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Abstract 

 
High Gain Millimeter-wave Antenna Array Design with High Isolation. 

Oludayo Sokunbi, Ph.D. 

Concordia University, 2025. 
 

 
Millimetre wave (mm-wave) antenna arrays with high gain are explored to meet 

the user requirements of high throughput, with a very close distance between the 

antenna elements, which enables miniaturisation. However, high-gain antenna 

array design at mm-wave bands has been a growing concern among antenna 

engineers because of the inevitable, undesired mutual coupling between the antenna 

elements. First, various decoupling techniques are explored to increase isolation 

between patch and ME-dipole antenna arrays at 30 and 60 GHz. Then, a novel 

customized ̄ -shaped split-ring resonator (SRR) metasurface is designed. The 

SRR is arranged in two configurations to decouple 1× 2 and 1× 4 millimeter-wave 

(mm-wave) magneto-electric dipole (ME-dipole) in the H-plane. The antenna 

performances are verified. Third, an effective method is used to design a large 

dual-polarized finite planar array and its corporate feed network. The procedure 

is verified by an 8× 8 and 16× 16 array of metallic ME dipoles fed by a network of 

Microstrip Ridge Gap Waveguide (MRGW). The procedure is based on designing 
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ǘƘŜ ŎƻǊǇƻǊŀǘŜ ŦŜŜŘƛƴƎ ƴŜǘǿƻǊƪ ōȅ ǊŜǇƭŀŎƛƴƎ ǘƘŜ ŜƭŜƳŜƴǘǎΩ ǇƻǊǘǎ ǿƛǘƘ ŜŀŎƘ ŜƭŜƳŜƴǘΩǎ 

corresponding effective input impedance that accounts for the mutual coupling 

between the antenna elements. The results are verified by the full-wave numerical 

solution.  A 10× 10 array is fabricated and measured.  The array bandwidth 

is similar to the element bandwidth. The simulated results are confirmed by 

measurements. Finally, the same technique is used to design a dual circularly 

polarized metallic magnetoelectric dipole with excellent radiation characteristics. 

Different scenarios are explored, and the antenna is fabricated to confirm the 

simulated results. The single-layer, single-slot design is also introduced to save the 

cost of fabricating dual slots. The two-layer feeding network is introduced to solve 

the problem of extra gaps introduced by the feeding network. The performances 

are compared with the single-layer excitation. 
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Chapter 1 

Introduction 

1.1 Millimeter-wave Technology 

Wireless technology has improved due to the advent of the 5G millimeter wave 

frequency range, resulting from the demand for fast data rate, wide bandwidth 

and increased efficiency [1]. Due to their short wavelengths, millimeter-wave 

(mm-wave) frequency bands (30-300 GHz) are usually used for short-distance 

communication. However, oxygen absorption exposes millimeter waves to path 

losses. Also, other issues like environmental, mechanical, and technical factors can 

degrade wireless systems in the mm-wave band. Therefore, high-gain mm-wave 

antennas with low mutual coupling are desirable to compensate for the undesired 

path loss. Multiple-input-multiple-output (MIMO) technology has been used where 

multiple antennas increase channel capacity [2]. 
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1.2 Gap Waveguide Technology 

The millimeter wave (mm-wave) technology has engendered unprecedented opportunities 

for wireless communications, especially regarding the available spectrum, which 

is over 20 GHz. This has made mm-wave a key factor in the fifth generation 

(5G) wireless communication. However, implementation is usually a bottleneck in 

mm-wave communication, especially at the physical layer, which includes waveguides 

and antennas. The antenna required at this layer must exhibit high performance 

to compensate for high atmospheric losses. There are enormous technological and 

mechanical issues involved in the design of mm-wave, including but not limited to 

Integration, cost, compact size, DC consumption, and packaging [3]. 

The common transmission lines for antenna arrays are microstrip lines or 

coplanar waveguides. However, these lines are difficult and expensive to manufacture 

at the mm-wave level, especially when used to design complex feed networks for 

mm-wave arrays. This is because good electrical contact is very important. A more 

costly technology, such as diffusion bonding, can be utilized. At the mm-wave level, 

more precision is required as the physical components involving antennas become 

small. 

Notably, the properties of both microstrip lines and coplanar waveguides depend 

largely on the dielectric material, which is usually lossy. Therefore, both lines suffer 

from high insertion and conductor losses due to the small dimensions [4]. Also, 

the excited surface waves via the substrate enhance the mutual coupling between 

the arrays. This is a serious issue in mm-wave technology, especially because the 

arrays must be closely packed together. 

It is, therefore, imminent that a new RF technology needs to be implemented 

that can eliminate dielectric, insertion, and surface wave losses inherent in the 
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conventional PCB and hollow waveguide technology. The Substrate Integrated 

Waveguide (SIW) technology was invented as an alternative [5] - [8]. However, it 

still suffers from dielectric losses, especially at mm-wave frequency. Prof. Kildal 

discussed the gap waveguide technology in his first paper described in [9]. The 

idea of the gap waveguide is to have control over electromagnetic (EM) waves such 

that their directions can be determined using boundary conditions. The idea is to 

generate a stopband between two parallel plates (PMC), which is usually a bed 

of nails, and then introduce grooves, strips, or ridges where propagation of EM 

waves is allowed without any leakage (PEC) [10]. The gap waveguide technology 

eliminates the need for electrical contact by creating a cutoff between the parallel 

plate ǿŀǾŜƎǳƛŘŜΩǎ PMC-PEC layer, as shown in Fig.1.1. According to aŀȄǿŜƭƭΩǎ 

equations, the distance between the two plates must be less than ˂ /4. At this 

distance, the PEC/PMC walls on the strip are in the cut-off region, making it 

similar to the typical hardware waveguide [11]. 

 

Figure 1.1: Concept of the Gap waveguide technology [9] 
 

 
Since PMC does not naturally exist, periodic structures are engineered to 

realize PMC characteristics for the desired frequency range, artificially. This way, 

losses can be curbed since propagation is no longer via any dielectric material 

but via an air gap.  Leakages are reduced or suppressed beyond the region of 
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propagation, which is bounded between two PEC surfaces, as shown in Fig. 1.1. 

Another type of PMC structure is the periodic EBG structure, as shown in 

the different implementations of this concept in Fig. 1.2. These four different 

types of gap waveguide structures are mainly ridge, grove, inverted-microstrip, 

and microstrip-ridge [11], [12]. 

 

 
Figure 1.2: Common Types of Gap Waveguide [10]. 

 

 
These four types have advantages and disadvantages but generally have lower 

losses than other traditional guiding structures, especially at mm-waves, due to 

wave propagation in the air and less interaction with the surroundings [13]. 

In terms of losses, the rectangular waveguide has lower losses than the ridge gap 

waveguide, mainly because the waveguide width is wider than the guiding ridge. 

Consequently, the current density over the guiding structure is more extensive, 
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leading to a higher conductor loss. Microstrip and Inverted ridge gap waveguides 

have more losses, obviously due to their surface areas. However, they still outperform 

the regular microstrip lines, especially at the 30 and 60 GHz frequencies [14]. 

 

1.3 Problem Statement and Motivation 

The 5G millimeter wireless technology offers high data rate, low latency, low energy 

and cost, increased spectral efficiency, and channel capacity, especially in MIMO 

technology [15]. Therefore, mm-wave antenna arrays are explored to meet the 

user requirements of high throughput, with a very close distance between antenna 

elements to allow miniaturization and compactness [16]. However, compact antenna 

arrays designed at mm-wave bands have been a growing concern among antenna 

engineers due to the inevitable, undesired mutual coupling between the antenna 

elements due to the proximity of the elements [17]. Mutual coupling can greatly 

distort MIMO ŀƴǘŜƴƴŀǎΩ impedance bandwidth, radiation pattern, efficiency, gain, 

and envelope correlation coefficient (ECC). According to [18], the surface wave 

is the main cause of mutual coupling in antennas. This occurs if the normalized 

substrate electrical thickness h/ 0˂ satisfies the condition [18]: 

 

h 0.3 

0˂ 
Ó 

2ˉ
ã

r 
(1.1) 

where h is the substrate thickness, ˂0 is the wavelength in free space, and r is 

the dielectric constant of the substrate. Apart from the surface waves, space waves 

(i.e., near-fields) also contribute to coupling in microstrip antennas in the near-field 

region of the antenna, especially if the distance between the antenna elements is 

less than half wavelength. This coupling effect is restricted to the region above the 
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substrate of the coupled patch antennas [19]. Surface waves are usually unwanted 

between the interface of two dissimilar materials, such as free space and metal or 

metal and dielectric material. The fields along these waves are best described using 

surface current at radio frequencies. When these currents radiate from antennas, 

they can distort the radiation pattern by causing some ripples. When antennas 

share the same ground plane, these currents can cause mutual coupling [20]. 

High-quality, low-noise hardware systems are important in millimeter-wave 

signal processing, especially in frequency-modulated continuous waves (FMCW) 

radar. The isolation between the transmitter and receiver in FMCW subsystems 

affects the overall FMCW system and the ǎȅǎǘŜƳΩǎ ability to detect a target 

accurately. The factors that affect system performance include transmitter-to-receiver 

on-chip coupling and transmitter-to-receiver antenna coupling. The on-chip isolation 

is usually fixed, usually greater than 40 dB. Hence, the antenna isolation requirement 

should be greater than the on-chip isolation value of 40 dB [21]-[22]. 

Therefore, achieving more than 40 dB isolation improvement in closely spaced 

millimeter wave antenna arrays for radar applications with high gain is necessary. 

Also, achieving more bandwidth implies that the antenna can be used for many 

wireless applications. A high-gain millimeter wave antenna is important to overcome 

path loss and enhance system coverage. 

Many techniques have been reported in the literature to mitigate mutual coupling 

at millimeter wave bands. In [23], a hybrid isolator and choke absorber wall 

are employed to reduce the mutual coupling between two MIMO antennas by 22 

dB within the 50-64 GHz impedance bandwidth. The authors in [24] achieved 

about 30 dB mutual coupling reduction using a slotted electromagnetic band gap 

(EBG) structure between two MMW patch antenna arrays at 27.6 GHz. Also, 
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in [25], two metal strips are used to reduce the coupling between two MMW 

DRAs by 12 dB within the 27.5-38.35 GHz frequency range. In [26], the authors 

proposed a self-decoupled antenna using slot characteristics to achieve 50 dB 

isolation improvement between two MIMO patch arrays around 28-37.5 GHz. A 

defective ground surface was used to improve the isolation of a two-element MIMO 

patch antenna by 50 dB in the 62-77 GHz bandwidth [27]. The defective fractal 

ground was reported by [28] to achieve 13 dB isolation improvement between two 

compact patch antenna arrays in the 11.4-11.78 GHz range. Metasurfaces have 

achieved a maximum of 15 dB isolation improvement within 27-32 GHz [29]. A 

metasurface shield achieved a maximum of 31.5 dB mutual coupling reduction 

at 60.4 GHz [30]. The authors in [31] proposed a Complementary Split Ring 

Resonator (CSRR) as a decoupling element in a MIMO array to achieve 31.8 dB 

isolation improvement and improve the radiation characteristics within 24.7-25.3 

GHz. Defected Ground Surfaces (DGS) [32] were used to enhance the isolation 

of two integrated antenna systems by 3 dB in the dual-band of 4G (3.8 and 5.5 

GHz), and 5 dB in the 5G bands (24.4-29.3 GHz). Frequency Selective Surface 

(FSS) was reported to increase the isolation of a dielectric resonator (DRA) MIMO 

antenna by a maximum of 30 dB in the 57-63 GHz bandwidth [33].  In [34], 

a hybrid isolator was used as an EBG unit cell to improve the isolation of a 

MIMO dielectric resonator antenna by a maximum of 25 dB within 59.3-64.8 

GHz impedance bandwidth. The authors in [35] have used metallic vias as a 

decoupling mechanism to achieve about 19.8 dB isolation improvement in the 

E-plane, and 22.7 dB in the H-plane of a 1× 2 MIMO DRA antenna at 26 GHz. 

The authors in [36] used multiple notches structures on the ground planes of a 

MIMO Vivaldi antenna to achieve a 37.3 dB maximum mutual coupling reduction 
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enhancement within 24.55-28.5 GHz. The feed line structure of a 56.5-64 GHz 

slot patch antenna was modified to achieve a maximum isolation improvement of 

38.6 dB [37]. Several Electromagnetic Band Gap (EBG) surfaces were employed 

as decoupling structures in [38] -[39]. Defective Ground Surface (DGS) was used 

by [40] to decouple a slot-array patch antenna by 50 dB between 1.2-1.35 GHz. In 

[41], the authors used near-field resonators above 2 and 8-element patch antennas 

to realize a 20 dB coupling reduction within 6.1% bandwidth. Also, the authors in 

[42] proposed a dielectric block to achieve over 20 dB coupling reduction between 

very close patch antenna elements in both E- and H-planes around 4.32-5.48 

GHz bandwidth. In [43], parasitic elements are optimized using a particle swarm 

optimization algorithm to reduce mutual coupling between two microstrip patch 

antennas by 24 dB around 4 GHz. Slotted complementary split-ring resonators 

were introduced between two microstrip patch antennas to achieve a 10 dB mutual 

coupling reduction around 5 GHz in [44]. 

 

1.4 Objectives 

The main objective of this work is to design a wideband high-gain antenna array 

in the mm-wave band that can be used for 5G and MIMO applications at 30 and 

60 GHz. More importantly, the mutual coupling between these antenna arrays is 

mitigated via different decoupling methods. In addition, self-decoupling methods 

are examined using the frequency-dependent effective impedance method. The 

process of achieving these objectives can be described as follows. 

1. Different techniques for reducing mutual coupling, including defective ground 

structure (DGS), Split Ring Resonator (SRR), superstrate, dielectric bridge, and 

slots, will also be introduced in mm-wave antennas. 
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2. Using a simple metasurface decoupling structure to isolate a tightly spaced 

1× 2 and 1× 4 ME-dipole millimeter wave antenna array at 60 GHz, with 23.7% 

bandwidth in the H- plane. The maximum isolation between these two arrays will 

be examined. 

3. A new method will be used to predict the performance of a dual-polarized 

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 will be used to design the 

dual-polarized corporate feeding network as terminating loads without introducing 

the radiating elements in the computation and an efficient design procedure will 

be introduced for the large finite array feeding network. The procedure will be 

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 at 30 

GHz. The spacing between the adjacent elements of the 4× 4 subarrays is much 

larger than the element-to-element spacing. Such an unanticipated problem will be 

resolved successfully. Thus, to avoid significantly perturbing the power distribution 

of the larger array aperture, the space between the 4× 4 subarrays will be filled by 

parasitic ME-dipoles, and the antenna performance with and without the parasitic 

elements will be compared. The dual-layer feed network will be introduced to 

solve the issue of extra spaces between the sub-arrays, and the performances will 

be compared with the single layer. 

4. The same concept above will be used to design a dual circularly polarized 

8× 8 antenna array with a single-layered corporate feed at 30 GHz. In addition, 

different scenarios, such as element failure, specific element excitation, and MIMO 
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configuration, will be explored. The feeding network is expected to also introduce 

a larger gap between the 4× 4 arrays. Therefore, the parasitic elements will also be 

employed to fill the extra gaps. The dual-layer feed network will also be introduced 

to avoid gaps. 

 

1.5 Dissertation Outline and Contribution 

This thesis is organized into six chapters, including the introduction. Chapter 2 

introduces different decoupling techniques to reduce mutual coupling in mm-wave 

MIMO antennas at 30 and 60 GHz. 

Chapter 3 introduces a new metasurface to reduce mutual coupling between 

1× 2 and 1× 4 ME-dipole millimeter wave antenna array at 60 GHz. The metasurface 

is carefully designed to exhibit negative permittivity in the bandwidth of interest. 

This way, the reflected waves from the metasurface cancel out some direct coupling 

waves between the antenna elements. 

Chapter 4 introduces the concept of a small-to-large array to extrapolate the 

effective input impedance of a large array using the information of a small array 

by considering the mutual coupling effect. This information is used to construct 

the frequency-dependent dual-polarized feed network and to excite a dual-polarized 

8× 8 and 16× 16 ME-dipole antenna. The dual-polarized feed network is introduced 

to solve the issue of gaps between the sub-arrays. 

Also, the above concept is utilized in Chapter 5 to design a dual circularly 

polarized feed network, which is used to feed an 8× 8 dual circularly polarized 

ME-dipole antenna at 30 GHz. Specific element excitation, failed element scenarios, 

beam steering and MIMO scenarios are explored. The feeding network introduces 

additional gaps in the subarrays filled with parasitic elements.  To solve this 
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problem, the dual-layer feeding network is introduced. 

Chapter 6 provides conclusions and future work. 
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Chapter 2 

Antenna Array 

This chapter will discuss various antenna array elements with different decoupling 

mechanisms and also the effect of those decoupling elements on the antenna characteristics. 

 

2.1 Mutual Coupling Reduction in a DGS-Incorporated 

Millimeter-Wave Antenna Array 

This section presents a T- and E-shaped defected ground surface (DGS) to reduce 

the mutual coupling in a tightly spaced antenna array in the millimeter-wave 

(mm-wave) frequency range. By carefully optimizing the dimensions and positions 

of the slots on the ground plane, a 50 dB maximum mutual coupling reduction is 

achieved over the 62-77 GHz bandwidth (21.6 %), with an edge-to-edge spacing of 

0.55 mm (0.13˂), where ˂  is the free-space wavelength, at the center frequency of 

70 GHz. The carefully etched ground plane improved the bandwidth, especially 

between the 60-70 GHz band, with good radiation properties. These results 

make the proposed tightly spaced, highly isolated mm-wave antenna array a good 
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candidate for mm-wave V-band applications. 

 

2.1.1 DGS-Incorporated 1× 2 Millimeter-Wave Antenna Array 

Fig. 2.1 (a) depicts the front view of the antenna. It consists of two microstrip 

patches, each 4.55 mm x 2.8 mm. These dimensions are used to realize the intended 

impedance bandwidth. The edge-to-edge spacing of the antenna is 0.55 mm 

(0.13˂ ), where ˂  is the free-space wavelength at the center frequency of 70 GHz. A 

microstrip line of dimensions 1.5 mm ×  1.79 mm, with a copper thickness of 0.035 

mm, feeds the antenna. Rogers RT5970 standard substrate of relative permittivity 

2.33, thickness 0.508 mm, and dimensions of 19 mm × 12 mm is employed. These 

dimensions are optimized to obtain the best reflection coefficient. The back view of 

the antenna consists of two meticulously optimized T- and E-shaped slots, etched 

on the ground plane, with dimensions d1 = 4 mm, d2 = 2.5 mm, d3 = 0.6 mm, 

and d4 = 2 mm, as shown in Fig. 2.1(b). 
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(a) 
 

(b) 

 

Figure 2.1: DGS-incorporated 1 2 array configuration: (a) front view (b) back 
view 

 
The dimensions, positions, and intersections of the T- and E-shaped slots are 

meticulously optimized to filter the unwanted surface waves on the ground plane 

to reduce the mutual coupling. The antenna is designed using CST microwave 

studio. DGS surfaces are periodic or aperiodic structures etched on the ground 

plane of microwave circuits. They operate similarly to Electromagnetic Band Gap 

(EBG) structures. The current distribution of the antenna is usually disturbed 

with the addition of slots in the DGS, thereby altering the characteristics of the 

antenna by creating additional inductance and capacitance. This changes the 

overall inductance and capacitance of the antenna. The confined currents within 

the slots cause the capacitive effect. The inductive effect is caused by the current 

flow around the DGS, resulting in more resonance characteristics. These combined 
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effects are responsible for the bandstop characteristics of the DGS, inhibiting the 

surface waves within a specific band gap. This is also responsible for the overall 

improvement of the impedance bandwidth of the antenna. 
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Figure 2.2: Simulated S-parameters of the DGS-incorporated 1× 2 antenna array. 
 

 
Fig. 2.2 shows the simulated S-parameters of the proposed array. The reflection 

coefficient (S11) of the array only (without DGS) ranges from 55- 80 GHz, with 

mismatch observed around 60 GHz and 65-68 GHz. The transmission coefficient 

between the two radiating elements ranges from -13 to -28 dB over the 55-80 GHz 

bandwidth. Two observations can be made after inserting the DGS (Proposed). 

First, the minimum coupling between the antennas is now around -72 dB, and 

the maximum is around -22 dB within the 62-77 GHz impedance bandwidth. 

The antenna exhibits a maximum coupling reduction of about 50 dB at 75 GHz. 

Also, the carefully optimized DGS has corrected the mismatch around 60 GHz 

and 65-68 GHz.  This makes the DGS-incorporated 1× 2 array suitable for 5G 
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antenna devices, exhibiting wide impedance bandwidth (about 21.6%) and 50 dB 

high mutual coupling reduction. 

The proposed antenna ŀǊǊŀȅΩǎ E- and H-plane radiation patterns at 69 GHz are 

shown in Fig. 2.3. The patterns are reasonably stable over the entire bandwidth. 

Also, the defected ground slightly affects the beams, tilting the maximum radiation 

direction slightly away from the broad side. 
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Figure 2.3: Far-field radiation patterns of the DGS-incorporated 1 2 antenna 
array at 69 GHz (a) E-plane, and (b) H-plane. 

 
Fig. нΦп ŎƻƳǇŀǊŜǎ ǘƘŜ ǇǊƻǇƻǎŜŘ ŀƴǘŜƴƴŀΩǎ Ǝŀƛƴ ŀƴŘ ŜŦŦƛŎƛŜƴŎȅ ǿƛǘƘ ǘƘŜ ǊŜŦŜǊŜƴŎŜ 

antenna (array only). The DGS improved the overall gain and efficiency of the 

antenna within the bandwidth. 
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Figure 2.4: Simulated: (a) Peak gain and (b) Efficiency of the DGS-incorporated 
1× 2 antenna array. 

 
The ECC of the proposed antenna compared to the reference antenna is shown 

in Fig. 2.5. The result shows excellent properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

0.016 
 
 
 
 
 
 

 

 

0.014 
 
 
 
 
 

 
 

 

0.012 
 
 
 
 

 
 
 

 

0.010 
 
 
 

 
 
 
 

 

0.008 
 

 
 
 
 
 
 

 

0.006 
 
 
 
 
 

 
 

 

0.004 
 
 
 
 

 
 
 

 

0.002 
 
 

 
 
 
 
 

 

0.000 

55 60 65 70 75 80 

Freq. (GHz) 

Figure 2.5: Simulated ECC of the DGS-incorporated 1× 2 antenna array. 
 

 
The surface current distribution of the proposed antenna compared to the 

reference antenna is shown in Fig. 2.6. The proposed antenna shows fewer surface 
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currents between the antenna elements compared to the reference antenna. Also, 

most of the surface currents are concentrated around the carefully designed DGS 

on the bottom of the proposed antenna. 
 

 
Figure 2.6:  Surface current at 64 GHz:  (a) Array Only-Top, (b) Array 
Only-bottom, (c) Proposed-Top, and (d) Proposed-bottom. 

 
 

 

2.1.2 DGS-Incorporated 1× 4 Millimeter-Wave Antenna Array 

To confirm that the DGS can reduce coupling, the 1× 2 antenna array has been 

expanded to 1× 4, and the same DGS has been inserted on the bottom, as shown 

in Fig. 2.7. 
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Figure 2.7: DGS-incorporated 1 4 array configuration: (a) front view (b) back 
view 

 
Fig. 2.8 (a) shows that all four antennas resonate between 55-80 GHz, while 

Fig. 2.8 (b) shows that the antenna exhibits 20 dB of the highest isolation between 

the four antenna elements. 
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Figure 2.8: (a)Reflection coefficient (b) Isolation between the DGS-incorporated 
1× 4 antenna array 

 
Fig. 2.9 shows the surface current distribution of the proposed antenna when 

the first antenna is excited and other ports terminated. The surface current is 

confined to the DGS at the bottom, hence preventing it from moving closer to the 

other antennas. This confirms that the DGS can be used for any number of linear 

arrays, yet with reduced coupling between the elements. 
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Figure 2.9: Surface Current of the proposed DGS-incorporated 1 4 antenna array 
at 64 GHz: (a) front (b) back. 

 

 

2.2 Millimeter-Wave Antenna With Decoupling 

Structures for Isolation Enhancement 

A antenna of four elements with decoupling structures is presented here for millimeter-wave 

applications. The antenna consists of radiating elements and decoupling structures, 

such as defective ground planes and metasurfaces, and an array of Split Ring 

Resonators (SRRs), individually or combined. First, an optimized defected ground 

surface (DGS) used in the previous section is introduced to improve the isolation 

over 60-75 GHz (22%) bandwidth with an inner edge separation of 0.55 mm 

(0.13˂ 0) at 70 GHz. Furthermore, the metasurface realized by split ring resonators 

at 0.6˂ 0 from the antenna elements improved the isolation of the four elements 

ōȅ ŀ ƳŀȄƛƳǳƳ ƻŦ нр Ř.Φ ¢ƘŜ ǇǊƻǇƻǎŜŘ ŀƴǘŜƴƴŀΩǎ ƎŀƛƴΣ ŜŦŦƛŎƛŜƴŎȅΣ ŀƴŘ ǎǳǊŦŀŎŜ 

currents are compared to the initial four elements to verify the proposed decoupling 

technique for applications. 
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2.2.1 SRR Metamaterial Unit Cell 

We present a new SRR unit cell metamaterial capable of absorbing electromagnetic 

surface waves within 60-75 GHz. The unit cell is carefully optimized to exhibit 

negative permittivity and positive permeability in the required bandwidth. The 

ǳƴƛǘ ŎŜƭƭΩǎ ƻǾŜǊŀƭƭ ǎƛȊŜ ǳǎǳŀƭƭȅ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ǇŜǊƳŜŀōƛƭƛǘȅΣ ǿƘƛƭŜ ǘƘŜ 

ŜƭŜƳŜƴǘΩǎ ǎƛȊŜ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ǇŜǊƳƛǘǘƛǾƛǘȅΦ The conductive copper surface 

creates effective inductance, while the gap creates effective capacitance. This way, 

when the unit cells are carefully arranged, the tangential component of the surface 

waves is altered to suppress the surface waves responsible for the mutual coupling. 

The SRR structure and its extracted properties are depicted in Figs. 2.10 (a) and 

(b), respectively. The unique SRR with a diameter of 13 mm is printed on the top 

and bottom of a square Rogers RT5880 substrate of dimensions 1.5 x 1.5 mm2, a 

thickness of 0.254 mm, and a relative permittivity of 2.2. An inverse problem can 

be investigated from the unit cell S-parameters, and the equivalent permittivity 

and permeability can be extracted from the intrinsic impedance, wave number, 

and angular frequency. From Fig. 2.10 (b), the real part of the permittivity is 

negative from 60 to 75 GHz. 
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Figure 2.10: SRR Unit Cell (a) Structure of the unit cell, and (b) Extracted 
equivalent relative permittivity and permeability. 

 

 

2.2.2 Defected Ground (DG) Patch Antenna 

The antenna consists of carefully designed H-plane 4 patch elements. Each element 

comprises a microstrip patch of size 2.8 x 4.5 mm2 and copper cladding of 0.017 mm 

thick. The antenna is fed through a microstrip line of width 1.5 mm and length 

1.8 mm, all printed on a standard Rogers RT5870 substrate of thickness 0.508 

mm and relative permittivity of 2.33. These dimensions are carefully optimized 

to enable the antenna to resonate at the desired frequency band. The top view 

of the antenna is shown in Fig. 2.11 (a). It consists of four elements placed very 

close to each other with an edge-to-edge distance of 0.55 mm in the H-plane. The 

back view of the antenna consists of three carefully optimized slots etched on the 

ground plane to disturb the surface current, as seen in Fig. 2.11(b). The defected 

ground has dimensions c1 = 4.1, c2 = 2.3, c3 = 0.7 and c4 = 2.1 (all in mm). The 

DGS is carefully placed where the surface currents are heavily concentrated. The 

reflection coefficient and mutual coupling are then determined with and without 
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the DGS cells, which are carefully arranged on top and bottom of the 4-element 

at a distance h = 2.5 mm from the substrate, as shown in Fig. 2.12. The distance 

between the array elements is denoted as d = 0.55 mm. 
 

(a) 
 

(b) 

 

Figure 2.11: Geometry of the four-element with DGS (a) Top View and (b) back 
view. 

 

 

Figure 2.12: Cross section of the four-element antenna with the superstrate 
metasurface. 

 
Figs. 2.13 reveals that the impedance bandwidth of the four elements is 
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improved when DGS is etched and also a combination of the DGS and metasurface 

on single and double configurations. ¢ƘŜ άǎƛƴƎƭŜέ ƛƴŘƛŎŀǘŜǎ т× 17 configuration on 

ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ǎǳǇŜǊǎǘǊŀǘŜΣ ǿƘƛƭŜ άŘƻǳōƭŜέ ƛƴŘƛŎŀǘŜǎ т× 17 configuration on both the 

top and bottom of the superstrate. Also, S21 is considered for the 7× 17 unit cells 

of SRR. The metasurface on the ǎǳǇŜǊǎǘǊŀǘŜΩǎ top (single) and bottom (double) 

has also improved the performance over the intended operating bandwidth of 60-75 

GHz. 
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Figure 2.13: (a) S11 and S44 of the four-element with DGS and Metasurface. 

 
Comparing the coupling reduction between the four elements as shown in Figs. 

2.14-2.15, it is evident that the proposed antenna with DGS and metasurface on 

single and double configurations improves the isolation by about 25 dB at 72 GHz 

between elements 1 and 2 (see Fig. 2.11) as depicted in Fig. 2.14. Also, a steady 

improvement in isolation is observed when various decoupling structures are used, 

as shown in Figs. 2.14-2.15. First, the isolation improvement is 7dB over the 

bandwidth when metasurface (MS) is added to the array. A 13 dB improvement is 

observed when DGS alone is added. Combining DGS and metasurface as a single 

configuration achieved 20 dB isolation improvement. When the MS is added as a 
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double configuration, the isolation improves by 25 dB, as depicted in Fig. 2.14. 

This further strengthens the decoupling capability of this structure, especially over 

a wide millimeter wave frequency band. 
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Figure 2.14: (a) S21 and (b) S32 of the four-element with DGS and metasurface. 
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Figure 2.15: S43 of the four-element with DGS and Metasurface. 

 
The simulated gain and efficiency of the proposed four-element with DGS and 
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metasurface compared to other configurations are shown in Fig 2.16. A gain 

decrease for the proposed antenna is observed compared to the reference antenna. 

Since this work focuses on mutual coupling reduction, the proposed antenna gain 

is enough for efficient radiation. Fig. 2.16 (b) shows the efficiency of the antenna. 

All the configurations have an average 95% efficiency over the bandwidth. 
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Figure 2.16: (a) Gain (b) Efficiency of the four-element with DGS and metasurface. 

 
The surface current distribution of the reference antenna and the proposed 

antenna with metasurface and DGS are presented in Figs. 2.17(a) and (b), respectively. 

The first antenna is excited, while others are terminated by 50 Ohms. Looking at 

Fig. 2.17(a), it is obvious that when the first antenna is excited, the surface current 

propagated on the adjacent antenna reduces as the antenna elements are far away. 

However, two things are observed in Fig. 2.17(b) by adding the metasurface and 

DGS. First, the DGS has absorbed most of the surface currents on the ground, 

thereby reducing the mutual coupling between the adjacent antenna elements. 

Also, the SRR rings on the superstrate (metasurface) inhibit some of the surface 

waves accompanying the radiated waves by turning them into evanescent waves and 

allowing them to be absorbed by the carefully optimized SRR. This is observed by 
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the overall decrease in the surface current intensity on the ground plane, increase in 

the surface current around the defected slots, and increase in the intensity around 

the SRR-rings in Fig. 2.17(b). 
 

Figure 2.17: Surface current distribution of the four elements antenna at 70 GHz 
(a) Neither DGS nor metasurface and (b) with DGS and metasurface. 

 
The E- and H-plane radiation patterns at 69 GHz are shown in Fig. 2.18. As 

expected, the antenna exhibits some distortions in the radiation pattern. This is 

obviously due to the distortion on the ground plane by the DGS. However, the 

far-field pattern is still sufficient for radiation. 
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Figure 2.18: Far-field radiation patterns of the four-element antenna at 69 GHz 
(a) E-plane, and (b) H-plane. 
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2.3 Millimeter-wave Magneto-Electric Dipole Isolation 

Enhancement using Superstrate-based Decoupler 

This section presents a superstrate-based decoupler to increase the isolation between 

two closely spaced Magneto-Electric (ME) dipoles in the 52-64 GHz millimeter 

wave (mm-wave) frequency band. The decoupler consists of a row of 15 vias, and 

a copper plate carefully inserted into a high-permittivity superstrate between the 

two-element antenna. The vias help to mitigate the surface coupled waves in the 

antenna substrate, while the copper plate and the high-permittivity superstrate 

help to alter the space permittivity, disturb the space coupling, and increase 

the isolation. This combination improved the proposed ŀƴǘŜƴƴŀΩǎ isolation by 

a maximum of 31 dB over the 52-64 GHz bandwidth (14.3%) in the H-Plane, with 

a very close edge-to-edge spacing of 0.62 mm (0.12˂ ), where  ˂ is the free-space 

wavelength at the center frequency of 60 GHz. The superstrate-based decoupler 

structure also improved the ŀƴǘŜƴƴŀΩǎ bandwidth (52-70 GHz) without distorting 

the radiation pattern. 

 

2.3.1 Superstrate based ME-dipole Millimeter  Wave Antenna 

Array 

Fig. 2.19 shows the extended view of the proposed antenna. It consists of 

two ME-dipoles. Each dipole has four vias acting as the magnetic dipole and a 

horizontal patch acting as the electric dipole, as shown in Fig. 2.21 with dimensions 

a1 = 2.08 mm, a2 = 2.09 mm, a3 = 0.632 mm, a4 = 0.1 mm. It is well known that 

ME-dipoles can exhibit stable radiation patterns and gain. The two-element dipole 

is designed to operate around 60 GHz with wide bandwidth. The Microstrip Gap 
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Waveguide (MGW) is the guiding structure with periodic pins carefully optimized 

to exhibit bandgap within the intended band. The EBG must be designed to have 

a bandwidth that at least covers the required antenna bandwidth of operation. 

The unit cell has dimensions c3 = 1.05 mm by c4 = 1 mm on the ground plane. 

On top of the pin is Rogers R0300 dielectric material with dimensions c1 = 1.59 

mm by c2 = 0.13 mm, as shown in Fig. 2.20 (a). An air gap of thickness 0.18 mm 

is between the copper plate and the gap waveguide, where electromagnetic waves 

are confined using the PEC-PMC concept. Hence, the leakage from the microstrip 

line (MS) feed is curbed in the intended bandwidth, as shown in Fig. 2.20 (b), 

where the bandgap is between 50-100 GHz between modes 1 and 2. 
 

Figure 2.19: Superstrate-based ME-dipole mm-wave 1 2 array configuration 
(Extended view). 
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(a) (b) 

 

Figure 2.20: (a) EBG Unit cell (b) Dispersion diagram showing the modes. 

 
The dipole is built on Rogers RO 4300 substrate with dimensions 9.3 x 8 mm2 

and a thickness of 0.508 mm. The coupling slot has dimensions 2.5 x 0.2 mm2 

each, and the MGW feedline has dimensions 0.633 x 5mm2, mounted on an RO- 

3003 substrate of a thickness of 0.13 mm. Three different decoupling methods are 

employed to reduce mutual coupling. First, a high dielectric constant superstrate 

material (Rogers RO 3010) with dimension 0.3 x 4.1 mm2 and thickness of 0.295 

mm is inserted between the antenna elements. Then, a row of 15 vias is inserted 

in the antenna substrate between the antenna elements. Each via has a diameter 

of 0.3 mm. Finally, a copper plate with dimension 3 x 1.5 mm2 is inserted between 

the dielectric superstrate and torches the vias, as shown in Fig. 2.21. 
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(a) (b) 

 

Figure 2.21: Superstrate-based ME-dipole mm-wave 1 2 array configuration: (a) 
ME-dipole Dimensions (b) Top View. 

 
The simulated s-parameters of the proposed antenna are shown in Figs. 2.22 

First, the antenna is simulated without any decoupling element. This is referred 

to as the reference antenna (Ref.). It is obvious from Fig. 2.22 that the reference 

antennas are matched between 51-59 GHz with a maximum isolation of 15 dB 

across the band. When the dielectric superstrate material is inserted between the 

ŀƴǘŜƴƴŀ ŜƭŜƳŜƴǘǎ όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψ5ƛŜƭŜŎǘǊƛŎΩύΣ ǘƘŜ ǊŜŦƭŜŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƛǎ ŀƭƳƻǎǘ 

unaffected. At the same time, isolation is improved by a maximum of 5 dB over the 

band. This improvement is attributed to perturbing the space coupling between 

the two elements. To further improve the isolation, a single row of 15 plated 

via is further inserted to distort the surface waves emanating from the substrate, 

denoted as Ψ±ƛŀ + 5ƛŜƭŜŎǘǊƛŎΩΦ The antenna match band is increased from 52-59 

GHz to 52-70 GHz, and 15 dB improves the isolation throughout the band. To 

further increase the isolation, the dielectric block is removed since it has minimal 

effect on the isolation improvement, and a vertical copper slate is connected to the 

top of the 15-plated via to disturb the surface waves in addition to surface wave 
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suppression. This combination is denoted as ΨǾƛŀ + {ƭŀǘŜΩΦ It is obvious that while 

the bandwidth is not affected, the isolation has improved by 20 dB throughout the 

52-64 GHz bandwidth. Finally, the copper slate is incorporated in the dielectric 

superstrate and carefully inserted on top of the 15-row vias (denoted as ΨtǊƻǇΦΩύΦ 

The bandwidth is unaffected, but a maximum of 31 dB further improves the 

isolation over the bandwidth. This improvement confirmed the combined effect 

of the dielectric superstrate, copper slate, and plated vias. 
 

(a) (b) 

 

Figure 2.22: Simulated: (a) S11 and (b) S21 of the superstrate-based ME-dipole 
mm-wave 1× 2 array configuration 

 
The simulated radiation pattern of the proposed antenna in both E- and 

H-plane is shown in Fig. 2.23 (a) and (b). This pattern is stable over the entire 

52-64 GHz bandwidth. 
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(a) (b) 

Figure 2.23: Simulated: (a) S11 and (b) S21 of the superstrate-based ME-dipole 
mm-wave 1× 2 array configuration 

 
Fig. 2.24 compares the reference antenna to the proposed antenna. The 

proposed antenna has less surface current compared to the reference antenna. 
 

Figure 2.24: Surface current distribution of the superstrate-based ME-dipole 
mm-wave 1× 2 array configuration at 54 GHz: (a) Ref. (b) Prop. 

 
Fig. 2.25 depicts the gain and efficiency of the proposed and reference antenna. 

The gain and efficiency are fairly constant over the bandwidth. 



34  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

E
ff
ic

ie
n
c
y
 

×  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

9 1.0 
 
 

 
 
 
 

 

 

0.9 
 

8 
 

0.8 
 
 
 
 
 

 
 

 

7 0.7 
 
 
 

 
 
 
 

 

0.6 
 

6 
 

0.5 
 

 
 
 
 
 
 

 

5 0.4 
 
 
 
 
 
 

 
 
 
 
 
 

 

 

4 

50 52 54 56 58  60 62 64 66 68 70 

Freq. (GHz) 
 
 
 
 
 

 
 
 

(a) 

 
 
 
 
 
 

 

0.3 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 

 

50 52 54 56 58  60 62 64 66 68 70 

Freq. (GHz) 
 
 
 
 
 

 
 
 

(b) 

Figure 2.25: Simulation of the superstrate-based ME-dipole mm-wave 1 2 array 
configuration: (a) Gain and (b) Efficiency. 

 

 

2.4 Mutual coupling Reduction in 5G Antenna 

Using Dielectric Bridge and Superstrate 

The dielectric bridge discussed in the section above and superstrate are combined 

to reduce the mutual coupling between 4 and 8-element ME-dipole antenna at the 

millimeter-wave (mm-wave) frequency range of 52-66 GHz (15.2% bandwidth). 

The dielectric bridge consists of a carefully inserted metallic plate inside a high 

dielectric substrate material, as used in the previous section. This combination 

is inserted on top of 15-row vias between the four and eight antenna elements. 

When the superstrate is placed at 2.5 mm (0.5˂ ) (  ˂ is the free-space wavelength 

at the center frequency of 62 GHz above the 4 and 8-element antenna, a maximum 

mutual coupling of 70 dB and 55 dB is achieved within the 4- and 8-antenna 

ME Dipole antenna, respectively, in the H-plane. The edge-to-edge separation 

between the elements is 0.62 mm (0.12˂ ). The radiation pattern, S-parameters, 
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and surface current of the reference and proposed antenna are compared to validate 

the proposed technique. 

 

2.4.1 1 ×  4 ME-dipole Antenna Structure 

The 1 × 4 arrangement of the antenna is shown in Fig.  2.26, showing four 

ME-dipoles excited by four narrow slots coupled to four microstrip lines with 

air-filled substrate (this is considered as a reference antenna). Three additions 

are considered to improve the design. Three vertical dielectric blocks (Dielectric 

bridge) are placed between the inner spaces of the four ME dipoles. The dielectric 

bridge comprises Rogers R0 3010 material of high dielectric constant 11.2 and loss 

tangent 0.0022. Three rows of conducting vias are embedded and grounded in the 

ME-dipoles substrate. Also, a metal plate is sandwiched in the vertical dielectric 

blocks (plate). A dielectric superstrate is hung above the ME-dipoles of the same 

dielectric material used with the dielectric blocks. All these additions represent 

the final proposed structure. 

The concept of even and odd modes is employed to get the s-parameters of the 

four ports. In this concept, the antenna is electrically divided into two halves and 

terminated with PEC and PMC. This is done using the CST software. Each mode 

will provide the S-parameters for two ports, and the total s-parameters for the four 

ports can be determined. According to symmetry using even and odd modes, the 

total reflection coefficients of the four-port antenna are shown in Figs 2.27 and 2.28. 

The reference antenna exhibits a bandwidth between 50-64 GHz. The bandwidth is 

almost unaffected when the dielectric bridge is inserted between the four elements 

without the via and copper plate. The same scenario is observed when the via 

is added to the dielectric bridge. However, the ŀƴǘŜƴƴŀΩǎ bandwidth is improved 
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Figure 2.26: Cross section of the four-element 5G antenna with dielectric bridge 
and superstrate. 

 
when the copper plate is inserted between the dielectric bridge. Finally, when the 

dielectric superstrate is added at 0.5˂ from the antenna elements (Proposed), the 

resonance significantly improves to 50-70 GHz. The dielectric bridge comprises 

Rogers R0 3010 material of high dielectric constant 11.2 and loss tangent 0.0022. 

The same dielectric material is used as the superstrate material. The results reveal 

that the proposed antenna matches their impedances with reflection coefficients 

below -10 dB between 52-66 GHz. 

The total mutual coupling of the 1 ×  4 using the even and odd mode concept 

is shown in Figs. 2.29 and 2.30. From Fig. 2.29, the reference antenna exhibits an 

average of 15 dB maximum isolation. When the dielectric bridge and via are added, 

ǘƘŜ ŀƴǘŜƴƴŀΩǎ ƛǎƻƭŀǘƛƻƴ ƻǾŜǊ ǘƘŜ ōŀƴŘ ƻŦ ƛƴǘŜǊŜǎǘ ƛǎ ƴƻǘ ǘƻƻ ƻōǾƛƻǳǎΦ IƻǿŜǾŜǊΣ ǘƘŜ 

isolation improved significantly when the copper plate was added. Also, when 

the superstrate is added (Proposed), a maximum 70 dB isolation enhancement 

is observed throughout the 52-66 GHz bandwidth by comparing the reference to 
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Figure 2.27:  S11 and S44 of 4-element 5G antenna with dielectric bridge and 
superstrate. 
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Figure 2.28: S22 and S33 of four-element 5G antenna with dielectric bridge and 
superstrate. 

 
the proposed antenna. The copper plate in contact with the EBG substantially 

disturbs the coupled waves in the ŀƴǘŜƴƴŀΩǎ substrate. Adding the superstrate also 

disturbs the space wave permittivity, hence cancelling some of the coupled space 

waves. This resulted in massive isolation improvement of the antenna over the 
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intended bandwidth (52-66 GHz). 

The coupling between antennae 2 and 3 is shown in Fig. 2.30. It can also 

be seen that the addition of dielectric and via have almost no effect on the 

isolation between the elements. However, the copper plate inserted in the dielectric 

bridge and mounted on the via causes massive disruption of the coupled surface 

waves. By adding the superstrate (Proposed), more than 70 dB maximum isolation 

enhancement is observed over the band. 
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Figure 2.29: S21 and S43 of the four-element 5G antenna with dielectric bridge and 
superstrate. 

 
The surface current distribution of the reference and proposed antenna is shown 

in Fig. 2.31. Fig. 2.31(a) shows that the surface current is largely distributed over 

the surface of the four antennas when antenna 1 is excited and other ports are 

terminated with a matched load. When the dielectric bridge and superstrate are 

added, there is an obvious reduction in the surface current distribution, as seen 

in Fig. 2.31(b). This same scenario is observed when antennas 2, 3, and 4 are 

excited, and other ports are terminated with a matched load. 
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Figure 2.30: S32 of the four-element 5G antenna with dielectric bridge and 
superstrate. 

 

Figure 2.31: Surface current distribution of the four-element 5G antenna with 
dielectric bridge and superstrate at 60 GHz (a) Reference (b) Proposed. 

 

2.4.2 1 ×  8 ME-dipole Antenna Structure 

To further confirm the effectiveness of the decoupling structures, we have extended 

the ME-dipole elements to 8, as shown in Fig. 2.32. Using the same concept of 

even and odd modes, we have electrically divided the 8 elements into two halves 

and terminated each half with a PEC and PMC to extract the s-parameters of the 

whole structure. The total reflection coefficient of the antenna is shown in Figs. 

2.33, 2.34 and 2.35. The proposed antenna exhibit impedance matching below -10 
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dB between 52-66 GHz in all cases. 
 

Figure 2.32: Structure of the 8-element with dielectric bridge and superstrate. 
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Figure 2.33: S11 and S88 of the 8-element 5G antenna with dielectric bridge and 
superstrate. 
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Figure 2.34: S33 and S66 of the 8-element 5G antenna with dielectric bridge and 
superstrate. 
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Figure 2.35: S55 and S44 of the 8-element 5G antenna with dielectric bridge and 
superstrate. 
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Figure 2.36: (a) S21 and (b) S65 of the 8-element 5G antenna with dielectric bridge 
and superstrate. 
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The mutual coupling between antennas 2 and 1 and antennas 6 and 5 is shown 

in Fig. 2.36. A maximum of 20 dB isolation enhancement is observed. 

 

2.5 Conclusion 

This section introduces a different decoupling mechanism for antenna arrays in the 

millimeter wave band, using microstrip patch antennas and ME-dipole as array 

elements. 
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Chapter 3 

 
Millimeter-wave ME-dipole Array 

Antenna Decoupling Using a 

Novel Metasurface Structure 

A simple metasurface structure consisting of a novel customized -̄shaped split ring 

resonator carefully designed to exhibit negative permittivity in the bandwidth of 

interest is presented. This metasurface is placed at one mm (0.2˂  at 60 GHz) from 

the surface of 1× 2 and 1× 4 ME-dipole antennas in the H-Plane. The isolation 

between the 1× 2 and 1× 4 array element is reduced by a maximum of 53 dB and 

40 dB, respectively, over the 52-66 GHz bandwidth. In addition, the efficiency 

and gain of the proposed antenna are improved over the 52-66 GHz bandwidth, 

without altering the radiation characteristics in both E- and H-Planes. The main 

additions in this work are captioned as follows: 

1) Using a smaller number of unit cells as metasurface to achieve a high 

isolation enhancement of more than 50 dB over 23.7% bandwidth in the mm-wave 
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frequency range. The work in [45] used a metasurface of 13× 13 unit cells, but 

the bandwidth is small, making a realized gain of around 6.5 dBi.  However, 

in [46], a 4× 4 square ring metasurface was used, improving gain and efficiency 

within 24.11-29.68 GHz (20.7%) and enhancing the isolation by 20 dB. In the 

present work, a smaller number of metasurface unit cells, 5× 2 and 11× 2, for the 

1× 2 and 1× 4 elements, respectively, are used to achieve about 8.5 dBi realized 

gain over 52-66 GHz. Thus, miniaturization and compactness are ensured with 

wideband isolation enhancement. Compared to previous literature, the proposed 

work achieves the largest bandwidth, peak gain, and isolation enhancement, making 

it a good recommendation for V-band applications. 

2) Carefully optimizing the dimensions and spacing of the unit cells to improve 

the overall gain and efficiency within the intended operating bandwidth (52-66 

GHz). This is achieved by observing where the surface current is the heaviest on 

the superstrate and placing these metamaterial unit cells so that these currents 

can be absorbed by the metamaterial unit cells. 

3) Demonstrating the validity of the proposed customized -̄shaped split ring 

resonator for 1× 2 and 1× 4 array antennas. This is to confirm that the proposed 

structure can be extended to a massive antenna antenna (16, 32, 64, and 128 

elements). 

4) Compared to other works, this metasurface reduces coupling and improves 

the gain over 52-66 GHz. Other recent works in the millimeter-wave frequency 

bands like [47],[34] [48], [49], [50], [51], [52] only recorded mutual coupling reduction 

without appreciable gain increase throughout the band. Also, work in [45], which 

used metasurface, only realized 25 dB isolation improvement within a limited 

bandwidth. 
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2 
(3.1) 

eff 
kd (

7eff ī1 
) 

7eff +1 

11 21 

The structure involves the following: 

(1) A novel superstrate metamaterial unit cell with negative real permittivity 

over 52-64 GHz. 

(2) The microstrip gap waveguide unit cell was developed to inhibit the flow 

of electromagnetic wave propagation in the bandwidth of Interest. 

(3) A 1× 2 ME-dipole simulated and measured with and without a 2× 5 metasurface 

unit cell, which is extended to a 1× 4 antenna with 11× 2 metasurface. 

 

3.1 Novel Superstrate Unit Cell structure 

The novel superstrate customized -̄shaped resonator is implemented as a metamaterial. 

Metamaterials are artificial materials that exhibit properties that are not natural. 

Their constitutive parameters ( and µ) are derived from their interactions with 

electric and magnetic fields. From these properties, the refractive index (neff ) 

and impedance (Z eff ) can be extracted from the s-parameters [53]. The complex 

effective wave impedance, Z eff and effective refractive index, neff are expressed as 

[54] : 

s
(1 + S11)2 ī S21

2 
 

n = 
īi 

ln  S11  (3.2) 

 
 

 

where k is the wavenumber in free space, and d is the thickness of the metamaterial. 

From these equations, the complex values of the permittivity and permeability can 

be obtained using the relationship [55]: 

1 ī S 21 

Zeff = ±  
(1 ī S )2 ī S 
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eff = 
nef f  

zeff 
(3.3) 

 
 

 

µeff = neff zeff (3.4) 

 

Using the above concept, the new resonator unit cell is developed to produce 

negative and positive permittivity and permeability, respectively, in the band of 

interest (52-66 GHz), and the characteristics are extracted using CST microwave 

studio. The permittivity and permeability are determined by the element and 

unit cell size, respectively. A careful design of the unit cell enables the tangential 

components of the surface waves to be altered, and the permittivity can be modified 

to cancel surface waves, thereby increasing the isolation. The novel resonator unit 

cell and its extracted characteristics are shown in Fig 3.1. The unique resonator is 

mounted on the top and bottom of the Rogers RT 5880 substrate with thickness 

0.254 mm, permittivity 2.2, loss tangent 0.0009, and dimensions 2.5 x 2.5 mm2. 

Fig. 3.1 (b) shows that the metamaterial exhibits negative real permittivity from 

52-70 GHz. The extracted S-parameters, complex impedance, and refractive index 

are shown in Fig.  3.2.  The unit cell design is shown in Fig.  3.3, where it 

is subjected to PEC and PMC periodic boundary conditions in the Y and Z 

directions, respectively, while the X direction has two wave ports. 
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Figure 3.1: Novel customized -̄shaped resonator Unit Cell (a) Unit cell design 
and (b) Extracted properties. 
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Figure 3.2: Novel customized -̄shaped resonator Unit Cell(a) S-parameters, and 
(b) refractive index and impedance. 
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Figure 3.3: Unit Cell setup to evaluate dispersion characteristics. 

 

3.2 MRGW Design 

Microstrip ridge gap waveguide (MRGW) is used as a guiding structure for the 

ME-dipole antenna at millimeter-wave frequencies to avoid spurious radiations and 

surface waves from the feed network. These waves can deteriorate the antenna 

gain and radiation characteristics. MGW is implemented as Artificial Magnetic 

Conductors (AMC) or High-impedance surfaces using a mushroom structure known 

as printed GW. AMCs help to suppress surface waves by preventing the propagation 

of electromagnetic waves at a certain frequency range, depending on their arrangement, 

structure, and geometry. To accurately depict the characteristics of high-impedance 

surfaces, [20] presented a dispersion diagram calculated from the effective surface 

impedance and finite-element models. Using this concept, the dispersion diagram 

of the mushroom EBG is presented, carefully designed to produce a stop-gap within 

the intended bandwidth. Fig.3.4 (a) shows the EBG unit cell with b1 = 1.05 mm, 
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air-gap filled with RT 5880 substrate of thickness b2 = 0.13 mm, top patch with 

length b3 = 0.819 mm, RT 6002 dielectric substrate with thickness b4 = 0.508 

mm, and via diameter b5 = 0.3 mm. The air gap is chosen as 0.13 mm, which is 

less than a quarter wavelength, to limit the propagation of electromagnetic waves 

between the two parallel plates and prevent leakage. 

 

(a) (b) 

 

Figure 3.4: (a) MGW unit cell (b) Dispersion diagram. 

 
The dispersion diagram is shown in Fig. 3.4 (b). The TE modes left to the light 

line are the leaky wave modes that can radiate within a specific finite bandwidth. 

The forbidden bandgap is usually the gap between the TM mode and the point 

where the TE mode crosses the light line. According to Fig. 3.4 (b), this forbidden 

bandgap is between 49-98 GHz. Mode 1 represents the TE-mode while mode 2 

represents the TM mode. The resonance of the antenna is usually centered along 

this bandgap. 

To further confirm the results of the dispersion diagram, the E-field distribution 

of modes 1-3 is shown in Fig. 3.5. The bandgap is between modes 1-2 as the 

vertically polarized E-fields are more supported and concentrated in the parallel 

plates in modes 1 and 2, compared to mode 3 where the fields are more scattered 

(leaked) over the unit cell. 
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Figure 3.5: E-field characteristics of different modes of the mushroom unit cell. 

 

3.3 ME-dipole Antenna Design 

ME-dipole provides stable gain and radiation patterns over broadband and is easily 

implemented at millimeter-wave frequency. technology is deployed in this work 

where 1× 2 elements are placed very close to each other. The top view of the 

antenna is shown in Fig. 3.6. The extended view of the antenna is shown in Fig. 

3.7. The antenna is printed on Rogers 4003 substrate with a dielectric constant of 

3.55, a thickness of 0.508 mm, and a loss tangent of 0.0027. The coupling slot has 

dimensions 2.5× 0.2 mm2. The feed line is printed on Rogers 3003 with a dielectric 

constant of 3 and a thickness of 0.13 mm. The spacer is also Rogers 3003 but with 

a thickness of 0.17 mm. 

It should be noted that the edge-to-edge separation between the two antenna 

elements is 0.32˂  at 60 GHz. Also, the edge of the MGW feedline is tapered because 

ǘƘŜ рл Ҡ ƭƛƴŜ ǿƛŘǘƘ ƻŦ ǘƘŜ aD² ƛǎ ŘƛŦŦŜǊŜƴǘ ŘǳŜ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǇǊƻǇŀƎŀǘƛƴƎ 

medium, which is air on the inner part and dielectric spacer on the outer part, 
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Figure 3.6: Top View of the 1× 2 ME-dipole Antenna Structure Without 
metasurface (d1 = 1. 62 d mm, d2 = 2.08 mm, d3 = 2.09 mm, d4 = 8 mm, 
d5 = 9.3 mm, p1 = 0.1 mm, p2 = 0.3 mm, p3 = 1 mm, p4 = 1 mm , p5 = 0.15 
mm). 

 
as seen in Fig. 3.7. The limited distance between the two antenna elements 

makes feeding directly impossible via connectors. Therefore, we have designed a 

microstrip line for the MGW extension by extending the feedline and using the 

MGW technology on the extended line. We have also used the same dimensions 

of unit cells on the extension, as shown in Fig. 3.8 (a). The extracted s-parameter 

of the line is shown in Fig. 3.8 (b), showing good reflection and very low insertion 

loss within 50-70 GHz bandwidth. 

The MGW extension in Fig. 3.8 is then connected with the 1× 2 antenna in 

Fig. 3.7 and is shown in Fig. 3.9. Also, Fig. 3.9 is simulated with the metasurface, 

consisting of 2× 5 resonator unit cells to reduce the coupling within 52-62 GHz, 

as explained in the previous section. The metasurface is 1 mm (0.2˂ ) above the 
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Figure 3.7: Extended view of the 1× 2 ME-dipole antenna without metasurface. 

 
surface of the antenna. MS spacer is used as an airgap between the antenna and 

the metasurface for mechanical support, as shown in Fig. 3.9. Rogers RT 5880, 

with a thickness of 1 mm, is used as a spacer and mechanical support to create an 

air gap between the antenna and the metasurface, as shown in Fig. 3.10. 
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(b) 

Figure 3.8: MGW extension (a) Top View, and (b) S-parameters. 

 
Fig. 3.11 shows the simulated s-parameters of the proposed antenna with and 

without the metasurface (MS). It should be noted that the 2× 5 unit cells are added 
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Figure 3.9: Extended view of the 1× 2 ME-dipole antenna with metasurface. 

 

 

Figure 3.10: Back view of the 1× 2 ME-dipole antenna with metasurface. 

 
on the top and bottom of the superstrate. The resonance frequency band (52-64 

GHz) of the antenna is not affected by adding the metasurface.  However, the 
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mutual coupling between the antenna elements has been significantly reduced by 

a maximum of 53 dB within the bandwidth of interest. This coupling reduction is 

attributed to the unique resonator unit cell, carefully designed to exhibit negative 

permittivity in the bandwidth of interest. This way, the reflected waves from the 

metasurface cancel out some direct coupling waves between the antenna elements. 
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Figure 3.11: S-parameters of the proposed 1 2 ME-dipole Antenna Structure by 
displacing the unit cells on the top and bottom of the superstrate by c. (Thick 
black line = S11 when c= 0.5 mm, Thick blue line = S11 when c= 2 mm, Thick red 
line = S11 when c= 4 mm, Thick dark yellow line = S11 proposed, dotted black 
line = S21 when c= 0.5 mm, dotted blue line = S21 when c= 2 mm, dotted red 
line = S21 when c= 4 mm, dotted dark yellow line = S21 proposed). 

 
 

 

3.4 Parametric Analysis 

To further confirm the effectiveness of this simple design with wideband coupling 

reduction, the 2× 5 unit cells on the ǎǳǇŜǊǎǘǊŀǘŜΩǎ top and bottom were moved by 

a factor of c on the y-axis, as shown in Fig. 3.12. As seen from Fig. 3.13, the 

matching and mutual coupling are degraded as c increases, and the best result is 
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obtained when c is zero (proposed). 
 

Figure 3.12: Top surface of the proposed 1× 2 ME-dipole antenna with metasurface. 
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Figure 3.13: S-parameters of the proposed 1 2 ME-dipole antenna structure by 
displacing the unit cells by c 

 
Next, the unit cells on the bottom of the superstrate are displaced by the same 

factor c while the top unit cells are undisturbed. As seen from Fig. 3.14 (a), 

the ŀƴǘŜƴƴŀΩǎ bandwidth and coupling are also degraded as c increases, and the 

best result is observed at c = 0 (Proposed).  Also, the number of unit cells on 
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both the top and bottom of the superstrate is increased from 2-column resonator 

rings to 5-column resonator rings, and the S-parameters are extracted as seen from 

Fig. 3.14 (b). ¢ƘŜ ŀƴǘŜƴƴŀΩǎ ƛƳǇŜŘŀƴŎŜ ŀƴŘ ǘƘŜ ƳŀǘŎƘƛƴƎ ŀǊŜ ŘŜƎǊŀŘŜŘ ŀǎ ǘƘŜ 

number of resonator rings in the column increases from 3 to 5. This is due to 

the coupling among the rings of the antennas, which had a counter-effect on the 

ŀƴǘŜƴƴŀΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΦ 
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Figure 3.14: S-parameters of the proposed 1 2 ME-dipole antenna structure (a) 
displacing the unit cells on the bottom of the superstrate by c (b) Increasing the 
number of unit cells by c. 

 
To make sense of the parametric sweep results, the surface current of the 

reference antenna without metasurface and the proposed 1× 2 antenna with metasurface 

are shown in Fig. 3.15. One port of the reference antenna is excited while the 

other is terminated. From Fig. 3.15(a), the surface current is obvious and directly 

affects the neighbouring element. However, when the 2× 5 metasurface is attached, 

the surface currents between the two antenna elements have obviously reduced, as 

shown in Fig. 3.15(b). The resonator unit cell has absorbed most of the surface 

currents, as seen from the surface current concentration around the unit cell rings. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

S
-P

a
r. 

(d
B

) 



57  

×  

Also, it can be seen from 3.15(b) that the resonator unit cells are placed above 

the antennas where the surface currents are the heaviest. Hence, moving these 

rings away from these surface currents increases the mutual coupling between the 

antenna elements. This explains the result of Fig. 3.13. 
 

Figure 3.15: Surface current of the proposed 1 2 ME-dipole Antenna Structure:(a) 
Without metasurface (b) With metasurface. 

 
Figs. 3.16 (a) and 3.16 (b) compare the simulated and measured reflection 

coefficient and mutual coupling, of the 1× 2 ME-dipole, respectively. A close 

resemblance between the simulated and measured reflection coefficients and coupling 

with and without the metasurface can be observed. The maximum measured 

isolation enhancement is about 53 dB over the bandwidth. 

The simulated and measured far-field radiation patterns of the antenna at 53, 

60, and 64 GHz in the E- and H-planes are shown in Fig.  3.17.  Across the 

52-64 GHz, the proposed antenna exhibits stable radiation patterns in the E- and 

H-planes. Also, the measured and simulated results are close to each other except 

for the differences due to the antenna mounting structures. 
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Figure 3.16: Simulated and measured S-parameters of the 1× 2 ME-dipole Antenna 
Structure (a) Reflection co-efficient (Thick black line = Simulated S11 Without 
MS, Thick red line = Simulated S11 With MS, dotted black line = Measured S11 
Without MS, dotted red line = Measured S11 With MS, dotted dark yellow line 
= Measured S22 With MS ) (b) Mutual coupling (Thick black line = Simulated 
S21 Without MS, Thick red line = Simulated S21 With MS, dotted black line = 
Measured S21 Without MS, dotted red line = Measured S21 With MS). 
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Figure 3.17: Simulated (black) and measured (red) radiation patterns of the 
proposed 1× 2 ME-dipole Antenna at different frequencies when port 1 is excited. 

 

3.5 Configuration 

To further confirm the capability of this new unit cell, we have extended the 

number of antenna elements to 4 in the H-plane and have also used 11× 2 resonator 

structures as the superstrate. The edge-to-edge difference of antenna elements is 

still 1.6 mm (0.32˂  at 60 GHz), as shown in Figs. 3.18 and 3.19. Two extra 

MGW extensions are also simulated and used to extend the feedline.  Fig.  3.20 
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shows the simulated reflection coefficient of the antenna with and without the 

MS. The antenna exhibits a good reflection coefficient between 52-66 GHz. Fig. 

3.21 compares the coupling between the antenna elements. The simulated mutual 

coupling between the elements is reduced by a maximum of 40 dB over the intended 

bandwidth. This indicates the efficacy of the proposed metasurface. The simulated 

and measured reflection coefficient and mutual coupling of the 1× 4 array are shown 

in Fig. 3.22. There is a good agreement between the simulated and measured 

S-parameters of the array with and without the metasurface. The simulated and 

measured mutual coupling between the antenna elements without metasurface is 

also shown in Fig. 3.23, with very good agreement. 
 

Figure 3.18: Top view of the proposed 1× 4 ME-dipole antenna with metasurface. 
 

 

Figure 3.19: Back view of the 1× 4 ME-dipole antenna with metasurface. 
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Figure 3.20: Simulated reflection coefficient of the proposed 1 4 ME-dipole 
antenna with and without metasurface. 
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Figure 3.21:  Simulated mutual coupling between the 1  4 ME-dipole antenna 
elements with and without metasurface. 

 

The simulated and measured radiation pattern of the 1× 4 of the proposed 

antenna in E- and H-plane is shown in Fig. 3.24. The radiation pattern is relatively 

stable over the bandwidth, with very good agreement. 
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Figure 3.22: Simulated and Measured S-parameters of the proposed 1 4 
ME-dipole Antenna Structure: (a) Reflection coefficients With and Without 
metasurface (Thick black line = Simulated S11 Without MS, Thick blue line = 
Simulated S44 Without MS, Thick red line = Simulated S11 With MS, Thick wine 
line = Simulated S44 With MS, dotted black line = Measured S11 Without MS, 
dotted blue line = Measured S44 Without MS, dotted red line = Measured S11 With 
MS, dotted wine line = Measured S44 With MS) (b) mutual coupling between the 
antenna elements with metasurface (Thick black line = Simulated S21 With MS, 
Thick blue line = Simulated S32 With MS, Thick red line = Simulated S43 With 
MS, dotted black line = Measured S21 With MS, dotted blue line = Measured S32 
With MS, dotted red line = Measured S43 With MS). 

 

The surface current and E-field distribution of the 1× 4 antenna by exciting one 

port and terminating the other ports with matching loads are shown in Fig. 3.25 

Comparing Fig 3.25 (a) and (b), the surface currents on the antenna substrate have 

been mitigated by the addition of the 11× 2 metasurface unit cells as evidenced 

by the concentration of surface currents. Also, the E-Field distribution on the 

surface of the antenna, as shown in Figs 3.26 (a) compared to (b), shows a great 

reduction of the fields on the adjacent antennas, hence confirming the efficacy of 

the proposed unit cells. 

The simulated and measured peak gain and efficiency of the antenna are shown 

in Figs. 3.27(a) and (b), respectively. The overall gain of the antenna increased by 
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Figure 3.23: Simulated and measured mutual coupling between the 1 4 ME-dipole 
antenna elements without metasurface. 

 
almost 2 dB over the working bandwidth when the metasurface was added, making 

the metasurface act as a lens. Also, the gain is relatively stable over the entire 

bandwidth compared to the reference antenna without metasurface. The total 

efficiency of the proposed antenna has increased by more than 1% over the entire 

bandwidth due to the coupling reduction. The simulated Envelope Correlation 

Coefficient (ECC) of the antenna with and without the metasurface, based on 

far-field parameters is shown in Fig. 3.28. The proposed antenna exhibits less than 

-40 dB ECC over the intended bandwidth, indicating good radiation properties. 

The fabricated prototype for the 1× 2 and 1× 4 array is shown in Fig. 3.29 

using a high-technology PCB machine due to the miniaturized nature of the array. 

The fabricated prototype layers of the proposed antennas are shown in Fig. 3.30. 

To measure the far-field pattern, we engineered 3D plastic screws and holders for 

support due to the miniaturized nature of the array. The fabricated prototypes 

of the 1× 2 and 1× 4 array with a 3D plastic holder and screws are shown in Figs. 

3.31(a) and 3.31(b) respectively. The radiation pattern measurement setup in an 
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Figure 3.24:  Simulated (black) and measured (red) radiation patterns of the 
proposed 1× 4 ME-dipole antenna at different frequencies when port 1 is excited. 

 
anechoic chamber is shown in Fig. 3.32. 

Table 3.1 compares the present work with the latest state-of-the-art and the 

methods used in decoupling. This work has the highest bandwidth (23.7%), 
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(a) (b) 

 

Figure 3.25: Surface current distribution of the proposed 1 4 ME-dipole Antenna 
Structure at 60 GHz (a) Without metasurface (b) With metasurface. (i) Element 1 
(E.1) excited (ii) Element 2 (E.2) excited (iii) Element 3 (E.3) excited (iv) Element 
4 (E.4) excited. 

 

(a) (b) 

 

Figure 3.26: Electric Field distribution of the proposed 1 4 ME-dipole Antenna 
Structure at 60 GHz: (a) Without metasurface (b) With metasurface. (i) Element 
1 (E.1) excited (ii) Element 2 (E.2) excited (iii) Element 3 (E.3) excited (iv ) 
Element 4 (E.4) excited. 
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Figure 3.27: (a) Peak gain, and (b) Total efficiency of the proposed 1  2 ME-dipole 
antenna. 
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Figure 3.28: Simulated ECC of the proposed 1 2 ME-dipole antenna Structure 
with and without metasurface. 

 
highest maximum isolation improvement (53 dB), and highest peak gain (8.5 dB), 

compared to the latest existing literature. 
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Figure 3.29: Fabricated prototype of the antenna (a) 1× 2 Array without MS 
(Top-View) (b) 1× 2 Array with MS (Top-View) (c) 1× 2 Array with(out) MS 
Bottom View (d) 1× 4 Array without MS (Top-View) (e) 1× 4 Array with MS 
(Top-View) (f) 1× 4 Array with (out) MS (Top-View). 
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(a) (b) 

 

Figure 3.30: (a) Fabricated prototype layers of the proposed: (a) 1 2 and (b) 1 4 
ME-dipole Antenna Structure. 

 
 
 
 
 
 
 

 

(a) (b) 

 

Figure 3.31: Fabricated prototype with the 3D plastic holder of the proposed: (a) 
1× 2 and (b) 1× 4 ME-dipole Antenna Structure. 
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Figure 3.32: Far-field measurement setup. 
 
 
 
 

 
Table 3.1: Comparison with recent work 

 

Year/Ref. Antenna 
Type 

Edge-to-edge 
separation ( 0˂) 

Bandwidth 
(%) 

Peak Gain 
(%) 

Coupling 
Reduction 

2021[56] DRA 0.017 23.6 7.44 26 

2022[57] Monopole 0.16 22.2 4 10 

2020[45] printed patch 0.019 2.3 6.8 25 

2020[48] printed patch 0.44 8.3 11 34 

2022[58] DRA 0.5 20 8.2 25 

2022[59] printed patch 0.5 16.9 5 20 

2022[60] Dipole 0.54 13.2 6 20 

Proposed ME-dipole 0.32 23.7 8.5 53 
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3.6 Conclusion 

This chapter presents a simple metasurface decoupling structure to isolate a tightly 

spaced 1× 2 and 1× 4 ME-dipole millimeter wave antenna array with 23.7% bandwidth 

in the H-plane. A maximum isolation enhancement of 53 dB and 40 dB, respectively, 

is observed when a 5× 2 and 11× 2 arrangement of the metasurface is placed at 0.2 

˂ at 60 GHz above the 1× 2 and 1× 4 antenna, respectively. The simulated and 

measured S-parameters, gain, radiation pattern, and efficiency of the two arrays 

with and without the metasurface are compared to confirm the applicability of the 

proposed structure. 
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Chapter 4 

 
Dual-Polarized Metallic 

ME-dipole Antenna Array 

 
4.1 Introduction 

A highly efficient design of a novel wideband dual-polarized high-gain antenna 

array of metallic magnetoelectric dipoles (ME-dipoles) is presented. The dual-polarized 

metallic ME-dipole is an efficient radiator without a dielectric substrate or vias 

on the radiating region, eliminating the dielectric losses and the surface waves. 

Unlike other metallic ME-dipole antennas, the present design has no metallic 

open cavities, making it a more suitable array element. The ME-dipole is fed 

by a crossed slot coupled to a microstrip ridge gap waveguide (MRGW). The 

design achieves a matching bandwidth covering the Ka-band (25-40 GHz or 46%) 

for both polarizations. The array design procedure is based on constructing 

the mutual admittance matrix at the array element ports that help extract the 

ŜƭŜƳŜƴǘǎΩ effective (active) input impedance in the array environment. Then, 

a dual-polarized corporate feeding network based on frequency-dependent load 



72  

terminations (effective impedance termination) is designed on a single layer. An 

8× 8 and 16× 16 novel dual-polarized arrays are designed and analyzed using the 

pattern multiplication concept that accounts for the mutual coupling. The far-field 

characteristics of the array, such as radiation pattern, gain, and efficiency, are 

extracted. For an array multiple of 4× 4, the feeding network layout introduces a 

larger gap between the 4× 4 arrays larger than the distance between neighboring 

elements. Thus, parasitic elements are added, increasing the 8× 8 array to a 10× 10 

array, improving the array aperture distribution, and increasing the gain. A 10× 10 

array is fabricated and measured. The array bandwidth is similar to the element 

bandwidth. A 31 dBi peak gain is achieved with 91% efficiency and polarization 

isolation of 45 dB. A 16× 16 active elements array has led to a 2× 2 array of the 

10× 10 subarrays. After inserting the extra parasitic elements, the array becomes a 

23× 23 array, achieving the same bandwidth and 38 dBi peak gain with 86% total 

efficiency and isolation better than 40 dB. 

The main contributions of this work, as claimed are: 

1. Design an efficient air-filled dual-polarized ME-dipole without surrounding 

it with an open cavity wall that increases the element size, reducing complexity 

yet achieving 46.2% bandwidth with high efficiency. 

2. Extended single-linear polarized (S-LP) array in [61] to dual-LP (D-LP) 

with the frequency-varying effect. 

3. Design a cooperative feeding network D-LP planar array on a single-layer 

surface of arrays larger than 2× 2 or 4× 4, avoiding line crossovers [62]. The feeding 

ƴŜǘǿƻǊƪ ƛǎ ŘŜǎƛƎƴŜŘ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ŀƴŘ ŜŦŦƛŎƛŜƴǘƭȅ ƛƴŎƭǳŘŜ ǘƘŜ ǊŀŘƛŀǘƛƴƎ ŜƭŜƳŜƴǘΩǎ 

mutual coupling effect and frequency-dependent characteristics [63]. 

4. When the array is larger than 4× 4, the feeding network on a single layer 



73  

introduces gaps between the 4× 4 arrays larger than between the elements. Thus, 

the large array aperture power distributions become discontinued, causing a gain 

and efficiency reduction. For the first time, parasitic elements are inserted within 

the gap between the active 4× 4 subarrays that are excited parasitically by the 

surrounding elements and reradiate constructively, improving the aperture distribution 

and restoring the gain and efficiency. The parasitic elements with and without 

slots, or in other words, with open or shorted terminations, are compared to 

confirm the effect of the slots. 

 

4.2 Microstrip Ridge Gap (MRGW) Waveguide 

A square cross-sectional unit cell is designed as shown in Fig. 4.1. The unit cell 

consists of a cylindrical via of diameter 0.3 mm and a square patch with dimension 

0.8 mm ×  0.8 mm, loaded with Rogers RT 6002 dielectric substrate of permittivity 

2.94, loss tangent 0.0012, and height of 0.508 mm. On top of the dielectric substrate 

is another RT 5880 substrate of permittivity 2.2, loss tangent 0.0009, and height 

of 0.254 mm, where the printed microstrip lines are etched. An air gap of 0.271 

mm separates the dielectric layer and the conducting plate. Using the Eigenmode 

solver in CST, the unit cell parameters are optimized to locate the electromagnetic 

band gap (EBG) between 20-45 GHz, as shown in the dispersion diagram in Fig. 

4.2. Ungrounded microstrip lines are printed on the top of the second substrate, 

where the feeding network is etched. 
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Figure 4.1: EBG unit cell (h1= 0.254 mm, h2= 0.508 mm, Wp= 0.8 mm , Wcell= 
1.05 mm) 

 

 

Figure 4.2: Dispersion diagram of the EBG Unit cell. 
 

 

4.3 Dual-polarized Single Element 

The air-filled ME-dipole comprises four aluminum pins that make up the electric 

dipole. The crossed gaps between the pins make up the magnetic dipoles for 

both polarizations, as shown in Fig.4.3. Simple straight and fork-shaped feedlines 

are used to couple with the cross-slot in an orthogonal manner to excite the 
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vertical and horizontal polarization, respectively. The fork-divider excites the 

slots symmetrically to improve the isolation between the two polarizations. Open 

circuit stubs terminate the feedlines to improve matching, and the subs are bent to 

reduce direct coupling between the lines of the two polarizations. The self-packaged 

ǎǘǊǳŎǘǳǊŜ ǎǳǇǇǊŜǎǎŜǎ ǘƘŜ ŦŜŜŘƛƴƎ ƭƛƴŜǎΩ ǊŀŘƛŀǘƛƻƴ ŀƴŘ ŜƭƛƳƛƴŀǘŜǎ ǎǳǊŦŀŎŜ ǿŀǾŜǎ ǿƛǘƘƛƴ 

the EBG. Detailed features of the pin, coupling slot, and feedline are shown in Fig. 

4.4. The overall dimension of the antenna is 17.8 mm2. The relative positions of 

the feedlines concerning the slots are shown in Fig. 4.5. 
 

Figure 4.3: 3D Structure of the dual-polarized ME-dipole antenna. 
 

 
The antenna is designed to operate in the Ka-band with a 10 dB matching 

bandwidth of 25-40 GHz (46.2%) for both vertical and horizontal polarizations, 

as shown in Fig. 4.6 (a). The isolation between the two polarizations, as shown 

in Fig. 4.6 (b), is less than 40 dB throughout the band, courtesy of the carefully 
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implemented bends of the two lines. 
 

(a) (b) 

 

Figure 4.4: Dual-polarized ME-dipole antenna parameters: (a) Top view (f1 = 2 
mm, f2 = 0.5 mm, f3 = 5 mm, f4 = 6 mm, f5 = 9 mm ) (b) Dual polarized feedline 
(a1 = 9 mm, a2 = 3.05 mm, a3 = 1.9 mm, a4 = 1.28 mm, a5 = 1.02 mm, a6 = 1.22 
mm, a7 = 4 mm ) 

 

 

Figure 4.5: Dual polarized feedline showing the relative position of the feedline 
with respect to the slot. 
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Figure 4.6: S-parameters of the dual-polarized ME-dipole antenna: (a) S11 and 
S22 (b) S21. 
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Figure 4.7: Dual-polarized ME-dipole antenna: (a) Gain and (b) Effective input 
impedance (Rin & Xin). 

 
The dual-ǇƻƭŀǊƛȊŜŘ ŀƴǘŜƴƴŀΩǎ Ǝŀƛƴ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎΦ пΦт όŀύΦ Lǘ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ 

that both polarizations have almost the same gain. Also, the gain is relatively 

stable, with about 12 dBi average throughout the band. This is an important 

feature of the ME-dipole antenna. The extracted real and imaginary parts of the 
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input impedance for both polarizations throughout the band are shown in Fig. 4.7 

(b). 

E- and H-plane radiation patterns of the dual-polarized ME-dipole are shown 

in Fig. 4.8 for 3 cases. Case 1 is an isolated antenna element. Case 2 is an 

intermediate embedded element of the 4× 4 array, while case 3 is an embedded 

element in an infinite array environment. The radiation patterns in all cases are 

identical. The cross-polarizations for all cases are less than -40 dB and are not 

plotted. The symmetry of the radiation patterns is evident from the identical E- 

and H-plane radiation patterns, a key feature of the ME-dipole. The antenna is 

simulated with the help of a CST commercial full-wave electromagnetic solver. 

 

Figure 4.8: Radiation patterns of the dual-polarized ME-dipole antenna at 30 GHz: 
(a) E-plane V-pol. (b) H-plane V-pol. (c) E-plane H-pol. (d) H-plane H-pol. 
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4.4 8× 8 and 16× 16 Dual-polarized Metallic ME-dipole 

Array 

The array design procedure is based on constructing the mutual admittance matrix 

ŀǘ ǘƘŜ ŀǊǊŀȅ ŜƭŜƳŜƴǘ ǇƻǊǘǎ ǘƘŀǘ ƘŜƭǇ ŜȄǘǊŀŎǘ ǘƘŜ ŜƭŜƳŜƴǘǎΩ ŜŦŦŜŎǘƛǾŜ όŀŎǘƛǾŜύ ƛƴǇǳǘ 

impedance in the array environment. Then, a dual-polarized corporate feeding 

network based on frequency-dependent load terminations (effective impedance 

termination) is designed on a single layer. An 8× 8 and 16× 16 novel dual-polarized 

arrays are designed and analyzed using the pattern multiplication concept that 

accounts for the mutual coupling. The far-field characteristics of the array, such 

as radiation pattern, gain, and efficiency, are extracted. The layout of the feeding 

network introduced a gap larger than the required distance between the elements 

between the 4× 4 subarray. Thus, parasitic elements are added, increasing the 8× 8 

array to a 10× 10 array, improving the array aperture distribution and increasing 

the overall gain. The 10× 10 dual-polarized array is fabricated and measured to 

verify the procedure. The array bandwidth is the same as the element bandwidth, 

and a 31 dBi peak gain is achieved with 91% efficiency and polarization isolation of 

45 dB. Also, the procedure is used to design a 23× 23 array, including the parasitic 

elements achieving the same bandwidth and 38 dBi peak gain with 86% total 

efficiency and isolation better than 40 dB. 

 

4.5 8× 8 Array 

The starting point of the 8× 8 dual-polarized array design is the 4× 4 dual-polarized 

array with an 8.3 mm center-to-center distance (corresponding to 0.83 ,˂ where 

 ˂ is the free space wavelength at 30 GHz). Using the concept in [61], the mutual 
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 ̉

 ̉

admittance matrix of the 4× 4 element is used to extrapolate that of the 8× 8 and 

16× 16 array. From the mutual admittance matrix, the frequency-dependent input 

impedance of the 8× 8 and 16× 16 elements can be estimated. The port positions 

of the ME-dipole elements where the effective input impedance is calculated are 

shown in Fig. 4.9. 

Using the 4× 4 array, the mutual admittance matrices of 8× 8 are constructed. 

The coupling beyond the fourth element is tiny and is ignored (forced to zero). 

Thus, all the mutual coupling beyond the fourth element is forced to zero for 

both polarizations. To have the dual-polarized feeding network on a single layer, 

the layout of the 4× 4 array feeding network is growing beyond the actual array 

projection area of the elements. Thus, it is impossible to have the feeding network 

of an enormous array with the distance between the edge elements of the neighbour 

4× 4 subarray as the distance between two neighbour elements. Thus, the 4× 4 

subarrays must be displaced from each other enough to avoid overlapping their 

feeding networks. These spaces are factored into the mutual admittance matrix 

design. From the mutual admittance matrix, the effective input impedance Zi(v,h) 

of each element for both polarizations can be estimated using [61]: 

 

N 

Z = j=1 Ri(v,h)Aij(v,h)Vj(v,h) 
 

(4.1) 
i(v,h) N 

j=1 Vj(v,h) ( iɻj ð Aij(v,h)) 

where Ri(v,h) is the vertical (v) and horizontal (h) polarized internal resistance 

of each source (i = 1, 2, 3,...N), Vj(v,h) is the v- and h- polarized source independent 

voltages, ɻ ij is the Dirac function (i.e., ɻ ij = 1 when i = j and zero if otherwise). 

Aij(v,h) is the v- and h- polarized mapped mutual admittance matrix of the 8× 8 

elements from the 4×п ŜƭŜƳŜƴǘǎΣ ŀƴŘ ƛǘΩǎ ŘŜŦƛƴŜŘ ōȅΥ 
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Aij(v,h) = [Yij(v,h)Ri(v,h) + iɻj ]
-1 (4.2) 

 

where Yij(v,h) is vertical (v) and horizontal (h) polarized mutual admittance 

between Ports i and j of the array element. 
 

Figure 4.9: Black dots show the element port position. 
 

 
It should be noted that the mutual admittance matrix is not dependent on 

the excitation sources used to control the side lobe layer and scanning. Hence, 

ǿŜ Ŏŀƴ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŦŀƛƭƛƴƎ ŜƭŜƳŜƴǘǎ ōȅ ŎƘŀƴƎƛƴƎ ǘƘŜ ǎƻǳǊŎŜΩǎ ƛƴǘŜǊƴŀƭ 

resistance value. Using the above concept, the effective input impedance of the 

8× 8 dual-polarized element at 32 GHz is shown in Fig. 4.11. These results 

indicate that the edge elements exhibit different impedances compared to the 

middle elements, which is attributed to the different environments in which the 

edge elements are exposed. The impedance using full-wave analysis (Actual) 

compared to the impedance obtained using the present method [61] exhibits very 

ŎƭƻǎŜ ǎƛƳƛƭŀǊƛǘȅ ǿƛǘƘ ŀōƻǳǘ н Ҡ ŀǾŜǊŀƎŜ ŘƛŦŦŜǊŜƴŎŜΣ ŎƻƴŦƛǊƳƛƴƎ ǘƘŜ ƳŜǘƘƻŘΩǎ ŜŦŦƛŎŀŎȅ 

and accuracy. This method helps to understand how the effective input impedance 



82  

×  

 

 

Figure 4.10: Effective input impedance calculation arrangement of the 8 8 
dual-polarized ME-dipole array. 
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Figure 4.11: Effective input impedance of the 8× 8 dual-polarized ME-dipole array 
using 4× 4 array at 32 GHz (a) Real (b) Imaginary. 
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of each element in the array varies with frequency (25-40 GHz). Thus, the feeding 

network can be accurately constructed by considering the mutual coupling between 

the elements. 

The constructed feed network of the 8× 8 dual-polarized array is shown in 

Fig.  4.12, while the 3D structure of the 8× 8 dual-polarized antenna is shown 

in Fig. 4.13. The power dividers and transformers are carefully constructed to 

match each impedance to its port and to ensure that the two polarizations are 

out of phase. Hence, every element exhibits different input impedances based on 

the values obtained from the frequency-dependent real and imaginary impedance 

values of Fig. 4.11. The reflection coefficient of the power divider/splitter of the 

feed network is shown in Fig. 4.14. 

 

Figure 4.12: Feed network design of the 8× 8 dual-polarized ME-dipole array. 
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Figure 4.13: 3D structure of the 8X8 ME-dipole Antenna. 
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Figure 4.14: S-parameters of the power divider/splitter of the feed network. 
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Figure 4.15: Simulated and measured port reflection coefficients of the 8 8 
dual-polarized ME-dipole array (a) V-pol. (b) H-pol. 
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The conventional method of designing the input impedance of an antenna with 

ŀ ƭŀǊƎŜ ōŀƴŘǿƛŘǘƘ ƛǎ ǘƻ ŎƻƴǎǘǊǳŎǘ ǘƘŜ ŦŜŜŘ ƭƛƴŜΩǎ ŘƛƳŜƴǎƛƻƴǎ ōŀǎŜŘ ƻƴ ǘƘŜ ŜƭŜƳŜƴǘΩǎ 

central frequency. However, this method usually ignores the discontinuities of 

the feed network and the effect of mutual coupling on the input impedance of 

the elements within the array. Thus, when loaded with the array elements, its 

performance and matching response change as the elements have frequency-dependent 

complex input impedances and are also affected by mutual coupling. Therefore, 

redesign and optimization are required, which increases simulation time and waste 

computer resources. A full-wave option to achieve the above objectives may or 

Ƴŀȅ ƴƻǘ ōŜ ǇƻǎǎƛōƭŜΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎƻƳǇǳǘŜǊΩǎ ƳŜƳƻǊȅΦ 

To confirm that this method solves the above problem, the constructed dual-polarized 

feed network in Fig. 4.12 simulates the array. The simulated and measured result 

by comparing this method (Zeff) and the full-wave is shown in Fig. 4.15. The 

antenna exhibits an impedance bandwidth (-10 dB) of 25-40 GHz. The vertically 

polarized results looked almost exactly like the horizontally polarized results. This 

is attributed to the Magnetic and electric effect of the ME-dipole from both 

polarizations. 

The simulated and measured port isolation between the Vertical and horizontal 

polarizations are better than 45 dB within the matching bandwidth as shown in 

Fig. 4.16. 

Pattern multiplication is employed to evaluate the far-field parameters (gain, 

radiation pattern, and efficiency) for both polarizations, but unlike the traditional 

method, the mutual coupling effect is considered. The radiation pattern is established 

by: 
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Figure 4.16: Simulated and measured port isolation (S21) between vertical and 
horizontal polarization of the 8 ×  8 dual-polarized ME-dipole Array. 

 

 

 
t(v,h) 
 ̒

Et(v,h)  
= 

E̒ (v,h) 

 

E (v,h)
 

 

AF (ʻΣ ) (4.3) 

 
where Et(v,h) and Et(v,h) are the total radiated fields for the vertical (v) and 

horizontal (h) polarizations, E̒ (v,h) and E (v,h) are the vertical (v) and horizontal 

(h) radiation patterns of the element within the array. AF(̒ , ) is the array factor 

for the vertical (v) and horizontal (h) polarizations and is given as: 

 
N 

AF (ʻΣ ) = Vai(v,h)e
jk0 í(v,h)ǎƛƴʻŎƻǎ( ī 1(v,h)) (4.4) 

i=1 

where í(v, h) and 1(v, h) are the vertical (v) and horizontal (h) polarized 

cylindrical coordinates of the ith element, Vai(v,h) is the vertical (v) and horizontal 

(h) polarized terminal effective voltages of the ith element and can be defined as: 
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t(v,h) 
 

t(v,h) 
 

i 

 
N 

Vai(v,h) = Aij(v,h)Vj(v,h) (4.5) 
j=1 

To enable a phased array in both polarizations, the phase of the excitation 

sources can be used to control the beams. Therefore, the phase shift to obtain a 

particular main beam direction can be described as: 

 

(ɹv,h) = ījk0 í(v, h)ǎƛƴʻŎƻǎ( 0 ī 1(v, h)) (4.6) 

 
where 1v and 1h are the vertical (v) and horizontal (h) polarized excitation phase 

voltages of the ith element. 

From the above results, the directivity(D (̒v,h), (v,h)), gain (G̒ (v,h), (v,h)), total 

input power (Ptot(v,h)) and total radiated power (Pr(v,h)) can be extracted for 

vertical (v) and horizontal (h) polarizations with respect to an isotropic source 

r, and can be expressed as: 

 

G = 4ˉ
|  E̒  (ʻΣ ) | 2+ |  Et(v,h)(ʻΣ ) |  2  

(4.7) 
(̒v,h), (v,h) 

 

2Pt  ́

 

D = 4ˉ
|  E̒  (ʻΣ ) | 2+ |  Et(v,h)(ʻΣ ) |  2  

(4.8) 
(̒v,h), (v,h) 

 

2Pr  ́
 
 

 

Pr(v,h) = ŕadPtot (4.9) 
 
 
 

 

Ptot(v,h) = Ze |  Ii |  2 (4.10) 
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N 

Ii = YijVj (4.11) 
j=1 

where ʹ is the intrinsic impedance in free space (120 )̄, ŕad is the total 

efficiency, including mismatch, ohmic and dielectric losses. This efficiency is 

expected to be high because pure aluminum alone, without dielectric material like 

the electric dipole, is used instead of the conventional dielectric material around 

the pin. The feed network is essential in determining the total radiation efficiency. 

It should also be noted that gain is calculated by ignoring the losses due to the 

feed network. However, the realized gain can be calculated after the feed network 

design using equations (7)-(9) using the values of ́rad calculated from the full-wave 

analysis. 

Figure 4.17 shows the normalized radiation pattern for Zeff, full-wave simulation, 

and both E and H-planes measurements at 25, 28, 32, and 40 GHz. All cases show 

similar patterns in both E- and H-planes are similar, courtesy of the ME-dipole. 

The cross-polarizations are neglected because they are all less than 40 dB in both 

E- and H-planes for both polarizations over the whole bandwidth. 

A critical observation in the 8× 8 feedline design in Figs. 4.12 is the large space 

between the lines and the antennas because of the power dividers and stubs for 

both polarizations. This makes the antenna bigger with empty spaces. To compact 

the antenna, we have added parasitic elements, as shown in Fig. 4.18, to cover the 

empty spaces. It should be noted that the array is analyzed with short-circuited 

parasitic elements (no slots), parasitic elements with opened slots (open circuit 

termination), and without parasitic elements to confirm the effect of the parasitic 

elements on the ŀǊǊŀȅΩǎ performance. The simulated and measured gain for both 

vertical and horizontal polarizations from 25-40 GHz by comparing the array with 
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Figure 4.17:  Simulated and measured normalized radiation patterns of the 
dual-polarized 10 10 ME-dipole array: The 1st and 2nd columns are for V-pol, 
and the 3rd and 4th columns are for H-pol. The columns from left to right alternate 
between the E-plane and the H-plane. (a), (b), (c ), and (d) 25 GHz, (e), (f), (g), 
and (h) 28 GHz, (i), (j), (k), and (l) 32 GHz, and (m), (n), (o), and (p) 40 GHz. 

 

 
parasitic elements and slots (w/par.+sl.) and without parasitic elements (w/o 

par.) is shown in Figs. 4.19(a) and 4.19(b) , respectively. The gain is similar, 

with an average of 1.5 dBi difference between the array with parasitic elements 

and slots and the array only. This shows that the parasitic elements and slots 

improved the overall gain of the antenna by a maximum of 1.5 dBi throughout 
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Figure 4.18: 10× 10 D-LP ME-dipole array after adding the parasitic elements. 
 

 
the band. Also, the vertical and horizontal simulated gain have almost the same 

variations as shown in Figs. 4.19(a) and 4.19(b). 
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(b) 

Figure 4.19: Simulated and measured gain of the 8× 8 active element array and 
the 10× 10 array. (a) V-pol. (b) H-pol. 
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Figure 4.20: Gain comparison of the active 10× 10 array: (a) V-pol. and (b) H-pol. 

 
The gain comparison for both polarizations by comparing the array with parasitic 

elements and slots (w/par.+sl.) and parasitic elements only (w/par.) is depicted 

in Figs. 4.20(a) and 4.20(b), respectively, for both polarizations. There is a 1 dB 

average difference between the array with parasitic elements and slots (w/par.+sl.) 

and parasitic elements only (w/par.). The parasitic elements are densely placed 

around the main radiating elements, as shown in Fig. 4.18. The distance between 

each parasitic element is smaller than between the main radiating elements, as 

shown in Fig. 4.18. Incorporating the densely placed parasitic elements with the 

slots increases the gain compared to those without the slots. This gain increase is 

observed from the low side lobe layer and narrower beamwidth of the array with 

parasitic elements and slots compared to the parasitic elements without slots. In 

the boresight, the densely placed parasitic elements and slots create diffracted 

fields with equal phases that add constructively to the array radiated power, 

increasing the overall gain. These diffracted fields act as secondary electromagnetic 

radiation sources and eradicate the need for an actual feed network. In addition, 

the fields make the entire radiation more pencil-shaped. This gain increase is 
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also attributed to the fact that the slots act as open circuits port termination to 

the antenna, making its re-radiation in-phase with the remaining elements of the 

array. However, parasitic elements without slots make their re-radiation out of 

phase with the rest of the array elements, thus further reducing the array gain. 

This makes the parasitic element with slots preferable in fabrication. It should 

be noted that the ŀƴǘŜƴƴŀΩǎ reflection coefficient and radiation pattern with these 

parasitic elements are unaffected. Hence, they are not shown. However, the total 

efficiency improved by 1% throughout the band. 

The simulated and measured total efficiency of the 8× 8 dual-polarized array 

is shown in Figs. 4.21 (a) and 4.21 (b), respectively. The efficiency is better 

than 90% for all cases and all polarizations throughout the impedance bandwidth. 

The efficiency variation is 0.01 (1%) throughout the band for both polarizations 

because of how close the efficiencies are for all cases. 

The fabricated 8× 8 array with parasitic elements (also called the 10× 10 array) 

is shown in Fig 4.22. The antenna is fed via the conventional end launch SMA 

connector for both polarizations. 3D printing technology is employed for the 

ME-dipole, while PCB technology is used for the AMC and feed network layer. 


































































































































