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ABSTRACT 

Design of Broad-band Dual linearly polarized Microstrip Patch Antennas with High Port 

Isolation for Millimeter-Wave 5G Applications 

 

Mohamed Kamal Nasser  

Master of Applied Science 

Department of Electrical and Computer Engineering University of Ontario 

Institute of Technology 

Ontario Tech University 

2021 

 

In this thesis, multiple broadband dual linearly polarized antennas are designed covering 

the frequency band for the next generation of 5G communications around 28 GHz. Dual 

polarization antennas are employed to increase the capacity of the allocated spectrum 

through frequency reuse. Techniques for improving the impedance bandwidth is one of the 

most researched areas of microstrip antenna technology. New multi-layer dual linearly 

polarized design topologies are proposed in this thesis, based on substrate integrated 

waveguide (SIW) cavity-backed microstrip antennas. Different structures and materials, 

and antenna types are explored. Wide impedance bandwidths of around 34% to 47% are 

achieved. In addition to very wide impedance bandwidth, the designs have a profile that is 

nearly half that of similar antennas reported in the literature without degradation to the 

antenna front to back ratio or radiation performance. In addition, a technique to improve 

the port to port isolation of the antenna by more than 10 dB is proposed. All designs 

proposed here achieve isolation levels above 30 dB across the band of interest. Two 

antenna arrays, a four - and a sixteen-element are also designed based on the single element 
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patch and fractal antennas. Their operational bandwidth is around 21% from 24 to 30 GHz, 

and sidelobe levels are better than 9 dB. 

Simulation and optimization are carried out using full wave electromagnetic solver. A 

prototype of the final design was manufactured and tested. Results of all designs are 

compared and discussed for their bandwidth and the level of the port isolation in 

comparison to other millimeter wave dual linearly polarized antennas reported in the 

literature. 

 

 

Keywords: Antenna Arrays; dual linearly polarized antennas; Microstrip Antennas; 

millimeter wave (mm-Wave); Substrate Integrated Waveguide (SIW)   
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Chapter 1  

Introduction 

1.1 Background and Motivation 

Since the early 1980s there has been a significant growth in mobile communication 

technologies. Figure 1.1 shows the evolution of these generations from the first generation 

of wireless communications (1G) to 5G and what they provided to consumers. 1G brought 

us voice communications, using mostly analog signals and frequency division multiple 

access scheme. 2G enabled us to text for the first time, and it provided better quality and 

user capacity. The 3G launched in 2000 was designed to offer web-based applications, and 

video file transfer, bringing users online for the first time. 4G provided services like 

multimedia sharing and higher data rate with 4G LTE (long term evolution) [1].  

 

Figure 1.1: Wireless generations and data rates [2] 
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5G is an extension of today’s fourth generation communication network. MM-Wave 

technology is a key enabler for 5G communications, offering end users a new experience 

in terms of higher data rates, and lower latency [2]. This comes at a time when there is a 

continuous demand for receiving over the air media content faster, and the current 

telecommunication system nearly reaching its user capacity.  A latency of less than a 

millisecond will allow for its use in time sensitive applications such as autonomous 

vehicles [2]. In its latest mobility report (June 2020) Ericsson predicts 2.8 billion 5G mobile 

subscriptions by 2025 [3].  

Larger spectrum availability above 24 GHz in comparison to sub 6 GHz worldwide will 

help in enabling 5G services. Moving to higher frequencies, however, comes with its own 

challenges, due to the higher path loss conditions in comparison to lower end of spectrum. 

Advanced antenna systems are needed to deal with such radio propagation challenges. Base 

stations need to be equipped with larger antenna arrays as the antenna sizes are significantly 

reduced at these frequencies. This opens the door for beam forming, where multiple 

transmit/receive signals can be sent in different directions in comparison to a single 

omnidirectional transmission. At mm-Waves fully integrated transceivers and antennas 

(with more than a 100 antennas) will be deployed, enabling beamforming to enhance 

coverage in more challenging propagation environments [4]. During the past few years the 

number of base station antenna arrays have considerably grown to meet today’s higher 

capacity requirements[4]. By taking advantage of multiple-input and multiple-output 

(MIMO), carrier aggregation throughput can be increased. 

Microstrip patch antennas have matured into one of the most popular and adaptable PCB 

(Printed Circuit Board) printed antennas. This is the result of their many desirable features: 
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such as their light weight, ease of fabrication, conformability, and low production cost. 

Patch antennas are typically resonant structures, meaning they have excellent efficiencies 

over a narrow impedance bandwidth. Over the years researchers have developed techniques 

to improve the impedance bandwidth of these antennas. This however comes at the expense 

of complexity. The past half a century has seen a great deal of microstrip antenna 

development[5]. Despite all these developments patch antennas typically suffer from a 

narrow impedance bandwidth ranging from 1 – 2%, making them not suitable for many 

applications. Radiation bandwidth, contrary to the impedance bandwidth of a patch 

antenna, is broadband, with a fractional bandwidth larger than 30%. Two of the most 

common patch antenna techniques being used to this day are aperture (slot) and proximity 

coupled excitation techniques [6], [7]. Microstrip antennas were deployed in commercial 

systems, such as mobile base stations in the 1990s. In addition to the further enhancement 

of impedance bandwidth, antennas with impedance bandwidth of around 67% were 

designed[8]. Applications with Photonic Bandgaps (PGB) structure to enhance the 

efficiency and radiation performance were also investigated [9]. Microstrip patch antennas 

have also been employed for various applications such as synthetic aperture radar (SAR), 

millimeter wave (mm-Wave) collision avoidance systems, missiles, aircrafts, satellite 

systems [10], and mobile communication base stations and handsets[11].  

1.2 Thesis Objectives 

The 5th generation wireless communication will be a major advancement to today’s 

wireless communication systems by providing higher data rates (many Gigabit (GB)/s) and 

a massive reduction in response time, while providing better services for densely populated 

areas. This is possible because of the smaller wavelengths (about 5 mm at 60 GHz) and the 
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attenuation of about 15 dB/Km, which allows the base stations to be placed closer together 

in comparison to current wireless communication systems. Quality of service 

improvements and better energy efficiency are expected to allow users to stream high 

quality videos and games instantly [2]. Multiple frequency bands are being considered by 

different countries for the next generation 5G wireless communications. Figure 1.2 shows 

some of the upper spectrum bands currently proposed in the US, Europe, South Korea, 

Japan, and China [12]. The 26 and 28 GHz bands, extending from 24.25 to 29.5 GHz, are 

currently being considered for 5G. The overall objective of this thesis is to design a 5G 

broadband and dual linearly polarized antenna with high port isolation. Here, multiple dual 

linearly polarized antennas, and antenna arrays operating from 24.25 to 29.5 GHz will be 

designed. The required antenna specifications in this thesis are being driven by a leading 

5G hardware manufacturer. 

 

Figure 1.2; Some proposed bands for mm-Wave 5G “© 2018. 3GPPTM deliverables and 

material are the property of ARIB, ATIS, CCSA, ETSI, TSDSI, TTA and TTC who jointly 

own the copyright in them. They are subject to further modifications and are therefore 

provided to you "as is" for information purposes only. Further use is strictly prohibited.” 

The aim of this thesis is to design a broadband dual linearly polarized microstrip antenna 

around 28 GHz. Even though there are many publications on the topic of patch antenna 

bandwidth enhancement, most of them are typically at lower frequencies below 6 GHz and 
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those that are available have a larger antenna profile. The design goals can be summarized 

as follows:  

• Investigate techniques for patch antenna bandwidth enhancement such as antenna 

stacking and slot coupling. 

• Improve antenna port isolation (magnitude of S21) to be better than 30 dB across 

the band without degrading other antenna characteristics. 

• Design an antenna array with an integrated corporate feed network to make sure the 

design makes a good candidate for a 5G antenna array. 

1.3 Thesis Contributions  

The antennas realized in this thesis have a wider bandwidth and a lower profile in 

comparison to other antennas reported in the literature. Additionally, superior isolation 

performance is also attained with a newly proposed technique. This method provides an 

isolation enhancement of more than 10 dB in comparison to conventional microstrip 

antennas, without degrading other antenna characteristics.  

The first design is a microstrip line fed multilayer antenna with two slot coupled radiators 

and H-shaped slots. Fractal antennas can offer a better impedance bandwidth, therefore a 

Sierpinski fractal was designed, to investigate their bandwidth and isolation capabilities. 

The patch antenna has an impedance bandwidth of around 34% and the fractal has a 

bandwidth of around 28%. Port isolation levels are better than 34 dB and 28 dB for the 

patch and fractal antenna, respectively. These antennas have the lowest profiles and port 

isolation levels in comparison to most mm-Wave dual linearly polarized antennas reported 

in the literature. A four and 16 element antenna array were also simulated using a microstrip 

line feed network.  
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Two similar designs using a foam and a 3D printed spacer between the antenna elements 

are also proposed. The former has a profile of 0.15 λ0 and an impedance bandwidth of 

around 47%. To the best of our knowledge this is the largest impedance bandwidth reported 

in the literature for an antenna of its profile. Port isolation levels are also better than 40 dB 

in most of the band. The latter has a profile of 0.177 λ0, an impedance bandwidth of 34.7%, 

and better than 37 dB port isolation. As a result of this work some of the best performing 

dual linearly polarized antennas in terms of bandwidth, isolation levels, and profile are 

reported. 

1.4 Thesis Organization 

Chapter 2 provides an overview of the current state of the art of patch antennas, with focus 

on broadband dual linearly polarized antennas with high levels of isolation. Different patch 

antenna excitation techniques are reviewed, along with methods for antenna bandwidth 

enhancement. Broadband mm-Wave antennas from the literature are discussed as well.  

In the 3rd chapter three mm-Wave broadband dual linearly polarized antennas are 

developed, operating around 28 GHz, one of the band candidates for 5G millimeter wave 

communications. Each of the three designs could achieve an impedance bandwidth of 28% 

or more with port isolations higher than 30 dB. All designs in this chapter use a second 

patch antenna for bandwidth enhancement, as this was deemed the best method. A 

technique for port isolation enhancement is proposed, leading to an isolation enhancement 

of at least 10 dB, by connecting a shorting post between the slots in the ground plane and 

the patch antenna. A parametric study on the effect of various parameters on the antenna 

matching is also carried out using the full wave solver ANSYS HFSS. 
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The 4th chapter starts with a brief overview of the requirements on antenna arrays for 5G 

applications. A microstrip feed network, and two antennas arrays, namely a four-element 

and a sixteen-element arrays, are designed. Array radiation patterns, cross-polarization 

levels, and simulated array efficiencies are then presented. Concluding remarks and future 

research developments are covered in chapter 5. 
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Chapter 2  

Broadband Microstrip Antennas:  State of the Art 

 

2.1 Introduction 

This chapter covers the current state of dual linearly polarized microstrip antennas, 

focusing on designs for 5G applications. The most common design technique for dual 

polarization is through the excitation of two orthogonal modes, one for each polarization. 

Additionally, orthogonal elements such as crossed dipoles or slot antennas can also be 

employed, although not very common. The use of the term “dual polarization” in this thesis 

refers to dual linear polarization and not circular polarization. Therefore, the focus of this 

chapter is on dual linearly polarized designs that are excited using two orthogonal modes. 

A comparison of the antennas discussed here is carried out in terms of their percent 

bandwidth and port isolation improvements. Different methods proposed in the literature 

for port isolation enhancement are also discussed.  

Two critical parameters that always pose a challenge when designing dual linearly 

polarized microstrip antennas are the level of cross-polarization and input port isolation, 

especially in demanding applications such as mobile and satellite communications. Due to 

the proximity of the input ports, high levels of isolation are typically difficult to achieve. 

Over the years, a tremendous amount of research has gone into the investigation of different 

techniques to reduce this effect.  



 

9 

 

2.2 Radiation Interaction Between Two Dual linearly polarized 

Elements 

Port isolation and cross-polarization levels are the two performance measures of a dual 

linearly polarized (DP) antenna. This concept can be simplified using the illustration in 

figure 2.1, which uses two orthogonal radiating elements, one representing each 

polarization. 

 

Figure 2.1: Coupling between two radiation elements in a dual linearly polarized 

antenna © 2019 IEEE 

Assume these two elements are lossless and ignore the cross-polarization radiation from 

both antennas as illustrated in the above figure. When element A is excited, a portion of 

the power is radiated (Pra), and the rest couples to element B (Px). Px then divides into Pb 

and Prb, where Pb is representative of the port isolation level and Prb the cross-polarization. 

From figure 2.1, we can observe that the antenna cross-coupling Px affects both the level 

of port isolation and cross-polarization. Therefore, if the level of antenna cross-coupling is 

reduced, both the port isolation and the element’s cross-polarization would be minimized 

[13].  
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2.3 Achieving Dual Polarization by Exciting Two Orthogonal Modes 

Dual linearly polarized (DP) antennas can be realized by exciting two orthogonal modes 

that generate two polarizations, a vertical and a horizontal. These antennas can be 

advantageous in wireless communication systems because of their ability to increase 

channel capacity and reduce multipath fading. It is therefore an ideal choice for multiple-

input and multiple-output (MIMO) communication systems currently used for 4G and 

future 5G applications. Only square patches operating in the dominant mode are considered 

in this work because of their superior properties in terms of symmetry and compactness 

[14]. Higher-order modes are also excited beneath the patch antenna, contributing to the 

port isolation and cross-polarization degradation. Next, we discuss various DP microstrip 

antenna designs with different feeding configurations, such as slot (aperture) coupled, 

microstrip-line, and probe feeding, while evaluating antenna characteristics of each system 

in terms of bandwidth and isolation enhancement. Throughout this work antenna 

bandwidth refers to the band over which the antenna return loss (S11 and S22) is better than 

10 dB, and port isolation refers to the magnitude of S21. 

2.3.1 Microstrip Line fed DP Antennas 

Microstrip lines are the simplest and most compact way of exciting a patch antenna, where 

the antenna and the feed network are printed on a single layer board. Broadband antennas 

fed in this manner, however, typically suffer from increased levels of spurious feed 

radiation and degradation in the antenna polarization purity as a result of increased 

substrate thicknesses [15]. Dual linearly polarized microstrip antennas with direct feeding 

through a microstrip line are fed either at the edges [16] or corners of the antenna, as shown 

in figures 2.2 (a) and figure 2.2 (b), respectively. These types of antennas, however, are 
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narrowband, offering impedance bandwidths of only a few percent. Corner-fed antennas 

typically have an isolation margin of 10 dB compared to edge fed ones [17]. Cross-coupling 

and cross-polarization levels in the techniques mentioned above can be reduced by using 

balanced differential excitation. Figure 2.2 (c) is an example of a differentially fed 

microstrip antenna from [18], with an enhanced polarization purity. 

 

 

(a) (b) (c) 

 

Figure 2.2: Microstrip line fed dual linearly polarized patch antennas, (a) edge fed (b) 

corner-fed (c) differentially-fed (Concept from [16]–[18]) 

2.3.2 Coaxial Probe fed DP Microstrip Antennas 

Coaxial probe feeding is another common technique for microstrip patch antenna 

excitation. In this method, a probe is added beneath the patch antenna, allowing for easier 

matching and lower cross-polarization levels (for relatively thin substrates ≤ 0.05 λ0) in 

comparison to direct feeding. The coaxially fed dual linearly polarized patch antenna 

shown in figure 2.3 from [14] achieved an impedance bandwidth of 2.2% and a port 

isolation level better than 30 dB. Increasing the laminate thickness can widen the 

impedance bandwidth at the expense of higher cross-polarization levels and difficulty in 

matching due to the inductive nature of the probe as its length increases [19]. Further 
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discussion on the issues associated with the distance between two probes in a DP antenna 

configuration in terms of port isolation, cross-polarization levels, and co-polarization 

distortion due to the probe’s leakage radiation can be found in [20] and [21]. 

 

Figure 2.3: Dual linearly polarized coax fed antenna (concept from [14]) 

2.3.3 Slot (aperture) Coupled Dual linearly polarized Microstrip Antennas  

In 1985 D. M. Pozar introduced a new microstrip line fed patch antenna that does not 

require a direct connection between the antenna element and the feed network [6]. The feed 

line and the radiating elements are placed on two different substrate layers separated by a 

ground plane with an etched slot that helps in blocking radiation pattern distortions from 

the feed network. This excitation method also introduces a new degree of antenna 

optimization, where the slot dimensions and stub length can be varied to achieve the desired 

antenna performance. Additionally, this also aids in integrating monolithic phased arrays 

typically printed on a higher dielectric constant layer (gallium arsenide (εr = 12.9), for 

example) below the radiating element. In this scenario, any active elements would be 

directly integrated with the feed network. The antenna element is printed on a lower 
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dielectric constant material for better impedance bandwidth, scan angle performance, and 

radiation efficiency [6].  

A slot coupled dual linearly polarized antenna with 3.5% bandwidth and port isolation of 

18 dB was proposed in [22]. Two rectangular slots in the ground plane were coupled to 

two microstrip lines exciting two dominant modes. The designed antenna is shown in figure 

2.4 (a). Replacing the patch with a circular one and modifying the slot placement, the port 

isolation can be enhanced, as shown in figure 2.5 (b). In [23], a dual linearly polarized 

patch antenna was designed with an impedance bandwidth of 1.6% and port isolation that 

is better than 35 dB. This improvement results from further slot displacement in the ground 

plane, which leads to less coupling. Further discussion on the effect of the slot length and 

their offset from the patch center on the port isolation can be found in [23]. 

 

 
(a) (b) 

 

Figure 2.4: Slot coupled microstrip antennas © 1987, 1993 IEEE [13] 

Experimental studies have shown that if the slots are placed further apart, or their length is 

reduced, better port isolation can be achieved. This is, of course, limited by the antenna 

dimensions and is not feasible beyond a certain limit. Using slots of different shapes is 
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another avenue for isolation improvement. In [24] and [25], the effect of various slot shapes 

on the level of coupling is presented. These experimental studies concluded that a stronger 

level of coupling to the patch antenna can be achieved by using an H shaped or bow-tie 

slot in comparison to a rectangular slot. Additionally, the slot length also reduces by 

approximately 30%. Shorter slot lengths directly translate into better efficiency and lower 

back lobe radiation levels [24], and for the case of a dual linearly polarized antenna, better 

port isolation as the offset between the slots increases. 

2.3.4 Stripline fed Dual linearly polarized Microstrip Antennas 

The authors in [26] proposed the stripline fed dual linearly polarized antenna shown in 

figure 2.5 to eliminate the parasitic radiation from the feed network while limiting the back 

radiation from the slot with the lower ground plane. This feeding technique, however, 

increases the manufacturing complexity and the fabrication cost of the antenna, given the 

feed lines are sandwiched between two ground plane layers. A few critical parameters must 

be kept in mind when designing this type of antenna, most notably the return currents via 

the ground plane and the level of back radiation due to the slots. Different higher-order 

modes can be excited between the two ground planes depending on the level of back 

radiation from the slots. For resonant slots, a densely spaced wall of shorting posts can be 

used to eliminate higher odder modes. However, only light shielding is required for the 

case of a non-resonant slot, where the vias can be spaced more than λg/10 apart and still 

suppress parasitic modes. Another technique to reduce the level of back radiation is by 

using multiple resonators (a parasitic patch), where the resonance frequency of the parasitic 

patch is close to that of the primary antenna, and the slot size can be reduced below 

resonance, therefore, decreasing the level of back radiation 
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Figure 2.5: Linearly polarized stripline fed antenna © 1995 IEEE 

Cross-polarization levels that are better than 37 dB were achieved using this technique. 

Input port isolation that is better than 35 dB was also attained throughout the bandwidth of 

interest. 

2.3.5 Advantages and Disadvantage of Microstrip Antenna Feeding Techniques 

All patch antenna excitation techniques have their own set of advantages and 

disadvantages. Choosing between them is a matter of tradeoff, depending on the application 

they are used for. A variety of different patch antenna feeding techniques, along with design 

procedures, can be found in [5]. Table 2-1 below summarizes some of the 

advantages/disadvantages of the most common patch antenna feeding techniques discussed 

in this chapter. 

Table 2-1: Advantages and disadvantage of different excitation techniques 

 Advantages Disadvantages 

Coaxial Feed • Easy matching 

• Low spurious radiation 

• Tends to be inductive for 

thicker substrates 

• Pin soldering is required 
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Microstrip Line • Easy to manufacture 

• Inset feeding makes it 

easy to match 

• Feedline radiation 

• Narrow bandwidth 

• Low efficiency for thicker 

substrates 

Slot (Aperture) 

Coupled 

• Wide bandwidth 

• Higher dielectric constant 

substrates can be used, 

allowing for active 

element integration 

• Reduces feed line effect 

on the radiation pattern 

• Increased manufacturing 

costs because of the use of 

multiple layers 

• High levels of back 

radiation when resonant 

slots are used 

 

2.4 Techniques for Bandwidth and Isolation Enhancement 

Based on the general performance trends of microstrip antennas, two straightforward 

techniques to increase the operational impedance bandwidth of a microstrip antenna are 

increasing the substrate thickness and the use of low permittivity laminates. These 

techniques, however, are limited to maximum impedance bandwidths of around 10%. 

Additionally, a series of issues could arise, such as low radiation efficiency due to the 

excitation of surface waves, and the appearance of grating lobes in array applications. To 

substantially improve the bandwidth of a microstrip antenna (greater than 15% or 20%), 

the addition of an air gap between the feed network and the radiator, as for the case of L-

probe fed patch antennas, or more resonant radiators are typically needed. Here, L-probe 

based designs are discussed first, and the rest of the section is dedicated to bandwidth 

enhancement techniques using additional resonators. 

As a result of the limitations of conventional probe fed patch antennas mentioned earlier, 

L-shaped probes, as shown in figure 2.6, have been introduced [27]. These antennas 
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achieve a broader bandwidth and reduce the cross-polarization levels typically seen in 

traditional probe fed patch antennas. The horizontal section of the probe is designed to be 

close to a quarter wavelength, forming an open-circuited stub and compensating for the 

inductive nature of the vertical probe. This type of feeding can lead to impedance 

bandwidths of up to 40%. Single-sided antennas like the one in figure 2.6 are known to 

disrupt the normal distribution of the dominant mode and cause higher levels of cross-

coupling between polarizations. An L-shaped probe fed dual linearly polarized antenna was 

proposed in [28], achieving an impedance bandwidth above 37% and around 40 dB port 

isolation. The design presented in [29] achieves an impedance bandwidth of 24% and a 

port isolation level that is better than 30 dB across the band. Both of those designs were 

differentially fed, with each branch having the same amplitude and a 180° phase difference 

between them, leading to coupling cancelations between the two feeds. The leakage 

radiation also cancels out in the far-field since they have the same amplitude but opposite 

directions, resulting in lower cross-polarization [20]. An example illustrating differential 

feeding of a DP patch antenna proposed by the authors in [29] is shown in figure 2.7. 

Antennas fed in this manner do not suffer from the same problems that single-sided 

antennas do.  Complications can arise when designing differentially fed antennas like those 

shown in figure 2.7, especially on the array level, but that is a small price to pay in 

comparison to the performance enhancement they can provide. Further port isolation 

improvement may be achievable by reducing the length of the feedline before the split 

point, leaving the door open for further optimization. This can be beneficial on the array 

level, where the overall array performance is tied to how well the feed network performs.   
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Figure 2.6: L-probe fed dual linearly polarized patch antenna © 1998 IEEE [13] 

 

 

Figure 2.7: Differentially fed dual linearly polarized antennas, (a) L-shaped probe, (b) 

differential feed © 2004 IEEE [13] 

Next, we move on to discuss the achievable bandwidth using additional resonators by 

showing different patch antenna examples with parasitic patches and comparing their 

performance. This technique can lead to impedance bandwidths of more than 50% through 

the addition of multiple resonators, typically supported by foam substrates. Most of these 

designs are fed using different configurations of slots from H or dog-bone shaped to crossed 

slots [30]. These coupling slots can also be used as resonators to achieve a broader 

bandwidth. To the best of our knowledge, antenna stacking has not been attempted using 

L-shaped probes, and those with traditional probe feeding typically offer a lower 

impedance bandwidth. 
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(a) (b) 

 

Figure 2.8: Dual linearly polarized microstrip antennas with H-shaped coupling slots 

(Concept from [31], [32]) 

Two broadband dual linearly polarized designs fed using H shaped slots from [31] and [32] 

are shown in figure 2.8 (a) and (b), respectively. The antenna in figure 2.8 (a) achieved an 

impedance bandwidth of 25% and isolation (≥ 40 dB). In comparison, the design in figure 

2.8 (b) achieved a 10 dB bandwidth of 28% and port isolation (≥ 40 dB). A better level of 

coupling and a wider impedance can be achieved by placing the coupling slot closer to the 

center of the patch [6]. However, this is not feasible for the case of a dual linearly polarized 

patch antenna because it reduces the offset between the slots and worsens port isolation, 

unless a via wall is added between the slots as done in [32]. An isolation improvement of 

around 10 dB was achieved using this technique at the expense of increased design 

complexity and longer simulation times. Plots of the ground plane electric were provided 

to show the improvement in coupling with the vias.  
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Figure 2.9: Broadband dual linearly polarized aperture stacked patch antenna © 2004 

IEEE 

The antenna shown in figure 2.9 is a crossed slot coupled patch antenna operating around 

2 GHz for cellular base station applications. This antenna can achieve an impedance 

bandwidth above 50% with port isolation (≥ 35 dB) across the band [33]. Two balanced 

feeds that are symmetric with the patch center and the slots are used here, one for the 

excitation of each polarization. This design also has other advantages, such as higher-order 

mode suppression and better port isolation [34]. One disadvantage, however, is the low 

front to back ratio (typically between 6 to 12 dB) when resonant slots are used. A reflector 

can be used to improve the antenna front to back ratio to acceptable levels.  

2.5 Broadband Millimeter-Wave Dual linearly polarized Antennas 

Most of the designs discussed in the previous sections operated at lower frequencies near 

L and S bands. In some cases, such as the L-probe fed antenna, duplicating those designs 

at higher frequencies would pose significant challenges because of the antenna size. L-

probe fed patch antennas are typically supported by a little plastic post with a diameter of 

around 1 mm. Manufacturing this at higher frequencies without causing alignment issues 
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would be a difficult task. In this section, a few mm-wave dual linearly polarized antennas 

from the literature are discussed and compared in terms of their impedance bandwidth, 

profile, and input port isolation. Other examples of mm-Wave designs not discussed here 

are [35]–[37]. 

 

Figure 2.10: U-slot coupled patch antenna © 2019 IEEE 

A low profile dual linearly polarized circular patch antenna coupled through U-shaped slots 

was proposed in [38], as shown in figure 2.10. The antenna has a low profile of 0.066 λ0 

while offering an impedance bandwidth of 15%, which covers the entire 60 GHz industrial, 

scientific, and medical (ISM) band from 57 to 64 GHz. A significant improvement in port 

isolation (from 23 dB to better than 37 dB over the frequency band) was achieved by using 

a circular patch antenna. The currents from each of the feeds circulate near the edge of the 

circular patch antenna. Given that the feeds are orthogonally oriented, the currents cancel 

each other out because they flow in opposite directions. The current in port 1, for example, 

flows in the clockwise direction, while the currents due to port two flows in the 

counterclockwise direction, therefore canceling each other out and increasing the port 

isolation. There was a good agreement between the measured and simulated results of the 
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manufactured prototype, except for a small difference in the S11 and S22 return loss 

bandwidth because of layer miss-alignment. 

This design, however, is likely going to suffer from larger levels of back radiation because 

of the resonant slots. As mentioned earlier, it is always desirable to keep the operating 

frequency of the slots well below the operating frequency of the patch antenna to avoid 

high back radiation levels.  

 

Figure 2.11: LTCC based dual linearly polarized antenna © 2017 IEEE 

In [39], a dual linearly polarized low temperature cofired ceramics (LTCC) based planar 

aperture antenna for a 60 GHz CMOS differential transceiver chip is proposed. The 

impedance bandwidth of the antenna covers the entire 60 GHz ISM band, and the port 

isolation level is better than 26 dB across the band. Antenna-in-Package solutions such as 

the one proposed in this article started gaining research attention in the early 2000s because 

they can easily be integrated with other mm-Wave wireless systems. The antenna is made 

up of multiple thin layer stack-up of LTCC substrates with a cross-shaped strip, a meshed 

ground plane, and a metallic cavity extending through various layers in the stack-up as 

shown in figure 2.11. 
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A 4x4 slot coupled dual linearly polarized microstrip antenna array for mm-Wave RFID 

tag readers operating in the frequency range from 22 to 26.5 GHz is proposed in [40].  The 

antenna offers an impedance bandwidth of 18% with port isolation that is better than 35 

dB across the band. The antenna structure and stack up are like that proposed by [41], 

where a balanced feed is used for each polarization on different substrate layers and a 

crossed slot in the ground plane for coupling.  

 

Figure 2.12: mm-Wave crossed slot patch antenna © 2015 IEEE 

The use of the crossed slots does improve the port isolation at the expense of an additional 

substrate layer and the possibility of increased back radiation [42]. Even though the exact 

level of back radiation is not reported in the article, it is most likely close to 15 dB. This 

conclusion was reached because the design does not use a resonant slot, which further 

reduces the front to back ratio. If resonant slots were employed here, the impedance 

bandwidth would be close to 50%, with the back-radiation levels around 10 to 15 dB. A 

reflector patch can be added below the ground plane to increase the front to back ratio to 

acceptable levels. The proposed antenna structure is shown in figure 2.12. A foam airgap 

is used between substrate feed two and the patch antenna. A thick laminate layer is typically 

needed here to avoid direct coupling between the feed and the patch antenna since one of 

the feeds is above, and the other is below the ground plane. Another issue that could arise 
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is the compression of the foam layer if bond ply layers are used since heat and pressure are 

typically applied to glue the layers together. Applying pressure reduces air bubbles within 

the foam and increases its permittivity. 

 

Figure 2.13: Cavity-backed mm-Wave dual linearly polarized patch antenna © 2016 

IEEE 

In [43], another dual linearly polarized microstrip antenna operating at Ka-band is 

presented. The antenna structure is similar to that proposed by Adrian and Schaubert in 

[22] and discussed earlier in this chapter. The antenna is designed for wide-angle scanning 

Satcom on the move applications (airplanes, trains, and ships) from 27.8 to 30.8 GHz, 

offering a scan performance up to ±60°. The antenna unit cell is made up of a multilayer 

design where two patch antennas, a metallic airgap and stripline and microstrip feed 

networks are used. The second resonator and the airgap below the radiating patch increase 

the operating bandwidth of the antenna, and the stripline and microstrip line feed network 

reduces the level of back radiation. The reason is that another metallic layer is added below 

the slots and only a small portion of the feed network is exposed at the back therefore 

reducing feedline spurious radiation. A wall of vias forming a cavity are also employed 
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around the antenna element to supress surface waves and reduce the levels of interelement 

coupling. An exploded view of the antenna element is shown in figure 2.13. 

2.6 Cavity-backed Antennas 

Cavity-backed antennas are known to offer excellent performance characteristics in 

comparison to traditional microstrip antennas [44] such as reducing back-lobe radiation 

and increasing the antenna radiation efficiency by suppressing surface and leaky-wave 

excitation [3].  Better scan performance and inter-element coupling in antenna arrays with 

thicker substrates are also achieved due to the suppression of leaky waves. Metallic walls 

were employed in [45] between elements of a slot array antenna to reduce inter-element 

coupling due to parallel plate waveguide modes. Microstrip antennas built on a thicker 

substrate typically suffer from low radiation efficiency and the appearance of grating lobes 

even at scan angles close to broadside, because of surface and leaky waves. Guided waves 

in a microstrip antenna substrate can be minimized similarly, by using a metallic cavity 

that surrounds antenna elements. This leads to larger scan angles in microstrip antennas 

with thick substrates due to the suppression of leaky-wave resonances [46]. In [47], the 

probe-fed microstrip antenna with a metallic cavity backing shown in figure 2.14 was 

proposed to achieve broadband antenna performance. Techniques to compensate for the 

reactive nature of the feeding probe were also investigated and analyzed. The proposed 

antenna layout was made of two layers, a thick foam layer with a dielectric constant close 

to that of air to prevent the excitation of surface wave while increasing the antenna 

bandwidth, and a thin PTFE layer for the realization of the parasitic patch. Antenna 

bandwidth of around 35% for VSWR ≤ 2 and good scan performance because of the 

metallic cavity were achieved. A microstrip antenna using SIW technology with similar 
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scan performance was proposed in [48] as an alternative low-cost solution to the machining 

of metallic cavities. Another is the design proposed in [49] for x-pol suppression. 

 

Figure 2.14: Probe-fed cavity-backed antenna © 2000 IEEE 
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Chapter 3  

Antenna Design 

In the previous chapter, various techniques for bandwidth and isolation enhancement of 

dual linearly polarized microstrip antennas were discussed. Multi resonator antennas were 

deemed to be the most promising in terms of bandwidth enhancement. Other feeding 

techniques such as L-probe feeds were able to produce a broad bandwidth with high levels 

of port isolation. However, their application was limited to lower frequencies because of 

their manufacturing complexity. 

In this chapter, three planar antenna designs are proposed, which operate in the sub-

millimeter wave frequency range around 28 GHz for the next generation of mobile 

communications, 5G. Each of the antenna type uses a different substrate for layer 2. The 

first uses an RT/Duroid 5880 laminate, which is used for all antenna layers. The second 

uses a low permittivity foam (Rohacell 31 IG/A εr = 1.05), and the third is a 3D printed 

airgap made from polylactic acid (PLA). In each design, a substrate integrated waveguide 

(SIW) cavity-backing was simulated, except for the case of the PLA. A stacked patch 

antenna without a cavity or a shorting post was also simulated as a baseline for isolation 

and radiation pattern comparison. Each of the three proposed dual linearly polarized 

antennas can achieve an impedance bandwidth above 30% and port isolation better than 30 

dB.  
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3.1 Antenna Design I 

The design proposed here is a SIW cavity-backed patch antenna operating in the 

submillimeter-wave range around 28 GHz. Metallic posts connecting the ground plane to 

the top surface of the antenna are used to form a cavity. SIW cavity-backed antennas have 

similar characteristics and are easier to manufacture in comparison to conventional cavity-

backed antennas since they can be realized using traditional PCB manufacturing techniques 

[48], [50], [51]. Other SIW design equations such as post diameter and spacing can be 

found in [52], [53]. 

 

Figure 3.1: Proposed antenna stack up 

Figure 3.1 shows the geometry of the proposed slot coupled microstrip patch antenna, and 

table 3-1 shows the antenna dimensions. Lpar, Wpar, Lp, Wp, T1, and T2, are the length 

and width of the parasitic patch (radiating patch), the length and width of the main (feeding) 

patch, and the feedline widths for port one and port two, respectively. The proposed design 

is to be manufactured on a four-layer Rogers RT/Duroid 5880 substrate with a relative 

permittivity of 2.2. Microstrip line feeds for both the vertical and horizontal polarizations 

are etched on the bottom of substrate 4. The ground plane with two coupling slots and the 
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feeding patch is etched on the bottom and top of substrate 3, respectively. The radiating 

patch (parasitic patch) can be etched on the top or bottom (this is referred to as the inverted 

configuration) of substrate 1, and it is separated from the feeding patch by a gap. This gap 

can be realized using an air gap if 3D printed spacers, posts, or a foam substrate is used. 

Each patch antenna introduces a resonance, as shown in figure 3.2, by the peaks in the real 

part of the input impedance.  

 

Figure 3.2: Real part of the input impedance 

The structure can then be optimized for the slot to antenna coupling and good matching in 

the desired frequency range. Designs with spacers or foam tend to yield a higher impedance 

bandwidth. However, they have a slightly larger thickness, and they are more challenging 

to manufacture, not because of the difficulty in 3D printing spacers but because of 

alignment issues that can deteriorate the antenna performance. Using foam raises another 

problem since the bonding process used to glue multi-layer PCB structures together can 

compress the foam and push out air bubbles in it increasing its permittivity and reducing 

thickness. The only way to remedy this might be to use aircraft-grade rigid foam that can 
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handle the heat and pressure applied during the bonding process (LAST-A-FOAM RF-

2200 made by General Plastics Manufacturing Company) [54]. Many S and C band 

antennas have been reported employing foam airgaps because the antenna sizes are 

relatively large (30 mm or more in comparison to 3 to 5 mm at 28 GHz). At these 

frequencies, antennas are less sensitive to small misalignments, making it easier to glue the 

layers together or, in some cases, even apply a thin double-sided tape to hold them together. 

As a result of these issues, a Duroid 5880 substrate is used here instead of an air gap, 

allowing for easy manufacturing of metallic posts, and ensuring that most PCB 

manufacturers can prototype them. The tradeoff associated with this is typically a reduction 

in the bandwidth of the antenna. Simulations show that, with proper optimization of the 

design, the reduction in bandwidth is less than 5%.  

Table 3-1: Antenna parameters 

Parameter Dimension (mm) Parameter Dimension (mm) 

L1 25 H1 0.254 

L2 7 H2 0.381 

L3 2.73 H3 0.508 

L4 12.1 H4 0.127 

L5 13.4 D1 1.73 

Lpar 2.71 D2 0.81 

Wpar 2.71 D3 0.22 

Lp 2.78 D4 1.02 

Wp 2.78 D5 0.75 

T1 0.42 D6 0.22 

T2 0.51 D7 1.1 
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3.1.1 Design Features  

The simulation results of the optimized ANSYS HFSS antenna are shown in figure 3.3. 

The antenna has an impedance bandwidth of 34.2% and an isolation better than 34 dB over 

the band, where the port isolation is better than 40 dB over most of the band. 

 

Figure 3.3: Optimized antenna S-parameters 

It is important to understand that achieving a good level of port isolation over such a large 

bandwidth is a cumbersome task. Here, a shorting post is added at the center between the 

ground plane and the radiating patch, as shown in figure 3.1. This shorting post improves 

the port isolation of the antenna (|S21|) by 5 to 10 dB’s across the entire band. Since this is 

the zero-voltage point of the patch antenna, other antenna parameters, such as efficiency 

and bandwidth, were not affected. Only a small drop in the antenna gain of 0.2 dB was 

noticed in the simulated results. This shorting post excites a current in the non-radiating 

slots of the patch antenna, therefore reducing the level of coupling between port 1 and port 

2. The via diameter is varied to achieve the optimal values of S21, as shown in the 

parametric study section. The magnitude of the electric field on the ground plane before 
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and after adding the shorting post when port one is excited is shown in figure 3.4 (a) and 

(b), respectively. This figure illustrates the reduction in the coupling between the two ports. 

The field reduction is evident, especially near the port excitations. Both simulations were 

generated using Ansys HFSS at the center frequency of the design (around 28 GHz).  

 

(a) (b) 

 

Figure 3.4: Magnitude of the electric field on the feed substrate 

As can be seen from the simulation results in figure 3.5, this technique yields better than 

10 dB isolation improvement across the entire frequency band.  Shorting posts have been 

utilized to improve other characteristics of microstrip antennas such as frequency agility 

and polarization diversity since the late 1980s [55], and this is another application of how 

they can be used to improve other antenna characteristics. 
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Figure 3.5: Improvements in the antenna port isolation by using a shorting post 

3.1.2 Design Parameters  

This section outlines important design considerations based on the design guidelines 

proposed for slot-coupled patch antennas [5], [56], [57]. The effect of the essential 

parameters on the antenna performance is studied. These are the antenna airgap, the patch 

dimensions, the antenna laminate thicknesses, and the slot lengths. Besides, the SIW cavity 

dimensions and its relation to the antenna gain and S-parameters are also studied. The 

reader can refer to appendix A for a detailed description of the substrate selection 

methodology along with other crucial antenna parameters such as antenna and slot 

dimensions. These are of course not exact equations but rather a good starting point for the 

simulations. Once the initial design is simulated the designer can then change the antenna 

parameters (these are the antenna substrate heights and slot and patch antenna dimensions) 

to achieve the desired results (bandwidth, isolation, gain, and front to back ratio) for that 

specific application. 
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Slot coupled patch antennas have many degrees of freedom in comparison to antennas fed 

using other excitation techniques. Giving the designer the freedom to control which 

parameter they vary. For example, if a high front to back ratio is desired for an antenna 

built on a thick substrate, the width of the patch can be decreased instead of increasing the 

slot length to achieve a good match, at the expense of a slight reduction in the impedance 

bandwidth. 

The appropriate substrate thickness depends on the application and the desired percent 

bandwidth along with radiation efficiency, gain, and back radiation levels. Using thicker 

antenna substrates and modifying other antenna parameters, a larger impedance bandwidth 

can be achieved. Low dielectric constant laminates are usually employed for the antenna 

substrate since they offer the best achievable impedance bandwidth, radiation efficiency, 

and scan angle performance in phased array applications. Assuming that the feed substrate 

is kept constant, four parameters are used to obtain optimal matching, namely patch width 

and length, the antenna substrates, open-circuited stub, and the slot length.  

Like antennas excited using other techniques, the patch length controls the resonant 

frequency of the antenna. The width of the patch also affects the percent achievable 

bandwidth, as seen in other types of patch antennas. Any portion of the feedline extending 

beyond the slots is considered a stub that can be used to tune the imaginary part of the input 

impedance leading to better matching.  

H or dog-bone shaped slots have proven to offer better coupling between the slot and the 

antenna and lower back lobe radiation in comparison to their counterpart, the rectangular 

slot, as mentioned in the previous chapter. For these reasons, they are employed in all 

designs throughout this chapter. The level of coupling between the antenna and the slot 
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resonance can be controlled using the slot length. Increasing the slot length increases the 

level of coupling and vice versa, where longer slots are typically needed for antennas 

mounted on thicker substrates. Here the level of back radiation must be monitored when 

varying the slot length as there is a tradeoff between the two parameters. A slot length equal 

to roughly half that of the patch is a good starting point while monitoring the coupling loop 

on the smith chart and the level of back radiation when increasing this parameter. If the 

impedance response is confined to the edge of the smith chart, it would be difficult to obtain 

a good match because of the high input impedance of the antenna. The best level of 

impedance matching can be achieved by varying the slot length to get the closest match to 

the desired input resistance value. 

3.1.3 Parametric Study 

The data presented in this section is shown in the form of S-parameters plots, input 

resistance plots, and input impedance smith chart plots. Input resistance plots show the 

antenna impedance matching, while the smith chart plots are used to show the level of 

coupling between the slots and the antennas. Figure 3.6 shows a loop near the center of the 

smith chart, which implies that the antenna is coupling to the slot resonance. When the 

patch ratio increases in comparison to slot size, the circle deviates from the chart center, 

indicating a reduction in the coupling. Similarly, the coupling decreases if the slot length 

is reduced. The level of antenna coupling can be described as critically coupled when the 

input impedance is well matched to 50 Ω, under coupled when less than 50 Ω, and over 

coupled when the input impedance is larger than 50 Ω. 
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Figure 3.6: Impedance loop of a coupled antenna and slot 

Whenever the loop disappears, or deviates off the center the smith chart, this is considered 

a decrease in the slot to patch coupling. Varying the slot length and observing the changes 

in the antenna input impedance and coupling level, the optimum slot length can be 

determined. Similarly, other critical antenna parameters, such as substrate thickness and 

patch dimensions, can be determined.  

The effect of varying the dimensions of the feeding and radiating patch antennas are studied 

next. The S-parameter results in figure 3.7 show the impact of the patch size on the 

matching, where the yellow curve is for the nominal value of 2.71 mm. As the length of 

the patch increases, the matching starts to deteriorate, and we only see the effect of the 

lower resonance (2.9mm). A change of 5% or less tends to produce acceptable results (S11 

≥ 10 dB), keeping in mind, of course, that this is still a minimal change between 1 to 4 

mils.  
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Figure 3.7: Antenna return loss for different radiating patch lengths 

When the length of the feeding patch is varied, somewhat similar results to those seen for 

the case of the radiating patch are observed. Figure 3.8 shows the effect of these changes 

for a nominal patch length of 2.78 mm. As the length of the primary patch decreases, only 

the resonance of the radiating patch appears.  This scenario can be seen for the case of 

Lp=2.65mm, for example, from the single dip in S11 around 26 GHz. Like the radiating 

patch, this antenna is also somewhat tolerant of small dimensions variations due to the 

fabrication process. 

 

Figure 3.8: Antenna return loss for different feeding patch lengths 
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Figure 3.9 presents the real part of the input impedance for port 1 for various patch lengths. 

The resistance starts increasing around 30 GHz, explaining the mismatch that occurred in 

the S-parameter plot. An increase in the lower resonance input resistance is seen for shorter 

patch lengths while at longer patch lengths for the upper resonance. If the size of the feeding 

patch were further reduced, only the response from the upper patch would be seen. This 

single peak tells that the dimension of these antennas affects both the upper and lower 

resonance behaviors. 

 

Figure 3.9: Port 1 input resistance for different feeding patch lengths 

The real part of the input impedance for port one is shown here again in figure 3.10, where 

the length of the radiating patch is varied, and for a nominal patch length of 2.71 mm. As 

Lpar is decreased, the upper resonance around 32 GHz starts to disappear to the extent 

where the effect of the lower patch dominates. On the other hand, increasing the radiating 

patch dimension, the upper resonance resistance becomes very high, and another smaller 

resonance around 29 GHz starts to appear. 
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Figure 3.10: Port 1 input resistance for different radiating patch lengths 

The coupling can explain this behavior seen when the patch dimensions decrease beyond 

a certain point to the fringing fields of each of the patches. For example, when the size of 

the radiating patch becomes very small in comparison to the feeding patch, it no longer 

couples to its fringing fields and vice versa [57]. 

Next, the substrate thickness of both patch laminates is varied for several commercially 

available RT/Duroid 5880 substrate thicknesses. Figure 3.11 shows the results of this 

parametric for the primary antenna substrate. The matching becomes gradually worse as 

the substrate thickness deviates from the nominal value of 0.508 mm. It can also be seen 

that the bandwidth is getting narrower for antennas on thinner substrates as expected. 

Looking at both the smith chart and input resistance plots gives us more insight into the 

coupling behavior, where we can see a degraded level of coupling as h2 is increased. 
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Figure 3.11: Antenna return loss for different feed antenna substrate thickness  

The effect of the radiating patch substrate on the antenna matching is shown in figure 3.12, 

for a nominal thickness of 0.381 mm. Observing the changes in the S-parameter plot, it is 

apparent that for lower values of h3, only one resonance dominates. This single resonance 

is seen from the S11 result for a thickness of 0.127 mm. From the slot point of view, only 

one patch antenna is seen, the top patch in this case. Similar behavior can be seen for thicker 

substrates. For example, when the substrate thickness is set to 0.508 mm, only the lower 

patch is seen, and the impedance matching gets worse at higher frequencies around 30 

GHz. This behavior can be attributed to the weak coupling between the slot and the 

radiating patch.  
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Figure 3.12: Antenna input impedance for different h3 values 

The influence of the slot length variation on the impedance matching is plotted in figure 

3.13. Here the best match was achieved for a slot length of 1.73 mm. In this design, where 

two patch antennas are employed, the slot length influences the resonance frequency of the 

antenna, unlike the single patch antenna configuration, where the dimensions of the patch 

antenna mainly control the resonance frequency. 

 

Figure 3.13: Antenna return loss for different slot lengths 
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From the S-parameter results, it can also be seen that the antenna is matched (≥ 10 dB) for 

a range of slot length, implying that the antenna performance should not be degraded too 

much with PCB fabrication tolerances.  A slot length of 1.73 mm yields the best results 

here, and it was the value chosen for the manufactured prototype. The slot effect on the 

resonance frequency also implies that the three resonators, the slot length, and the two 

patch antennas interact together and that there is a mutual coupling between them. This 

coupling allows for acceptable design tradeoffs between them that the antenna designer can 

use to design the best antenna for a given application. Figure 3.14 shows the changes in the 

input impedance for port one as a function of the slot length. This parameter, in addition to 

the width of the microstrip feed line, can be used to achieve the best impedance matching 

results for the antenna being designed. For example, if low levels of back radiation are 

required, the designer can reduce the slot length by reducing the thickness of the feeding 

patch substrate. This reduction in slot length will, however, increase the quality factor of 

the antenna, and hence reduce the percent impedance bandwidth. 

 

Figure 3.14: Input resistance for different slot lengths 
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The parametric study outlined in this section can be used as a guideline to design broadband 

microstrip antennas. Given the fact that the design being proposed here employs a SIW 

cavity surrounding the antenna for enhanced array performance and a shorting post for 

isolation enhancement, their influence on the matching and performance of the antenna 

must be considered. Figure 3.15 shows S11 results for a range of cavity dimensions. As we 

can see, changes in the cavity dimension barely influence the antenna matching (S11 ≥ 10 

dB). The effect of this parameter, as shown in figure 3.16 on the port isolation S21, however, 

are more pronounced and must be kept in mind when designing the antenna. From the plot, 

we can see the level of isolation getting worse near the upper edge of the band. Using the 

dimension of the SIW cavity, this can be pushed further away to a higher frequency outside 

of the band of interest by increasing the cavity dimension. This increase, however, is 

limited by the inter-element spacing in array applications, where it is desired to keep the 

distance around λ0/2 to avoid grating lobes. 

 

Figure 3.15: SIW cavity dimension effect on antenna return loss 
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Figure 3.16: Effect of SIW cavity dimensions on input port isolation 

A via extending from the ground plane to the radiating patch center is shown to improve 

the port isolation. Vias with smaller diameters led to a better port isolation level, as shown 

in figure 3.17. The shorting post diameter, however, is limited by the manufacturing 

capability. PCB manufacturers have recommendations on the aspect ratio of drills based 

on the antenna thickness and number of layers.  

 

Figure 3.17: Port isolation for different shorting post diameter 

-60

-50

-40

-30

-20

-10

0

20 22 24 26 28 30 32 34

S 2
1

(d
B

)

Frequency (GHz)

S(2,1) - Es=6mm

S(2,1) - Es=7mm

S(2,1) - Es=8mm

S(2,1) - Es=8.5mm

-80

-70

-60

-50

-40

-30

-20

-10

0

20 22 24 26 28 30 32 34

S 2
1

(d
B

)

Frequency (GHz)

S(2,1) - d2=0.25mm S(2,1) - d2=0.29mm

S(2,1) - d2=0.32mm S(2,1) - d2=0.33mm



 

45 

 

3.1.4 Sensitivity Analysis 

The effects of small airgaps and dimension changes due to the manufacturing process and 

laminate properties could be more pronounced at mm-Wave frequencies in comparison to 

similar antennas designs at lower frequencies. Therefore, they must be considered when 

designing aperture coupled antennas at these frequencies. Figure 3.18 shows the changes 

in S11 as the feeding patch antenna is offset in the x-direction from – 0.4 mm to + 0.4 mm 

about the antenna center. A good match (S11 ≥ 10 dB) is achievable for a patch 

misalignment of less than ± 0.3 mm. Comparison of this result to similar designs at S-band 

from [56] where misalignments in the range of 0.5 to 1 cm can still yield acceptable results, 

shows how well the layers must be aligned to produce a successful prototype. S22 results 

are also similar. 

 

Figure 3.18: Antenna return loss for patch variation in the x-direction 
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towards the short circuit point of the smith chart on the inductive side, indicating 

deterioration of the matching [56].  

The changes in S11 due to the slot movement in the y-direction is almost negligible, as 

shown in figure 3.19. S22, however, becomes mismatched for offsets larger than ± 0.3 mm.  

P. L. Sullivan studied the effect of patch misalignment at S-band for a linearly polarized 

slot coupled microstrip antenna [56]. His studies concluded that movement of the slot in 

the x-direction caused little change in coupling and impedance matching, given that the 

entire slot remains underneath the patch.  

 

Figure 3.19: Antenna return loss variation for patch variation in the y-direction 

In contrast, offset in the radiating patch alignment causes little change in impedance 

matching, as can be seen from figures 3.20 and 3.21 for S11 when the patch is moved in the 

x and y-direction, respectively.  

-25

-20

-15

-10

-5

0

20 22 24 26 28 30 32 34 36

S 1
1

(d
B

)

Frequency (GHz)

y_var=-0.4mm y_var=-0.3mm

y_var=-0.2mm y_var=-0.1mm

y_var=0mm (Nominal) y_var=0.1mm

y_var=0.2mm y_var=0.3mm



 

47 

 

 

Figure 3.20: Antenna return loss for radiating patch in the x-direction 

 

Figure 3.21: Radiating patch offset in the y-direction on return loss 
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microstrip line width has been adjusted, a good match (VSWR ≥ 2) can be achieved for a 

laminate thickness of 0.254 mm. Going beyond that would require slot length and stub 

variation to account for the coupling changes. 

 

Figure 3.22: Antenna return loss for different feed laminate height 

 

Figure 3.23: Antenna return loss for different feed antenna substrate heights 
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Small variations in the feeding antenna substrate thickness do not have much of an effect 

on the impedance matching (S22 ≥ 10 dB is considered acceptable), as shown in figure 3.23 

for S22. Changes in the profile of the other substrates also have similar effects, where good 

matching can still be achieved for small variations in the laminate thickness. The level 

coupling degrades as the antenna substrate thickness increases and can be compensated for 

by increasing the slot length, which in turn increases the level of back radiation. This 

increase explains the scenario of the cross-coupled DP antenna mentioned earlier and why 

a reflector is needed to attain acceptable levels of back radiation. Levels of back radiation 

are worsened by increasing the slot dimensions and the use of a thicker substrate, which is 

employed to increase the antenna bandwidth. Increasing the ground plane thickness also 

has similar effects on the back radiation, with a severe deterioration in performance when 

its thickness is increased beyond 0.1 λ0 [58]. 

This design is also tolerant of changes in the dielectric constant of the antenna substrates. 

The antenna results were evaluated for a ± 0.2 difference in the dielectric constant without 

much degradation in the antenna matching and port isolation. Figure 3.24 and 3.25 show 

the single element S-parameters for feeding antenna (h3) and gap (h2) substrates, 

respectively. Where dielectric constant of 2, 2.2 (nominal), and 2.4 are evaluated. The S-

parameter results tell us that the design can withstand more than 9% change in the substrate 

dielectric constant without much degradation to the antenna impedance matching and port 

isolations. Similar results were also seen when the radiating patch dielectric constant was 

changed. The gain and cross-polarizations levels in both E and H planes were also not 

affected by these changes in the laminate dielectric constant. 
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Figure 3.24: Relative permittivity variation effect on S-parameters 

 

Figure 3.25: Relative permittivity effect on S-parameters 

-80

-70

-60

-50

-40

-30

-20

-10

0

20 22 24 26 28 30 32 34 36

S-
p

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

S(1,1)_Er_2.2 (Nominal) S(2,1)_Er_2.2 (Nominal) S(2,2)_Er_2.2 (Nominal)

S(1,1)_Er_2 S(2,1)_Er_2 S(2,2)_Er_2

S(1,1)_Er_2.4 S(2,1)_Er_2.4 S(2,2)_Er_2.4

-80

-70

-60

-50

-40

-30

-20

-10

0

20 22 24 26 28 30 32 34 36

S-
p

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

S(1,1)_Er_2.2 (Nominal) S(2,1)_Er_2.2 (Nominal) S(2,2)_Er_2.2 (Nominal)

S(1,1)_Er_2 S(2,1)_Er_2 S(2,2)_Er_2

S(1,1)_Er_2.4 S(2,1)_Er_2.4 S(2,2)_Er_2.4



 

51 

 

3.1.5 Radiation Patterns  

The Eϴ and EΦ radiation patterns at the center frequency of 28 GHz in the Φ = 0 and Φ = 

90 planes are shown in figure 3.26 (a) and (b), respectively.  As expected from a patch 

antenna, this design has broad radiation and a gain of 8.1 dB. The cross-polarization levels 

for both Φ = 0 and Φ = 90 planes are 30 dB below the main beam at boresight. 

 

(a) 

 

(b) 

Figure 3.26: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 28 GHz 
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The simulated antenna gain over frequency is shown in figure 3.27. As we can see from 

the figure, the gain is very stable, with less than one dB variation over the entire bandwidth 

of interest. One thing to notice here, however, is that the gain decreases rapidly at both 

edges of the frequency band. The decrease at the lower end can be attributed to the increase 

in the return loss or worse impedance matching. Where the upper band decrease is likely 

due to the increase of back radiation as the antenna radiation efficiency reduces. 

 

Figure 3.27: Antenna gain vs. frequency 

Figure 3.28 shows the antenna front to back ratio (FBR), an important figure of merit for 

slot coupled patch antennas, given how closely the slot length and the antenna FBR are 

related. The simulated front to back ratio for this antenna element is better than 17 dB over 

the entire impedance bandwidth. If a resonant slot were used here to increase the impedance 

bandwidth, FBRs as low as 6 dB could be seen at the band edges. 
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Figure 3.28: Antenna front to back ratio over frequency 

3.1.6 Fractal Antenna  

Here a broadband fractal antenna is proposed based on the single-layer designs in [59], 

[60]. Sierpinski carpet fractals replace the patch antennas in the antenna proposed earlier 

in this section. The slot configuration is shown in figure 3.29 for the first, second, and third 

iterations. Slot dimensions are as follows; the first, second, and third iterations are one 

third, one-ninth, and one twenty-seventh the size of the patch [60]. By increasing the order, 

the bandwidth of the antenna can be improved. However, no noticeable increase can be 

seen beyond the third iteration. Plus, manufacturing such a design is also challenging and 

expensive, especially at mm-Wave frequencies because of PCB manufacturing limitations. 

The advantages of using this design are reduced antenna dimensions and better port 

isolation when compared to conventional patch design. A silicon-based Sierpinski carpet 

fractal antenna with 13% impedance bandwidth at 24 GHz was designed in [59], and an 

LTCC based fractal was proposed in [60].  
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(a) (b) (c) 

 

Figure 3.29: Fractal antenna iterations: (a) 1st iteration (b) 2nd iteration (c) 3rd iteration  

The stacked fractal antenna has the same number of layers and stack-up as the microstrip 

patch antennas proposed earlier. Here a multilayer PCB based fractal design on RT/Duroid 

5880 is presented, making use of two fractal antennas on different layers that are 

capacitively coupled to each other and fed through a slot in the ground plane. 

 

Figure 3.30: Fractal antenna stack-up 
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Figure 3.30 shows the stack-up of the proposed antenna. An impedance bandwidth of 

26.5% for 10 dB impedance bandwidth with a port to port isolation of 30 dB is achieved 

over the band. Figure 3.31 shows the S-parameter results of the optimized antenna. A 

parametric study like that in section 3.1.4 was carried out to optimize this design. 

 

Figure 3.31: Optimized antenna S-parameters 

This antenna has a slightly lower gain of 6.8 dB in comparison to a conventional patch 

antenna, due to the reduced radiator size. Figure 3.32 shows the Eϴ and EΦ plots in the Φ = 

0 and Φ = 90 planes respectively at the center frequency of 26.5 GHz.  The cross-

polarization levels for both Φ = 0 and Φ = 90 planes are 30 dB below the main beam at 

boresight. 
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(a) 

 

(b) 

Figure 3.32: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 26.5 GHz 

Antenna gain over the frequency of interest is also very stable, as shown in figure 3.33, 

with less than 0.5 dB variation. The simulated efficiency in figure 3.34 also shows that the 

antenna has a radiation efficiency above 85% from 23 to 30 GHz. 
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Figure 3.33: Antenna gain vs. frequency 

 

Figure 3.34: Antenna efficiency vs. frequency 

The antenna front to back ratio from 24.25 to 29.5 GHz is higher than 15 dB and rapidly 

becomes worse at both edges of the band, as shown in figure 3.35. This reduction is likely 

due to the slot dimensions and the gain degradation at the higher frequency end. 
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Figure 3.35: Antenna front to back ratio vs. frequency 

3.2 Antenna Design II 

Figure 3.36 shows the exploded view of the proposed antenna. This antenna is very similar 

to the one analyzed in the previous section, except that substrate two is replaced with a 

foam layer (Rohacell 31 IG/A), and a Rogers 4350 laminate was used for the feed network. 

The total thickness of the antenna prototypes is 1.703 mm (0.15 λ0). Foam has very 

desirable characteristics when designing patch antennas primarily due to their relative 

permittivity, which is close to that of air. Having a low permittivity can be beneficial in 

eliminating surface waves and improving the antenna radiation efficiency. Surface waves 

are typically excited at the interface between dielectric and air in a patch antenna, and the 

higher the dielectric constant, the sooner surface waves are excited as a function of 

substrate thickness [61]. The authors in [62] proposed a linearly polarized five-layer Ka-

band (26-40 GHz) antenna with a broadband impedance bandwidth. The layers were made 

up of a mixture of foam and RT/Duroid 5880 laminates with a total thickness of 2.495 mm 

(0.274 λ0). Using a resonant aperture, an impedance bandwidth of 42.4% was achieved 

with a gain of 6 dB. Our proposed design outperforms the one in [62] in terms of impedance 

bandwidth by about 5%. In addition to wider bandwidth, the designs has a profile that is 
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nearly half that of the antenna in [62], without degrading the antenna front to back ratio or 

radiation performance. 

 

Figure 3.36: Antenna layout 

Due to the difficulty in etching or manufacturing antennas on foam, a thin laminate is 

typically used above it where the antenna can be etched. Another advantage of using foam 

or spacers is the fact that substrate one can act as a protective layer for the antenna, and a 

given range of airgap thicknesses provides a lower input resistance for the upper resonance. 

Lower input resistance translates into easier matching because the antenna can easily be 

matched to 50 or 75 Ohms, in comparison to an antenna with a higher input impedance 

[63]. This reduction holds for the inverted antenna configuration, where the radiating 

antenna is etched on the bottom of substrate 1.  

Figure 3.37 shows the simulated return loss for both polarizations and the port isolation 

between the two. An impedance bandwidth of 46.8% (VSWR ≥ 2) is achieved with port 

isolation levels better than 34 dB across the band. This antenna outperforms the antenna 

proposed in [62] without increasing the antenna substrate thickness or degrading the level 

of back radiation by increasing the slot size. The profile of the antenna being proposed here 

is almost half the size, 0.15 λ0, in comparison to a profile of 0.274 λ0. 
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Figure 3.37: Optimized antenna S-parameters 

A shorting post is also added here at the center of the antenna between the radiating patch 

and the ground plane to improve the port isolation. Simulations show that better than 10 

dB of isolation improvement is achieved using this technique. Figure 3.38 compares port 

isolation S21 for an antenna with and without a shorting post, and the antenna with the 

shorting post greatly enhances the isolation. 

 

Figure 3.38: Antenna S21 with and without shorting posts 
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3.2.1 Radiation Patterns  

This antenna has a gain of 7.2 dB, which is comparable to other multilayer slot coupled 

designs. Figure 3.39 shows the Eϴ and EΦ radiation patterns in the Φ = 0 and Φ = 90 planes, 

respectively at the center frequency of 26.575 GHz.  The cross-polarization levels for both 

Φ = 0 and Φ = 90 planes are 35 dB below the co-polar patterns at boresight. 

 

(a) 

 

(b) 

Figure 3.39: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 26.575 GHz 
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Figure 3.40 shows the antenna gain across the matched frequency band. The antenna gain 

over frequency is better than five dB with a gain variation below 1.6 dB. Which is 

comparable to other multilayer slot coupled patch antennas proposed in the literature. 

 

Figure 3.40: Antenna gain vs. frequency 

 

Simulated antenna efficiency is excellent, and the antenna has an efficiency above 85% 

across the frequency band. Having a high radiation efficiency tells us that surface waves 

are not deteriorating the antenna efficiency, as can be seen on single-layer patch antennas 

on thicker substrates. High radiation efficiency is one of the main advantages of using slot 

coupled patch antennas. Surface wave efficiency can be improved above 95% by using 

foams and thin laminates for manufacturing the antenna [5]. Figure 3.41 is a plot of the 

simulated antenna efficiency.  
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Figure 3.41: Antenna efficiency vs. frequency 

Front to back ratio of the antenna is better than 12 dB, as shown in figure 3.42 across the 

frequency band and better than 15 over most of it. Slot coupled microstrip antennas with 

resonant slots typically have a worse front to back ratios, especially those with crossed 

slots. Front to back ratios of patch antennas with crossed slots can go below 7 or 8 dB at 

the edges of the band. 

 

Figure 3.42: Antenna front to back ratio vs. frequency 
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3.2.2 Fractal Antenna with a Foam Airgap  

A dual linearly polarized fractal antenna like the one proposed in section 3.1.6 is designed 

here, but with a different stack-up. A foam layer again replaces substrate two, and the feed 

network is manufactured on a Rogers 4350B laminate. Antenna S-parameter results are 

shown in figure 3.43. These results indicate that a good match is achieved for both ports. 

S11 and S22 are better than 14 dB in most of the frequency band. An impedance bandwidth 

of 39% is achieved here, slightly lower than the antenna proposed in the previous section. 

Port isolation levels are also comparable. This design has port isolation levels better than 

37 dB across the band.  

 

Figure 3.43: Optimized antenna S-parameters 

In comparison to all designs proposed so far, this design has the best cross-polarization 

levels in both the E and H planes. This antenna has a gain of 6.5 dB, which is comparable 

to the previous fractal antenna design. Figure 3.44 shows the Eϴ and EΦ plots in the Φ = 0 

and Φ = 90 planes respectively at 25 GHz.  The cross-polarization levels for both Φ = 0 

and Φ = 90 planes are 40 dB below the co-polar patterns at boresight. 
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(a) 

 

(b) 

Figure 3.44: Antenna gain patterns in (a) Φ = 0 and (b) Φ = 90 at 25 GHz 

The antenna gain over frequency does fluctuate, varying anywhere from 5.2 to 7 dB, as 

seen in figure 3.45. These gain values, however, are still in line with the radiation results 

obtained for the previous fractal antenna proposed in section 3.1.6. Removing the SIW 

cavity, however, can reduce this effect to some degree. 
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Figure 3.45: Antenna gain vs. frequency 

The plot of the simulated radiation efficiency in figure 3.46 is also consistent with other 

antennas that have been proposed so far. Efficiencies greater than 85% are achieved across 

the band. Figure 3.47 shows the front to back ratio of the proposed fractal antenna. FBR is 

better than 15 dB across most of the band, but it gets worse at the band edges with FBR 

values around 10. This reduction in FBR can be attributed to matching degradation or gain 

drops as the antenna become a worse radiator. 

 

Figure 3.46: Antenna efficiency vs. frequency 
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Figure 3.47: Antenna front to back ratio vs. frequency 

3.3 Antenna Design III 

In this section, a dual linearly polarized microstrip antenna with a polylactic acid (PLA) 

3D printed spacer is designed. PLA is one of the most used materials in polymer 3D 

printing because it is relatively inexpensive in comparison to other polymers. Many 

publications over the past few years have been dedicated to the study of the electrical 

characteristics of PLA. In [64], dielectric properties of PLA were characterized from 0.5 to 

67 GHz, as shown in figure 3.48.  

 

Figure 3.48: Relative permittivity and loss tangent of PLA from 0.5 to 67 GHz © 2018 
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A hollow 3D printed layer replaces substrate 2 in this design, and the feed network is made 

on a thin layer of Rogers 4350 laminate. Figure 3.49 shows the antenna stack-up, and 3D 

printed spacer.  

 

Figure 3.49: Stack up of the microstrip antenna with a 3D printed spacer 

Simulated S-parameters of the antenna are shown in figure 3.50. This antenna has an 

impedance bandwidth of 34.7% (VSWR ≥ 2) and port isolation levels that are better than 

37 dB across the band. A shorting post extending from the ground plane to the feeding 

patch is used here to improve port isolation. 

 

Figure 3.50: Optimized antenna S-parameters 
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This antenna has a gain of 8.2 dB, which is comparable to other stacked patch antennas. 

Figure 3.51 shows the Eϴ and EΦ plots in the Φ = 0 and Φ = 90 planes respectively at 28 

GHz.  The cross-polarization levels for both Φ = 0 and Φ = 90 planes are 38 dB below the 

main beam at boresight. Cross-polarization levels in the phi 90 plane degrade off-boresight, 

which can be attributed to the small size of the ground plane (1 cm). 

 

(a) 

 

(b) 

Figure 3.51: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 28 GHz 
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The antenna gain over the frequency band of interest is better than 7 dB, with gain levels 

as high as 9 dB at the upper-frequency edge. Gain levels of this antenna are comparable to 

other stacked patch antennas. Figure 3.52 shows the antenna gain in the frequency band of 

interest. 

 

Figure 3.52: Antenna gain vs. frequency 

One of the main disadvantages of using slot coupled antennas is their back radiation, 

especially when designing antennas with broad bandwidth. This design has a front to back 

ratio that is better than 14 dB across the band, as shown in figure 3.53. Coupling slots are 

not resonant with the antennas here, which is why an adequate level of back radiation is 

achieved. Having a high FBR is essential in many applications, mainly when active devices 

are used below the ground plane. If high FBR is not an issue or the design allows for the 

addition of a backing cavity, the antenna bandwidth can be increased by using resonant 

slots. 
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Figure 3.53: Antenna front to back ratio vs. frequency 

Figure 3.54 shows the simulated radiation efficiency of the proposed antenna. The 

efficiency of the antenna is better than 90% from 23 to 33 GHz. High radiation efficiency 

is one of the main advantages of using stacked patches to increase the antenna bandwidth. 

Even though thicker substrates are used to improve the operational bandwidth, efficiencies 

are still higher than 80%. 

 

Figure 3.54: Antenna efficiency vs. frequency 
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3.4 Measurement Results 

Measurement results of the manufactured antenna designs from sections 3.1 and 3.3 are 

presented here. A prototype of the design proposed in section 3.2 was also manufactured. 

However, satisfactory results could not be obtained as a result of the foam compression 

which occurred during the bonding process used to glue the layers together. As discussed 

earlier the use hard foams that can withstand higher heat and pressure, is one way to resolve 

this. Therefore, only the results of the two antennas made on Rogers RT/Duroid 5880 

substrates and designs with a 3D printed spacer are presented.  

When designing antennas at mm-Waves there are many things to consider that do not 

typically pose a great challenge at lower portions of the frequency spectrum. Some of the 

challenges are the variation in material properties in comparison to substrate datasheets, 

PCB manufacturing limitations, connector effects, the presence of airgaps between layers, 

and layer misalignment in multilayer designs. These changes can cause a shift in the center 

frequency of the design or worse yet a mismatch in the antenna return loss.  

 

Figure 3.55: Manufactured single element antenna 
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Figure 3.56: Measured and simulated S11 and S21 of the single element antenna 

Figure 3.55 shows the top and bottom layers of the fabricated single element antenna, and 

figure 3.56 shows the comparison of the measured and simulated S11 and S22 results. As 

we can see the measured and simulated results do not perfectly agree. S22 return loss is 

much worse than S11, hence not shown here. Measured S11 also shows a similar trend when 

compared to the simulated values except for the return loss peaks around 27 and 32 GHz. 

These mismatches can be a result of connector misalignment in relation to the microstrip 

line, or mismatches do the connector itself. The width of the microstrip line being around 

0.4 to 0.5 mm and the connector pin diameter around 0.17 mm, makes it difficult to 

perfectly align the pin to the center of the line. These issues in addition to manufacturing 

tolerances can worsen the antenna performance. S22 measurement results also suffer 

similarly from connector effects, but it seems that the manufacturing errors are more 

detrimental in this case. S22 performance is much worse than S11 in most of the 

measurements, which lead us to believe that the issue is most likely due to a fabrication 

error. 
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Figure 3.57: Two S-parameter measurements of the same transmission line 

Figure 3.57 compares two S-parameter measurements made on the same transmission line 

using the same connectors. The width of the 50 Ω microstrip line is around 0.3 mm, which 

proves the earlier point made regarding return loss and insertion loss variation due to 

connector misalignments. To resolve this issue several measurements will be made on each 

antenna and their results will be compared to select the best of them. 

 

Figure 3.58: Single element fractal antenna 
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Figure 3.59: Measured and simulated S22 and S21 results of the single element fractal 

antenna 

Measured and simulated S22 and S21 of the single element fractal antenna element in figure 

3.58 is shown in figure 3.59. S22 is matched from around 20.4 GHz to around 28 GHz, 

indicating a shift in comparison to the simulated results. Shifts in the resonant frequencies 

can arise because of changes in the material properties. The slot dimension of the 3rd 

iteration of the fractal antenna (around 0.1 mm) is also very close to the manufacturing 

limitation of most PCB manufacturers (0.076 mm). These issues along with other 

manufacturing errors such as slot misalignments and dimensions are the main reason for 

such mismatches. 

 

Figure 3.60: 16-element array 
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Figure 3.61: Measured and simulated s-parameters of the 16-element array 

Figures 3.60 and 3.61 show the manufactured 16- element array and its measured S-

parameter results. Here again the antenna is only match over a small portion of the band, 

which can be a result of similar issues to those encountered on the single element level. 

 

Figure 3.62: Airgaps between the 3D printed spacer and antenna substrates 
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Figure 3.63: 28 GHz antenna with a 3D printed spacer 

 

 

Figure 3.64: Measured and simulated s-parameters of 28 GHz antenna with a 3D printed 

spacer 
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To reduce the manufacturing costs a modified version of the design proposed in section 3.3 

is manufactured. Instead of using two radiating elements only a single antenna is used as 

shown in figure 3.62. Both the feed network and the antenna were built on a 0.508 mm 

thick Rogers RT/Duroid 6002 substrate and are separated by a spacer 3D printed from PLA. 

This type of stack-up is more sensitive to manufacturing variations and typically has higher 

levels of back radiation in comparison to a multilayer stack-up. A picture of the 

manufactured prototype is shown in figure 3.63 and a comparison of the measured and 

simulated results are shown in figure 3.64. The measured antenna bandwidth is reduced in 

comparison to simulation results, S11 has a bandwidth of 16.5% instead of 28% and S22 

shows an impedance bandwidth of 21.6% instead of 24.5%. The reduction in the 

operational bandwidth of the antenna can be attributed to the presence of small airgaps 

between the substrate layers and the spacer. Figure 3.65 shows the bandwidth reduction as 

a function of airgaps between the spacer and the antenna substrates for S11. The larger the 

gap gets the lower the impedance bandwidth will be. From this we can also determine that 

there is an airgap of around 0.1 to 0.15 mm between layers. This can be corrected for either 

on the simulation level or by adding glue or a bonding layer between the substrates and the 

spacer. However, it is very important to simulate those bonding layers because they will 

affect the antenna S-parameters specially at mm-Wave frequencies. The presence of 

airgaps will also have a similar effect on S22 as shown in figure 3.66. in addition to 

bandwidth reduction a worsening in matching is also observed for S22.  
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Figure 3.65: Effect of airgaps between the antenna substrates and the spacers on S11 

 

Figure 3.66: Effect of airgaps between the antenna substrates and the spacers on S22 
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Figure 3.67: 4 GHz antenna with a 3D printed spacer 

Another prototype like the one designed above is also manufactured around 4 GHz to cover 

one of the 5G NR (new radio) bands. Figure 3.67 shows the different layers of the designed 

antenna. Similar to the 28 GHz design here the antenna bandwidth is also reduced due to 

airgaps. The bandwidth of S11 drops from around 41% to 26% and S22 goes from 34.4% to 

26%. Again, this can also be adjusted for either when simulating the antennas or by adding 

a thin layer of glue to hold everything together. 

 

Figure 3.68: 4 GHz antenna with a 3D printed spacer measured and simulated results 
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3.5 Chapter Summary 

To summarize, three types of stacked patch antennas with impedance bandwidth above 

25% were proposed in this chapter. The effects of small airgaps and dimension variation 

from the manufacturing process and laminate properties and profiles could be more 

pronounced in comparison to similar designs at lower portions of the frequency spectrum. 

Therefore, a parametric study and sensitivity analysis were carried out for the most 

important parameters affecting the antenna performance. Techniques for port isolation 

enhancement were also examined, and a method capable of achieving better than 10 dB of 

isolation enhancement was proposed. 

A dual linearly polarized slot coupled microstrip antenna such as the ones proposed in this 

chapter can be designed through the following design guidelines: 

▪ To enhance the back-lobe radiation pattern, port coupling, and hence port isolation, 

an H shaped, or bowtie slot should be used. 

▪ Ensuring that the feed lines are oriented orthogonally and increasing the offset 

between the slots as much as possible without degrading the level of coupling to 

the patch antenna, the best level of port isolation can be achieved. 

▪ Tune the slot length to achieve the desired center frequency, and broader bandwidth 

can be achieved by increasing the slot length (resonant slot) at the expense of 

increased levels of back radiation or by adding multiple resonators. 

All radiation patterns and gain plots presented in this chapter are for the case when port 1 

is excited. Similar results are seen when the other port is excited, and therefore not shown 

here for the sake of brevity. 
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Table 3-2 shows the performance comparison of recently studied dual linearly polarized 

antenna designs in the literature at millimeter-wave frequencies. The three designs 

proposed in this work compare favorably in terms of bandwidth, profile, and port isolation. 

These new antenna element designs are promising candidates for 5G millimeter wave 

cellular applications. A higher percent impedance bandwidth and a lower profile is 

achieved in comparison to most designs proposed in the literature. Port isolation levels are 

also better than 40 dB over most of the band for all three designs proposed here, which are 

some of the highest levels of reported isolation at mm-Wave frequencies over such a 

broadband to the best of our knowledge. 

Table 3-2 Performance comparison of millimeter-wave dual linearly polarized antennas 

Reference Frequency 

(GHz) 

Bandwidth  

(%) 

Port 

Isolation 

(dB) 

Antenna 

Profile 

Number of PCB 

Layers for Feed 

Network 

[38] 60 15 ≥ 37.2 0.066 λ0 Single layer 

[39] 60 17.6 ≥ 26 0.226 λ0 Multi-layer 

[40] 24 18 ≥ 35 0.153 λ0 Multi-layer 

[43] 29 22 ≥ 20 0.285 λ0 Single layer 

[62] 33 42.4 NA 0.274 λ0 Single layer 

This work 

(Design Ⅰ) 

28 34.2 ≥ 34 0.120 λ0 Single layer 

This work 

(Design Ⅱ) 

26.5 46.8 ≥ 34 0.150 λ0 Single layer 

This work 

(Design Ⅲ) 

28 34.7 ≥ 37 0.177 λ0 Single layer 
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Chapter 4  

Antenna Array Design and Results 

With the growing demand for mobile services, mobile operators worldwide are turning to 

massive MIMO or mm-Waves to accommodate traffic. In the U.S., for example, more than 

15% of adults use LTE all the time [65]. Mobile operators have started investing in mm-

Wave bands such as the 28 and 39 GHz bands, mostly in the U.S., where large bandwidths 

are not available at sub 6 GHz to alleviate the traffic density problem. Moving to mm-

Wave frequencies, however, comes with its challenges, such as power amplifier 

efficiencies and link budgets. For this reason, engineers have turned to the use of large 

antenna arrays of 64 to 256 elements to achieve antenna gains in the order of 25 to 30 dB. 

These types of dual linearly polarized arrays are capable of attaining the necessary linear 

EIRPs (Effective isotropically radiated power) in the range of 60 dBm[65].  In this chapter, 

a 4 and 16 element array are designed based on the patch and fractal antenna elements 

proposed in section 3.1. These antennas are a proof of concept for 5G antenna arrays 

operating in the mm-Wave frequency band from 24 to 30 GHz that can achieve a broadband 

gain of 12.5 and 18 dB, respectively. The antenna gain can be further increased to around 

25 dB by using a 64-element array.  

There are two types of antenna arrays, linear (one dimensional) or planar (two 

dimensional). Patch antennas are typically broadside radiators meaning that they have a 

maximum radiation pattern perpendicular to the surface of the antenna. Antenna array 

radiation patterns are a function of the single element radiation pattern and the array factor. 
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The array factor is calculated using the number elements, spacing, amplitude, and phase of 

element signals [66]. Larger element spacing and more antenna elements lead to a higher 

array directivity. In the interest of grating lobe suppression, though, it is best to space 

elements less than a half-wavelength apart. While keeping in mind that mutual coupling 

between closely spaced antennas can degrade its overall performance, there is a tradeoff to 

be made between the element spacing and the level of mutual coupling. 

4.1 Feed Network Design 

Different antenna array feeding techniques have been proposed by researchers over the 

years, such as series and corporate (parallel) feed networks [66]–[68]. These types of feed 

networks can also be used to scan the antenna beam in different directions. Corporate feed 

networks made up of 1: n dividers are typically utilized in patch antenna arrays. Progressive 

phase shifts or delay lines can be added between each element and the next to achieve the 

desired beam steering. Insertion losses of this type of feed can be high, especially in large 

antenna arrays at mm-Wave frequencies, which can degrade the antenna gain and reduce 

its efficiency. 

Figure 4.1 shows the microstrip line corporate feed network designed to excite the antenna 

elements. For the 16-element array, four dividers are used to feed each column of 4 with a 

divider connecting them to the excitation point. 

 

Figure 4.1: Corporate feed network 
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Bends in microstrip lines alter the input impedance of the divider. Therefore, mitering or 

chopping off a small section of the bend is necessary to compensate for the added 

capacitance from the 90-degree bend. Figure 4.2 below shows a mitered bend. The 

optimum miter dimensions can be calculated from the substrate height and microstrip line 

width using the equations proposed in [69], [70]. 

 

Figure 4.2: Mitered bend 

At the T-junction of the divider, some of the power is reflected if the microstrip line widths 

are different. A V groove must be made at the junction of the two lines, as shown in figure 

4.3, to compensate for this reflection. 

 

(a) (b) 

 

Figure 4.3: T-junction (a) without and (b) with groove 
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Multi-section quarter-wave transformers are used here to improve the divider impedance 

matching over a wider bandwidth. Figure 4.4 shows the first 1:2 power divider. Two similar 

dividers can be added to make a complete corporate feed network. 

 

Figure 4.4: 3-dB power divider 

4.2 4x1 Antenna Array 

In this section, a linear 4 element antenna array operating in the frequency range from 24 

to 30 GHz (VSWR ≥ 2) is designed. Figure 4.5 shows the exploded view of the antenna 

and the feed network. The goal here is to develop a linear array based on the single element 

proposed in section 3.1, with a better matching than 10 dB across the frequency band of 

interest. 

 

(a) (b) 

 

Figure 4.5: 4x1 antenna array (a) stack-up (b) feed network 
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Figure 4.6 shows the S-parameter results of the optimized linear array, a 10 dB bandwidth 

above 21% is achieved in the frequency band from 24 to 30 GHz. The bandwidth of the 

proposed single element antenna is wider than the bandwidth of the array, which is limited 

by the bandwidth of the feed network.  

 

Figure 4.6: Optimized antenna S-parameters 

The antenna array broadside gain is around 12.5 dB at 28 GHz. Figure 4.7 shows the Eϴ 

and EΦ plots in the Φ = 0 and Φ = 90 planes, respectively, at 28 GHz.  The cross-

polarization levels for both Φ = 0 and Φ = 90 planes are 30 dB below the co-polar patterns 

at boresight. 
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(a) 

 

(b) 

Figure 4.7: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 28 GHz 

The array gain over frequency is stable from 24 to 30 GHz, as shown in figure 4.8. Gain 

values vary between 11 and 13 dB in the band of interest. The decrease in gain at the lower 

frequency edge can be attributed to the worsening of the impedance matching at those 

frequencies. 
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Figure 4.8: Gain as a function of frequency 

 

Figure 4.9: Antenna efficiency vs. frequency 

Figure 4.9 shows the antenna efficiency of the array. As can be seen from the plot, the 

simulated antenna efficiency is better than 80% across the band of interest. The antenna 

front to back ratio is better than 15 dB across the band, and better than 20 dB from 24 to 

30 GHz. Figure 4.10 shows the simulated antenna front to back ratio from 22 to 32 GHz. 
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Figure 4.10: Antenna front to back ratio 

4.3 4x4 Antenna Array 

Two planar 16-element antenna arrays are designed and simulated in this section. The two 

antennas are based on the patch and fractal antenna elements proposed in section 3.1. 

Parameters to keep in mind when designing antenna arrays are the array directivity, 

sidelobe levels (SLL), element spacing (grating lobes), and mutual coupling. The antenna 

directivity or gain can be increased by increasing the element spacing or the number of 

elements in the array. Increasing the element spacing, however, causes the appearance of 

grating lobes, reducing the antenna broadside gain, and causing interference. Therefore, 

element spacing must always be kept around half a free space wavelength or less to avoid 

the generation of grating lobes. Mutual coupling between antenna elements is also a 

function of the element spacing, where closely spaced antennas have a worse degree of 

coupling. Sidelobe levels can be reduced either by increasing the number of elements in 

the array or the use of tapering (unequal excitations). More information on different 

tapering techniques and advantages can be found in [66]. All these parameters must be kept 
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in mind when designing an antenna array. The tradeoffs between them mostly depend on 

the application where the array is employed. 

Figure 4.11 shows the planar array before the integration of the feed network. The antennas 

are surrounded by a set of metallic vias acting as a cavity. The center to center element 

spacing is 7mm, which is equivalent to 0.65 λ0.  

 

Figure 4.11: Antenna array without corporate feed network 

Mutual coupling between the antenna elements is better than 17 dB across the band of 

interest, and sidelobe levels are better than 10 dB. Figure 4.12 shows the port S-parameters 

for all ports in the array. S-parameters for all ports are roughly the same, where the even 

ports are for one polarization, and the odd ports are for the other. Figure 4.13 shows the 

mutual coupling between some elements in the array; the coupling between all elements in 

the array is better than 17 dB. 
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Figure 4.12: S-parameters for all ports 

 

Figure 4.13: Mutual coupling between array elements 

The array broadside gain is around 18 dB at 28 GHz. Figure 4.14 shows the Eϴ and EΦ 

radiation patterns in the Φ = 0 and Φ = 90 planes respectively, at 28 GHz.  The cross-

-70

-60

-50

-40

-30

-20

-10

0

22 23 24 25 26 27 28 29 30 31 32

s-
P

ar
am

et
er

s 
(d

B
)

Frequency (GHz)

S(1,1) S(3,3) S(5,5) S(7,7)

S(9,9) S(11,11) S(13,13) S(15,15)

S(17,17) S(19,19) S(21,21) S(23,23)

S(25,25) S(27,27) S(29,29) S(31,31)

S(2,2) S(4,4) S(6,6) S(8,8)

S(10,10) S(12,12) S(14,14) S(16,16)

S(18,18) S(20,20) S(22,22) S(24,24)

S(26,26) S(28,28) S(30,30) S(32,32)

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

22 23 24 25 26 27 28 29 30 31 32

M
u

tu
al

 c
o

u
p

lin
g 

(d
B

)

Frequency (GHz)

S(10,2) S(9,1) S(25,17) S(1,3) S(2,4)



 

93 

 

polarization levels are better than 20 dB in both the E and H planes. The array gain over 

frequency is stable and varies between 17.8 dB and 19 dB, as shown in figure 4.15. 

 

(a) 

 

(b) 

Figure 4.14: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 28 GHz 
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Figure 4.15: Antenna gain vs. frequency 

Simulated antenna efficiency is shown in figure 4.16. The antenna efficiency is better than 

90% across the band, like that of the single element antenna. The antenna front to back 

ratio is better than 10 dB, as shown in figure 4.17.  

 

Figure 4.16: Simulated antenna efficiency 
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Figure 4.17: Antenna front to back ratio 

Figure 4.18 shows the exploded view of the antenna and its corporate feed network on the 

right side of the figure. All layers are etched on a Rogers RT/Duroid 5880 laminates, like 

the stack-up of the single element antenna. The array performance requirements are a 10 

dB impedance bandwidth of around 20% (24.25 – 29.5 GHz), sidelobe levels (SLL) of 10 

dB or more below the main beam, and inter-element coupling that is better than 15 dB. 

Amplitude tapering can be employed to reduce the SLL further for other applications. 

Mutual coupling between array elements, on the other hand, can be improved by increasing 

the element spacing at the expense of a narrower scan range.  
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(a) (b) 

 

Figure 4.18: 16-Element antenna array (a) exploded view (b) feed network 

The antenna element and corporate feed network for this array were optimized separately 

and then integrated to reduce simulation times. Figure 4.19 shows the optimized S-

parameters for the array. An impedance matching of 10 dB or better was achieved in the 

band of interest from 24.25 to 29.5 GHz. Therefore, covering both the 26 and 28 GHz 

millimeter wave bands proposed for the next generation of 5G by some countries.  

 

Figure 4.19: Optimized antenna S-parameters 
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The antenna array co-polar and cross-polar radiation patterns in the E and H planes at 28 

GHz are shown in figure 4.20 (a) and (b), respectively. Cross-polarization levels are better 

than 20 dB in both planes. 

 

(a) 

 

(b) 

Figure 4.20: Gain patterns in (a) Φ = 0 and (b) Φ = 90 at 28 GHz 
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Figure 4.21 shows the array gain across the frequency band of interest. The gain is between 

17 and 18.4 dB from 24 to 30 GHz. Simulated array efficiency is better than 85% from 24 

to 30 GHz, as shown in figure 4.22. 

 

Figure 4.21: Array gain vs. frequency 

 

Figure 4.22: Simulated antenna array efficiency 
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of 15 dB across the band. This could be a result of differences in the slot lengths because 

the antenna had to be optimized again before corporate feed integration. The corporate feed 

network itself could also be decrease the FBR. 

 

Figure 4.23: Antenna array front to back ratio 

A 16-element fractal array based on the single element fractal proposed in section 3.1 is 

designed here. Figure 4.24 shows the optimized S-parameters for the array. The array is 

matched (return loss ≥ 10 dB) from 24.25 to 29.5 GHz, covering both the 26 and 28 GHz 

millimeter wave bands, which are two of the likely candidates for 5G. 

 

Figure 4.24: Optimized fractal antenna S-parameters 
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The antenna array broadside gain is around 18 dB at 28 GHz. Figure 4.25 (a) and (b) shows 

the Eϴ and EΦ plots at 28 GHz in the Φ = 0 and Φ = 90 planes, respectively.  The cross-

polarization levels for both Φ = 0 and Φ = 90 planes are better than 20 dB. 

 

(a) 

 

(b) 

Figure 4.25: Fractal array gain patterns in (a) Φ = 0 and (b) Φ = 90 at 27 GHz 
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Figure 4.26 shows the fractal array gain vs. frequency. Where the array gain varies between 

16 and 18 dB across the band of interest. The gain drop at the lower edge of the band around 

24 GHz can be attributed to the rapid change in the antenna return loss. The array efficiency 

is slightly lower than that of the single element. However, a radiation efficiency above 82% 

is still maintained across the frequencies of interest, as seen in figure 4.27. 

 

Figure 4.26: Fractal array gain vs. frequency 

 

Figure 4.27: Fractal array simulated efficiency 
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Figure 24.8 shows the array front to back ratio from 22 to 31 GHz. This array has an FBR 

of 12 dB or more from 24.5 to 29.5. If a better FBR is required, a reflector can be used 

below the ground plane, or stripline feeding can be employed.  

 

Figure 4.28: Fractal array front to back ratio 

4.4 Chapter Summary 

In this chapter, a four and sixteen element array operating from 24 to 30 GHz were designed 

to serve as a proof of concept for a mm-Wave 5G antenna array. These antennas have gains 

of 12.5 and 18 dB, respectively. Array types, array feeding techniques, and the concept of 

array factor were also briefly discussed. Next, important design parameters for a corporate 

feed network are covered, along with the four- and sixteen-way power divider designed to 

feed the arrays. Both antenna arrays designed in this chapter have an impedance bandwidth 

of 21%, covering the frequencies from 24 to 30 GHz, with a return loss better than 10 dB. 

The arrays also met the design goals they were designed for, with a gain of 12.5 dB for the 

linear array (4-element), and a gain of around 18 dB for the planar array (16-element). 

Sidelobe level in both designs were also lower than 10 dB. These designs are good 

candidates for 5G mmWave antenna arrays.  
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Chapter 5  

Conclusions and Recommendations 

5.1 Conclusions  

The continuous growth in mobile communication technologies from the 1st generation to 

the currently under development 5th generation calls for the continuous development of 

new antenna systems. 5G will offer users a better experience through higher data rates and 

lower latency. The availability of larger millimeter wave bands worldwide will assist in 

rolling out these services. The benefits of designing advance antenna systems at the 

frequencies outweigh its challenges. Some of these benefits are increasing throughput and 

enhancing coverage in challenging propagation environments.  

Microstrip antennas have many desirable characteristics but one of their main 

disadvantages are their narrow impedance bandwidth. Even though there is an abundance 

of publications showing techniques to increase the operation bandwidth of patch antennas 

below 6 GHz, there are not as many designs operating above 15 or 20 GHz. Hence the goal 

of this thesis was to design a broadband dual linearly polarized microstrip antenna with 

high port isolation to cover the 26 and 28 GHz bands (24.25 – 29.5 GHz) proposed for 5G. 

Three antenna designs with a similar stack-up were proposed offering an impedance 

bandwidth of more than 30% with port isolation levels that are better than 30 dB.  

The first antenna design was built on a four-layer Rogers RT/Duroid 5880 substrate. Two 

capacitively coupled patch antenna fed through a slot in the ground plane was used to 

increase the antenna bandwidth. This antenna has an impedance bandwidth of 34.2% and 
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better than 34 dB port isolation across the band. A second design using a foam layer 

between the two antennas to increase its bandwidth was also proposed, achieving an 

impedance bandwidth of 46.8% and isolation above 34 dB. The antenna achieved a higher 

impedance bandwidth (around 5%) and its profile was also much lower (0.15 λ0 in 

comparison to 0.27 λ0) than similar designs. A shorting post extending from the ground 

plane to the radiating patch was used in both designs to increase the port isolation by more 

than 10 dB. A Sierpinski carpet fractal was also designed using a similar stack-up to both 

antenna designs Ⅰ and Ⅱ. Antenna design Ⅲ replaced the foam layer in design Ⅱ with a 3D 

printed spacer made of PLA. This design has port isolate better than 37 dB and 34.7% 

impedance bandwidth. Some of these results have been confirmed by measurements. 

However, obtaining satisfactory measurements are challenging as the effect of fabrication 

tolerances become more pronounced at these high frequencies. 

Next two antenna arrays a four and a sixteen element were designed using the patch and 

fractal single elements from design Ⅰ. The arrays had better than 10 dB return loss from 24 

to 30 GHz, with sidelobe levels that are better than 9 dB. An SIW cavity was used between 

antenna elements to reduce the level coupling between arrays.  

5.2 Future Directions 

Future research possibilities include a second prototype of antenna design Ⅱ can be 

manufactured and tested using a rigid foam such as LAST-A-FOAM RF-2200 that can 

withstand the heat and pressure applied during the manufacturing process. Antenna design 

Ⅰ can also be fabricated again, but this time around a slightly thicker feed substrate, to 

reduce connector mismatches due to misalignment. Of course, one should keep in mind 

feedline radiation when this is being done, as thicker substrates will lead to thicker 
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microstrip line which in turn will lead higher levels of feedline radiation. A version with 

and without the SIW cavity can also be made to investigate if poor via metallization can be 

an issue in deteriorating the antenna performance. 

Antenna design Ⅲ can also be manufactured and tested by building the 3D printed spacer 

and manufacturing the rest of the layers on PCB. An initial prototype can be manufactured 

at a lower frequency to reduce the manufacturing cost, like what was shown in the 

measurements section. 

For antenna arrays a different feeding technique should be investigated to reduce the losses 

from the microstrip feed network, an SIW corporate feed network is a good example, since 

it can reduce the level of back radiation from the feed network itself, something along the 

lines of what is proposed in [71], [72] is a good place to start. The integration of active 

elements (switches and phase shifters) for beam steering should also be investigated. 

Larger arrays for a 5G base station array can also be manufactured, integrated with other 

transmitter/receiver building blocks, and tested. 

Appendix A. Slot Coupled Microstrip Antenna Design Equations 

and Guidelines 

Figure A-5.1 shows the exploded view of slot coupled microstrip antenna. The antenna is 

made up of two substrate layers, a low permittivity substrate for the patch, and a second 

substrate for the feed network. This allows us to choose a high permittivity substrate for 

the integration of MMIC’s if needed [67].  
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Figure A-1: Slot coupled microstrip antenna geometry  

The most important material and dimensional properties are summarized below: 

Antenna substrate parameters: 

The antenna substrate thickness and dielectric constant effect both the antenna impedance 

bandwidth and radiation efficiency. Where antennas etched on thin low permittivity 

materials have a better radiation efficiency. As the substrate thickness is increased, the 

impedance bandwidth gets wider, its efficiency drops, however. Antennas mounted on 

thicker substrates will also have a lower level of coupling, therefore requiring a larger slot 

and resulting in a higher level of back radiation. Figure A-5.2 shows the achievable antenna 

bandwidth and efficiency as a function of dielectric constant and antenna profile. From this 

we can conclude that the antenna dielectric properties and substrate thickness are typically 

determined based on the desired impedance bandwidth and antenna efficiency. Using 

thicker substrates will lead to a larger impedance bandwidth at the expense of radiation 

efficiency and worse scan angles due to the excitation of surface waves.  
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Figure A-2: Efficiency and impedance bandwidth versus substrate thickness for a 

rectangular microstrip antenna © IEEE 1992 [Reprinted with permission from John 

Wiley & Sons] 

Patch antenna Dimensions: 

The required patch dimensions to excite the dominant mode of a microstrip patch antenna 

is approximately half a wavelength. Where antennas are typically designed to have a length 

slightly less than half a wavelength to account for the fringing fields. A good estimate to 

start with is: 

𝐿 =
𝜆𝑒
2

 

Where λe is the effective wavelength, 

𝜆𝑒 =
𝜆0
𝜀𝑒

 

Where εe is the effective dielectric constant of the substrate, and can be approximated as 

follows, 
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𝜀𝑒 =
𝜀𝑟 + 1

2
 

Once the antenna is simulated the patch length can be adjusted to achieve the exact center 

frequency. That is why a simple approximation is used here to estimate the effective 

dielectric constant. Unless the antenna is to be used for dual or circular polarization, square 

patches should not be used because of their high cross polarization generation. 

Antenna feed parameters: 

A thinner feed substrate with a relative permittivity from 2 to 10, and a profile of 0.01λ to 

0.02λ (profiles in this range result in a good compromise between higher loss and spurious 

feed radiation) should be chosen to reduce spurious feed radiation [73]. Centering the slot 

below the patch antenna typically results in the best level of coupling to the antenna. 

Similarly, the feedline must also be positioned at a right angle to the slot center for optimal 

coupling levels. The tuning stub length is typically around λg/4 long and can be used to 

optimize the reactance of the slot. Increasing the stub length moves the impedance locus in 

the smith chart to the inductive side and vise versa. A smith chart plot of the impedance 

locus versus frequency is shown in figure A-5.3. The impedance locus diameter is 

controlled primarily by the slot length, where a longer slot leads to a larger diameter of the 

circular portion of the locus [73].  
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Figure A-3: Slot coupled microstrip antenna impedance locus versus frequency 

Coupling Slot: 

A key parameter to an aperture coupled design is to get a starting impedance response that 

is not confined to the edge of the smith chart. Typically, a good starting point is a slot 

length of about half that of the patch length. This however will depend on the thickness of 

the material being used. H or bow-tie slot shapes were demonstrated to result in a better 

level of coupling in comparison to rectangular or round slots.  

Slot coupled microstrip antennas will result in a larger percent impedance bandwidth in 

comparison to antennas fed using other excitation techniques. Bandwidths of up to 50% or 

more have been demonstrated by using stacked patches and resonant slots [73]. 
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