Temporal Coding for Wireless Communications,” 

Proc. IEEE Globecom, pp. 1809-1814, 1996. 

[79]  G. G. Raleigh, and J. M. Cioffi, “Spatio-Temporal Coding for Wireless Communication,” 

IEEE Trans. Communications, vol. 46, no. 3, pp. 357-366, 1998. 

[80]  A. Goldsmith, “Wireless Communications,” Cambridge Univ. Press, 2005. 

[81]  Rappaport, Theodore S., “Wireless communications: principles and practice,” vol. 2. New 

Jersey: prentice hall PTR, 1996. 

[82] Kumar, Akhilesh, and Anil Chaudhary, “Channel capacity enhancement of wireless 

communication using MIMO technology,” International Journal of Scientific & Technology 

Research, vol. 1, no. 2 pp.  91-100, 2012. 

[83]  Introduction to MIMO- Rohde & Schwarz                                                                             

http://www.rohde-schwarz.com/en/applications/introduction-to-mimo-application-note_56280-

15637.html. 

[84]  LTE MIMO: Multiple Input Multiple Output Tutorial- Radio-Electronics.com                       

http://www.radio-electronics.com/info/cellulartelecomms/lte-long-term-evolution/lte-

mimo.php. 

[85]  MIMO (Multiple Input Multiple Output) 

http://www.sharetechnote.com/html/BasicProcedure_LTE_MIMO.html. 

[86]  Garcia-Pardo, Concepcion, Jose-Maria Molina-Garcia-Pardo, Jose-Victor Rodriguez, and 

Leandro Juan-Llacer, “MIMO capacity in UWB channels in an office environment for different 

polarizations,” Progress In Electromagnetics Research C, vol. 44, pp. 109-122, 2013. 

[87]  Su, Karen. “Space-Time Coding: From fundamentals to the future,” First year Ph. D. report, 

2003. 

[88]  Gesbert, D., M. Sha¯, D.-S. Shiu, P. Smith, and A. Naguib, “From theory to practice: An 

overview of MIMO space-time coded wireless systems,” IEEE Journal on Selected Areas in 

Communications, vol. 21, no. 3, pp. 281-302, 2003. 

[89]  Abou-Rjeily, Chadi, and Wissam Fawaz, “Space-time codes for MIMO ultra-wideband 

communications and MIMO free-space optical communications with PPM,” IEEE Journal on 

Selected Areas in Communications, vol. 26, no. 6, 938-947, 2008. 

[90]  Kaiser, Thomas, “On UWB beamforming,” Advances in Radio Science, vol. 2, no. 6, pp. 163-

167, 2005. 

[91]  Song, Hee-Chun, William S. Hodgkiss, and William A. Kuperman, “MIMO time reversal 

communications,” In Proceedings of the second workshop on Underwater networks, ACM, pp. 

5-10, 2007. 

[92]  Song, H. C., Philippe Roux, W. S. Hodgkiss, W. A. Kuperman, T. Akal, and M. Stevenson. 

“Multiple-input-multiple-output coherent time reversal communications in a shallow-water 

acoustic channel,” IEEE Journal of Oceanic Engineering, vol. 31, no. 1, pp. 170-178, 2006. 

[93]   R. Pabst et al., “Relay-based deployment concepts for wireless and mobile broadband radio,” 

IEEE Communication Mag., vol. 42, no. 9, pp. 80–89, 2004. 

[94]  “A short delay relay scheme using shared frequency repeater for UWB impulse radio,” IEICE 

Trans. Fundam. Electron. Commun. Comput. Sci., vol. E90-A, no. 7, pp. 1444–1451, 2007. 

[95]  Maichalernnukul, Kiattisak, Trung Kien Nguyen, Feng Zheng, and Thomas Kaiser, 

“Performance of UWB MIMO relay systems in real UWB channels,” 2010 Conference Record 

of the Forty Fourth Asilomar Conference on Signals, Systems and Computers (ASILOMAR),  

IEEE, pp. 526-530, 2010. 

[96]  K. Maichalernnukul, F. Zheng, and T. Kaiser, “Design and performance of dual-hop MIMO 

UWB transmissions,” IEEE Trans. Veh. Technol., vol. 59, no. 6, pp. 2906–2920, 2010. 



- 77 - 

[97]  —“UWB MIMO cooperative relay systems: BER analysis and relay regions,” in Proc. CISS, 

Princeton, NJ, pp. 1–6, 2010. 

[98]  Maichalernnukul, Kiattisak, Feng Zheng, and Thomas Kaiser, “UWB MIMO cooperative relay 

systems: BER analysis and relay regions,” 44th Annual Conference on Information Sciences 

and Systems (CISS), pp. 1-6, IEEE, 2010. 

[99]  Najam, Ali Imram, Yvan Duroc, and Smail Tedjni, “UWB-MIMO antenna with novel stub 

structure,” Progress In Electromagnetics Research, vol. 19, pp. 245 - 257, 2011. 

[100] See, Terence SP, AileenML Swee, and Zhi Ning Chen, “Correlation analysis of UWB 

MIMO antenna system configurations,” Proc. of IEEE International Conference on Ultra-

Wideband, vol. 2, pp. 105 - 108, 2008. 

[101]  Jusoh, M., M. F. Jamlos, M. R. Kamarudin, Z. A. Ahmad,M. A. Romli, and S. H. Ronald, 

“A UWB MIMO Spatial Design Effect on Radiation Pattern,” Proc. of IEEE International Rf 

And Microwave Conference, pp. 1510 - 1513, 2012. 

[102]  T.Phairat, and T. Chanchai, “Design of an UWB quasirhomboid shaped element bowtie 

antenna for MIMO applications,” Proc. of the World Congress on Engineering, vol.2, 2011. 

[103]  Ryu, Hong-Kyun, and Jong-Myung Woo, “Design of Ultra-wideband MIMO Antenna for 

Mobile Handset Applications,” PIERS Proceedings, pp. 968 - 971, 2012. 

[104]  Mabrouk, Ismail Ben, and Zahoor Ahmad, “MIMO-UWB Wireless Sensors for 

Underground Mine Gallery,” Proc. Of 2nd Symposium on Wireless Sensors and Cellular 

Networks (WSCN’13), pp. 1-9, 2013. 

[105] Zhuge, Xiaodong, and Alexander G. Yarovoy, “Three-dimensional near-field MIMO array 

imaging using range migration techniques,” IEEE Transactions on Image Processing, vol. 21, 

no. 6, pp. 3026 - 3033, 2012. 

[106]  Zhuge, Xiaodong, and Alexander G. Yarovoy, “A sparse aperture MIMO-SAR-based 

UWB imaging system for concealed weapon detection,” IEEE Transactions on Geoscience and 

Remote Sensing, vol. 49, no. 1, pp. 509 - 518, 2011. 

[107]  Dong-Mei, Huang, and Zhang Qin-Yu, “Impulse radio ultra-wide-band through wall 

imaging radar based on multiple-input multiple-output antenna arrays,” Information 

Technology Journal, vol. 9, no. 4, pp. 782 - 789, 2010. 

[108] Zhuge Xiaodong, “Short-range ultra-wideband imaging with multiple-input multiple-

output arrays,” Ph.D. Dissertation, Deft University of Technology, 2010. 

[109] Jusoh, M., M. F. Jamlos, M. F. Malek, Muhammad Ramlee Kamarudin, and H. Harun. 

“Analysis of radiation efficiency effects on UWB MIMO tree-antenna positioning,” Asia-

Pacific Symposium on Electromagnetic Compatibility (APEMC), IEEE, pp. 897-900, 2012. 

[110]  S-Y. Lin and H-R. Huang, “Ultra-Wideband MIMO Antenna with Enhanced Isolation,” 

Microw. Opt. Technology Letter, vol.51, no.2, pp. 570-573, 2009. 

[111]  K-L.Wong, S-W. Su and Y-L Kuo, “A Printed Ultra-Wideband Diversity Monopole 

Antenna,” Microw. Opt. Technology Lett., vol.38, no.4, pp.257-259, 2003. 

[112]  Kiem, Nguyen Khac, Huynh Nguyen Bao Phuong, and Dao Ngoc Chien, “Design of 

compact 4 4 UWB-MIMO antenna with WLAN band rejection,” International Journal of 

Antennas and Propagation, 2014. 

[113]  J. Lee, S. Hong and J. Choi, “Design of an Ultra-Wideband MIMO Antenna for PDA 

Applications,” Microw. Opt. Technology Lett., vol.52, no.10, pp.2165-2170, 2010. 

[114]  Li, Zhengyi, Zhengwei Du, Masaharu Takahashi, Kazuyuki Saito, and Koichi Ito. 

“Reducing mutual coupling of MIMO antennas with parasitic elements for mobile terminals,” 

IEEE Transactions on Antennas and Propagation, vol. 60, no. 2, 473-481, 2012. 



- 78 - 

[115]  Naser-Moghadasi, Mohammad, Rahele Ahmadian, Zahra Mansouri, Ferdows B. Zarrabi, 

and Maryam Rahimi, “Compact EBG Structures for Reduction of Mutual Coupling in Patch 

Antenna MIMO Arrays,” Progress In Electromagnetics Research C, vol. 53, pp. 145-154, 2014. 

[116]  Roshna, T. K., U. Deepak, V. R. Sajitha, K. Vasudevan, and P. Mohanan, “A Compact 

UWB MIMO Antenna with Reflector to Enhance Isolation,” IEEE Transactions on Antennas 

and Propagation, vol. 63, no. 4, 1873-1877, 2015. 

[117]  Subedi, Santosh, and Jae-Young Pyun, “Design of a compact UWB antenna for multi-

band wireless applications,” International Conference on Information Networking (ICOIN), 

IEEE, pp. 456-461, 2015. 

[118]  Chan, K. C., and Alphonse Harter, “Impedance matching and the Smith chart-The 

fundamentals,” RF DESIGN, vol. 23, no. 7, pp. 52-66, 2000. 

[119]  Hemminger, Thomas L., “Understanding Transmission Line Impedance Matching Using 

Neural Networks and PowerPoint,” In Frontiers in Education, 2005. FIE'05. Proceedings 35th 

Annual Conference, pp. T4E-T4E. IEEE, 2005. 

[120]  P.N. Fletcher, M. Dean and A.R. Nix, “Mutual coupling in multi-element array antennas 

and its influence on MlMO channel capacity,” IEEE Electronics Letters, vol.39, no. 4, pp. 342 

- 344, 2003. 

[121]  E. Skatidas and R.J. Evans, “Antenna Effects on the Capacity of MIMO communications 

systems in Rayleigh Channels,” Proc. of IEEE personal indoor and Mobile Radio 

Communications (PIMRC 04), vol. 1, pp. 617 - 621, 2004. 

[122]  Aggarwal, Sonam, and Anupma Marwaha, “Effects of Mutual Coupling on Various 

Parameters of Two Element Circular Patch Microstrip Antenna Array,” International Journal of 

Application or Innovation in Engineering & Management (IJAIEM), vol.2, no.8, pp. 91 - 94, 

2013. 

[123]  Feng Wang, Konstanty Bialkowski, and Marek E. Bialkowski, “Investigation into the 

Impact of Mutual Coupling on the Performance of a Multiuser MIMO System Employing 

Generalized Channel Inversion Technique,” International Journal of Antennas and 

Propagation, vol. 2011, pp. 1-9, 2011. 

[124]  C. Borja, A. Algans, M. Royo, J. Anguera, and C. Puente, “Impact of the antenna 

technology and the antenna parameters on the performance of MIMO systems,” Proc. of IEEE 

International Symposium Antennas and Propagation Society, vol. 2, pp. 507 - 510, 2003. 

[125]  Svantesson, Thomas, and Anders Ranheim, “Mutual coupling effects on the capacity of 

multi-element antenna systems,” Proc. of IEEE International Conference on Acoustics, Speech, 

and Signal Processing Proceedings, vol. 4, pp. 2485 - 2488, 2001. 

[126]  Guo, Bin. “Antenna diversity in mobile phone.” A Master Thesis in Signals and Systems, 

Chalmers University of Technology, Sweden, 2008. 

[127] Avendal, Johan, Zhinong Ying, and Buon Kiong Lau,“Multiband diversity antenna 

performance study for mobile phones,” Proc. of IEEE International Workshop on Antenna 

Technology: Small and Smart Antennas Metamaterials and Applications, pp. 193 - 196, 2007. 

[128]  Zuo, Shaoli, Ying-Zeng Yin, Wei-Jun Wu, Zhi-Ya Zhang, and Jie Ma, “Investigations of 

reduction of mutual coupling between two planar monopoles using two /4 slots,” Progress In 

Electromagnetics Research Letters, vol. 19, pp. 9 - 18, 2010. 

[129]  Jin, Zhejun, Jong-Hyuk Lim, and Tae-Yeoul Yun, “Small size and high-isolation MIMO 

antenna for WLAN,” ETRI Journal, vol. 34, no. 1, pp. 114 - 117, 2012. 

[130]  C. Votis, G. Tatsis and P. Kostarakis, “Envelope Correlation Parameter Measurements in 

a MIMO Antenna Array Configuration,” Int’l J. of Communications, Network and System 

Sciences, vol. 3 no. 4, pp. 350 - 354, 2010.  



- 79 - 

[131]  Khaleghi, and Ali, “Diversity techniques with parallel dipole antennas: Radiation pattern 

analysis,” Progress in Electromagnetics Research, vol. 64, pp. 23 - 42, 2006. 

[132]  Rosengren, and Kent, “Characterization of terminal antennas for diversity and MIMO 

systems by theory, simulations and measurements in reverberation chamber,” Chalmers 

University of Technology, 2005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



- 80 - 

Acknowledgement 

 

My greatest gratitude goes to the almighty God who has been my helper from ages past. The Lord, 

my God has been my source of strength and my hope in every dark tunnel. I would never finish this 

thesis without His tender mercies and favour. I am indeed grateful. 

My supervisor, Professor Jae-Young Pyun has always been a constant source of encouragement 

and motivation to me throughout my studies at Chosun University. I am indeed very grateful to 

have worked under your tutelage. You guided and encourage me to work on independent research 

projects and you were always there to give me the extra push whenever I feel discouraged.  I am 

grateful to have received enormous support from you. I am also grateful to the Chairman of my 

Advisory Committee, Professor Han Seung-Jo, for your guidance, understanding and support 

throughout the period of my thesis writing. I am grateful to you for taking out time to plan and 

organize my thesis defense. Also, I am very grateful to Professor Choi Dong-You for your help and 

support throughout my study at Chosun University. Professor Choi encouraged and inspired my 

work on UWB antennas and your fundamental course on antenna engineering have been very 

helpful to me. Indeed, without the support of the members of my advisory committee members, this 

thesis would not have been successfully completed. I am indebted to all my professors in the 

Department of Information and Communication Engineering, Chosun University, South Korea. 

I am forever indebted to the Korean Government for awarding me the highly coveted KGSP 

scholarship award without which I would not have been able to attend graduate school in Korea. 

Also, I am very grateful to the Korean Embassy, Abuja and the Korean Cultural Center, Abuja for 

the faith they had on me by nominating me as the only candidate of the Korean Embassy in Nigeria 

for the KGSP award, 2012. I am forever grateful to the Korean Embassy in Nigeria.  I wish to 

acknowledge the staff members of KGSP at Chosun University, most especially  

At this juncture, I would like to acknowledge my wonderful family. My parents: Mr Louis and 

Mrs. Theresa Ezuma have always been a strong anchor and inspiration to me. They made the major 

sacrifice that has brought me to this position in life. They paid the price and took the pain to bring 

me up to this position in life. They foresaw a great future in me even when the cloud over my head 



- 81 - 

was bleak. They never gave up on me. I will eternally be grateful to both of you. Also, I am 

grateful to my wonderful siblings: Esther Ijeoma Ezuma, Chidin Blessing Eze, Cynthia Peace 

Ezuma and Ifeanyi Austin Ezuma. I am so glad God allowed me to grow up alongside you guys in 

the same family. It has been a wonderful life experience full of love.  I know sometimes we have 

disagreement but we never stopped loving each other. I am indeed blessed to have all of you in my 

life. Also, I am indebted to my lovely nephews: Chinemerem and Somtochukwu Eze. I cannot wait 

to meet you guys. My wonderful cousins: Munachi, Daberechi and Samuel Matthew Akudinobi are 

worthy of mention as well. In addition, I cannot forget my two wonderful uncles: Mr. Matthew 

Akudinobi and Dr. Godslove Egbulonu. Both of you believed in me like I was your only child. The 

sacrifice you made for me cannot be forgotten so easily. I am blessed to have these wonderful 

uncles with a golden heart. I feel very lucky whenever I think about the love and goodness I have 

received from both of you.  

I am greatly indebted to my Fiancée and best friend Nnenna Blessing Orife. You have always loved 

me at good times and bad times. You are a perfect example of a vitreous woman and I am glad to 

have found someone like you. You believed in my dreams even when so many despised me. You 

never considered any reason to doubt if I was the real deal. You saw beyond my looks and gave 

your heart and trust to me. I am forever grateful to you. 

I cannot forget to acknowledge the support and help I received from the teachers and administrators 

of the INHA Language Training Center, Incheon (인하대학교 언어교육원). I am especially 

grateful to Mrs Park Yun Jeong (박윤정) who never gave on me even when I had great difficulty 

understanding the basics of Korean Language. Her constant encouragement will not be forgotten by 

me. Her constant effort towards me can be likened to silver linings in a dark cloud. It gave me the 

motivation that I can succeed in Korea even though I was an alien to the Korean culture and 

educational system. Also, I am indebted to Ms Cho Yeonha (조 연하) who helped me conquer my 

final TOPIK exam. Indeed, without the effort and kindness of Ms Cho Yeonha, I would have spent 

an extra 6months before completing the compulsory language program in Korea. I am full of 

appreciation for her. I wish to also acknowledge Ms Kwon, who was a senior administration staff 

of the INHA Language Training Center. She was a constant help to me during my stay in the 

language center and even after I left for my graduate school. She is the perfect example of a kind 

and hardworking Korean woman. I am grateful to Pastor Kim (김도균) of the Soongeui church 



- 82 - 

(숭의교회), Incheon. You have been a constant companion to me during my sojourner here in 

Korea. I am blessed to have found a man like you in Korea. I am indeed grateful to all my friends 

from the Soongeui church and Wolgwang English Ministry (WEM), Gwangju, Korea. I am 

particularly grateful to wonderful friends like Dr. Daniel Yeshewawork, Dr. Binu Jacobs, Ms. 

Young Eun Yun, Engr. Kotiang Stephen Odira, Engr. Lateef Adewale Kareem, Engr. Hwan-Ik 

Nick Cho, Bro. Emeka Lawrence, Dr. Isaac Acquah, Dr. Imran Bashir, Ms. Júlia Katona, Pastor 

(Dr.) Brice Rogers, Dr. Pranesh Sthapit, Dr. Ramesh Lama, Vlad Catalin Balint, Bro. Nwokedi 

Henry, Bro. Chidi Onyele, Bro. Chibuike Ogwogwo, Bro. Kingsley Uche Ezeanaka, Bro. Wilfred 

Ameh, Bro. Benjamin Ukpong, Bro. Chukwudi Benjamin Nworah, Bro. Chinonso Favour Eze, 

Bro. Chibuzo Kenneth Onwuka, Bro. Ikenna Ekpe (mowete), Bro. Chigozie Ebingoye, Bro. 

Michael Ndukwu, Bro. Obinna Udenigwe, Bro. Emmanuel Okhiria (Kikilomo), Bro. Chukwuebuka 

Martin Orizu, Bro. Ikechi Charles Azuibike, Bro. Chinedu Udeogaranya, Bro. Nsofor Josiah  and 

other wonder friends. Also, some of my high school tutors, spiritual teachers and mentors like 

Engr. Eroje Anuh Sheikh, Pastor (Mr.) Babatunde Taiye, Pastor (Mr.) Adesoji Raji, Pastor (Dcn.) 

Ocheme Tony, Pastor (Mrs.) Victoria Edeki, Pastor (Mrs.) Augustina Uba Nwanoku, Pastor (Mrs.) 

Helen Idiakhoha, Mrs. Ngozi Udeh, Pastor Uche Ikenna Mark, Dr. Chigozie Onyeze, Engr. 

Shedrack G. Akpe Engr. Daniel Moemeke Ekene, Mr. Philip Romanus Ogbaji, Mr. Lawrence 

Enifeh, Mr. Ossai, Elder (Mrs.) Barrister Sambo and Mr. Peter Ariobgewo (Teechee`). These great 

teachers and spiritual mentors laid the foundation for my academic pursuit of excellence and 

spiritual consciousness as well. I am forever grateful to them for guiding me in the early stage of 

career and spiritual development. Also, I will like to acknowledge some of my college professors 

like Late Professor Onwagba, Professor F.C.Eze, Dr. Okechukwu Okeoma and Professor Amagh 

Nduka. These teachers and many others encouraged and nurtured my development in college. I am 

also grateful to Late Professor Olumuyiwa Awe, whose book on physics challenged me and 

strengthened my love for the subject. 

I want to acknowledge my great mentor who is worthy of mention, Late Mr. Godwin Adika. The 

almighty God used this wonderful man to lay a strong foundation for my life. I believe Sir Isaac 

Newton when he said: 

“..If I have seen further than others, it is by standing upon the shoulders of giants” 



- 83 - 

Adika was the giant who lent his shoulders for me to stand on and look into the future. Like an 

artist, the Late Mr. Godwin Adika painted a world full of possibilities in my heart. He made me 

dream dreams that I would not dare imagine on my own. He made me hunger for greatness at a 

time when all I saw in me was failure. I can still hear him saying “Do not become a local 

champion......go out there and do great things.” He told stories of how his old students have made 

success out of their lives in USA and Europe. He tried to make everyone believe they could 

become great irrespective of their family background or academic standing. He made us want to 

work hard. He gave courage to many to start all over again and build the ruins of their lives. To 

Adika, no one was too old to start all over again. No one was too old or too young to dream about 

greatness. He intentionally tried to make us dream BIG. He tried to rescue us from the poverty and 

low life mentality in the slum city of Ajegunle. He was building self-esteem in us by emphasizing 

that we can do all things and someday achieve global greatness through hard work and faith. I have 

never met a man who made me love to work hard as Adika did. I have since never met a teacher 

like him who was not only interested in what gets into my brains but also interested in what goes 

into my mind, heart, soul and spirit. He did not just teach us science and mathematics but he 

worked on our mind and psyche because he knew greatness starts from the mind. He dedicated his 

life to building men. He gave us the audacity to hope. He made us disregard the cliché that nothing 

good can come from Nazareth, which in my case was the slum city of Ajegunle.  

I bless the Almighty God for making my path cross the path of this great academician with a 

golden heart. Late Mr. Adika was a man on a mission to the lost kids of Ajegunle and God used 

him to find me. I will continue to stand on the principles of hard work, success, humility and 

greatness that he taught me during the ephemeral period I was under him. Indeed, he did not just 

teach me but he mentored an entire generation. He did not just find me but he raised an army from 

the valley of dry bones. He effected change through his instructions on wisdom, knowledge, 

kindness, hard work, science and mathematics. How I long to hear his voice one more time. I 

would refer to him as the Socrates or Father Theresa of Ajegunle. Indeed he was a philosopher king 

and a godly man. I am forever indebted to my great mentor and teacher. 

Finally, Omission of the name of anyone does not mean a lack of gratitude and appreciation. I am 

indebted to so many people whose names are not explicitly contained in this acknowledgment. I am 

forever grateful to all such persons. 


	1. Introduction
	1.1 Background
	1.2 Objectives
	1.3 Thesis contribution
	1.4 Thesis

	2. The UWB Antenna Technology
	2.1 Over view of the UWB Communication
	2.2 The UWB Antenna
	2.3 Modelling the UWB antenna

	3.UWB-MIMO antenna system
	3.1 Multi Antenna Systems
	3.2 MIMO Diversity
	3.3 MIMO Channel Model
	3.4 Benefits of MIMO for UWB communication
	3.5 State-of-Art of UWB-MIMO antenna Design
	3.6 Challenges in designing UWB-MIMO antenna systems

	4. The proposed UWB Monopole Antenna
	4.1 Overview
	4.2 The Antenna Geometry
	4.3 Result and Discussion

	5. The proposed UWB-MIMO Antenna
	5.1 The UWB-MIMO Antenna Design
	5.2 Mutual coupling in the proposed UWB-MIMO
	5.3 Envelop correlation and Diversity Performance

	6. Conclusion
	List of Publications
	References
	Acknowledgment


<startpage>18
1. Introduction 1
 1.1 Background 3
 1.2 Objectives 3
 1.3 Thesis contribution 4
 1.4 Thesis organization
2. The UWB Antenna Technology 6
 2.1 Over view of the UWB Communication 6
 2.2 The UWB Antenna 30
 2.3 Modelling the UWB antenna 36
3.UWB-MIMO antenna system 42
 3.1 Multi Antenna Systems 42
 3.2 MIMO Diversity 43
 3.3 MIMO Channel Model 44
 3.4 Benefits of MIMO for UWB communication 45
 3.5 State-of-Art of UWB-MIMO antenna Design 48
 3.6 Challenges in designing UWB-MIMO antenna systems 49
4. The proposed UWB Monopole Antenna 51
 4.1 Overview 51
 4.2 The Antenna Geometry 51
 4.3 Result and Discussion 54
5. The proposed UWB-MIMO Antenna 64
 5.1 The UWB-MIMO Antenna Design 64
 5.2 Mutual coupling in the proposed UWB-MIMO 65
 5.3 Envelop correlation and Diversity Performance 66
6. Conclusion 70
List of Publications 71
References 72
Acknowledgment 80
</body>

