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ABSTRACT 

 

DESIGN OF A DUAL POLARIZED LOW PROFILE ANTENNA FOR 

MICROWAVE BRAIN IMAGING 

 

Üçel, Kaan 

M.Sc, Electrical and Electronics Engineering 

Supervisor: Assoc. Prof. Dr. Lale Alatan 

 

 May 2022, 52 pages 

In this thesis, a low profile, low cost, wide band (0.9-2GHz) dual linearly polarized 

printed dipole antenna is designed to be used in microwave brain imaging systems. 

Dual polarization feature offers superior data acquisition through polarization 

diversity for better image quality. Starting from a simple printed dipole, antenna 

structure is modified step by step to meet these design requirements. Since a 

conductive surface in close vicinity of the antenna affects antenna performance, in 

order to obtain unidirectional radiation from the dipole, instead of an electric 

conductor, a frequency selective surface (FSS) surface is utilized to obtain a low 

profile antenna. The designed antenna has 11x11x1.8 cm dimensions. The antenna is 

manufactured on a FR-4 substrate by laser etching machine. Return loss performance 

and radiation pattern characteristics are measured in an anechoic chamber. 

Measurement and simulation results have been compared with each other and 

satisfactory relevance is achieved. 

Keywords: Printed Dipole, Wideband Antennas, Dual Polarized Antenna 
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ÖZ 

 

MİKRODALGA BEYİN GÖRÜNTÜLEME İÇİN ÇİFT POLARİZE DÜŞÜK 

PROFİLLİ ANTEN TASARIMI 

 

Üçel, Kaan 

Yüksek Lisans, Elektrik Elektronik Mühendisliği Bölümü 

Tez Danışmanı: Doç. Dr. Lale Alatan 

 

Mayıs 2022, 52 sayfa 

Bu tezde, mikrodalga beyin görüntüleme sistemlerinde kullanılmak üzere düşük 

profilli, düşük maliyetli, geniş bantlı (0.9-2GHz) doğrusal çift polarize baskılı dipol 

anten tasarlanmıştır. Çift polarizasyon özelliği, daha iyi görüntü kalitesi için 

polarizasyon çeşitliliği yoluyla üstün veri toplama becerisi sunar. Basit bir basılı 

dipolden başlayarak, bahsedilen tasarım gereksinimlerini karşılamak için anten yapısı 

adım adım geliştirilmiştir. Antenin yakınında bulunan iletken bir yüzey anten 

performansını etkilediğinden, dipolden tek yönlü radyasyon elde etmek için iletken 

bir yüzey yerine frekans seçici yüzey (FSS) yüzeyi kullanılarak düşük profilli bir anten 

elde edilmiştir. Tasarlanan anten 11x11x1.8 cm boyutlarındadır. Anten, lazer kazıma 

makinesi ile FR-4 substratı üzerine üretilmiştir. Geri dönüş kaybı performansı ve 

radyasyon modeli özellikleri, yankısız bir odada ölçülür. Ölçüm ve simülasyon 

sonuçları birbiriyle karşılaştırılarak tatmin edici bir uygunluk elde edilmiştir. 

Anahtar Kelimeler: Basılı Dipol, Geniş Bantlı Antenler, Çift Polarize Anten 
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CHAPTER I 

Introduction 

 

For the last decade, there has been an increased interest in rapid, on-site diagnosis 

techniques. For this reason, microwave imaging became a popular topic for building low 

cost, portable medical tools to be used especially in remote areas. There are various 

studies for imaging different body parts [1], [2]. Head is one of the most important areas 

since medical traumas concerning brain tend to deteriorate more swiftly if it is not 

diagnosed rapidly. Due to portability requirements, on-site microwave imaging tools must 

be small and relatively simple which limits the imaging capability of the system. Instead 

of constructing high quality images, these systems detect the difference in electrical 

properties between healthy and unhealthy areas in the brain. Detection quality is closely 

related to the amount of data gathered from the head. There are several image 

reconstruction techniques [3], [4], [4], [5], [6] proposed to obtain the image from the 

gathered data. Antenna is one of the most important elements in the system since it 

determines the amount and diversity (i.e., different frequencies, polarizations) of 

collected data. 

Most microwave imaging systems consists of multiple antennas that work with multiple 

input multiple output (MIMO) principle. In a MIMO system, one antenna transmits at a 

time and the data received by all other antennas are recorded. Particularly for head 

imaging, antennas are placed around the head forming a helmet-like structure [1]. These 

antennas gather scattered field from the target area to be used in image reconstruction 

algorithms. Increasing the number of antennas results in an improvement in image 

quality. Since the system size is limited, only way of increasing the number of antennas 

is reducing the antenna size. There have been many studies [1], [7], [8], [10], [11] on the 

miniaturization of antennas for microwave imaging. This thesis introduces a small, dual 

polarized, wideband antenna to be used in a portable microwave imaging system. The 

benefit of having a wide frequency band is that resolution in the image improves with 

increasing bandwidth [6]. Moreover, when a tissue is illuminated with different 

frequencies, different reflection or scattering mechanisms occur. Consequently, the 
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scattered field data at various frequencies provide more information about the electrical 

properties of the target. Similarly, more information about scattering from the imaging 

space can be obtained by utilizing dual polarization. In addition to that, as stated by 

Huygen’s principle if tangential components of electric and magnetic fields are known 

over a closed surface, fields outside and inside that surface can be found. Hence when the 

field is sampled on the hemispherical surface with dual polarization, it provides tangential 

component. Consequently, a better image quality is expected. The challenge of 

introducing dual polarization is that it usually requires two antennas with separate feeds 

which contradicts with small antenna size requirement. 

Unlike traditional medical imaging systems, microwave imaging systems can be used in 

areas which are susceptible to high traffic of wireless signals. However, since the target 

area is the head which is within the enclosed helmet-like structure, antennas must be 

receiving signals only from head. Otherwise, unwanted signals coming from outside the 

system can degrade the imaging quality. Therefore, low back lobe levels and high front 

to back ratio is required. Such requirements can be met by using directional antennas or 

by adding reflective or directive elements to the system. Problem with reflective and 

directive elements is that when placed in close proximity to the antenna, they can alter 

matching performance of the antenna and make design of the main radiating antenna 

element much harder. Also, if they are not placed close to the antenna these elements 

increase the system size significantly. For this reason, in recent years periodic structures 

like frequency selective surfaces (FSS) or resistive impedance substrates (RIS) started to 

be widely used instead of electric conductors [12]. 

Although medical microwave imaging is still not a commonly available technique, its 

foundations go as early as 1970s. Electromagnetic waves can damage tissues by heating 

even if it is a nonionizing wave. For this reason, early studies about microwave imaging 

focus on effects of EM waves on human body and proper illumination strength. In 1972, 

Michaelson documented effects of various wavelengths on organs and protection guides 

[13]. Again in 1972, Johnson proposed a microwave imaging instrument on cat’s head 

along with a study on penetration and absorption characteristics of several frequencies on 

brain [14]. According to these studies 918 and 2450 MHz are the optimum frequency 

limits for penetration and absorption, respectively. Later studies suggest similar 

frequency bands for microwave imaging [15], [16]. Idea behind the optimum frequency 
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is that lower frequencies have more penetration through tissues. Since different parts of 

the brain have different permittivity, waves go through some tissues while absorbed by 

other tissues. This mechanism is used to locate various parts in the brain. If frequency is 

too low, wave goes through all tissues and no tissue is detected. Same problem is valid 

for high frequencies since if wave is completely absorbed, no data can be obtained. 

Therefore, using a band of frequencies to be scattered in brain enables the system to 

identify various tissues. On the other hand, power of waves must be below a specific level 

to avoid heating of the tissues. This challenge can be easily overcame by modern receivers 

with high sensitivity that enable illumination power for microwave imaging systems to 

be remarkably below safety limits.  

Yamaura introduced another microwave imaging system in 1977 employing horn 

antennas for 1.8-2.7 GHz frequency band, further investigating the dynamics of 

illuminating human torso and receiving scattered signals [17]. In his work, he focuses on 

leakage effects and coupling between antenna and human body. Compared to modern 

microwave imaging systems, Yamaura’s system was very basic mainly because of low 

received signal quality and processing capabilities. With increasing processing power, 

advanced numerical methods are developed for solving inverse scattering problem. In 

1991, Joachimowicz introduced an iterative method for microwave tomography approach 

which created a basis for advanced image reconstruction algorithms [18]. Further 

developments have shown benefits of using multiple frequencies and employing multiple 

antennas simultaneously [16]. However multiple antenna approach introduces physical 

size problem especially for portable systems.  

In 2006, Abbosh introduced a low loss, ultra-wide band (3-12GHz) printed monopole 

antenna for microwave imaging as shown in Figure 1 [15]. One downside of this antenna 

was its omnidirectional radiation pattern, making the system susceptible to background 

noise. Nevertheless, such an easy to manufacture, relatively small antenna enabled low-

cost, portable microwave imaging systems.  
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Figure 1. Abbosh's low-cost and small monopole antenna [15] 

Since then, numerous antennas are developed for microwave imaging [19], [20], [21], 

[21], [23], [23], [24], [25]. Each of these antennas focus on one or several aspects of the 

microwave imaging requirements while compromising on other properties. For example, 

Figure 2 shows the antenna Mobashsher proposed in 2013 [19] which achieves operating 

frequency band of 1-3GHz, directional radiation pattern and low profile while 

compromising on lowest operating frequency which determines penetration capacity. The 

miniaturized version of the same antenna [20] offers half size while compromising on the 

bandwidth (1.25-2.4GHz).  

 

Figure 2. Mobashsher's folded dipole antenna (a)Top view (b)Side view [19] 

Deng proposed an antenna in 2014 [21] which offers dual polarization at the cost of size 

(60x60mm radiating element, 100x100x10mm with feeding network and the reflector) 

and bandwidth (2.2-2.6GHz). As shown in Figure 3, dual polarization is obtained by 

integrating a printed dipole antenna with a bowtie shaped slot antenna. Since dual 
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polarization usually requires two separate antennas or similar structure with separate 

feedings, keeping antenna size low is a design challenge for dual polarized antennas. In 

this thesis, the requirement on the size of the antenna is eased to achieve dual polarization 

operation.  

 

Figure 3. Deng's dual polarized patch antenna [21] 

In 2016, Mobashsher and Abbosh introduced another antenna for microwave imaging of 

brain and incorporated it into a helmet-like system [21]. The system also has a switching 

circuitry and a transceiver behind the antennas. Figure 4 shows the antenna used in this 

system which is a 10x10x80mm slot-loaded folded dipole with 1-2.4GHz operating 

frequency band and 3dBi average gain. In this thesis, an antenna with similar performance 

is proposed with added feature of dual polarization. 
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Figure 4. Mobashsher and Abbosh's microwave imaging system [21] 

The thesis consists of 4 main chapters. In this introduction chapter, historical development 

of microwave imaging for the head along with recent developments on antennas proposed 

for such systems is described.  

In the second chapter, design process of the proposed antenna is presented step by step 

starting with a simple printed dipole and ending with the final form of the antenna. 

Simulations ran on CST Studio Suite 2019 examined and results discussed. Design 

considerations between each step and discussions on simulation results are given. Along 

with return loss performance, radiation pattern characteristics are also discussed. Benefits 

and working mechanism of various added features of the antenna are explained. In the 

last section, detailed simulation results and realistic configurations using a human head 

model are investigated. 

In the third chapter, measurement results of the manufactured antenna are investigated. 

Scattering parameters and radiation pattern results are compared to simulation results. 

In the fourth chapter, possible further developments on this particular antenna and in 

microwave imaging in general are discussed. Design and obtained results are 

summarized. 
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CHAPTER II 

Antenna Design 

2.1. Initial Model 

For microwave imaging of brain, using low profile antennas enable the imaging system 

to be simple and mobile. Microstrip technology provides such compact and cost-efficient 

antennas in the form of printed antennas. In this work, a pair of printed dipole antennas 

are integrated to gather dual polarized information. Two separate orthogonal linearly 

polarized antenna configuration is referred as dual polarized antenna. Each antenna is 

excited independently and data from both polarization components can be processed 

separately. Starting with a pair of simple printed dipoles, a more complex version is 

obtained.  

Since brain has many layers with different dielectric properties, antenna must operate on 

a wide frequency band to penetrate, reflect or scatter from these mediums so that different 

layers can be distinguished and a useful image can be constructed. Researches show 

900MHz is enough for penetrating all layers of the brain [13]. Therefore, starting 

operating frequency band from 900MHz is optimal for maximum penetration capability. 

On the other hand, when frequency is too high losses inside the brain increases and less 

scattered signal is received. Therefore 2.45GHz is chosen as desired upper limit [13]. 

Figure 5 shows the initial model which is a simple dual polarized antipodal printed dipole 

antenna. The antenna dimensions are 11x11cm and is printed on a FR-4 substrate with 

1.5 mm thickness. The term antipodal refers to a structure where instead of placing 2 arms 

of a dipole on the same side of the substrate, they are placed on opposite sides. In Figure 

5 green color refers to conductors on one side and pink color refers to the conductors on 

other side. There are several examples of such configuration used in antenna 

miniaturization [1], [19], [20]. This way one of the arms of the dipole acts as the ground 

of microstrip feedline. This makes feeding the antenna very easy and simple without 

needing a hole through the substrate or a balun to feed the dipole arms. Antipodal design 

also increases isolation between dipole pairs, thus improving cross-polarization 

performance which is one of the main concerns for a dual-polarized design. 
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Figure 5. Initial model 

We can examine the surface current distribution to understand the working principle of 

both the feeding technique and the dipole itself. Figure 6 shows the current distribution 

on dipole arms at 800MHz and 1364MHz. Top arm is in lower side of the substrate while 

feedline and bottom arm are on the upper side of the substrate. When fed from the port 

on the top, currents flow downwards on the microstrip line and feeds the bottom dipole 

arm in downwards directions at 800 MHz. Top arm of dipole serves as the ground plane 

for the microstrip line. Therefore, currents flow towards the port on top arm in the region 

just below the feedline. On the other hand, at the edges of the top arm, current flows in 

the same direction as the bottom arm. As it can be observed from the radiation pattern 

plots provided in Figure 7, the opposite directed currents on the feed line and the region 

below the feedline cancel each other and the edge currents on the top arm and the currents 

on the bottom arm results in the expected dipole pattern. When current distributions at 

1.364 GHz are examined it can be observed that they are in same direction for top and 

bottom arms but it is stronger at the top arm. As a result, due to unequal feeding of dipole 

arms, an asymmetry is observed in the radiation pattern as seen in Figure 7. The reason 
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for such a change in the current distribution is the change in the electrical length of the 

feed line with frequency. At 1.364 GHz the feed line is almost quarter of the wavelength 

whereas it is about 0.15 wavelength at 800 MHz.  With the change in the electrical length, 

the impedance seen at the excitation port changes and this affects the variation of current 

along the feedline both in magnitude and phase. Later in this thesis, we will further 

investigate surface current distribution for upcoming models. 
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Figure 6. Current distribution on initial model at a) 800MHz b)1364MHz 

 

Figure 7. Asymmetric radiation due to unequal feeding of dipole arms 

Figure 8 shows the return loss at feeding port of the antenna. -10dB return loss is usually 

considered as minimum acceptable performance and we will refer to “operating 

frequency band” as frequencies where return loss is lower than -10dB. For the initial 

model, frequency bandwidth is about 200MHz around 800MHz center frequency. Our 

aim is to achieve an operating band from 900 MHz to 2GHz for maximum penetration 

capability. 

 

Figure 8. Return loss performance of initial model 
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2.2. Systematic Examination of Antenna Parameters 

There are several parameters defining the overall performance of the antenna. Each of 

these parameters affects the performance of the antenna in a specific way. These effects 

must be studied systematically to understand the radiation mechanism and to optimize the 

antenna performance. Each dimension must be isolated and effect of small changes of 

these dimensions on overall performance needs to be observed independently. Main 

parameters are antenna length, space between dipole arms and substrate thickness. Figure 

9 shows these dimensions and corresponding parameters for these dimensions on the 

proposed antenna. For the initial model, these parameters are chosen as gapc=4mm, 

feedw=2mm, Ldip=110mm, Wdip=3mm. 

 

Figure 9. Dimensions of the antenna 
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Although two printed dipoles are fed independently, since they are on the same substrate 

and close to each other, both affect each other’s radiation mechanism. This effect is 

closely related to isolation between two orthogonally polarized antennas which 

determines the cross-polarization performance of the antenna. Suppressed cross-

polarization allows proper separation of the information obtained from different 

polarization components, resulting in better image reconstruction. Increasing the distance 

between antennas increases the isolation and improves overall antenna performance. 

Figure 10 shows the effect of distance between dipole arms on the antenna performance. 

Increasing this distance improves bandwidth slightly and reduces 𝑠11 values considerably 

for the whole band. This may be due to the change in the capacitance value of the gap 

between the dipole arms. Hence this parameter of the antenna can be used to improve the 

matching of the antenna. 

 

Figure 10. Effect of gap width between dipole arms on antenna performance 

Thickness of the antenna substrate also affects the antenna performance. Since substrate 

thickness is determined by the materials used in manufacturing, not every desired 

thickness is available. Figure 11 shows the effect of substrate thickness on 𝑠11 

performance of the antenna. Increasing the substrate thickness slightly improves 𝑠11 

performance. This effect may also be due to the change in capacitance values of the gap 

between dipole arms. Similarly, this parameter can also be tuned for better matching. 
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Figure 11. Effect of substrate thickness on antenna s11 performance 

 

Antenna length is the primary dimension determining the frequency of operation. Figure 

12 shows the effect of antenna length on the s11 performance of the antenna. As expected, 

increasing antenna length shifts the operational bandwidth to lower frequencies. 

 

Figure 12. Effect of antenna length on s11 performance of the antenna 
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Table 1 shows the relation between dipole length and longest wavelength supported by 

the corresponding dipole length. 𝐿𝑑𝑖𝑝/𝜆𝑙𝑜𝑤 ratio is approximately 0.25 for all lengths, 

suggesting that lower frequency cut-off occurs when dipole length is quarter wavelength. 

Note that another resonance occurs when dipole length corresponds to half wavelength. 

However, the matching level at that frequency is not as good as the matching at the lower 

band. Hence, the aim will be to improve matching at the higher resonance and in between 

two resonances to achieve wider bandwidth. 

Table 1. Relation between dipole length vs longest operatinonal wavelength 

𝑳𝒅𝒊𝒑 (mm) 𝒇𝒍𝒐𝒘 (MHz) 𝝀𝒍𝒐𝒘 (mm) 𝑳𝒅𝒊𝒑/𝝀𝒍𝒐𝒘 

90 810 370 0.24 

100 740 405 0.25 

110 688 436 0.25 

120 646 464 0.26 

 

Since it is well known that the width of the dipole significantly affects the bandwidth, its 

effects will be analyzed separately in the next section. 

 

2.3. Increasing the Bandwidth of the Dipole 

As discussed in Introduction chapter, wider frequency band provides better image quality. 

Therefore, improvements on the simple printed dipole must be made. A common way to 

achieve this is to employ tapered arms instead of fixed width along the arm length as 

shown in Figure 13. Tapering allows the spreading of the current along the width of the 

antenna. This spreading of the current reduces the variation of the current distribution 

with changing frequency. Consequently, bandwidth gets wider. Tapered structure also 

makes maximum use of the antenna area. Figure 13 shows the design with tapered dipole 

arms. 
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Figure 13. Model with tapered arms 

Figure 14 shows the return loss performance of tapered model and confirms the 

mentioned mechanism above. Bandwidth is increased from 200MHz to almost 500MHz 

while the bandwidth shifted towards higher frequencies. Since the frequency band starts 

from about 900MHz after this shift, the antenna still meets the requirements on lower 

frequency limit. 

 

Figure 14. Return loss performance of tapered model 
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Based on the geometries of wideband printed dipole antenna structures in literature, a 

partially tapered model as shown in Figure 15 is also investigated. 

 

Figure 15. Partially tapered model 

Figure 16 shows the return loss performance of the partially tapered model compared to 

previous models. Bandwidth is further increased to nearly 1.5GHz, while keeping the 

lower frequency limit almost same as the narrow dipole antenna. Another interesting 

observation is that the matching level at the second resonance frequency (around 1.6GHz) 

of the narrow dipole is improved significantly by making the width of the dipole wider. 
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Figure 16. Return loss performance of three different dipole structures 

This large bandwidth is achieved by sweeping r2 which is the ratio of the length of the 

tapered portion of the dipole arm to the entire dipole arm length as shown in Figure 15. 

Note that as this ratio increases, the width of the untapered portion of the dipole gets 

wider. When ratio is 1, it is equivalent to fully tapered model and when ratio is 0.15, it 

corresponds to initial model. Figure 17 shows return loss performance of the partially 

tapered dipole model for various r2 values. It is shown that bandwidth as wide as 1.5GHz 

around 1.4GHz can be achieved when r2 is chosen as 0.35. Note that increasing the ratio 

improves the return loss value at two resonances until r2=0.35. With further increase in 

the ratio, the resonance at higher frequency disappears, lower frequency cut-off increases, 

two resonances merge into one and bandwidth gets narrower. 
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Figure 17. Return loss performance of partially tapered model for various r2 

values 

Although desired antenna performance can be achieved with the tapered model, 11cm 

antenna length limits the number of antennas in the system. If effective dipole length can 

be kept constant while decreasing the overall antenna size, a smaller antenna can be 

obtained for similar operating frequency band. To increase the effective dipole length, the 

dipole arms are extended towards both sides as shown in Figure 18. 

 

 

Figure 18. Model with extensions on each dipole arm 
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Although extended current paths are expected to lower minimum operating frequency to 

our benefit, this addition will definitely alter s11 performance as well as radiation 

properties since currents on different directions are introduced. Figure 19 shows such 

current distribution around the extension. 

 

Figure 19. Surface currents behavior around extension 

Also, as spacing between dipole pairs decrease, coupling between dipole pairs increase, 

worsening isolation between ports. Figure 20 shows the description of design parameters 

on an extension.  

 

Figure 20. Parameters of extension 
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Effect of each extension dimension is studied. For parametric sweep, parameters are in 

terms of ratio to the dipole length. Figure 21 shows the s11 performance of extended model 

for various values of extension dimensions.  

 

Figure 21. Return loss performance of extended model for various parameter 

values 

Lowest operating frequency is slightly decreased since currents have longer paths. 

Therefore, antenna size can be reduced compared to design without extensions to achieve 

same operating frequency band. However, bandwidth is reduced greatly which is not a 

reasonable trade-off. Hence, partially tapered model is chosen as the final design instead 

of extended model. Final antenna parameters are Ldip=110mm, subh=1.5mm, r2=0.35, 

gapc=4mm, feedw=2.5mm. Copper thickness is 18μm. 

2.4. Radiation Pattern 

Although return loss is an important parameter for determining operating frequency band, 

radiation pattern must be examined as well to validate performance of the antenna. Figure 

22 shows the orientation of the antenna and angle definitions.  
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Figure 22. Orientation of the antenna 

Typically, the radiation patterns are plotted in 2D slices through the 3D pattern for 

simplification. Figure 23 shows radiation patterns on E and H planes for various antenna 

models and frequencies. It is worth noting that these patterns are normalized individually. 

This makes examining front to back ratios and lobe shapes easier. They could be 

normalized to a constant maximum for all results for comparison. It is clear that partially 

tapered model exhibits almost omnidirectional radiation in H-plane for all frequencies. 

Such radiation is typical for dipole antennas. On the other hand, in E-plane, dipole antenna 

is expected to radiate with equal magnitude and beamwidth towards front and back side 

with nulls on side directions. Although magnitude is similar for front and back directions, 

it is clear that partially tapered model exhibits asymmetric radiation especially in terms 

of beam shape. 
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1GHz 1.4GHz 1.8GHz 

   
Taperless Model(        E-Plane,        H-Plane) 

   
Partially Tapered Model(        E-Plane,        H-Plane) 

   
Tapered Model(        E-Plane,        H-Plane) 

Figure 23. Radiation patterns on E and H planes for various models and 

frequencies 

 

To understand the reason for asymmetries in E-plane patterns, current distributions for 

different antenna models at different frequencies are presented in Figure 24 and Figure 

25. Although it is more convenient to feed the antenna with the proposed mechanism from 

a practical standpoint, as mentioned in previous sections, dipole arms cannot be fed 

equally for all frequencies in operating band. Figure 24 confirms such mechanism since 

although currents flow in same direction on both dipole arms for all frequencies, there are 
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differences in magnitude. It can be observed that asymmetries in both radiation patterns 

and surface current distributions occur when two dipole arms are not excited equally. 

1GHz 1.4GHz 1.8GHz 

   
Taperless Model 

   
Partially Tapered Model 

Figure 24. Surface current distributions for taperless and partially tapered models  
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Tapered Model  
@1GHz 

 

Tapered Model  
@1.4GHz 

 

Tapered Model  
@1.8GHz 

 
Figure 25. Surface current distributions for tapered model 
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Since dual polarization is one of the main features of the proposed antenna, cross-

polarization performance must also be investigated. Suppressed cross-polarization allows 

data obtained from orthogonal polarization components to be separated. Figure 26 shows 

co-pol and cross-pol radiation patterns on E-plane for various frequencies and antenna 

models.  

As it can be observed from current distribution plots, when dipole arms are tapered, 

surface currents spread, which may lead to higher cross-pol levels. Figure 26 confirms 

such mechanism since as we go from taperless model to tapered model, cross-pol 

radiation increases. While cross-pol level relative to co-pol level is -50dB for taperless 

model at 1GHz, it is -35dB for partially tapered model and -30dB for tapered model. It is 

worth noting that cross-pol radiation also increases for higher frequencies. While cross-

pol level for partially tapered model is -35dB for 1GHz, it is -30dB for 1.4GHz and -25dB 

for 1.8GHz. This might be due to the fact that the width of the dipole becomes electrically 

larger with increasing frequency and consequently current spread increases. 
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 1GHz 1.4GHz 1.8GHz 

   
Taperless Model (        Co-Pol,        Cross-Pol) 

   
Partially Tapered Model (        Co-Pol,        Cross-Pol) 

   
Tapered Model (        Co-Pol,        Cross-Pol) 

Figure 26. Co-pol and cross-pol radiation patterns on E-plane for various models 

and frequencies 

 

2.5. Frequency Selective Surface 

Radiation characteristics of the partially tapered model can be modified in order to meet 

the system requirements. Figure 27 shows the radiation pattern of partially tapered model 

on E-plane. Such radiation pattern is typical for dipole antennas and indicates that antenna 

is radiating towards front and back side almost equally. However, since the target area to 

be imaged is going to be only on front side, power received from the back side will 

increase the received noise power. Therefore, we need to minimize back side radiation. 
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Figure 27. Radiation pattern of partially tapered model on E-plane 

 

Since low front to back ratio is inherent for dipole antennas, any modification on the 

radiating element itself wouldn’t help achieving our goal. Increasing front to back ratio 

can be achieved by placing a reflecting or absorbing surface behind the antenna. Figure 

28 shows the partially tapered model with a perfect electric conductor (PEC) of the same 

size (green colored in the figure) placed behind the antenna. 

 

Figure 28. Partially tapered model with perfect electric conductor (reflector) 
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The conductor sheet behind the antenna reflects waves coming from back side, reducing 

noise coming from the environment while increasing the signal power radiated into target 

area. However, since we introduce a conductor in near field of the antenna, it affects the 

input impedance of the antenna. It must be placed at a specific distance from the antenna 

to avoid performance degradation. Figure 29 shows the radiation pattern on E-plane when 

conductor is placed 1.5cm behind the antenna. Back side radiation is reduced by 9dB. 

Still, return loss performance must be examined to ensure wide bandwidth. Figure 30 

shows effect of distance between conductor (reflector) and the antenna (refdist) on s11 

performance. To get a decent bandwidth for the current radiating element, at least 15cm 

space between antenna and reflector is needed. This means height of the antenna increases 

at least 15cm. This is practically unacceptable since helmet-like structure gets too bulky 

for a portable system. 

 

Figure 29. Radiation pattern of partially tapered model with reflector and no 

reflector cases on E-plane 
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Figure 30. Effect of reflector distance on s11 performance 

Since reflectors cannot be implemented without making the system bulky, frequency 

selective surfaces (FSS) can be used to miniaturize the antenna. FSS can be tuned as a 

reflector, director or absorber for specific use and adds flexibility to antenna design. It is 

a periodic arrangement of unit cells. The main advantage of FSS compared to traditional 

PEC is that, FSS can be placed closer to the antenna without affecting the input 

impedance. 

An FSS unit cell reflecting the frequency band of interest and acting transparent to other 

frequencies is chosen from Alqadami’s antenna design with an FSS [12][12]. In his work, 

Alqadami reported that proposed FSS is suitable for 1-2.5GHz frequency band. Figure 31 

shows the FSS unit cell proposed in [12] and its simulation setup. Proposed unit cell 

consists of a square patch with four extended open-ended U-slots. The patch is connected 

to a 3-segments meander line from each corner. It is designed on one side of a 1.5mm 

thick FR-4 substrate. 
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Figure 31. FSS unit cell model and simulation setup 

 

To model the periodic nature of the FSS illuminated by an plane wave, unit cell is 

simulated with PEC and perfect magnetic conductor (PMC) walls in x and y directions, 

respectively. The choice of PEC or PMC walls can be explained based on the image 

theory. According to the image theory, image of a vertically oriented electric source over 

a PEC and image of a horizontally oriented electric source over a PMC are in the same 

direction with the actual source. Since incident wave is normal to PEC walls and 

tangential to PMC walls, PEC walls will create x-polarized images along x direction, and 

PMC walls will create x-polarized images along y direction. Note that, this kind of a 

simulation model is applicable only to simulate normal incidence excitation. If oblique 

incidence needs to be simulated, periodic boundary conditions should be used instead of 

PEC and PMC walls. Figure 32 shows s21 and s11 results of the FSS structure. The unit 

cell acts as a reflector for 1.1-1.8 GHz band while acting transparent to other frequencies. 

Another figure of merit for FSS performance is the reflection phase. Useful bandwidth is 

defined as frequencies where phase of reflected wave is between ∓90° so that phase is 

not inverted. Figure 33 shows reflection phase of the FSS unit cell. FSS exhibit decent 

reflection phase in 0.7-2.3GHz band. For this simulation, spacing between periodic 

structures is as small as 0.1mm. 
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Figure 32. Reflection and Transmission performance of FSS unit cell 

 

Figure 33. Reflection phase of FSS unit cell 

FSS is simulated together with the antenna to observe its effects on the radiation pattern 

and input return loss performance of the antenna. When radiation patterns at different 

frequencies within the operational bandwidth are examined, it is observed that FSS 

behaves like a reflector for some frequencies but it behaves like a director for other 

frequencies. This is not a desired situation. Hence the distance between FSS and the 

antenna is varied to investigate whether same reflecting behavior can be obtained 

throughout the bandwidth for a specific spacing value. However satisfactory results could 

not be obtained. Then the periodicity of the FSS is varied to investigate its effects. During 
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these analyses it is observed that when spacing between unit cells is increased, FSS 

behaves like a director for the whole operational bandwidth. The best performance is 

obtained when spacing between periodic structures is 3.4mm, which corresponds to a unit 

cell size of 16.2mmx16.2mm. Finally, the smallest spacing between the FSS and the 

antenna that does not disturb the return loss performance of the antenna is found to be 

15mm. 

After examination of infinite periodic array performance, a finite array of 49 (7x7) unit 

cells is assembled together. As shown in Figure 34, no space is left at the edges of the 

substrate used for FSS. Consequently, the size of FSS substrate (7x16.2mm-

3.4mm=110mm) and the size of antenna substrate are same.  

 

Figure 34. Antenna with FSS configuration 

Input return loss of the antenna is presented in Figure 35 in comparison with the results 

obtained with PEC reflector. It can be observed that when PEC was disturbing the input 

return loss characteristic of the antenna at such a close spacing, the FSS structure does 

not have a significant effect on the input return loss behavior. However on the other hand, 

it should be noted that the FSS structure could not provide a uni-directional radiation 

characteristic as good as the PEC reflector. 
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Figure 35. s11 performance of antenna with FSS 

The effect of FSS on the radiation characteristics of the antenna is investigated. Since 

FSS will be utilized as a director, it will be placed between antenna and target area. Figure 

36 shows E-plane radiation pattern of the antenna at 1GHz with FSS placed either behind 

(-z direction) or in front of (+z direction) the antenna. These radiation patterns shown that 

FSS behaves like a director because in both cases the radiation is enhanced in the direction 

that FSS is placed. It is also observed that 4dB of front to back ratio (FBR) is achieved 

when FSS is placed behind the antenna. Note that behind the antenna and in front of the 

antenna directions are defined by assuming that the feed line determines the front side of 

the antenna. As discussed before, this FBR is not as good as the FBR achieved by PEC 

reflector. Therefore, the trade-off between the minimum spacing between the 

reflector/director and antenna that does not affect the input return loss of the antenna and 

the FBR should be evaluated for a specific application. In this application low profile of 

the antenna is evaluated to be more important and FSS structure is chosen to improve 

radiation characteristics of the antenna. 
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Figure 36. Radiation pattern of antenna with and without FSS @1GHz 

Due to frequency dependent nature of FSS, FBR may change with frequency. Figure 37 

shows radiation patterns at the center and end of the operating frequency band when FSS 

is placed either behind or in front of the antenna. Spacing between antenna and FSS is 

1.5cm for all cases. It can be seen that at least 4 dB of front to back ratio is achieved for 

all frequencies and FBR increases as frequency gets larger.  

 

Figure 37. Co-pol E Field Radiation Patterns on E-Plane for various models and 

frequencies 
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2.5. Near Field Analysis with Head Phantom 

In order to simulate the antenna performance for brain imaging systems more realistically, 

a human head phantom is introduced between two antennas. Figure 38 shows such 

simulation configuration and describes ports on both antennas. The head model used for 

this setup is “Hugo” from CST voxel family and all available tissues are included in the 

simulation. Antennas are placed next to head model with no space in between to smoothen 

sharp permittivity transition from air to head. Port 1 and port 3 are feeding the horizontally 

oriented dipoles and corresponding feedlines are on the back side (away from head) of 

the antenna while dipole arms serving as ground plane for these feedlines are on the front 

side (towards head) of the antenna. Port 2 and port 4 are feeding the vertically oriented 

dipoles and all dipole arm locations are on the opposite side of the substrate compared to 

horizontally oriented dipoles. 

 

Figure 38. Simulation configuration with human head model 

First, the effect of the presence of the head on antenna input return loss is investigated. 

Figure 39 shows the input return loss of the antenna with and without head. Although 

slight degradation due to reflections from the head is observed, the input return loss 

remained below -10dB throughout the bandwidth. 
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Figure 39. Effect of introducing head model on s11 performance 

In order to investigate the signal transfer between two antennas at opposite sides of the 

head 4 different scenarios are studied. In the first case antennas are placed without FSS 

in between head and the radiating element. Then 𝑠31 which is the interaction between 

horizontally oriented antennas is simulated in the absence and presence of the head model. 

Then same two situations are simulated when FSSs are placed between antennas and 

head. Figure 40 shows 𝑠31 comparison of these configurations. 

 

Figure 40. Interaction between horizontally oriented antennas for various 

configurations 
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Received signal level is higher when there is no head and antennas are in line of sight. 

This is an expected result since as the waves travel through the head, they are subject to 

a higher propagation loss and reflection. Received signal level is higher when frequency 

selective surface(FSS) is present. This confirms the mentioned directive behavior of FSS. 

Similar results are obtained for 𝑠42 which is the interaction between vertically oriented 

antennas on both sides of the head. Figure 41 shows 𝑠42 comparison between various 

configurations.  

 

Figure 41. Interaction between vertically oriented antennas for various 

configurations 

To compare the received signal levels for horizontal (HP) and vertical (VP) polarizations, 

corresponding s-parameters are presented in Figure 42 when there isn’t any head model 

between antennas. Within the frequency band of interest, generally the received signal is 

slightly higher for horizontal polarization. This difference is due to the relative positions 

of antennas and FSS. Recall from Section 2.4 that the FBR is better when the FSS is 

placed behind the antenna. From Figure 38 it can be seen that the FSS is behind the 

antenna for horizontal polarization and in front of the antenna for vertical polarization. 

Consequently, signal level is higher for HP.  
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Figure 42. Interaction between antennas without head model for various 

configurations 

The received signals for two different polarizations in the presence of the head model are 

presented in Figure 43. When there is head model, the received signal is higher for HP as 

well due to the reason discussed above. The interesting observation about this 

configuration is that, the nulls and peaks of the received signal occurs at different 

frequencies for different polarizations which implies that polarization diversity provides 

more data for a better image reconstruction.   

 

Figure 43. Interaction between antennas with head model for various 

configurations 
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The coupling between antennas on the same substrate are also studied for different 

configurations mentioned above and results are presented in Figure 44. It can be observed 

that the isolation between the antennas is better that 20dB when there isn’t FSS structure 

and it is better that 19dB when there is FSS. When head model is introduced, the coupling 

between the antennas increases as expected due to reflections and scattering from head.  

 

Figure 44. Coupling between antennas on the same substrate for various 

configurations 

So far in this section, interactions between antenna ports are examined. Although 

scattering parameters might seem reasonable when head is present between antennas, 

waves might be reflected from head due to sharp permittivity change at air to head 

interface. One way to ensure that waves are able to penetrate through head is to examine 

electric field distribution in head for configurations mentioned above. Figure 45 shows 

electric field distribution for various in-band frequencies when horizontally oriented 

antenna is excited. It is clear that there are no sharp changes at the air-head interface in 

terms of field intensity. Note that although field intensity decreases towards the far side 

of the head, when the overall MIMO array is employed, those areas will be illuminated 

by other antennas placed closer to them. Such examination on electric field distribution 

is done in literature where successful image reconstruction is carried out with similar field 

distribution [21]. 
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Figure 45. Electric field distribution at 1GHz, 1.4GHz, 1.8GHz 

Figure 46 shows electric field distribution with and without FSS present between head 

and antenna. Although field intensity in the brain is similar in both cases, field intensity 

decreases slightly more when FSS is not used, suggesting FSS smoothens air-head 

interface. As a result, FSS can be used as a matching layer to improve penetration through 

the head. 

 

Figure 46. Electric field distribution with FSS and without FSS 
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CHAPTER III 

Measurement Results 

3.1. Realized Antenna 

In order to support the simulation results in a practical manner, proposed antenna is 

realized, measured and results are compared with simulation results. Top view of the 

realized antenna can be seen in Figure 47.  

 

Figure 47. Top view of the realized antenna 

 

After designing antenna on CST Studio Suite 2019 and determining final dimensions, 

gerber files of radiating element and FSS are generated on Mentor Graphics Pads 

Professional software. Using these layout files, antenna elements are manufactured by 

LPKF ProtoMat S100 circuit board printer on a 1.5mm thick FR-4 substrate with 18μm 

copper thickness. 3 sets of 4 foam supporting columns of 1.5cm, 2cm and 2.5cm are used 

to suspend the radiating element over FSS at different spacings. Top view of 

manufactured FSS can be seen in Figure 48. 
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Figure 48. Top view of realized frequency selective surface 

2 SMA connectors are added to the microstrip feedlines connecting to an arm of each 

dipole. While center pins are soldered to feedlines, ground pins are soldered to related 

dipole’s other arm serving as ground plane for the feedline. Such configuration can be 

seen in Figure 49.  

 

Figure 49. Manufactured antenna and FSS 



 

43 
 

3.2. Antenna Measurements 

Agilent 5071c network analyzer is used to measure 𝑠11 performance of the antenna. 1-

port calibration is done to compensate the coaxial cable used between the antenna and the 

network analyzer. Measurement is done in an open space to minimize the inaccuracies 

caused by reflections. Figure 50 shows the comparison between simulated and measured 

𝑠11 results.  

 

Figure 50. Simulated vs measured 𝒔𝟏𝟏 results 

It is clear that there is some difference in terms of frequencies of resonance and distance 

between these frequencies, as well as matching level of these resonances. In simulation, 

the antenna is excited by an ideal wave port. However, practically the antenna is excited 

using a SMA connector. Also, when measuring the antenna, plastic mechanism used to 

suspend the antenna and coaxial cables are very close to antenna and slightly affects the 

antenna performance. Despite such differences, measured results show that desired 

minimum operating frequency of 900 MHz is achieved. Also, realized antenna is usable 

up to 2.1GHz, ensuring optimum penetration range to detect all layers of the brain.  

In order to ensure isolation between two ports of the antenna, 𝑠21 measurement is also 

carried out. 2-port calibration is done to compensate coaxial cables and tracking errors 

between network analyzer ports. Figure 51 shows comparison of simulated and measured 

isolation between dipole pair on the same substrate. Although measured results do not 
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exhibit frequency dependent characteristics as simulated results do, isolation values are 

close to each other. 

 

Figure 51. Simulated vs measured 𝒔𝟐𝟏 results 

Radiation pattern measurements of the realized antenna are also carried out. For this 

measurement anechoic chamber within Ayaslı Research Center of Electrical and 

Electronic Engineering Department of METU is utilized. Figure 52 shows the anechoic 

chamber and measurement setup. 

 

Figure 52. Anechoic chamber and measurement setup 
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Figure 53 shows comparison between simulated and measured results of co-polarized 

radiation patterns in E-plane for various frequencies. Although lobe shapes and null levels 

are different for some frequencies, front to back ratios are similar. Slight difference 

between left and right nulls might be associated with the effect of SMA connector at the 

end of one of the dipole arms which is a conductor in very close proximity of the antenna. 

Results with FSS are very similar for changing FSS distance in terms of both lobe shapes 

and front to back ratios. Although front to back ratios are low for some frequencies, 

directive effect of FSS can be seen with front to back ratios as high as 7dB especially for 

higher frequencies in operating frequency band. Cross-polarized radiation patterns are 

also measured and compared to simulation results in Figure 54 when there isn’t any FSS 

layer. Increasing cross-pol levels with frequency seen in simulation results are not 

observed in measurements. In fact, cross-pol levels decrease with increasing frequency. 

This may be due to low signal level of cross-pol components. The accuracy of cross-pol 

measurements is limited by the dynamic range of the measurement set-up. Nevertheless, 

measured cross-pol levels are at least 30 dB below co-polar components. Figure 55 shows 

comparison of measured and simulated co-pol radiation patterns in H-plane. Although 

there is up to 6 dB difference from maximum radiation magnitude for some directions in 

1.8GHz, antenna exhibits nearly omnidirectional pattern for all frequencies in operating 

frequency band. Also, simulated and measured results are very similar for all frequencies. 
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1GHz 1.4GHz 1.8GHz 

   
NO FSS(        Measured,        Simulated) 

 
  

1.5CM(        Measured,        Simulated) 

   
2CM(        Measured,        Simulated) 

   

2.5CM(        Measured,        Simulated) 

 

Figure 53. Measured vs simulated co-pol radiation patterns in E-plane for various 

FSS distances and frequencies 
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1GHz 1.4GHz 1.8GHz 

   

MEASURED (        Co-Pol,        Cross-Pol) 

  
 

SIMULATED (        Co-Pol,        Cross-Pol) 

Figure 54. Measured vs simulated co-pol and crosspol radiation patterns in E-

plane for various frequencies 

 

1GHz 1.4GHz 1.8GHz 

   
FSS 15CM BEHIND(        Measured,        Simulated) 

Figure 55. Measured vs simulated co-pol radiation patterns in H-plane for various 

frequencies 
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CHAPTER IV 

Conclusion and Future Work 

4.1. Conclusion 

In this thesis, a low profile, low cost, wide band, dual polarized antipodal printed dipole 

antenna for brain imaging is proposed. Novelty of the antenna proposed in this thesis over 

numerous antennas proposed for microwave brain imaging is adding dual polarization 

feature while maintaining other requirements for microwave brain imaging. In literature 

there is another dual polarized antenna intended for microwave imaging that is optimized 

for 3.1-9.6 GHz band [23]. Such an antenna cannot be used for brain imaging since the 

frequency band is not appropriate for penetration into the brain. Lowering minimum 

operating frequency down to 900 MHz so that radiated field is able to penetrate all layers 

of the brain has been one of the main challenges of this work. Dual polarization requires 

two dipoles instead of one and therefore, dual polarized antennas are inherently larger 

than a single polarized antenna. Although proposed antenna is smaller than half-

wavelength dipole, further miniaturization is required to meet the portable system 

requirement. When compared to other antennas for microwave brain imaging, 

11x11x1.8cm dimensions stand out as large and such dimensions limits the number of 

antennas in MIMO system. Further miniaturization on the proposed antenna have been 

attempted. However, such optimizations are observed to degrade antenna performance 

inevitably. 

Dual polarization performance parameters such as isolation between ports and cross-pol 

radiation are satisfactory for the proposed antenna to be practically used in microwave 

imaging of brain. Over 19 dB isolation between ports on the same substrate as well as 

more than 20dB cross-polarization suppression is achieved throughout the bandwidth, 

suggesting appropriate separation of data obtained from dipole pairs. 

Detailed parametric optimizations of antenna parameters are carried out during this thesis. 

Rather than parametric optimization for best performance only, systematic examination 

of effects of each antenna parameter on the antenna properties is also carried out. 

Therefore, this thesis serves as a general guide for designing similar antennas. 
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In the final design, FSS is as close as 15 mm to the radiating element which is much more 

practical compared to a PEC placed 150mm behind the antenna not the affect the input 

return loss characteristics of the antenna. With FSS, 4dB front to back ratio is achieved 

throughout the bandwidth according to simulation results. Despite FSS being a useful 

addition to the system for radiation pattern improvement, performance of the whole 

antenna is affected by FSS’s own performance. Although simulation results showed at 

least 4 dB of front to back ratio, measurement results show front to back ratios as low as 

2dB. This undesirable result is mostly due to narrowband property of the used FSS unit 

cell. An FSS with wider frequency band can be used to improve radiation performance of 

the antenna on whole band. Since unit cell dimensions of FSS are much smaller compared 

to dipole, FSS is more susceptible to inaccuracies in manufacturing. In order for the 

proposed antenna to be used in practical applications in a more reliable manner, a 

frequency selective surface with wider bandwidth must be chosen and preferably 

manufactured in an etching machine with higher accuracy. 

Another useful result obtained by examining electric field distribution in the brain when 

illuminated by the proposed antenna is that waves are able to penetrate through the brain 

and no matching layer is required. Using matching layer between the head and antennas 

is common in literature and increases cost as well as complexity of the system. There are 

even examples of microwave imaging systems where organ to be imaged is afloat inside 

a tank filled with matching liquid to reduce reflections. 

4.2. Future Work 

As mentioned in previous chapters, there are many trade-offs to be analyzed in antenna 

design for microwave imaging, mostly parallel to properties of the final system. Further 

optimization can be done according to these properties. For example, in this work, FR-4 

material is used as the antenna substrate. Since FR-4 is a very common material, cost of 

the antenna is minimal. Substrates with advanced properties can be used to introduce new 

features to the system. Figure 56 shows antenna with poly-di-methyl-siloxane (PDMS) 

substrate which is a flexible material. Such a feature requires further optimization, 

increases complexity and cost however can be useful for mobility since a flexible 

substrate is more durable and break-resistant, hence more desirable for wearable antenna 

technology. 
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Figure 56. Flexible antenna with PDMS substrate 

The proposed antenna is based on a printed dipole antenna. Since dipole antennas are one 

of the most basic and common antennas, design limitations such as dimensions are well 

defined. Instead of integrating dipole antennas to obtain dual polarization, other antenna 

types which can be optimized to be smaller in size can be investigated. There are 

examples in literature where each component of polarization is obtained by a different 

antenna type. 

Imaging quality of a microwave imaging system heavily depends on the antenna 

performance. Therefore, it is reasonable to start with designing the antenna and define 

specifications and limits for the system. Then, other elements such as switching circuitry, 

transceiver or image reconstruction algorithm can be designed. Although designing a 

microwave imaging system is a multi-disciplinary project, every system component is 

related to each other. Therefore, it is a good idea for one to be involved in other parts of 

the project.  
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