
 

High Gain Antenna Array Design for 5G & MIMO Antenna 

Systems using Microstrip Ridge Gap Waveguide 

 

 

Abdelmoniem Tajelsir Mahmoud Hassan 

 

 

A Thesis 

In the Department 

of 

Electrical and Computer Engineering 
 

 

 

 

Presented in Partial Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy (Electrical and Computer Engineering) at 

Concordia University 

Montreal, Québec, Canada 

 

 

October 2020 

 

 

 © Abdelmoniem Tajelsir Mahmoud Hassan., 2020 



CONCORDIA UNIVERSITY  

 

SCHOOL OF GRADUATE STUDIES 

 
This is to certify that the thesis prepared 

 

By:    Abdelmoniem Tajelsir Mahmoud Hassan. 

 

Entitled:   High Gain Antenna Array Design for 5G & MIMO Antenna Systems using      

Microsrtip Ridge Gap Waveguide. 

 

and submitted in partial fulfillment of the requirements for the degree of  

 

Doctor of Philosophy (Electrical & Computer Engineering) 

 

Complies with the regulations of the University and meets the accepted standards with respect to 

originality and quality. 

 

Signed by the final examining committee: 

Dr. R. Ganesan               Chair 

 

Dr. Aly Fathy                 External Examiner 

 

Dr. A. Youssef           External to Program 

 

Dr. R. Paknys                Internal Examiner 

 

Dr. A. Sebak                 Internal Examiner 

 

Dr. A. Kishk                 Thesis Supervisor 

 
 
Approved by:                  Dr. W. ïP. Zhu, Graduate Program Director 

 

 

October 21, 2020  Dr. Mourad Debbabi, Dean, Faculty of Engineering & Computer Science 



iii 
 

ABSTRACT 

High Gain Antenna Array Design for 5G & MIMO Antenna Systems using Microsrtip  Ridge 

Gap Waveguide 

Abdelmoniem Tajelsir Mahmoud Hassan, Ph.D. 

Concordia University, 2020. 

The demand for high data rates and the unavailability of low-frequency bands have driven the need 

to explore and develop millimeter-wave (mm-wave) frequency bands. Indeed, the development of 

mm-wave frequencies has led to smaller radio frequency (RF) components and more compact 

profiles, creating more design constraints and challenges. Millimeter-wave technologies are the 

best-suited candidates that meet the requirements of 5G standards; specifically, for indoor 

communication, which requires higher gain and more directive beams. Gap waveguide 

technologies can be used to design high-gain antenna arrays and multiple input multiple output 

antenna systems (MIMO).  

In this thesis, we are mainly focusing on Microstrip Ridge Gap Waveguide (MRGW) to design the 

antenna array systems for the 60 GHz band. Therefore, it is necessary to facilitate the design 

procedures and propose new design techniques. Here, we propose new design techniques for a 

large antenna array system using MRGW. The work of this thesis can be divided into two parts. 

Firstly, developing an efficient modeling and design tool for the MRGW to facilitate the design 

process. Recently, the use of MRGW has increased due to the need for self-packaged and low loss 

structures for millimeter-wave applications. The MRGW consists of a grounded textured surface, 

which is representing an artificial magnetic conductor (AMC) surface. The AMC surface is loaded 

with a thin low dielectric constant substrate with a printed strip topped with another air-filled or 

dielectric-filled substrate in which the wave propagates between the strip and the conducting plate 

covering such a substrate. 

Currently, full-wave and optimization tools are usually used to design the MRGW structure, which 

makes the design slow and computationally expensive. Thus, an efficient modeling and design tool 

for the MRGW is proposed.  Empirical expressions are developed for different MRGW parameters 

to provide the effective dielectric constant, characteristic impedance, and the dispersion effect. The 

expressions are verified with the full-wave solution. The results show the potential of the proposed 

approach in modeling and designing the MRGW structure. Secondly, an efficient procedure to 
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design a large finite planar array and its corporate feeding network is presented. The procedure is 

verified by an 8 × 8 and 16 ×16 array of magneto-electric (ME) dipoles fed by a network of 

MRGW. The procedure is based on designing the corporate feeding network by replacing the 

elements ports with the corresponding effective input impedance of each element that accounts for 

the mutual coupling between the antenna elements. In addition, the far-field characteristics of the 

array parameters such as the directivity, gain, and radiation patterns are predicted using pattern 

multiplication, including the mutual coupling effects. The results are verified with the full-wave 

numerical solution.  

The procedure requires limited resources and speed up the design cycle. The use of the MRGW 

helps in having the feeding network lines to be titer than using the ridge gap technology. Thus, 

allowing the distance between the radiating elements becomes smaller than one wavelength to 

avoid grating lobes. In addition, to avoid undesired bends and very tight lines that cause undesired 

interaction between the lines, unique power dividers are designed. Furthermore, a transition from 

waveguide WR-15 to the MRGW is proposed to feed two halves of the array antenna perfect out 

of phase at all frequencies and rotating each half to form a mirrored array that better radiation 

pattern symmetry and low cross-polarization. Then, this procedure is implemented to design a 

circularly polarized antenna array with excellent performance. To further enhance the antenna, 

gain, and reduce the number of elements, a superstrate dielectric lens with the proper parameters 

is added. Study of a 4 × 4 MIMO system is studied, where each antenna is a sub-array to achieve 

the high gain requirements.  

Finally, A low-profile, compact, and high-efficiency monopulse array antenna has been presented. 

The monopulse is built based on a hybrid coupler that has a wideband response for the reflection 

and the transmission coefficients. Then the monopulse system is used to present a multiplexing 

antenna system for short-range in the near filed region wireless communication. The multiplexing 

system works as a MIMO system that has four independent channels. The performance of the 

system is evaluated through the simulation, which shows that it can be a promising candidate for 

the next wireless communication systems.  
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1.1 Introduction 

Current wireless and mobile communication systems use a frequency range between 800MHz and 3GHz, 

including different telecommunication generation (2G/3G and 4G) and Wireless Local Area Networks 

(WLAN) for indoor communications. Using these frequency bands has less attenuation and can provide 

long distance coverage. However, the upcoming communication systems and (IoT) require tremendous 

data rates. In other words, the focus of future technology is on data capacity rather than coverage, where 

many users can utilize a large amount of capacity simultaneously and efficiently. Obtaining high data rates 

can be realized through the millimeter-wave band (mm-wave) [1][2]. Wave propagation at mm-wave is 

vulnerable to atmospheric absorption and attenuation; it is useful for indoor application and short-range 

applications. However, using mm-wave for long distances can take place along with other technologies, 

such as massive multiple-input multiple-output (MIMO) and beamforming [3].  MIMO and beamforming 

play a vital role in future communication systems. They provide channel orthogonality, which is also 

required to increase the channel capacity and isolate the channels in MIMO systems. Mm-wave 

Technologies are the candidates that are expected to be mostly used for the next communication systems. 

Hence, the antenna with high gain and a more directive beam is required [3]. Some unlicensed frequency 

bands such as the 60-GHz band (57-64 GHz), the 76-81 GHz band, and above 100 GHz are good 

candidates for the fifth-generation (5G) and the upcoming communication systems. In contrast, designing 

electric components in the mm-wave frequency is challenging and more complicated since the dimensions 

become very small. Electromagnetic waveguiding structures that are used to realize these components 

play an essential role, especially in the mm-wave frequency range, and have a direct effect on the 

component performance where low loss, small profile, less interference, and high efficiency are needed. 

Therefore, significant attention has been focused on researches around mm-wave to validate new 

technologies that can be used for designing future communication systems [3] [4]. 

1.2 Millimeter-Wave and waveguide problems 

The mm-wave frequency band includes frequencies from 30 to 300 GHz. Recently, the V-band (57-

64GHz) has received increased interest and attention because of the unlicensed bands, large available 

bandwidth, and the ability to provide a high gain antenna with small physical dimensions. Some 

applications such as high-quality video transmission, WiGig (Wireless Gigabit) [4, 5], and automotive 
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radars and sensor systems [6] are popular nowadays using unlicensed mm-wave frequency bands (60 GHz 

and 30GHz bands). Moreover, Mm-wave systems are proposed to be used for point-to-point wireless 

communication links as backhaul in base stations using LTE 4G cellular services in high-density areas 

[7]. In addition, mm-wave gigabit broadband (MGB) solution that provides gigabit-per-second links to 

mobile small cells and fixed broadband access points was proposed [3]. Nevertheless, designing for the 

radio frequency (RF) front end at mm-wave frequencies creates technological and mechanical challenges. 

Since the guidance structures for the wave propagation are playing a crucial role at mm-wave, 

conventional metallic waveguides have been used to design with low loss and high performance. 

However, at mm-wave frequencies, the design for the feed network becomes more complicated and 

difficult for manufacturing, especially the electrical contact between the metals [8] [9]. On the other hand, 

planar microstrip technologies are used for implementing antenna array feed networks at mm-wave 

because of many advantages such as a low cost, compact profile structure, easy fabrication, and 

manufacturing [10]. However, dielectric losses, radiation loss, and surface waves are the most frequently 

encountered obstacles in the design using Microstrip technologies [11]. These losses have a direct effect 

in reducing the radiation efficiency and gain. Substrate integrated waveguide (SIW) is another guiding 

structure, which was introduced in [12]. SIW resembles waveguide technologies. However, the 

electromagnetic waves are propagating through the dielectric material with metal on the top and bottom, 

and the side walls are realized by two rows of metalized via holes on the left and right side [13]. SIW 

provides similar advantages to the conventional metallic waveguide. However, these guide structures 

suffer from dielectric loss, which could be unacceptable at millimeter-waves; accurate via holes 

placements are required. Dielectric material with low loss tangent can be used to reduce the dielectric 

losses, but dielectric materials with low losses might increase the cost. The limitation of these guidance 

structures can be overcome, especially at millimeter-wave frequency range through the gap waveguide 

technology that has been introduced in [14-18]. Gap waveguide (GWG) technologies have shown 

exemplary performance in the mm-wave bands and have proven to be a good candidate and an alternative 

for the conventional guiding technologies. Gap waveguide technologies provide some advantages 

compared to other technologies. GWG parts donôt need to be electrically connected. Furthermore, 

propagating waves are quasi-TEM waves, which means less dispersive compared to the waveguides that 

are required to keep the signal integrity. Most of the field is confined along the ridge in the direction of 

the propagation, which means no radiation losses due to the self-packaged nature of the guiding structure. 
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Therefore, the mutual coupling between the components has less effect, and more components can be 

placed adjacently, which provides a compact and small size. 

1.3 Problem statement and work motivation 

One of the main requirements for the next generation of wireless communication devices is compactness 

and low profile. In other words, more components should be placed close to each other. Therefore, the 

technology that should be used to design such components must provide good isolation between these 

different components (low interference) and must be easily manufactured and fabricated. Microstrip Ridge 

Gap Waveguide (MRGW) is one of the promising versions of the ridge gap waveguide. However, one of 

the main problems to design using MRGW is the absence of closed-form expressions to calculate or 

synthesize the characteristic impedance and the effective dielectric constant. Therefore, the design of these 

lines and components, such as power dividers, delay lines, and hybrids, is based on optimization tools. In 

addition, MRGW can be used to design high gain antenna arrays. However, the design of such antenna 

arrays can be challenging to meet the high performance required in terms of high gain and efficiency with 

less complexity, especially at mm-wave frequencies. The complexity is mainly caused by compensating 

for the effect of mutual coupling. Particularly, in the phased array, the mutual coupling between the 

radiating elements has a noticeable effect. The spacing between the array elements is less than half a 

wavelength to avoid grating lobes. The surface and space waves are the main contributors to the mutual 

coupling between the radiating elements. Therefore, an efficient design procedure for designing a large 

finite array feeding network is required, including the effect of mutual coupling by considering the 

effective input impedance of each element of the array. The design of large arrays can be achieved with 

less computational and processing time without the need for the full-wave analysis. In consequence, 

designing a large antenna array efficiently, including the mutual coupling effect, can reduce the 

complexity of the massive MIMO antenna system. Basically, in a massive MIMO, a huge number of 

antennas (antenna array, especially at mm-wave frequencies) act as a single element in order to achieve 

the required gain. 

1.4 Objectives 

The main objective is designing high gain antenna arrays at mm-wave to be used in 5G applications and 

MIMO systems at 60GHz. the design procedures for the high gain antenna need to be efficient and reliable 
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when the full -wave simulations have limited resources to process and simulate large antenna systems. The 

process to realize these objectives can be described as follows: 

ü MRGW is the electromagnetic waveguide that will be used to design the antenna array systems. 

Consequently, an efficient modeling and design tool for the MRGW needs to be proposed to 

provide closed-form empirical expressions for the effective dielectric constant and characteristic 

impedance. 

ü A new method will be used to predict the performance of a large finite array from a small array, 

including the effect of the mutual coupling between the elements. The method will provide us with 

the radiation characteristics of the large array as well as the effective impedance (active 

impedance) of all the array elements at its port. Then, this information is used to design the 

corporate feeding network as terminating loads without the need to introduce the radiating 

elements in the computation and then introducing an efficient design procedure of the large finite 

array feeding network. The procedure is applicable to any feeding network technology. The 

procedure will be applied to design an 8×8 and 16×16 antenna array with Single-Layered 

Corporate-Feed besides an 8×8 circular polarized antenna array based on MRGW at 60GHz. 

ü Using the method in (2), a high gain 4×4 MIMO antenna system will be designed for a 60 GHz 

band using MRGW for the indoor application that can be used at the physical layer (front end of 

the radio frequency (RF)) for 5G WIFI devices. 

ü In addition, design a high gain antenna array using super dielectric substrate and a limited number 

of radiating elements 2 × 2 and 4x4 array with gain equivalent to 4 × 4 and 8 × 8 antenna array 

gain. The antenna array will be designed using corporate feed based on MRGW technology for 60 

GHz band applications with spacing between the elements exceeds one wavelength and suppressed 

grating lobes.  

ü To design a 3dB hybrid coupler that can be used to design a comparator system. The comparator contains 

a radiation part of an 8×8 antenna array and provides four independent channels through pattern 

orthogonality that can be used as a MIMO antenna system. 

1.5 Contribution and Novelty 

In this work, the main contributions of this work can be summarized as follows: 

1) Analysis and synthesis formulas for the MRGW to facilitate the design process. 



6 
 

2) Provide empirical expressions for the effective dielectric constant and characteristic impedance 

for several possible configurations of the MRGW. 

3) Demonstrate the validity of the proposed formulas for various cases of the MRGW. 

4) Verify the method of predicting the performance of a large finite array from a small array for certain 

bandwidth. The method provides us with the radiation characteristics of the large array as well as the 

effective impedance (active impedance) of all the array elements at their ports. Then, this information is 

used to design the corporate feeding network as terminating loads instead of a conventional matching load, 

which avoids the need to make the design in the presence of the radiating elements in the computation. 

Facilitate using three different 3-port MRGW that allow avoiding some bends in the feeding network that 

deteriorate its performance.  

5) A rectangular waveguide transition to the MRGW provides a differential phase power division from the 

rectangular waveguide to the MRWG. 

6) Finally, an efficient design procedure of the large finite array feeding network is introduced. The procedure 

is applicable to any feeding network technology. The procedure is applied to a microstrip ridge gap 

waveguide (MRGW) to design an 8x8 and 16x16 antenna array with linear polarization and an 8x8 circular 

polarized antenna array. 

It is worth emphasizing that the procedure in [2] depends on the knowledge of the mutual admittance matrix (it 

could be the scattering parameters or the mutual impedance matrix) of the small array that can be obtained from a 

full -wave solution or measurements. Then, the effective input impedance of each element of the array is used to 

separately design the feeding network by using the radiating elements as the loads terminating the feeding network. 

Therefore, large array processing time is reduced because the radiators are excluded from the numerical solution to 

reduce the numerical domain to the internal domain of the feeding network. Therefore, the optimization process 

could be implemented on the feeding network only. Then the appropriate design of the feeding network structure 

can be obtained to minimize the radiation and surface wave losses. From the active voltage terminal of the elements, 

an array factor, including the mutual coupling, can be computed to predict the radiation patterns as well as the array 

gain. This analysis gives useful estimations of the array performance under different scenarios in which we can 

design the proper feeding networks. Besides, the use of commercial full-wave simulation tools, such as CST, in 

designing large array becomes more efficient and faster. Lastly, the concept is used to design 8x8 and 16x16 antenna 

arrays of ME-dipole with high gain and high efficiency based on MRGW. The antenna array design to cover the 

bandwidth of 57ï64 GHz with a feeding network and radiating layers only and overcomes the problem of 

introducing the cavity layer. Moreover, less computation time and memory consumption are needed. 
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TECHNOLOGY
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2.1 Introduction 

Materials with electric conductivity are physically present in nature (metals). However, materials with 

magnetic conductivity do not physically exist. Therefore, researchers have artificially realized these 

surfaces using periodic structures. These structures are frequency dependent and should be designed for 

the specified frequency band.  

2.2 Soft and Hard Surfaces 

Soft and hard surfaces with anisotropic properties can be considered as metamaterials that satisfy the 

condition of the Magnetic Conductor. The anisotropic properties provide high surface impedance, which 

cut off the wave with a specific direction of propagation. In which case, soft surfaces suppress the 

electromagnetic waves from propagating, and hard surfaces allow the waves to propagate [19] [20]. 

Basically, the idea of soft and hard surfaces has been realized by corrugated structures where ground strips 

or corrugations with a height of quarter guided wavelength, as shown in Fig. 2.1.  

 

Figure 2.1 Soft and hard surfaces realized with corrugations. 

The main idea has been developed from the transmission line concept, such that the short circuit becomes 

an open circuit at the surface of the corrugation. As a result, a high anisotropic surface impedance (high 

in the transverse direction of the corrugation acting as an artificial magnetic conductor and zero along the 

corrugations) is generated and stop all the waves from propagating within a specific frequency band. 

Corrugated surfaces can be considered as a 1D bandgap configuration that can provide high impedance 

(soft) in one direction (for wave propagation transverse to the corrugation wall) and low impedance (hard) 

for wave propagation along the corrugation wall. In addition, the bandgap can be in 2D configurations 
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(periodic structures) to provide a higher degree of freedom for high surface impedance implementation 

[21] [22]. In other words, 2D bandgap structures can manipulate the electromagnetic signals to cut off the 

waves from propagating isotopically within a specific frequency band. 

2.3 The Gap Waveguide Theory 

Consider two parallel plates, as shown in Fig. 2.2, PEC plate above the PMC plate with spacing (d) 

between them. According to Maxwell equations for transverse electric (TE), electric and magnetic fields 

traveling in the +z direction satisfy the following equations [23]: 

 

 

Figure 2.2 Gap waveguides concept with ideal PEC-PMC parallel-plates. 
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where Ὂ(x, y, z) is the z-component of the electric vector potential in the rectangular coordinate system 

that must satisfy [23]: 
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ᶯὊ ὼȟώȟᾀ ‍Ὂ ὼȟώȟᾀ π            ςȢχ 

which can be expressed as: 

‬Ὂ

‬ὼ

‬Ὂ

‬ώ

‬Ὂ

‬ᾀ
‍Ὂ π            ςȢψ 

To simplify the analysis, we consider no variation in the x-direction and the width in the x-direction is 

infinite, so that   =0. Then the solution for Ὂ(x, y, z) can be obtained using separation of variables as 

[23]: 

Ὂ ØȟÙȟÚ ὯώὫᾀ                                ςȢψ 

‍ ‍ ‍                                             ςȢω 

where ‍ ὥὲὨ ‍ are the wave constants in y- and z-directions, respectively. Since the wave is bounded 

in the y-direction, then the solution for k(y)  represents standing wave while g(z) travelling wave, thus, 

Ὂ ØȟÙȟÚ ὃÃÏÓ‍ώ ὄÓÉÎ‍ώ Ὡ         ςȢω 

By substituting (2.9) in (2.6) and (2.1) and apply the boundary conditions on the bottom (PMC) and top 

(PEC) plates, we obtained: 

Ὄ ώ πȟᾀ π                                               ςȢρπ 

Ὁ ώ Ὠȟᾀ π                                               ςȢρρ 

Then the solution can be written as: 

Ὂ ØȟÙȟÚ ὄÓÉÎ‍ώ Ὡ                    ςȢρς 

‍ ςὲ ρ
“

ςὨ
          ὲ πȟρȟςȟȣ            ςȢρσ 

where ὄ is constant. From (2.12) ‍ must be greater than zero for propagation. However, to cut off the 

propagation, the field must be attenuated (Evanescent waves are exponentially decaying fields); this 

implies that ‍ must be imaginary: 

‍ ‍ ‍ ᴼ
ς“

‗

“

ςὨ
 π     ὲ π  

                                         Ὠ
‗

τ
                         ςȢρτ 

The distance between these two plates controls the propagated waves, such that if this distance is smaller 

than a quarter wavelength, then all parallel-plate modes are stopped from propagation. Also, when PMC 

is used, the bandgap acts as a high pass filter, which allows the propagation until the cutoff frequency. 
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However, when the PMC is realized as an artificial magnetic conductor (AMC), the bandgap acts as a 

bandstop filter, which creates another cutoff at a lower frequency. This concept is used to realize the ridge 

gap waveguide (RGW). It should also be clear that the TE case is entirely dual for the TM case. Therefore, 

the condition of attenuation is valid for the TM case as well. The ridge gap waveguide (RGW), in 

summary, is based on an air gap sandwiched between two parallel conducting plates where most of the 

fields (The parallel-plate TEM modes) are confined. The parallel-plate TEM waves are the modes that 

propagate when the parallel plates are both PECs. To assure that most of the fields are confined between 

the parallel plates, soft surfaces can cut-off the parallel-plate modes from propagating in one direction 

(anisotropic). However, it is necessary that all the waves must be prohibited from propagation off the 

PEC/PEC parallel plates. To achieve that electromagnetic bandgap (EBG), surfaces are used to realize the 

PMC condition artificially, which provide a high impedance surface [24] to stop parallel plate modes and 

surface waves from traveling within a frequency range in all directions (isotropic characteristics) when d 

is less than a quarter wavelength as shown in Fig. 2.3. 

 

 

 

Figure 2.3 Gap waveguideôs basic structure. 

Hence, the bottom plate has a smooth continuous metal (ridge) surrounded by textured surfaces acting as 

AMC; a flat metal plate covers all. The distance between these two parallel plates should be smaller than 

a quarter wavelength, which creates a high impedance condition [25] to stop and cut-off the waves over 

the textured surface and only allows it between the two smooth top and bottom metals; forcing the field 

to be guided along the required direction only reduces the radiation loss. In addition, since the wave is 

attenuated (cut-off) along the other undesired direction, then maintaining good metal contacts is no longer 

necessary.  

Furthermore, the main advantages of this technology are the alleviation of dielectric losses, surface wave 

suppression, and resolving the electrical contact between metals. The AMC implementation has been 

realized using different approaches. It can be implemented using a metal pin (bed of nails) [26] or using 
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mushroom patches [27], in which case it is referred to as printed RGW (PRGW) [28]. A different version 

of the ridge gap can be made based on the AMC, as indicated in Fig. 2.4; for example, in the ridge gap 

and groove gap waveguides, metal pins are used without the dielectric.  
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Ridge

Substrate

Substrate

Ridge
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(b)

(c)

(d)

pins

Top metallic

 layer

 

Figure 2.4 Gap waveguides: (a) Ridge gap waveguide, (b) Groove gap waveguide, (c) Microstrip ridge gap waveguide, and  

(d) Printed ridge gap waveguide. 

However, the propagating mode in the ridge gap is the quasi-transverse electromagnetic mode (quasi-

TEM) because part of the field (fringing) experience a different propagation environment. On the other 

hand, the propagating mode in the groove gap is the TE10 mode, which resembles the conventional metallic 

waveguide. Different mm-Wave devices using groove gap waveguides have been reported, such as 

antennas [29ï35], filters [36-42], and diplexers [43-46] with good performance. Another version of the 

ridge gap is an inverted microstrip gap waveguide [47], which is close to the inverted microstrip lines. 
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However, the main field propagates in the air gap between the ridge and the upper metal plate. It is worth 

mentioning that within the stopband of the AMC, the parallel modes and surface waves are cut-off. 

Furthermore, RGW and PRGW have also been used to design a different kind of components in mm-

wave, as reported in [14] [48-49]. RGW and PRGW have a problem of making arbitrary circuits, with 

bends and discontinuities, disturb the bed of nails and mushroom periodicity, which requires adjusting the 

nails or the mushroom positions. To avoid such a problem, the ridgeline is elevated up away from the bed 

of nails or mushroom surfaces without the need to connect the ridge surface to the ground and spacing 

between them with a thin low dielectric constant substrate. As such, the periodicity of the bed of nails or 

mushrooms is not disturbed. In addition, the air gap can be filled with dielectric materials, which is 

advisable to be of low dielectric constant to keep the wideband characteristics of the guiding structure. In 

this case, a microstrip circuit with all the needed discontinuities can be printed on a grounded substrate 

and then flipped to face the periodic texture. Such a structure is referred to as the inverted microstrip line, 

as the signal is propagating in the dielectric substrate of the microstrip line. The inverted microstrip 

structure is considered as a packaged microstrip line [50], which was treated in several publications [51-

55]. These are very complicated structures to be analyzed and designed. However, they have received 

significant interest because of merging the advantages of the metallic waveguides, in terms of low losses, 

with the advantages of microstrip technologies; in terms of compact size and ease of fabrication. Hence, 

it can be a preferred candidate for feeding network design at the mm-frequency range. 
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Chapter 3:  MODELING AND DESIGN 

EMPIRICAL FORMULAS OF MICROSTRIP 

RIDGE GAP WAVEGUIDE (MRGW) 



15 
 

3.1 Introduction 

MRGW can be considered as a parallel plate waveguide filled with air or dielectric with a thickness (d) 

and relative permittivity (ʻr1); or a microstrip line with a possible air substrate. The inner conductor 

surface of the microstrip line is the surface of the ridge. The microstrip line (ridge) is elevated above the 

AMC surface by a dielectric spacer that has relative permittivity (ʻr2) and thickness (t). The geometry of 

the MRGW is presented in Fig. 3.1, which can be seen as an inverted microstrip line enclosed with an 

AMC. The electric field is mostly within the air gap. However, some of the fringing field lines are in the 

substrate. Therefore, the propagating mode is not a pure transverse electromagnetic mode (TEM) but 

quasi-TEM. In addition, the substrate material underneath the ridge is nonmagnetic with unity relative 

magnetic permeability (i.e., µ =1). An attractive advantage of MRGW configurations with an air gap is 

that the effective dielectric constant is much smaller than the spacer dielectric constant. Therefore, the loss 

tangent is substantially reduced, and the component dimensions can be increased, which gives more 

flexibility in the design at mm-wave frequencies. 

 

 

 

Figure 3.1 Microstrip Ridge Gap Waveguide (MRGW) structure with Electromagnetic Band Gap (EBG) mushrooms with 

arrows indicate the field lines of the quasi-TEM mode. 

3.2 Impedance Design Formulas 

The characteristic impedance equation of the quasi-TEM mode [56], propagating along the MRGW, can 

be express as: 

                                 ᾤὧ
ρςπ“Ὠ

‐ ὡ
                                           σȢρ 
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where Weff is the effective width of the line, and Ůr-eff is the effective dielectric constant of the guiding 

medium. Inspired by the microstrip line analysis expressions, it should be stated that the above expression 

assumes that the physical parameters are known to get Weff and Ůr-eff. Both Weff and Ůr-eff are represented in 

empirical expressions that contain the rational functions of the physical parameters. Using a nonlinear 

curve fitting routine to a microstrip-like, Weff can be expressed as such: 

ὡ

Ὠ

ὡ

Ὠ

Ὠ

ὸ
ρπȢτσψρȢρÌÎσȢχπψ

ὡ

Ὠ

Ὠ

ὸ
ρ         σȢς 

The effective dielectric constant Ůr-eff can be computed by treating the MRGW geometrical configuration 

as a parallel plate capacitor. Analyzing the effective dielectric constant using this method is similar to the 

method that has been used by Wheeler for the standard microstrip [57]. 

However, here we considered the effect of the closed structure with AMC. In order to find an accurate 

empirical expression to estimate Ůr-eff, we define a function F (d, W) and G (d, W, t) to compensate for the 

capacitance effect between the top metal, ridge, and mushroom such that: 

‐ 
‐ ‐ 
ς

ὊὨȟύ
‐ ‐ 
ς

ὋὨȟύȟὸ               σȢσ 

Using a non-linear curve fitting routine to a microstrip-like Ůr-eff   can be expressed as: 

¶ If ‐=1 
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3.3 Width Design Formulas 

An expression for width design can be obtained empirically in terms of rational functions of the physical 

parameters and the dielectric constant of the material via non-linear curve fitting. Consequently, the 

MRGW width can be obtained for a given ὤ viz: 

¶ ‐ =1 

ὡ

Ὠ

σȢτρτ

“
ὃ πȢπφςÌÎσȢρψρὃ ρȢφφσπȢςφφÌÎὃ ρȢσφω      σȢχ 

¶ If ρ ‐ ‐  

ὡ

Ὠ

σȢσφρ

“
ὃ πȢσωςÌÎπȢσφρὃ σȢφψρπȢσυτÌÎὃ ρȢςψσ       σȢψ 

¶ If ‐ ‐  

ὡ

Ὠ

σȢπς

“
ὃ ρȢυττÌÎσȢττχὃ ρȢωσσρȢσυÌÎὃ ρȢτψτ            σȢω 

                                                                ὃ
ρςπ“

Ѝ‐ ὤ
                                                                     σȢρπ 

The analysis and synthesis equations are found to be accurate with a maximum error of 6% from the exact 

theoretical data over the range ‐ φȢρυ, ‐ ρπȢςȟπȢς ρȟ  and πȢρ ς. The MRGW 

ridge thickness can affect the characteristic impedance and the effective dielectric constant since both are 

being functions of the MRGW width. According to [58], thick microstrip πȢπυ πȢς is used for the 

transmission lines that can be used for quasi-DC operations. However, the thin line  πȢπρ πȢπυ is 

used for the microwave devices, where hm is the thickness of the substrate in the conventional microstrip 

line. Similarly, MRGW can be used to design the transmission line for quasi-DC and microwave devices. 

Therefore, the closed-form expressions for the width ( ὡ ), considering the effect of the thickness (th), 

can be obtained empirically as such: 

                                                  
ὡ

Ὠ

ὡ

Ὠ

πȢψὸ

Ὠ“
ρ ÌÎ
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ὸ
                                                 σȢρρ 

In [59], it has been noticed that ὤ value decreases as the strip thickness increases. Therefore, the effect 

of the finite thickness of the MRGW line may be thought of as an increase in width. Equation (3.11) is 

similar to the one used for the conventional microstrip in [60]. However, different coefficients are used in 
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(3.11) since the estimation of ὡ  in MRWG is different from the conventional microstrip line. When the 

line thickness is considered, the W term in (3.2), (3.4), (3.5), and (3.6) needs to be replaced by ὡ , which 

can be obtained from (3.11). A flow chart that illustrates the curve fitting process is shown in Fig 3.2. 

3.4 Port Definition and Data Extraction 

The definition of the waveguide port used for MRWG is similar to the definition in [61], with port width 

dimensions of at least one-unit cell period p from both sides of the MRGW line in the transverse direction. 

Hence, most of the fields (confined and fringing) are considered. Also, the port length is designed to cover 

the gap region d substrate t and half of the mushroom pin height (h) in the longitudinal direction, as shown 

in Fig. 3.2. The propagation constant ɼ and ὤ can be obtained directly from the waveguide port 

information using full-wave analysis at a specific frequency. The relation between ɼ and ‭  can be found 

in [62] for quasi-TEM. Then the empirical expressions are developed by using curve fitting. 

 

Figure 3.2 Flow chart for the curve fitting. 
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Figure 3.3 Port definition for MRGW. 

3.5 Equations Verification 

To verify the proposed formulas, different cases have been studied based on ‭  and ‭ . First, the case 

when ‭ is air, the MRGW structure in [38] is used. The unit cells are designed to provide a stopband 

between 20-40 GHz loaded with ‭= 3. The unit cell with ‭ = 3 is used in case A. On the other hand, a 

unit cell for stopband 50-80 GHz with ‭ = 3 is also used with the thickness = 0.13 mm and air gap = 0.18 

mm. The mushroom is designed with radius = 0.7 mm, via diameter = 0.33 mm, period = 0.85 mm and 

loaded with ‭= 3 in case B. Moreover, a unit cell for stopband 10-20 GHz with ‭ = 3 is also used with 

the thickness = 0.508 mm, and the air gap = 0.508 mm. The mushroom is designed with radius = 1.3 mm, 

via diameter = 0.3 mm, period = 3 mm and loaded with ‭= 3 in case C. The same dimensions that used 

in case C are used for case D; however, with ‭ = 6.15 is used. Then, ‭  is calculated using (3.4) and 

compared with the full-wave analysis of the different cases (A, B, C, D) at the center frequencies 30 GHz, 

60 GHz, and 14 GHz, respectively. The variation of  ‭  with  is shown in Fig 3.4. It may be observed 

that the empirical expressions are in good agreement with the full-wave analysis results within a maximum 

error of less than 5%, as shown in Fig 3.5. In addition, it may be noticed that the value of ‭  gets close 

to one when the width of the MRGW line increases because most of the electric field becomes more 

confined within the air gap. From the different cases, it can be observed that the approximation of using 

‭ =1 is no longer valid, especially when the value of ‭  is high. 
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Figure 3.4 Effective dielectric constant when ‭  is air: (a) case A, (b) case B, (c) case C, and (d) case D. 

 

Figure 3.5 Errors when ‭  is an air: (a) case A, (b) case B, (c) case C, and (d) case D. 

 

Since the empirical formulas are generalized to accommodate the gap filled with dielectric martial, several 

MRGW unit cells are used for verification. When ‭  < ‭ . A unit cell is designed to provide a stop-band 

between 8-18 GHz. A substrate dielectric material is used with ‭ = 3 and thickness = 0.508 mm. The gap 

thickness = 0.508 mm is filled with substrate dielectric martial that has ‭ = 2.2 and ‭ = 1.96 for case E 

and case F, respectively. The EBG mushroom has the same dimensions as case C to provide the required 

stopband. Moreover, another unit cell for the case when ‭ < ‭ are designed to provide stopband between 
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8-18 GHz with ‭ = 6.15 and thicknesses = 0.508 mm. The gap thickness of 0.508 mm is filled with 

substrate dielectric material that has a permittivity  ‭ = 2.2 and ‭ = 3 for case G and case H, respectively. 

The variation of ‭  over the line width at 14 GHz is shown in Fig 3.6. From the results, it may be 

observed that the value of ‭  gets close to the substrate dielectric permittivity filling the gap as the width 

of MRGW line increases. As expected, most of the electric field becomes more confined within the layer 

between the top metal and the ridge. The values obtained from the empirical expressions are in good 

agreement with the full -wave analysis results in a maximum error of 3%, as shown in Fig 3.7. The error 

has been calculated as an absolute percentage error for the values obtained from the full-wave analysis. 

 

Figure 3.6 Effective dielectric constant when the gap is filled with ‭  <  ‭ : (a) case E, (b) case F, (c) case G and (d) case H. 
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Figure 3.7 Error when the gap filled with ‭  < ‭ : (a) case E, (b) case F, (c) case G, and (d) case H. 

 

On the other hand, the case when ‭  >‭ is verified through different MRGW unit cells. A unit cell is 

designed to provide stopband between 8-18 GHz with ‭ =6.15 and ‭ = 3 each with thicknesses = 0.508 

mm in case X. Another unit cell is designed to provide stopband between 8-18 GHz with ‭ =10.2, and 

‭ = 3, and both substrates have thicknesses = 0.508 mm in case Y. The EBG mushroom is designed with 

the same dimensions as case C. Then, the variation of ‭  over the line width at 14 GHz is shown in Fig 

3.8. From the results, it may be observed that the value of ‭  increases as the line width increases, which 

is similar to the behavior of the microstrip. The values obtained from the empirical expressions agree with 

the full-wave analysis results within a maximum error of 2%, as shown in Fig 3.9. The design expressions 

for the width are also verified by known ὤ. Using the previous unit cell structures, the estimation of 

MRGW width is calculated using (3.7), (3.8), and (3.9). Figs 3.10 - 3.12 show the characteristic impedance 

calculated from the full-wave analysis and the empirical expressions. Agreement between the empirical 

expression and the full-wave results can be observed within a maximum error of less than 8%, as shown 

in Fig 3.13- 3.15. In addition, as expected, the larger the MRGW width, the lower the characteristic 

impedance. Besides, in the case of filling the gap with dielectric martial, it can be observed that the 

dimensions (width of the line) are getting smaller for specific ὤ compared with the case of air-filled. 
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Figure 3.8 Effective dielectric constant when filled with ‭  > ‭ : (a) case X, and (b) case Y. 

 

Figure 3.9 Errors when the gap filled ‭  > ‭ : ( a) case X, and (b) case Y. 

 

It can be observed that the thickness of the dielectric underneath the ridge with ‭  has a negligible effect 

on calculating ὤ since most of the fields are concentrated at the gap between the top metal plate and the 

ridge. For example, in case C and case D, the thickness of the substrate dielectric underneath the ridge is 

0.508 mm with different ‭ But the width for ὤ=50 is approximately 2 mm for both. It is essential to 

mention that case C, case G, and case Y were used for data fitting. However, other cases are used for 

testing. Finally, for the case with ‭ = ‭ , the same dimensions in Case C are used in the unit cell. 

However, both the gap and the dielectric martial underneath the ridge have ‭ =‭ =3 in case Z. As 

expected, confined fringing fields within the gap experience the same material such that ‭  is almost 

3, as shown in Fig 3.16. 
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The effect of MRGW line thickness is verified in Fig. 3.17, where the empirical expression (3.11) is used, 

and compared with the full-wave analysis, it can be noticed that the change of the width versus MRGW 

thickness is very small. The width of MRGW in Case A is selected to give 58Ý with zero thickness. 

However, the thickness variation changes the impedance up to -5Ý. On the other hand, MRGW width, 

Case B, is selected to give 54 Ý with zero thickness. By including the effect of the thickness, up to -3 Ý 

of variation can be observed. 

 

Figure 3.10 MRGW characteristic impedance with an air gap: (a) Case A, (b) Case B, (c) Case C, and (d) Case D. 
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Figure 3.11 MRGW characteristic impedance with a gap filled ‭  < ‭ ): (a) Case E, (b) Case F, (c) Case G and (d) Case H. 

 

Moreover, a comparison between the present work and previously published work, using MRGW, is 

conducted by comparing the values obtained from the present model with those used in the other works. 

In [63], the line width for ὤ=50, quarter wavelength transformer length and width were 0.9 mm, 2.5 mm, 

and 1.6 mm, respectively. However, the values obtained from our model are 1.06 mm, 2.22 mm, and 1.8 

mm, respectively. The difference between values obtained by the proposed model and those in [63] is due 

to the correction used in [63] to account for the discontinuities using optimization. It is worth mentioning 

that our model values were close to the optimized values, which means that the optimizer starts from a 

good guess and reduce the processing time. In addition, in [61] where 2 the line width for ὤ=50 was 

0.78 mm, where the value of our model is 0.71 mm. The AMC layer can be implemented using metal pins 

instead of EBG mushrooms. In [64], the line width for ὤ=50 was 1.11 mm, and the value of our model 

is 1.06 mm. In [14], where MRGW technology is used with metal pins to design a 4 × 4 planar dual-mode 

horn array, the line width for ὤ=50 was 7.362 mm and from our model is 6.812 mm; whereas for the 

power divider line width for ὤ=50 changed to 8.8 mm. The quarter wavelength transformer length and 

width for ὤ=70 were 6.6 mm and 4.39 mm, respectively. However, the values obtained from our model 
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are 6.1 mm and 3.5 mm, respectively, at 10.5 GHz. Another line for ὤ=100 is used with width 2.4 mm, 

and the value of our model is 1.6 mm, where the effect of the continuity is not included. 

 

Figure 3.12  MRGW characteristic impedance with a gap filled with  ‭  > ‭ : (a) Case X and (b) Case Y. 

 

Figure 3.13  MRGW characteristic impedance errors with an air gap: (a) Case A, (b) Case B, (c) Case C, and (d) Case D. 
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Figure 3.14 MRGW characteristic impedance errors with a gap filled with  ‭  < ‭ : (a) Case E, (b) Case F, (c) Case G, and 

(d) Case H. 

 

Figure 3.15 MRGW characteristic impedance errors with a gap filled with ‭  > ‭ : (a) Case X and (b) Case Y. 
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Figure 3.16  Effective dielectric constant and characteristic impedance with a gap filled with ‭  = ‭  (Case Z). 

 

Figure 3.17 Effect of thickness on MRGW width.
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Chapter 4:  DESIGN LARGE FINITE 
ARRAY 
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4.1 Introduction 

Phased antenna arrays have received increased attention recently because of their applications in satellite, 

military, and vehicular communications for high gain [65]. Most of the design procedures for phased 

arrays start with a study of the radiation characteristics of the single element and then design for the large 

antenna array structure. However, the environment of a single isolated element is different from that of an 

array environment where the coupling has a direct effect on the resonance frequency, bandwidth, and the 

radiated power of each element [66-67]. Besides, the pattern multiplication for an antenna array in [68], 

which can be used to estimate the far field parameters, is valid when the mutual coupling can be ignored. 

Practically, in the phased array, the mutual coupling between the radiating elements has a noticeable effect. 

The spacing between the array elements is less than half a wavelength to avoid grating lobes.  

The surface wave is the main contributor to the mutual coupling between the radiating elements. On the 

other hand, the estimation of the antenna array performance can be improved by including the effects of 

mutual coupling and considering the effective input impedance in designing the feeding network. The 

effective (active) input impedance can be defined as the active input impedance of the radiating element 

in the array environment, which includes the mutual coupling effect. Generally, optimization tools of a 

full -wave solver can be used to design a large antenna array. However, using optimization is a time 

consummating and requires huge computing resources, which is costly, especially for the large antenna 

arrays. There are many different reported techniques in the literature [69-75] for designing large antenna 

arrays using different numerical techniques. Some of these techniques are for specific array types and 

elements.  

Recently, accurate modeling and analysis to design a large antenna array is reported [76]. However, the 

procedures are complicated in a way that the mutual coupling needs to be calculated through Fourier 

integral. Besides, the effect of the mutual coupling is not related to each element port impedance to help 

in the design of the feeding network. Moreover, the estimation for the radiation patterns requires a 

minimum of 9 elements pattern to be extracted to consider the effect of the edges and corners, which add 

more complexity. In [66], a more general and efficient technique was introduced to consider the effect of 

the mutual coupling regardless of the element type. Furthermore, the presented method can predict array 

performance for the entire scan range by studying the far field characteristics of the single element in an 

infinite array numerically, then predict the far field parameters of the large array. Since the edge elements 

of the array have a different environment than the other antenna elements, it is expected that the edge 
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elements perform differently. Simulations using the infinite array environment cannot describe the edge 

effects. Therefore, the edge element effect is considered. Following the procedure in [66], by considering 

a small array full-wave solution, or measurements to get its Scattering matrix (S-matrix) or admittance 

matrix (Y-matrix) as an N-port network, where N is the number of elements. Using this matrix of a small 

array, a similar matrix of a larger array with a similar array lattice can be obtained. The larger matrix is 

obtained by neglecting the mutual coupling of elements further away than those of the small array.  From 

the S- or Y-matrix of the desired large array, the effective input admittance or input impedance can be 

obtained.  

Moreover, phased antenna arrays with high gain are required, especially for millimeter-wave (mm-

Wave) applications. Design such antenna arrays can be challenging to meet high performance in terms of 

high gain and efficiency with less complexity. Lots of research is performed to design a high gain antenna 

array [77-80]. The feeding network of the array differs based on the guiding structure used. The Microstrip 

line technology is known to be highly lossy at mm-wave frequencies and has significant dielectric and 

radiation losses; however, SIW suffers from dielectric losses since most of the electric field propagates 

through the dielectric substrate. Therefore, the recently developed ridge gap waveguide (RGW) 

technology has been used because it is self-package and can be designed to have an air propagating 

medium, and the line width of the characteristic impedance is narrower than the conventional microstrip 

lines. However, it was found that this technology requires a significant distance between the guiding lines 

that prevented having a direct feeding to the array elements with a distance less than a guiding wavelength. 

To reduce the distance between the radiating elements, the RGW feeding network is used to feed an array 

of 2×2 subarrays made on a substrate integrated waveguide cavity [78], [81]. In terms of losses between 

the MRGW and SIW, a quantitative study in [63] has been conducted, and it showed that smaller losses 

in MRGW than SIW if designed with the same dielectric material. 

This has complicated the antenna array by adding an extra layer. As such, optimization takes a long time. 

In addition, as the subarrays become the elements of the feeding network, it has a higher directivity than 

the subarray elements, but it becomes vulnerable to the grating lobe in the large broadside arrays. In order 

to overcome this problem, the microstrip ridge gap waveguide (MRGW) is used, which made it possible 

to reduce the distance between the feeding network lines and make the distance between the directly fed 

radiating elements less than the wavelength [64]. However, it was possible to design a 4 × 4 array 

achieving the required bandwidth. When the same topology is used to design an 8x8 array, the bandwidth 

is reduced, and it was difficult to optimize the feeding network to achieve a similar bandwidth. After 
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careful investigation, we found that the main reason for failing to achieve the required bandwidth is the 

strong coupling between the terminating stubs with the guiding structures in several positions of the 

network. Therefore, we have modified the feeding network topology to avoid such coupling. 

4.2 Design Large Finite Array theory 

Considering an N×N antenna array with identical elements in XY-plane, as shown in fig 4.1. According 

to [66], the effective input impedance can be calculated as 

                           ὤ Ὑ
В ὃ ὠ

В ‏ ὃ ὠ
                             τȢρ 

                                        ὃ ὣὙ ‏                              τȢς 

where Ὑ the input impedance of the isolated element, ‏ ρ for i = j and zero for i Í j (element in a row 

i and column j), ὠ the applied voltage and ὣ is the port mutual admittance between the i th and jth radiating 

elements.  
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Figure 4.1 Antenna array of N×N in XY-plane and equivalent circuit of one element. 

Then, the effective input impedance of each element of the array is used to design the feeding network by 

using the radiating elements as the loads terminating the feeding network. Therefore, large array 

processing time is reduced because the radiators are excluded from the numerical solution to reduce the 

numerical domain to the internal problem domain. Therefore, the optimization process could be 

implemented on the feeding network only. Then the appropriate design of the feeding network structure 

can be obtained to minimize the radiation and surface wave losses. From the active voltage terminal of 
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the elements, an array factor, including the mutual coupling, can be computed to predict the radiation 

patterns as well as the array gain. This analysis can give useful estimations of the array performance under 

different scenarios in which we can design the proper feeding networks. Besides, the use of commercial 

full -wave simulation tools, such as CST, in designing large array becomes more efficient and faster. 

4.3 Mutual Admittance Matrix Construction for a Large Array 

The calculation for the effective input impedance in (4.1) requires the mutual admittance for the large 

array. However, such calculation can be time-consuming; therefore, in [66], a new method to predict this 

matrix from the small matrix and construct a large array using the small array information as shown in 

fig. 4.2 where the internal, edge and corner elements have the same environments as the large array. 

 

Figure 4.2 Construction of 8x8 and 16x16 array from 4x4 array. 

 

The mutual admittance matrix of 4 x 4 small array can be mapped into the large matrix for 8x8, 16x16, or 

even larger arrays, as shown in Fig. 4.3. Such mapping reserves a mutual coupling environment of 

elements with similar relative positions. Thus, a large matrix retains the properties of a small matrix. Also, 

the mutual coupling is ignored between elements when the distances are greater than three times the 

spacing between the adjunct elements. 
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Figure 4.3 Mutual admittance matrix arrangement (a) 4x4elemet array and (b) constructed for the 8x8element array. 

 

4.4 Effective Input Impedances Calculation for Antenna Array 

4.4.1 Basic element design 

The design starts with the design of the AMC layer that is realized by periodic structure. The periodic 

structure unit cell is a metal pin loaded with a thinner dielectric substrate topped with an air gap between 

its upper surface and an upper conducting plate. The dimensions of pin and cell parameters are selected 

and adjusted to have an electromagnetic bandgap (EBG) with a central frequency around 60 GHz. AMC 

layer design for the MRGW with a pin of 0.51×0.51×1.05 mm3 and a period of 1.1 mm. For the upper 

layer that accommodates the microstrip line and feeds network, a RO3003 (loss tangent=0.001) is used 

with a thickness of 0.13 mm. The air gap between the upper substrate and the top metal layer is selected 

at 0.165 mm to provide an EBG between 46 and 89 GHz. The single-cell dispersion diagram is omitted 

for brevity. The presence of a microstrip line as a guiding ridge in the center of the EBG structure creates 

the dispersion diagram given in Fig. 4.4, showing the structure modes. In this figure, the dotted line is the 

ridge mode indicating its presence within the bandgap of the periodic structure. The presence of the thin 

dielectric substrate on the bed of the nail does not have an effect on the mode propagation, such as surface 

waves within the EBG frequency band. 
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Figure 4.4 Dispersion diagram of MRGW. 

 

The magneto-electric (ME) dipole antenna excited by a narrow slot is considered as the radiating element 

using RO4003C (loss tangent=0.0027) with a thickness of 0.508 mm. A similar design can be found in 

[64] in the Ka-band and in [82] excited with a slot in a substrate integrated waveguide (SIW). One of the 

main advantages of the ME is providing a stable gain and radiation pattern across the operating bandwidth 

[83]. The ME-dipole is designed to work at 60 GHz band and the radiating element in [82] with SIW as a 

guiding structure. Here, the MRGW is used, as shown in Fig. 4.5. The ME-dipole antenna has a 10 dB 

matching bandwidth over 19.6% bandwidth (55.3ï67.1 GHz), as shown in Fig. 4.6. The input impedance 

of the ME-dipole antenna is shown in Fig. 4.7, with a gain of 8.8 dBi at 60 GHz. 
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Figure 4.5Fig.  Structure of PRGW ME-dipole antenna. 
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Figure 4.6 Simulated reflection coefficient of the ME-dipole antenna. 

 

 
 

Figure 4.7 Input impedance of ME-dipole antenna. 

 

A 4×4-element array of ME-dipoles with a separation distance of 4.5 mm between the elements in both 

x- and y-direction is analyzed using the full-wave simulator of Microwave Studio (CST). Then the 

obtained mutual admittance matrix is used to construct and estimate the mutual admittance matrix of an 

8×8 and 16×16 -element array according to [66]. Finally, the effective impedance for the 64-element array 

is calculated at different frequencies. Moreover, full-wave simulation is used to obtain the effective 

impedance for the 64 and 256 elements as actual values and compared with the estimated values calculated 

by the method in [66]. The element arrangement is shown in Fig. 4.8. Briefly, the procedure for this 

efficient method to design large antenna arrays can be summarized as follows: 
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1) Select the radiating element and distribute it in a small 4x4 array with the same array lattice of the 

large array; 

2) Compute or measure the mutual admittance matrix (Y-matrix) or the S-matrix of the small array; 

3) Predict the Y-matrix or S-matrix of the large array following the procedure in [66]; 

4) Design the feeding network based on the effective impedance loads that include the mutual coupling 

effect. Here, only the effective impedances of the elements are used as terminating loads to the 

feeding network.  

 
Figure 4.8 64 Elements arrangement to calculate effective input impedances. 

 

4.4.2 8×8 elements for array design 

For an 8×8 antenna array, effective input impedances are estimated. It can be pointed out that the edge 

elements have different characteristics from the central elements, as can be noticed from Fig. 4.9, 4.10, 

and 4.11 at frequencies 57 GHz, 60 GHz, and 64 GHz, respectively. In other words, the edge elements 

experience a different environment compared with the central elements. In addition, it may be observed 

that the estimated values are in good agreement with the full-wave analysis results. However, a small 

difference might exist because the relative position of the ridgeline with respect to the EBG mushroom 

cells is not always the same. Conventionally, the antenna array is designed based on fixed input impedance 
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that is usually the input impedance of an isolated element at the central frequency. Such a design usually 

ignores the effect of the feeding network discontinuity as well as the mutual coupling effect on the input 

impedance of the elements in the array environment. 

 

Figure 4.9 Effective impedance of 8×8-element array using the 4×4-element array at 57 GHz. 

 

Figure 4.10 Effective impedance of 8×8-element array using the 4×4-element array at 60 GHz. 

 

Figure 4.11 Effective impedance of 8x8-element array using the 4x4-element array at 64 GHz. 
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Here, the feeding network of the 8×8 array is constructed such that each element has its effective 

impedance, which is represented by a different line width terminated by the effective impedance of the 

element, where the coupling effect is considered. Then a transformer with different width and length is 

used to match the actual impedances, which have real and imaginary parts, as shown in Fig. 4.12. The 

initial design parameters are calculated using [84]. Then, the overall corporate distribution network is 

optimized to compensate for the discontinuities in the feeding layer.  

 

Figure 4.12 (a) Feed network structure of the 8×8-element array, (b) 8x8-element array full structure with the ME-dipole 

elements. 

It is worth mentioning that using this procedure reduces the processing time a lot to optimize the reflection 

coefficient by replacing the radiating elements with their effective impedances at their ports. In Fig. 4.13, 

the reflection coefficient is shown where four cases are introduced. In the first case, the feeding network 

is designed at 60 GHz with terminating loads of ὤ. In the second case, the feeding network is optimized 

when a complex effective input impedance terminates each port at 60 GHz. In the third case, the feeding 

network of the second case is terminated by the actual radiating antenna elements (ME dipole). In the 

fourth case, the feeding network is optimized for the whole frequency band when terminated by the 

frequency dependent ὤ  using HFSS. The frequency dependent loads have been optimized using HFSS, 

where the lumped ports are loaded with snp/znp or ynp files which include the effective input (impedance/ 

admittance or the S parameters) as frequency dependent. The effective impedance termination provides 

comparable performance to the actual structure, which agrees very well at 60 GHz, at which the feeding 

network is designed and optimized. One can also notice that there is no much difference between the third 

case and the fourth case.  
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Figure 4.13 Reflection coefficient of 8 × 8 ME-dipole antenna arrays. 

The bandwidth obtained from the conventional method is smaller than that based on the concept of small 

to large, which leads to achieving a bandwidth closer to the single element bandwidth. In addition, a better 

matching level using the actual elements to realize the whole structure and obtain the far-field results. As 

mentioned in [20], the total radiation patterns and gain can be estimated by using the concept of pattern 

multiplication, considering the effective input impedance in the active voltage terminal of the elements as 

such 

                                     
Ὁ

Ὁ

Ὁ 

Ὁ  Ὂ—ȟ•                              τȢσ 

where Ὁ  and Ὁ  are the ɗ and ◖ components of the element radiation patterns, respectively. Ὁ and Ὁ  

are the corresponding total array radiation patterns. Ὂ—ȟ•  is the array factor that can be expressed as 

                    Ὂ—ȟ• ὠ Ὡ                         τȢτ 

and 

                                           ὠ ὃ ὠ                                    τȢυ 

where ”, •  is the cylindrical coordinates of the ith element.  Then the directivity, D, and the gain, G of 

the array with respect to an isotropic radiator at a distance r can be expressed as: 

              Ὀ—ȟ• τ“
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                  τȢφ 
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               Ὃ—ȟ• τ“
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where – is the intrinsic impedance of free space, ὖ is the total radiated power, ὖ is the total input power 

that contributes to the radiation from the array and –  is the total radiation efficiency, which includes 

the reflection losses of the radiating elements due to mismatch, dielectric and Ohmic losses, surface waves 

losses, and the losses due to connector and transition. It is important to highlight that –  is calculated 

after designing the feeding network. Moreover, the technology of design the feeding network plays a 

significant role in calculating the total radiation efficiency. Hence, our method can estimate the gain 

without considering the feeding network losses. However, the realized gain (including the mismatch and 

feeding network losses) can still be calculated after designing the feeding network using (4.7), (4.8), and 

(4.9). Since –  can be obtained from the full-wave simulation, it should be mentioned that for the pattern 

multiplication, three cases are considered for the ME-dipole element pattern: Case A uses the radiation 

pattern of the isolated element; Case B, the embedded radiation pattern of an intermediate element of the 

small 4×4- array; Case C, the embedded radiation pattern of an element in an infinite arrays environment. 

The normalized radiation patterns are shown in Figs. 4.14, 4.15, and 4.16 at 57, 60, and 64 GHz, 

respectively. The 8x8-element array normalized radiation patterns considering the above cases are given 

in Figs. 4.17, 4.18, and 4.19 for E-plane and Figs. 4.20, 4.21, and 4.22 for H-plane. A good agreement 

between the estimated radiation pattern using the effective impedance method and the full-wave analysis 

can be observed. Besides, the first sidelobe levels in both E- and H-plane are around -12.8 dB.  
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Figure 4.14 Normalized radiation patterns of the ME-dipole antenna at 57 GHz. 

 

Figure 4.15 Normalized radiation patterns of the ME-dipole antenna at 60 GHz. 

 

Figure 4.16 Normalized radiation patterns of the ME-dipole antenna at 64 GHz. 
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Figure 4.17 Normalized radiation patterns of the 8×8-element array at 57 GHz (E-plane). 

 

 
Figure 4.18 Normalized radiation patterns of the 8×8-element array at 60 GHz (E-plane). 

 

 

Figure 4.19 Normalized radiation patterns of the 8×8-element array at 64 GHz (E-plane). 
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Figure 4.20 Normalized radiation patterns of the 8×8-element array at 57 GHz (H-plane). 

 

Figure 4.21 Normalized radiation patterns of the 8×8-element array at 60 GHz (H-plane). 

 

Figure 4.22 Normalized radiation patterns of the 8×8-element array at 64 GHz (H-plane). 

The simulated array gain for Cases A, B, and C, compared to the full-wave analysis using CST (time-

domain), are indicated in Table I. It can be seen that all the cases provide close values for the gain. 
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However, Case C shows better agreement when the element is considered in an infinite array and can be 

used to estimate the array far field parameters. 

Table I. 8×8-Element Array Gain 

Frequency (GHz) Case A Case B Case C Full- Wave 

57 25.86 25.80 25.85 25.60 

60 26.01 26.08 26.03 25.98 

64 26.32 26.29 26.35 26.27 

 

The radiation efficiency over the operating frequency is better than 72%. The total radiation efficiencies 

and the simulated gain over the operating frequency without including the total losses are illustrated in 

Fig. 4.23. 

 

Figure 4.23 Full-wave simulated gain compared to those calculated based on different cases (A, B, and C) and total radiation 

efficiencies of the 8×8 element array antenna. 

4.4.3 16×16 antenna array design 

A 16 × 16 antenna array is a substantial numerical structure considering the feeding network within a 

periodic mushroom structure. Thus, a full-wave solution is not always possible for verification because of 

the limited computational resources. The 16×16 array characteristics are predicted based on a 4 × 4 array 

and 8x8 array and comparing the effective input impedances from these two predictions. A good 

agreement can be observed, and the coupling effect appears clearly on the edge elements, as shown in Fig. 

4.24, 4.25, and 4.26 at frequencies 57, 60, and 64 GHz, respectively. For a 16 × 16 feeding network, a 
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central feed WR-15 is used to excite the radiating elements. Hence, the simulation and computation can 

be reduced by taking advantage of the symmetry. 

 

Figure 4.24 Effective impedance of 16x16-element array using the 4×4-element and 8x8-element array at 57 GHz. 

 

Figure 4.25 Effective impedance of 16x16-element array using the 4×4-element and 8x8-element array at 60 GHz. 

 

Figure 4.26 Effective impedance of 16x16-element array using the 4×4-element and 8x8-element array at 64 GHz. 
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4.4.4 Transition from WR-15 to MRGW 

A WR-15 on the bottom plane of the structure is used to excite the ME-dipoles. Hence, transferring the 

power from the TE10 dominant mode of the WR-15 to the quasi-TEM MRGW is required. In [85], a 

transition from printed ridge gap waveguide (PRGW) to WR-15 is designed using a cavity back short, 

which requires a thick top metal layer. However, in our design, we use MRGW, where the ridge is elevated 

from the AMC layer with a dielectric material that has permittivity Ůr1. Therefore, a matching stub line is 

made in the EBG layer (step). Then another via-hole is made through the substrate Ůr1 to connect MRGW 

with the matching stub line, as shown in Fig. 4.27. The via-hole positions with the width and length of the 

stub are optimized to achieve a matched bandwidth of 46ï76 GHz. The simulated S-parameters are shown 

in Fig. 4.28. It should be stated that the two output ports have a 180° phase difference, as indicated by the 

field lines in Fig. 4.27(a). Hence, the structure of the feeding network must be symmetric along the x-axis. 

WR-15

Ůr1

via-holes 

z

yx

(b)

(a)

Step for matching

 

Figure 4.27 MRGW to WR-15 transition: (a) side view, (b) 3D geometry (top metallic layer is hidden). 
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Figure 4.28 Reflection coefficient of the transition from WR-15 to MRGW. 

4.4.5 16×16 -element array optimization 

The processing time to optimize the feeding network for a 16x16 array is relatively huge compared to an 

8×8 array, especially in the presence of the EBG texture. As all the mutual coupling effects are considered, 

and the effective impedances of all elements are known. Therefore, to reduce the number of optimization 

parameters, the feeding network is partitioned into small parts; each part feeds a 2×2 subarray. The feeding 

network of each 2×2 subarray is designed and optimized. Thus, the feeding network is reduced to a feeding 

network of 8×8 subarrays, each terminated by the input impedance of the corresponding 2×2 subarray. 

This array is partitioned into a set of subarrays of 4×4 elements. Now, a feeding network of 2×2 subarray 

each of 4×4 elements should be optimized for the final port. As such, the optimization is always performed 

on a 2×2 feeding network. At each step, the mutual coupling effect with respect to the relative positions 

of the subarrays are considered as the presence of all elements of the 16x16 array is included. The 16×16 

array is constructed from the 8×8-subarrays of 2×2 subarrays as a first level. Each of these 2×2 feeding 

networks is designed to get the effective impedances at the port of each sub-array feeding network through 

a separate optimization. In the second level, the 8×8 subarray is reduced to 4×4 subarrays feeding network. 

Each of the 4×4 subarrays is a 2×2 subarray.  
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Figure 4.29 Sub-array optimization for 16×16 array. 

Perform the design of a 2×2 feeding network that is terminated by the 2×2 subarray effective impedances. 

Notice that the length of the feeding network arms is double the lengths of the previous level. Finally, 

level three ends up being a 2×2 array of 8×8 subarrays. Its feeding network arms are twice the length of 

the previous level. This procedure has broken the problem into several optimizations of a 2×2 feeding 

network that has a small number of parameters to optimize each time. Symmetry can also be enforced to 

reduce the number of 2×2 problems. Without symmetry, the number of 2x2 feeding networks is (8×8 + 

4×4 + 2×2 =84). It should also be stated that because the array input port is the rectangular waveguide, 

the feeding network of the 8×8 subarray is a design of a power divider that its input is coupled to the 

waveguide aperture. Another difference in this design because of the use of the waveguide input port and 

its differential output power divider. Therefore, the two sides of the array are out of phase. In order to 

correct for this, one side is rotated 180o to compensate for the phase that makes the two halves in phase. 

Fig. 4.29 shows a sketch of just a quarter of the 16x16 feeding network. By using this technique, we are 

reducing the number of optimization parameters for the feeding network. A quarter of the geometric 

configuration of the 16 ×16 array antenna is shown in Fig. 4.30. Different power dividers are deployed to 

the feeding network to reduce the interaction between the stubs exciting the slots and the nearest line to 

its end. Fig. 4.31 shows the simulated reflection coefficient of the different power dividers. 


























































































































