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Abstract 

 

5G millimeter-wave (mm-wave) applications have several challenges, such as 

detection accuracy, interference from other channels, high path loss, covering several 

users in a dense area, and vulnerability to the environmental conditions. Several antenna 

technologies were proposed in this dissertation to address some of the above-mentioned 

challenges in 5G applications with a focus on wireless networks and vehicle to 

everything (V2X) communications. 

Leaky-wave antennas (LWAs) are suitable candidates for 5G mm-wave applications 

due to their beam-scanning capability, compactness, low cost, and ease of fabrication. 

Substrate integrated waveguide (SIW) and half-mode substrate integrated waveguide 

(HMSIW) are suitable candidates for realizing LWAs because of their low-profile and 

integration capability.  

Several design approaches were introduced in this dissertation to improve the 

performance of SIW/HMSIW LWAs in 5G mm-wave applications. Some of the proposed 

antennas have a relatively wide beam-scanning range, suitable for radar systems and V2X 

communications, while others have small beam-squint, suitable for point-to-point 

communications and seeker antennas. 

Tapering the side aperture of an HMSIW and the feed transition of a SIW resulted in 

side-lobe level (SLL) reduction to enhance the detection accuracy and reduce sensitivity 

to interference. Applying the proposed methods reduced the SLL of an HMSIW LWA 

and a SIW LWA to -11.2 dB and -11.4 dB, respectively, in the mm-wave frequency band. 



 iii 

Furthermore, embedding cavities into a compact low temperature co-fired ceramics 

(LTCC) antenna enhanced the gain to 7.6 dBi at 28.5 GHz. 

Implementing different types of reconfigurable structures resulted in electronic beam-

scanning, which is the most suitable approach to provide coverage for several users in 

dense areas due to its ease of implementation. Each of the proposed reconfigurable 

antennas posed different scanning ranges. One example used varactor diodes for tuning 

the antenna and achieved 30⁰ of beam-scanning range by varying the varactor diode’s 

capacitance in the range of 200−500fF. Moreover, the bias circuitry was integrated into 

the RF ground in a few designs to miniaturize the reconfigurable antenna. The 

compactness, beam-scanning capability, low SLL, medium to high gain, and low 

fabrication cost are among the features that make the proposed antennas suitable 

candidates for 5G mm-wave applications. 
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Chapter 1: Introduction  

Antennas are among the critical parts of wireless communication networks. They must 

have low side-lobe level (SLL), low loss, medium to high gain, and often beam-scanning 

capability. The low SLL is required to boost the detection accuracy. Improving the gain is 

necessary to compensate for the path loss and the losses in the system. Beam-scanning 

capability is also needed for covering several users and detecting targets. 

In this chapter, the motivations and objectives of this dissertation are discussed first. 

Then new methods for addressing some of the current challenges in 5G systems are 

introduced. A comprehensive literature review on 5G systems, leaky-wave antenna 

(LWA), substrate integrated waveguide (SIW), low temperature co-fired ceramic 

(LTCC), and electronic beam-scanning will be presented in Chapter 2. 

1.1 Motivation and Objectives 

The proposed antennas in this dissertation are designed for 5G millimeter-wave (mm-

wave) applications. A summary of 5G applications and challenges is presented first.  

5G is the latest established communications standard with several diverse applications 

including the internet of things (IoT) [1]–[2] and vehicle to everything (V2X) 

communications [1]–[2]. Research trends are pushing the use of higher frequency bands 

since the lower frequency bands tend to be very crowded [3]. Moreover, the shift to 

higher frequencies leads to compact communication devices. Extensive research has been 

carried out on the network topologies and suitable antennas for 5G systems [1]–[27]. 

Providing high data rates in dense environments, increasing bandwidth, covering a vast 

number of users, reducing the path loss, and reducing the power consumption are among 

the main objectives of 5G wireless systems [1], [9]. 
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In wireless systems, antenna designers face several challenges, including antenna size, 

peak realized gain, and power consumption [2]. Reducing SLL is essential to enhance the 

detection accuracy and reduce interference from adjacent antennas and channels. 

Implementing beam-scanning antennas is necessary to cover a wide angular range 

simultaneously and provide communication links for several users in dense areas [11]. 

Vulnerability to the operational and environmental variations is another challenge in 5G 

networks that can be mitigated using an electronic beam-scanning antenna [9]. 

Development of an automated vehicle is a potential area for the application of 

reconfigurable antennas. Collision avoidance, adaptive cruise control, and V2X 

communications are among the main challenges in this application. Overall, 

implementing a low loss, compact, and beam-steerable antennas is crucial in 5G 

applications. 

Implementing a phased array in a wireless network is costly and adds to the 

complexity of the system. Each array element needs to be connected to a transceiver 

individually, and setting up the array elements to steer simultaneously is a challenging 

task [2], [3]. This is where implementing LWAs [28]−[30] becomes useful. Furthermore, 

implementing an LWA instead of a phased array reduces the cost and complexity of 5G 

applications. LWAs are among medium to high gain beam-steerable antennas [28]−[34] 

and suitable candidates for 5G applications. An LWA can be realized using waveguide or 

microstrip structures [28]−[30]. The waveguide structure has lower loss but is bulkier 

compared to the microstrip structure. SIW [35]−[47] is a low-profile structure that 

mimics a rectangular waveguide using planar microstrip technology. Antenna designers 

lean toward the adoption of the SIW as the backbone of the LWAs [48]−[76]. SIW can be 
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realized using printed circuit board (PCB) or LTCC [77]−[93] technologies. The 

packaging tolerance of LTCC is higher than PCB [77], while it is more expensive. 

Compactness, low cost, beam-scanning capability, and ease of fabrication are among the 

features that render a SIW LWA [48]−[76] a viable candidate for 5G applications such as 

IoT [2], V2X, and M2M communications [2]. As a result, SIW LWA was chosen as the 

structure of the proposed designs in this dissertation.  

The proposed antennas in this dissertation were designed to satisfy different antenna 

specifications for 5G applications in terms of gain, SLL, and beam-scanning range [7], 

[18], [22]−[27]. Generally, 5G single-element antennas have gain of 8−15 dBi [22], while 

5G arrays have gain of 21−28 dBi and SLL of -18 dB [22]. According to 5G ETSI-EN 

302217-4 RPE classes 1-4 standard, the required antennas’ gain for 5G systems ranges 

from -30 to 23 dBi depending on the main-lobe location in the frequency band of 24−30 

GHz [23]. The antennas' desirable gain in 5G V2X is 3 dBi [18], while the desirable SLL 

in 5G V2X system is about -10 dB [27]. The required gains of 5G MIMO antennas are in 

the range of 3−10 dBi [22], whereas the SLL is about -9 dB [7]. The desired gain, SLL, 

and beam-steering range of the antenna in 5G wireless communications are 10 dBi, -11 

dB, and 50°, respectively [24]. The preferred gain, SLL, and beam-steering range of the 

antenna in 5G cellphones are 11 dBi, -11 dB, and 60°, respectively [26].  

1.2 Methodology 

The focus of this dissertation is on developing new antenna technologies for 5G mm-

wave applications using a SIW/HMSIW-based LWA as the basic structure. 

Different antennas are proposed to address the challenges in 5G applications, such as 

detection accuracy, interference, beam-scanning range, operational and environmental 
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variations, path loss, and covering a vast number of users in dense areas. The proposed 

designs are suitable for different 5G applications, including blind-spot monitoring, radar, 

V2X communications, point-to-point communications, and wireless networks.  

To enhance the detection accuracy, the SLL should be reduced. The proposed methods 

for reducing SLL are based on modifying the aperture of an HMSIW LWA and the feed 

transition of a SIW LWA. Aperture and feed modification of HMSIW and SIW LWAs 

reduced SLL to -11.2 dB and -11.4 dB, respectively. The path loss can be compensated 

by increasing gain of the antenna, which is achieved by embedding cavities into a 

compact LTCC antenna. Doing so boosted the gain to 7.6 dB at 28.5 GHz. 

 Reconfigurable antennas offer electronic beam-scanning [94]−[133], a more common 

approach than frequency and mechanical beam-scanning because of its simplicity. 

Enhancement of the beam-scanning range can be achieved by implementing sets of 

compact reconfigurable cells. A GaAs varactor diode was chosen as the switch to achieve 

reconfigurability due to its advantages such as small footprint, high switching speed, and 

low loss. Sweeping the bias voltages of the embedded varactor diodes in different 

configurations led to the electronic beam-scanning in the range of 16° to 50°. 

Overall, the contributions of this Ph.D. dissertation can be listed as follows: 

1. The SLL of HMSIW LWA is reduced by tapering the side aperture for the first 

time, which reduces the sensitivity to interference from other antennas. 

2. The SLL of SIW LWA is improved by implementing a new tapered CPW as feed 

transition, which improves the detection accuracy. 

3. The gain of a compact LWA is improved by implementing cavities in an LTCC 

structure for the first time. This partly compensates for the path loss in a wireless 
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network. The high packaging tolerance of LTCC and compactness of the proposed 

antenna are among its additional features making it suitable for implementation in 

5G wireless devices.  

4. First of its kind, a programmable LWA based on new reconfigurable metamaterial 

cells is proposed. Sets of reconfigurable cells with negative permittivity act as the 

via fence and confine the field. Sweeping the bias voltage of the switches is similar 

to changing the width and cut-off frequency artificially. This leads to variations in 

propagation constant and electronic beam-scanning. 

5. Implementing several reconfigurable cells in HMSIW LWAs leads to electronic 

beam-scanning with relatively small gain variations. Different topologies including 

circular reconfigurable cells in straight and V-shape configuration are designed to 

accommodate 5G beam-scanning applications. 

6. Implementing several reconfigurable cells in transverse, longitudinal, and oblique 

configurations in SIW LWAs leads to electronic beam-scanning as well. Mounting 

electronic components on the backside of the antenna reduces the undesired 

blockage effect on the radiation pattern. 

7.  Embedding the bias circuitry into the ground plane results in the miniaturization 

of the electronic beam-scanning antennas for the first time. 

1.3 Dissertation Outline 

The organization of this dissertation is as follows. A comprehensive literature review 

is presented in Chapter 2. Two methods for reducing SLL are investigated in Chapter 3 to 

enhance the detection accuracy and robustness to interference in 5G mm-wave 

applications. A new approach for increasing the gain is introduced in Chapter 4 to 
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compensate for 5G wireless network's path loss. Several reconfigurable LWAs are 

proposed in Chapter 5 to enable the required beam-scanning capability in 5G beam-

scanning applications. In Chapters 3, 4, and 5, the design procedure, antenna structure, 

simulations, and measurement results of the proposed antennas are discussed. 

Conclusions and a list of achievements are given in Chapter 6, along with possibilities for 

future work.  
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Chapter 2: Literature Review  

The proposed antennas in this dissertation are HMSIW- and SIW-based LWAs 

designed for 5G mm-wave applications. Moreover, LTCC technology was implemented 

to achieve a compact antenna with high packaging tolerance. To achieve a suitable 

antenna for beam-scanning applications, several electronic beam-scanning antennas were 

designed in this dissertation. In this chapter, a comprehensive literature review on 5G 

systems and applications, LWA, SIW, LTCC, and electronic beam-scanning is presented 

to become familiar with the corresponding state-of-the-art trends and challenges. 

2.1 5G Systems and Applications  

New applications are being proposed and developed for the 5G communications 

standard [1]−[10], such as IoT [1], [2], V2X communications [1], [2], [14]−[18], machine 

to machine (M2M) communications, smart home, and remote medical service, as shown 

in Fig. 2.1 [9], [10]. 5G is expected to enable a revolutionary leap in terms of data rates, 

latency, connectivity, availability, reliability, and power efficiency [1].  

5G is built on the foundations of the current 4G systems. Both standards will co-exist 

for the foreseeable future. The main differences between 4G and 5G wireless systems are 

bandwidth, data rate, coverage range, and power consumption, as listed in Fig. 2.2 [10]. 

OFDM and OFDMA are the most suitable signal processing techniques for 5G wireless 

networks [3]. 
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Figure 2.1. Different 5G Applications [9]. 

 

 

Figure 2.2. Comparison between 4G and 5G systems [10]. 

The lower frequency bands are over-crowded by 4G and 3G systems. Therefore, 

research trends are pushing the use of higher frequency bands in 5G applications [3]. 
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Moreover, operating in the higher frequencies leads to smaller devices, an essential 

advantage of operating at these frequency bands. There are several focused activities in 

the research community to enable relevant technologies for the allocated 5G mm-wave 

frequency bands [1], [2]. One of the suitable frequency bands for the mm-wave 5G 

systems is 24−32 GHz due to the relatively small path loss [3] and low cost of the 

systems’ elements. Generally, mm-wave frequency bands are good candidates for short-

range point to point communications since the loss is negligible in the short distance [3], 

[11]. However, mm-wave signals are more susceptible to interference from other 

antennas and adjacent channels [11]. Since the beams of the antennas are usually 

directive at the mm-wave band, the sensitivity to the misalignment is higher than the low 

frequency regime [3]. This is one of the key reasons that implementing beam-steerable 

antennas with low SLL is crucial in 5G mm-wave applications [12].  

The promising features of 5G can be achieved by massive multi-input multi-output 

(MIMO) systems [2], [6], [7], [9], [10]. MIMO systems were introduced to 3G networks 

to improve network quality and enable access by several devices simultaneously. 

Equipping the base stations (BSs) with more antennas than the number of active users 

was the main idea behind the massive MIMO [3]. The size of the components in MIMO 

must be reduced as much as possible [10]. There are several methods for miniaturization, 

such as implementing LTCC-based devices. Implementing reconfigurable antennas in 5G 

massive MIMOs networks helps direct the antenna beam toward the user, improving the 

communication link quality [10].  

IoT and V2X are among the most challenging applications of 5G. IoT allows several 

devices to simultaneously connect to the internet and communicate with each other 
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wirelessly with extremely high efficiency and low cost [9], [10]. IoT make the realization 

of the smart cities, smart vehicles, and smart homes possible, as shown in Fig. 2.3. V2X 

provides high quality communication links between different moving vehicles and 

pedestrians [14]−[18]. Overall, implementing low power, low-profile, and beam-steerable 

antennas in V2X and IoT communications is crucial for keeping stable connections 

among moving users [14], [15].  

2.2 Leaky-Wave Antenna 

As stated before, realizing beam-steerable and medium to high gain antennas is crucial 

to overcome the path loss and vulnerability to the environment and operational variations 

[9]. LWA is a traveling wave antenna [28]−[31]. The radiation in an LWA occurs via the 

discontinuities on the guided structure, such as slots on the walls of a rectangular metallic 

waveguide. These antennas are called leaky-wave since the propagating wave gradually 

leaks into space through the discontinuities [28]−[31], as demonstrated in Fig. 2.4. 

 
Figure 2.3. Applications of IoT [9]. 
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Beam-steering capability, low-cost, ease of fabrication, and compactness are among 

the advantages of LWAs compared to phased array antennas [28]−[31]. The difficulty in 

controlling 0 and Δ individually, inherent frequency beam-squint of an LWA, and 

lower gain compared to the phased array antennas are among the disadvantages of 

LWAs. The beam-scanning in the LWA, as presented in Fig. 2.5, can be achieved 

through frequency, mechanical, or electronic beam-scanning.  

Since the late 1950s, numerous studies on LWAs have been carried out. Waveguide 

and microstrip structures are widely used as the guided structures for realizing an LWA 

[28]−[31]. A microstrip structure has an inherently large dielectric loss. On the other 

hand, waveguides are bulky and not suitable for integration and miniaturization purposes. 

SIW [35]–[39] has been widely implemented to design LWAs mainly because of its 

integration capability [48]−[62]. 

 

Figure 2.4. Leakage mechanism of an LWA.  

 

Figure2.5. Beam-scanning in an LWA.  
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Dispersion response is defined as the behavior of the complex propagation constant 

throughout the operating frequency band [134]−[136]. A typical dispersion diagram, 

exhibiting several Floquet modes, is presented in Fig. 2.6. Floquet modes are also called 

space harmonics and occur due to the periodicity of a structure. As observed in Fig. 2.6, 

the higher-order Floquet modes are the shifted version of the fundamental mode (n = 0) 

[134], [135]. In a waveguide-based periodic structure, the phase constants of fundamental 

(β0) and higher order modes (βn) are calculated by  

𝛽𝑛= 𝛽0 + 
2𝜋𝑛

𝑝
 

 

(2.1) 

𝛽0 ≅ 𝑘0√𝜀𝑟√1 − (
𝑓𝑐

𝑓
)

2

 

 

(2.2) 

 

where β0, n, p, εr, k0, and fc are phase constant of the fundamental Floquet mode, the 

number of the Floquet mode, period, relative permittivity, the free-space wavenumber, 

and cut-off frequency, respectively [134], [135]. Similar to the waveguide modes, 

Floquet modes also have cut-off frequencies that are determined by the period. In other 

words, the period of the cells determines the single mode propagation range. Often it is 

desired to have only one mode propagate. This can be accomplished by selecting the 

period, dielectric constant, and frequency range precisely [134]−[136]. In general, an 

LWA only radiates if it operates in the fast-wave region [28], [29], where  

-k0 <β< k0. The fast-wave region is located between the airlines, as demonstrated in Fig. 

2.6. In this region, the phase velocity of the leaky-wave is greater than the velocity of 

light in free space. The airlines with negative and positive slopes (i.e., β = ±k0) represent 

backward and forward endfires, respectively. While the frequency axis represents the 

broadside (i.e., β = 0). In the slow-wave region, the propagating wave is an evanescent  
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Figure 2.6. Dispersion diagram of a typical waveguide LWA. 

wave, attenuating quickly. Hence, radiation does not occur when the wave is in the slow-

wave region. 

The main-lobe pointing angle (θ0) and the half-power beamwidth (HPBW) (Δθ) are 

calculated by  

cos(𝜃0) =  
𝛽𝑛

𝑘0
 

(2.3) 

Δθ ≅
𝜆0

𝐿𝑟 sin (𝜃0)
 

 

(2.4) 

where Lr and λ0 are the radiation length and the free-space wavelength, respectively [28], 

[29]. According to (2.3), beam-scanning occurs by changing the phase constant βn, which 

lays the foundation of beam-scanning capability in an LWA. According to (2.3) and 

(2.4), the HPBW reduces by approaching the broadside region. On the other hand, 

approaching the endfire results in a larger HPBW [28], [29]. It should be noted that θ0 

was measured from the forward endfire (i.e., θ0 = 0° is at the forward endfire). 

LWAs are divided into three categories: uniform LWA (ULWA), quasi-uniform LWA 

(QLWA), and periodic LWA (PLWA) [28]−[30]. A ULWA has a uniform cross-section 

along the structure. A slot-based ULWA usually contains a single longitudinal long slot, 

as presented in Fig. 2.7(a). A ULWA cannot scan the whole hemisphere and only scans 
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the forward quadrant, i.e., from broadside to forward endfire [28]−[30], [48]−[50] 

because only the fundamental Floquet mode (n = 0) propagates in the ULWA. The SLL 

of a ULWA can be reduced by tapering the via fence and the slot, as shown in Figs. 2.8 

and 2.9 [48], [50]. The SLL was reduced to about -40 dB [48] and to about -23.2 dB [50] 

by tapering the via fence and shape of the slot. 

A QLWA contains several closely-spaced radiating elements, as illustrated in Fig. 

2.7(b). Since the period is so small, the cross-section can be considered uniform 

[28]−[30]. The small period of the slots assures that only the fundamental Floquet mode 

propagates. Hence, this antenna scans only the forward quadrant [28]−[30], [51]−[54]. A 

SIW-based QLWA with transversal slots was introduced in [51] for the first time, as 

shown in Fig. 2.10. In [51], tapered slots and via fences at both ends of the antenna were 

implemented to improve the return loss. The SLL of a QLWA can be reduced by tapering 

the via fence and length of the transverse slots, a type of amplitude tapering, as 

demonstrated in Figs. 2.11 and 2.12 [52], [54]. Tapering the slots in a shape of a fish led 

to a SLL reduction of about 20 dB [52], while tapering them in a shape of an eight-wing 

butterfly resulted in a SLL about -14 dB [54]. Changing the period of transverse slots, a 

type of space tapering, leads to SLL reduction of about 20 dB as well [53], as presented 

in Fig. 2.13.  

A PLWA has a periodic cross-section and contains several periodic radiating 

elements, as demonstrated in Fig. 2.7(c). Increasing the period of the cells results in the 

excitation of higher-order Floquet modes. As a result, a PLWA can scan the upper 

hemisphere i.e., from backward endfire to forward endfire [28]−[30], [55]−[57]. This is 

one of the main advantages of a PLWA. The radiation patterns of a PLWA and a QLWA 
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can be partially controlled following the array theory. However, it should be noted that 

LWAs are inherently different than array antennas due to the leaky-wave nature and 

gradual leakage from the discontinuities [28], [29].      

   

(a) (b) (c) 

Figure 2.7. Schematic view of different types of an LWA. (a) ULWA, (b) QLWA, and (c) PLWA. 

 

Figure 2.8. Proposed ULWA with reduced SLL in [48]. 

 

Figure 2.9. Top view of the proposed ULWA in [50]. 

 

Figure 2.10. The first reported SIW QLWA [51]. 
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Figure 2.11. Tapered SIW QLWA with reduced SLL [52]. 

 

Figure 2.12. Butterfly-shape QLWA with reduced SLL [54]. 

 

Figure 2.13. Thinned array QLWA based on air-filled waveguide [53]. 

It should be mentioned that the conventional PLWAs cannot scan the broadside due to 

the open-stop band (OSB) phenomenon [28]−[30], [44]−[46]. In a ULWA or QLWA, the 

beam is at broadside when no propagation occurs in the guiding structure, which is 

because of f = fc and β = 0. In a PLWA, the travelling wave becomes a standing wave at 

broadside. Hence, all the reflections add in-phase, causing significant impedance 

mismatch. The antenna structure must be modified to enable the broadside scanning. It 

can be done by implementing periodic engineered structures called metamaterial cells, 

which will be discussed in Section 2.5. Introducing additional via posts adjacent to the 

slots can resolve the OSB issue. The mitigation of the OSB was achieved by matching the 

impedance of the slots and the via posts in each antenna when the beam is at broadside, 

as presented in Fig. 2.14 [45], [46]. The broadside scanning can be also achieved by 

implementing surface-wave launchers and strip lines to support surface-waves 

[137]−[139]. 
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(a) (b) 

 

Figure 2.14. LWAs with additional via posts. (a) longitudinal slot [45], (b) transverse slots [46]. 

2.3 Substrate Integrated Waveguide 

There is a constant push for complex integrated communication devices. Hence, the 

device footprint becomes a premium. The antenna can be designed based on SIW to 

achieve a low-profile structure with reasonable cost [35]–[43]. SIW is widely used in 

mm-wave applications due to its remarkable benefits such as ease of fabrication, 

integration capability, compactness, and low cost. Hence, SIW is a suitable candidate as 

the guiding structure of the LWA. SIW was introduced in [41]−[43] for the first time as 

demonstrated in Fig. 2.15. Placing posts in a parallel plate waveguide resulted in 

confinement of the fields, as observed in Fig. 2.15(b). Before introducing SIW, the 

transition from waveguide to microstrip line was through complex and bulky structures 

that were not suitable for integrated applications [43]. One of the key features of SIW is 

the integration of waveguide into a planar form [43]. 

Via holes in a SIW can be utilized to emulate the operation of a dielectric-filled 

rectangular waveguide [35]−[37], as illustrated in Fig. 2.16. The via fences are in the 

shape of cylindrical holes that are filled with a conductive resin such as silver paste. The 

via fences act as the sidewalls of the waveguide that confine the electric field of the TEn0 

mode. In other words, SIW can only prevent TEn0 modes from leaking into space from 

the side via fences as the surface current of these modes is not disturbed by the vias. In 

contrast, the currents of TM and TEnm, m≠0 are disturbed and leakage occurs from the side 

via fences for such modes [35]−[37]. 
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(a) 

 
(b) 

 

Figure 2.15. The first reported SIWs. (a) parallel plate waveguide with posts [42], (b) field 

distribution in [41]. 

 

Figure 2.16. Conventional SIW. 

Confinement of the electric field of the TEn0 modes in a SIW can be achieved by 

adjusting the diameters of the vias (d) to be larger than one-third of the via spacing (s) 

and smaller than one-fifth of the width (transversal spacing of the via fences) (w) [35], 

[36]. The effective width of the structure (weff) and the cut-off frequency (fc) of TEn0 are 

calculated by 

𝑤𝑒𝑓𝑓 = 𝑤 − 1.08 
𝑑2

𝑠
+ 0.1 

𝑑2

𝑤
  

(2.5) 

𝑓𝑐 =  
𝑐

2𝑤𝑒𝑓𝑓√𝜀𝑟

 (2.6) 

 

where weff, w, d, s, c, and 𝜀r are the effective width, width, via diameter, via spacing, the 

velocity of light, and permittivity, respectively [35], [140], [141]. Concerning dispersion 

characteristics, SIW has the same guided wave properties as a dielectric-filled rectangular 

waveguide [35]. Despite all the similarities among rectangular waveguides and SIWs, 
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they have their differences. SIW is inherently a periodic structure that can suffer from the 

band-stop issue. Furthermore, if the via spacing is not set correctly, leakage can occur 

from the via fence due to the periodic gaps [35]. In terms of fabrication, if the conductive 

vias are not connected to the conductor planes through soldering, SIW will not confine 

the fields of TEn0 mode [35].  

SIW can be fed using surface-mounted or through-hole connectors. Through-hole 

connectors are not suitable for thin substrate. Implementing surface-mounted connector 

requires a microstrip transition to transfer signal from coaxial connector to SIW. 

Unfortunately, the microstrip transition has undesired effects on the radiation pattern 

[142], which will be discussed in Section 3.3. It should be noted that despite the 

integration feature of the SIW, it is difficult to realize it at frequencies beyond 100 GHz 

[82]. This is due to the fact that the spacing between the vias becomes too small at very 

high frequency which is a practical challenge [82].  

Removing half of the top conducting cladding of SIW will make the structure more 

compact. This new structure is called half-mode substrate integrated waveguide 

(HMSIW) [63], shown in Fig. 2.17. In the HMSIW LWA, radiation occurs from both the 

side aperture [63] and the slots over the surfaces [67]. Since the size of the side aperture 

is larger than the slots, most of the leakage occurs from the side aperture. Hence, 

controlling the leakage mechanism in the HMSIW is more complicated than the SIW, 

which is one of the drawbacks of the HMSIW.  
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Figure 2.17. The first reported HMSIW. (a) expanded 3D view, (b) top view [63]. 

The field distribution of an HMSIW is illustrated in Fig. 2.18. The fundamental mode 

in HMSIW is TE0.5,0, not TE10, since half of the top conductor cladding is removed [76]. 

Hence, the cut-off frequency of the dominant mode in HMSIW is half of the 

corresponding value in SIW. In other words, the effective width of HMSIW is half of the 

effective width of similar SIW found from (2.6). The second mode is TE1.5,0 with the cut 

off frequency of three times the dominant mode (TE0.5,0) cut-off frequency [76]. 

 

 

(a) 

 

(b) 

Figure 2.18. Conventional HMSIW (a) top view, (b) electric field distribution of the dominant mode 

(TE0.5,0) in HMSIW [76]. 



 21 

An HMSIW LWA generally has two main beams in its radiation pattern due to the 

small ground plane and reflection from the aperture. By increasing the thickness of the 

substrate, the lobe level of the second main-lobe reduces [63], [76]. The SLL can be 

improved by tapering the via fence [64]−[66] and side aperture [69], [70]. In [65], the 

side via fence was divided into multiple equal-length small segments, as presented in Fig. 

2.19(a). Then, using particle swamp optimization (PSO) and genetic algorithm (GA), the 

transversal location (i.e., distance from the central longitudinal axis) of each segment was 

optimized to minimize the SLL [65]. It was observed that if the phase constant varies 

significantly, the proposed method in [65] is not very useful for reducing the SLL. 

Unfortunately, the radiation underneath the HMSIW was ignored in [65]. While 

according to [63] and our investigation in Chapter 3, a large SLL exist in the lower 

hemisphere (i.e., underneath the HMSIW). Implementing the proposed method in [65] 

led to the reduction of SLL from -10.4 dB to -19.8 dB. 

 

 

(a) 

 

(b) 

Figure 2.19. Proposed HMSIW LWA with tapered via fence for SLL reduction [65]. (a) the proposed 

method based on dividing the side via fence into multi-section [65], (b) schematic of the reported 

HMSIW antenna with reduced SLL  [75]. 
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2.4 Low-Temperature Co-Fired Ceramic  

There is a continuous desire to miniaturize wireless devices. LTCC technology is 

among the most reliable and cost-effective technologies for implementing miniaturized 

designs [77]–[93]. LTCC was introduced in 1996 [78]. The packaging tolerance of LTCC 

structures is higher than PCBs since all layers in LTCC are fabricated simultaneously 

[77]–[79]. This is important in highly dense integrated applications. Overall, LTCC 

technology is a better candidate for miniaturized applications [78] due to its appealing 

properties, such as high packaging tolerance, ease of integration, the possibility of 

embedding components and cavities, low loss, and robustness to environmental 

conditions such as humidity [77]–[80]. However, surface roughness and thermal 

expansion of the layers are among the major issues in the LTCC design [77]–[79]. 

Furthermore, LTCC technology is more expensive than PCB. 

LTCC is a multi-layer structure in which different dielectric tape layers are stacked-up 

on top of each other and sandwiched between the conductor planes [77]. Generally, silver 

and gold are used as conductive materials in the LTCC structure. Therefore, the 

conductor loss of the LTCC is low. Dupont9k7 and FerroA6M are the most popular 

choices for the dielectric tape layers with dielectric constants of 5.6 and 7.1, respectively 

[77], [78]. The loss tangent (tan δ) of both is about 0.001 [77], [78]. Manufacturing the 

LTCC is a multi-step process [77], [78], as shown in Fig. 2.20. After stacking-up the tape 

layers over the conductor layers, the structure is baked. The baking/heating process 

results in the shrinkage of the layers [78]. To boost the thermal and mechanical strength, 

the bottom conductor layer must have meshed such that at most contains 50% conductive 

material [78]. 
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Figure 2.20. Fabrication procedure of LTCC [78]. 

The properties of LTCC are very appealing for the implementation of planar antennas 

at high frequency bands. Compactness, low loss, the possibility of ferroelectric 

integration, and beam-scanning capability are among the features that make LTCC based 

SIW LWA a suitable candidate for different mm-wave applications [78].  

A few compact vertical guiding structures based on LTCC were introduced in [82] to 

reduce the footprint, as shown in Fig. 2.21. This is one of the advantages of LTCC 

technology. The proposed idea in [82] was obtained from Silicon-based IC design in 

which the reduction of footprint at the expense of increasing the thickness is more 

desirable.  
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(a) 

 
(b) 

Figure 2.21. Vertical guiding structures based on LTCC [82]. (a) 3D view of the transition to 

SIW/horizontal waveguide, (b) 3D view of T-junction. 

2.5 Electronic Beam-Scanning 

Deployment of variable links require a beam-steerable antenna [1], [2]. Beam-

scanning can be achieved through frequency sweep, sweeping bias voltages of switches, 

or rotating the antenna mechanically. The electronic beam-scanning is the most 

preferable method due to its ease of implementation compared to the frequency and 

mechanical beam-scanning. Furthermore, using an electronic beam-scanning antenna can 

compensate for the unwanted frequency beam-squint in the face of variable operational 

and environmental conditions. Electronic beam-scanning can be accomplished by 

introducing active elements such as micro-electromechanical systems (MEMS) [143]–

[146], semiconductor switches, varactor diodes, PiN diodes [127], ferrite switches, or 

liquid crystals [127], as shown in Fig. 2.22. Semiconductor switches and varactor diodes 

have the highest switching speed and are more compact than MEMS. A varactor diode 

can change the capacitance continuously by sweeping the bias voltage. PiN diodes have 

the smallest footprint, but provide limited switching states i.e., “on” and “off” states. 

MEMS are mechanically tunable switches [143]–[146], require high bias voltage, and 

usually bulkier than PiN diodes and varactor diodes. However, MEMS have more 

comprehensive capacitance tuning ranges than the varactor diodes. Liquid crystals are 

fairly lossy in mm-wave and not suitable for the integrated applications [127]. 
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(a) 

 

(b) 

 

(c) 

Figure 2.22. Different methods for achieving electronic beam-scanning [127]. (a) Using 

switches/varactor diodes, (b) Through MEMS, (c) Implementing liquid crystal. 

A Gallium Arsenide (GaAs) varactor diode is a popular switch widely used in 

reconfigurable structures. Small footprint, high switching speed, ease of integration, and 

robustness are among the benefits of GaAs switches [127]. Hence, in the proposed 

designs, GaAs varactor diodes are realized to function as switches for electronic beam-

scanning. Tuning the bias voltages can be done manually or automatically through 

FPGAs and microcontrollers. Only a few commercial GaAs varactor diodes operate in 

mm-wave frequency bands. In this dissertation, MAVR000120-14110 [147] and 
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MAVR011020-14110 [148] varactor diodes are chosen as the required switches in the 

reported electronic beam-scanning antennas. The capacitance ranges of these varactor 

diodes are 0.2−0.9 pF [147] and 0.03−0.19 pF [148], respectively. The corresponding 

reverse bias voltage ranges from 1V to 15V. 

Several types of electronic beam-scanning antennas are reported in the literature, 

which are presented here briefly. Reconfigurable microstrip patch array antennas called 

“pixel antennas” were introduced [122]−[124]. In pixel antenna, several patches were 

connected through sets of switches, as presented in Fig. 2.23. Tuning the bias voltages of 

the switches led to variations in the antenna topology. A pixel antenna often requires 

implementing a large number of switches that increases the cost, complexity, and loss of 

the structure [123]. Implementing patches with different sizes [123] mitigates this issue to 

some extent. It should be noted that at high frequencies, the dimension of the switch is 

not negligible. Hence, the footprints of the switches affected the radiation pattern 

undesirably. The undesired effect of the switch on the radiation pattern can be reduced by 

placing the switch on the backside of the antenna. 

Reconfigurable metamaterials are widely used to achieve tunable refractive index and 

phase manipulation. Cloaking, tunable absorbers, tunable filters, tunable power dividers, 

and electronic beam-scanning antennas are among the other applications of 

reconfigurable metamaterials [127]. Metamaterial structures are artificially engineered to 

achieve unnatural responses that are difficult to achieve using conventional architectures 

[149].  
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(a) (b) 

  
(c) (d) 

Figure 2.23. Pixel antennas. (a) fabricated antenna with equal-sized patches [122], (b) fabricated 

antenna with different sizes patches [123], (c) radiation pattern at 2.5 GHz [122],  (d) measured 

radiation pattern at 2.45 GHz [123]. 

One of the most famous metamaterial structures is the composite right-hand left-hand 

(CRLH) structure [149]−[165]. The equivalent circuit of a CRLH structure is shown in 

Fig. 2.24(a), consisting of shunt and series resonators [149]. To realize a CRLH structure, 

shunt inductors and series capacitors must be added to the conventional transmission line 

that contains shunt capacitors and series inductors [149]. In a reconfigurable HM/SIW 

CRLH, as illustrated in Fig. 2.24(b), the top cladding, switches, substrate, and the via 

fences act as a series inductor, series capacitors, shunt capacitor, and shunt inductors, 
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respectively. In a multi-layer structure, interdigital slots and embedded patches can also 

be modelled as series and shunt capacitors, respectively. The conventional structure (i.e., 

RH structure) has positive permittivity and permeability and supports forward radiation. 

In contrast, the LH structure has negative permittivity and permeability and supports 

backward wave propagation. CRLH structure supports both backward and forward 

radiation depending on the frequency band. Hence, CRLH LWA scans from backward 

endfire to forward endfire. As stated before, implementing CRLH is a solution for 

overcoming the OSB issue that only happens if the balance conditions are satisfied 

[149]–[151]. In other words, shunt and series resonance frequencies in addition to the 

series and shunt resonance impedance must be equal [149]–[151]. If the balance 

condition is not satisfied, a gap appears in the dispersion diagram. The dispersion 

diagrams of the balanced and un-balanced CRLH structures are presented by dashed and 

solid lines in Fig. 2.25, respectively. 

 

Switch
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cladding
Conductor 

loss

Dielectric 
loss
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line capacitor

Via fence

 
(a) (b) 

 

Figure 2.24. Equivalent circuit of CRLH. (a) conventional CRLH structure, (b) SIW-based CRLH 

structure. 

 
Figure 2.25. Dispersion diagram of a CRLH structure [149].  



 29 

A CRLH structure is a suitable candidate for reconfigurable metamaterial antenna 

since changing the dimensions of CRLH cells leads to variations in permittivity and 

permeability [149]. The proposed antennas in [128] and [129] were among the first 

reported CRLH reconfigurable LWAs, as shown in Fig. 2.26. Sweeping the bias voltage 

led to variations in the capacitance of the varactor diode. This led to the variations in the 

impedance and propagation constant, which caused the changes in the radiation pattern. 

Tuning the capacitance of all varactor diodes uniformly resulted in beam-scanning, while 

non-uniform tuning led to the variations in HPBW [129]. Both series and shunt varactor 

diodes were used in [129] to achieve a more flexible design approach. The antenna’s 

beam scanned space from -49⁰ to 50⁰ at 3.33  GHz [128] and from -10⁰ to 7.5⁰ at 3.23 

GHz [129]. 

  

(a) (b) 

  
(c) (d) 

 

Figure 2.26. Reconfigurable CRLH antennas with shoring stubs and interdigital capacitors. (a) 

fabricated antenna proposed in [128], (b) fabricated structure designed in [129], (c) radiation pattern 

at 18V [128], (d) radiation pattern at 2V [128]. 



 30 

HMSIW is a more suitable candidate for realizing a reconfigurable CRLH antenna 

than SIW since the shunt branches of SIW are usually not accessible [99]. A 

reconfigurable HHMSIW CRLH LWA was proposed in [99], as presented in Fig. 2.27. 

The proposed antenna made use of series and shunt tuning capacitors to achieve 

electronic beam-steering from -31⁰ to 35⁰ at 6.5 GHz with a peak gain of 9.5 dBi. In a 

multi-layer structure, interdigital capacitors and embedded patches can be used as series 

and shunt capacitors, respectively. Furthermore, the capacitors between the top cladding 

and grounded patches adjacent to the side aperture acted as shunt capacitors [99]. 

Placing several vias near the aperture of HMSIW, creating gaps around the vias in the 

ground plane, and connecting the via to the ground plane through switches also led to a 

reconfigurable HMSIW antenna, as shown in Fig. 2.28 [97]. Introducing 24 switches over 

the gaps in the ground plane led to the electronic beam-scanning from 31⁰ to 60⁰ at 6 

GHz with a peak gain of 12.9 ± 0.6 dBi [97]. It was also observed that increasing the 

number of reconfigurable cells resulted in a broader scanning range [97].  

 

 

(a) (b) 

Figure 2.27. Reconfigurable CRLH HMSIW LWA [99]. (a) schematic of the antenna, (b) radiation 

pattern at 6.5 GHz. 
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(a) (b) 

Figure 2.28. Reconfigurable HMSIW LWA with tunable grounded aperture [97] (a) schematic of 

the antenna, (b) radiation pattern at 6 GHz. 

A reconfigurable HMSIW antenna with variable aperture can also be formed by 

placing several vias adjacent to the side aperture of HMSIW and connecting them to the 

aperture through sets of switches, as presented in Fig. 2.29 [104].  

Placing a gap around each via of SIW and connecting the vias to the top cladding and 

ground plane through PiN diodes resulted in a reconfigurable SIW antenna [108], [111]. 

Changing the diode state (“on” or “off”) led to the variations in the width of SIW. This 

changes the cutoff frequency and propagation constant, which led to the electric beam-

scanning from 46⁰ to 68⁰ at 5.2 GHz, as shown in Fig. 2.30 [108]. 

 

 
(a) (b) 

 

Figure 2.29. Reconfigurable CRLH HMSIW LWA with tunable grounded aperture [104] (a) 

schematic of the antenna, (b) radiation pattern at 8.2 GHz. 
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(a) (b) 

Figure 2.30. Reconfigurable SIW LWA with variable via fences [108]. (a) schematic of the antenna, 

(b) radiation pattern at 5.2 GHz.  

A reconfigurable corrugated SIW LWA was proposed in [109], as illustrated in Fig. 

2.31. Corrugating the SIW helped with reducing the size of the structure. Switching the 

diodes led to the electric beam-scanning. The antenna scanned from 34⁰ to 59⁰ at 5.8 GHz 

with a peak gain of 12.4 dBi [109].  

 

 

(a) (b) 
 

Figure 2.31. Reconfigurable corrugated SIW LWA with fan shape patches and open circuit stubs 

[109]. (a) schematic of the designed antenna, (b) radiation pattern at 5.8 GHz. 
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A reconfigurable SIW cavity-backed antenna was introduced in [111], as presented in 

Fig. 2.32. Placing varactor diodes over the top and bottom gaps around the cylindrical 

posts led to the variation in the impedance and the propagation constant that resulted in 

electronic beam-scanning from -30⁰ to 41⁰ at 2.6 GHz [111].  

For the first time, the via fences of a SIW were replaced by periodic cells with 

negative permittivity in [120], as shown in Fig. 2.33. It was shown that the cells confined 

the electric field of TEn0 modes. Hence, they could be used instead of the via fences. The 

proposed periodic cells were metallic posts with square shape rings. The permittivity and 

the permeability of the periodic cells were obtained using Nicolson Ross Weir (NRW) 

algorithm [121]. The proposed reconfigurable cells posed variable permittivity. Hence, an 

array of reconfigurable cells resulted in a reconfigurable structure.  

 
 

(a) (b) 
 

Figure 2.32. Reconfigurable cavity-backed SIW antenna with tunable posts [111]. (a) schematic of 

the antenna, (b) radiation pattern of the antenna at 2.6 GHz. 
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Figure 2.33. Schematic view of the proposed reconfigurable structure with negative εr cells [120]. 

A reconfigurable microstrip structure called field-programmable microwave substrate 

(FPMS) was proposed in [121], as presented in Fig. 2.34. Different reconfigurable 

structures such as a waveguide, an oscillator, and an amplifier were realized based on 

FPMS, as shown in Fig. 2.35. The proposed structure has the potential to be used as a 

reconfigurable antenna. It contained 256 reconfigurable cells fabricated on PCB. As 

demonstrated in Fig. 2.34(a), the proposed cell consisted of cross-shape metallic stubs 

connected to a tapered patch through a varactor diode [121]. The bias circuitry was 

located underneath the structure. To bias the varactor diode, one end of the switch was 

connected to the ground through an inductor and the other end to the bias circuitry 

through an RF block (10kΩ resistor) and vias. To prevent large reflection of RF signal 

entering the switch, each varactor diode was grounded through a DC block (2.2nF 

capacitor) and sets of vias [121]. Overall, some portion of the incoming signal went to the 

ground through varactor diode and DC block, while the rest passed to other cells through 

the stubs. Switching led to the variations in S-parameters that changed permittivity and 

permeability [121]. By applying the appropriate bias voltage, negative permittivity was 

achieved. Periodic cells with negative permittivity were implemented to confine the 

electric field. The proposed cells suffered from high loss due to the implementation of 

switches and RF blocks. However, it was discovered that reducing the cell size led to 
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more negative permittivity with lower loss. Hence, smaller cells confine the electric field 

more efficiently [121]. It was observed that loss increased by approaching the resonance 

frequency of the cell. The proposed periodic cells were designed for the frequency band 

of 0.5−3.5 GHz [121]. To achieve a miniaturized reconfigurable structure, reconfigurable 

cells were also designed in LTCC. The proposed LTCC structure is presented in Fig. 2.36 

[121]. Each cell consisted of metallic parallel plate square rings with a central post. To 

reduce the number of switches, twelve cells were combined to create a master cell [121]. 

Each master cell was controlled by a CMOS chip. Different LTCC based waveguides 

were designed using the LTCC cells in the frequency bands of 2.5−3.5 GHz [121].  

  

(a) (b) 
 

Figure 2.34. Schematic view of the field-programmable microwave substrate (FPMS) [121]. (a) the 

proposed unit cell, (b) FPMS. 

  

(a) (b) 
 

Figure 2.35. Reconfigurable waveguide realized on FPMS [121]. (a) Vbias = 25 V, (b) Vbias = 10.72 V. 
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(a) (b) 
 

Figure 2.36. Schematic view of LTCC-based reconfigurable structure [121]. (a) master cell, (b) 

LTCC FPMS. 

Unfortunately, based on our investigations, achieving negative permittivity using the 

proposed cells for confining the field in mm-wave frequency bands is not possible. 

According to our studies, cells with εr below -10 confine the electric field. Furthermore, 

cell size must be smaller than λ/10 to achieve such permittivity. However, in mm-wave 

frequencies such as 28.5 GHz, fabricating such small cells and assembling the varactor 

diodes, chip capacitors, and chip resistors are not realistic. 

2.6 Summary 

In this chapter, the trends and the challenges of 5G applications were discussed first. 

Next, the fundamentals of LWA, SIW, and HMSIW were investigated. Different 

SIW/HMSIW-based LWAs were also introduced. LTCC technology along with its 

appealing features such as high packaging tolerance was introduced next. Finally, the 

foundations of electronic beam-scanning antennas and some exemplary ones were 

investigated.  

This literature review provides a glimpse of the current challenges in antennas for 5G 

applications. It also shows the benefits and drawbacks of LWAs, SIW/HMSIWs, and 

reconfigurable antennas. While the advantages of the reported works confirm the 

suitability of SIW/HMSIW based LWA for 5G applications, their disadvantages shed 
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light on possible areas that need further research and contributions. Reducing SLL, 

improving gain, and increasing beam-scanning range of a compact SIW/HMSIW LWA 

operating in mm-wave are among the crucial topics that need further investigations. In 

the following chapters of this dissertation, methods for reducing SLL, increasing gain, 

and achieving desired beam-scanning range will be proposed.  
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Chapter 3:  Side-Lobe Level Reduction in HMSIW/SIW 

LWAs 

To increase the detection accuracy and robustness to interference, the implemented 

antennas must scan space with a low SLL. Two design methods are proposed in this 

chapter to reduce the SLL of LWAs; one is based on tapering the aperture and the other is 

based on modifying the feed. 

3.1  General Background 

There are several approaches for reducing the SLL of HMSIW and SIW LWAs. 

Tapering the via fence, the side aperture, slots sizes, and modifying the feed section are 

the most effective methods for the SLL reduction of SIW and HMSIW based LWAs. 

Two new approaches for reducing SLL of HMSIW and SIW LWAs are discussed in this 

chapter. The first approach is based on tapering the aperture for reducing the SLL of an 

HMSIW based LWA and discussed in Section 3.2. The second method is proposed in 

Section 3.3 for the SLL reduction of a SIW based LWA by modifying the feed transition. 

The design procedure, parametric study, simulated, and measured results are discussed 

thoroughly. A comparison with the state-of-the-art antennas is also made. 

 

3.2 Reduction of SLL by Tapering the Side Aperture 

One of the issues of the HMSIW LWA is the large SLL of the radiation pattern [63]. 

Tapering the side via fence is a convenient technique to reduce the SLL of the HMSIW 

LWA [64]−[66]. A new method for reducing the SLL of HMSIW LWA is proposed in 

this section. The proposed method is based on tapering the side aperture of the HMSIW 

LWA [69], [70].  
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The width of the HMSIW was chosen to enable single-mode propagation over the 

desired frequency bandwidth. Assuming the propagation of only the fundamental mode 

(TE0.5, 0), the width of the antenna was calculated by  

𝑤 =  
𝑐

4√𝜀𝑟  𝑓𝑐 
 (3.1) 

where w, fc, εr, and c are the width of the antenna, cut-off frequency, dielectric constant, 

and velocity of light in free space, respectively [63], [76]. According to (3.1), assuming fc 

= 24 GHz and εr = 2.2, the corresponding w is 2.1 mm. In SIW and HMSIW, the via 

fence acts as waveguide sidewall when (2.5) is satisfied, and s/d and d/w be smaller than 

3 and 0.2, respectively [35], [36]. The radiation length of the antenna was obtained by 

(2.4). Δθ and θ0 were selected as 15⁰ and 70⁰, respectively, resulting in Lr = 39 mm based 

on (2.4). The total length of the antenna depends on the feed length, which was optimized 

to achieve the minimum return loss and residual power. Therefore, the total length of the 

antenna is 70 mm. It should be noted that θ0 was measured from the endfire (i.e., θ0 = 0° 

is at endfire). According to (2.3), changing β leads to variations in θ0 and beam-scanning. 

Since HMSIW is a compact dielectric-filled rectangular waveguide and the open 

aperture in the HMSIW acts as a magnetic wall, the same procedure as slotted rectangular 

waveguide was followed to find the radiation pattern. Assuming dominant mode (TE0.5,0) 

propagation in the z-direction, the aperture electric field components were determined by 

𝐸𝑦 = 𝐴𝑚 𝑘𝑥 sin𝑘𝑥(𝑤 − 𝑥) cos(𝑘𝑦𝑦) 𝑒−𝑗𝑘𝑧 𝑍 (3.2) 

𝐸𝑥 = 𝐴𝑚 𝑘𝑦 cos𝑘𝑥(𝑤 − 𝑥) sin(𝑘𝑦𝑦) 𝑒−𝑗𝑘𝑧 𝑍 (3.3) 

𝑘𝑥 =  
𝜋

2(𝑤 − 𝑎)
 

 

(3.4) 
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𝑘𝑧 =  √𝑘0
2 𝜀𝑟 −  

𝜋2

4(𝑤 − 𝑎)2
− (

𝜋

ℎ
)

2

 

 

(3.5) 

𝑘𝑦 =  
𝜋

ℎ
  (3.6) 

where Am, h, a, kx, ky, kz, Ex, and Ey are amplitude coefficient, the thickness of the board, 

location of the maximum electric field along the x-axis, the x, y, and z components of the 

wavenumber, x and y components of the aperture electric field, respectively [138]. The 

electric field distributions of the conventional (i.e., Wa = 0) and tapered aperture (i.e.,  

Wa = 0.13 mm) HMSIW LWAs are presented in Fig. 3.1. According to Fig. 3.1, tapering 

the aperture shifted the locations of the maximum electric field (i.e., a), which changed 

kx, kz, and the electric field distribution according to (3.2)−(3.6). The far-zone fields are 

related to the aperture fields and surface currents through the fast Fourier transform 

(FFT) [138]. As a result, tapering the aperture disturbs the radiation pattern. 

3.2.1 Structure of the HMSIW LWA 

The proposed design was based on Rogers RT/Duroid 5880 substrate with 0.5 oz 

copper cladding, as presented in Fig. 3.2. The length, width, and thickness of the antenna 

are 70 mm, 11.5 mm, and 0.127 mm, respectively. The small size of the antenna makes it 

a suitable candidate for miniaturized mm-wave applications. The length and width of the 

antenna were determined following the procedure mentioned in sections 2.1 and 3.2. It 

should be noted that w is the waveguide width of HMSIW, while the total width was 

chosen to minimize the radiation underneath the antenna. In other words, the extended 

copper cladding (beyond the via fence) acts as a ground plane/reflector. To achieve a 

low-profile antenna, the thickness of the antenna was chosen as 0.127 mm that is the  
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(a) (b) 

  
(c) (d) 

Figure 3.1. Electric field distributions of the conventional and tapered aperture HMSIW LWAs [70]. 

(a) Top view of E-field distribution in conventional HMSIW LWA (i.e., Wa = 0), (b) Top view of E-

field distribution in tapered aperture HMSIW LWA (i.e., Wa = 0.13 mm), (c) 3D view of E-field 

distribution in conventional antenna, and (d) 3D view of E-field distribution in HMSIW LWA with 

tapered aperture. 

thinnest available substrate. However, similar to the waveguide structures, the small 

thickness of the substrate results in higher conductor loss and lower gain. Moreover, a 

thin substrate is more sensitive to mechanical stress. The mechanical strength of the 

antenna can be enhanced by adding an aluminum sheet as the ground plane. 

In addition to the tapered microstrip transition, tapered side via fence was used to 

improve the impedance matching. Each end of the antenna was terminated with a 2.4mm 

connector. One connector was terminated with a 50Ω matched load, while the other was 

connected to the signal generator. It should be noted that tapering the side aperture 
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changes the impedance matching as well. To reduce the effect on the impedance 

matching, only part of the aperture corresponding to the radiation section was tapered.  

Several tapering topologies for the side aperture were implemented, as demonstrated 

in Fig. 3.3. The chosen trapezoid configuration results in minimum SLL as compared to 

the other shapes. The ease of realization of the selected topology is another key benefit of 

the proposed configuration. 

3.2.2 Simulation Results 

The full-wave simulations have been carried out using Ansys HFSS v.18. The S-

parameters results are presented in Fig. 3.4. According to Fig. 3.4, the proposed antenna 

exhibits a return loss better than 10 dB over the 2.6 GHz bandwidth ranging from 26.6 

GHz to 29.2 GHz. The corresponding insertion loss is ranging from 6 dB to 15 dB 

indicating the small residual un-radiated power. 

Top Copper Cladding

Ground Plane

Dielectric Layer
2.4 mm Connector

 

(a) 

11.5 m
m4.35 mm 2.1 mm

0.13 mm

0.8 mm 0. 4 mm

26 mm

39 mm

70 mm
Z

x

y

(b) 

Figure 3.2. Schematic of the proposed HMSIW LWA with reduced SLL. (a) 3D view, (b) top view 

[69]. 
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(a) (b) (c) 
 

Figure 3.3. Different topologies for tapering the side aperture. (a) rectangular shape, (b) 

triangular/saw shape, (c) trapezoid shape. 

 

Figure 3.4. Simulated S-parameters of the proposed 0.127mm HMSIW LWA with reduced SLL [69]. 

The radiation gain patterns of the antenna at different frequencies are presented in Fig. 

3.5, indicating that the main-lobe of the radiation pattern rotates and the beam scans 

space by sweeping the frequency. The frequency sensitivity of the radiation pattern was 

reduced by tapering the aperture, which led to the reduction of the effective dielectric 

constant. This is advantageous in applications where large frequency beam-squint is not 

desirable. According to Fig. 3.5, the proposed antenna scans space with medium gain and 

low SLL. The simulated realized gain, SLL, and main-lobe angle of the antenna in the E-

plane (YZ-plane) at 28.5 GHz (center frequency) corresponding to about 10 dBi,  

-19 dB, and 55⁰, respectively [69]. The SLL cannot be reduced beyond some point while 

obtaining proper gain and low return loss. This is because of the trade-off between return 

loss, SLL, and gain. 
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Figure 3.5. Simulated radiation patterns of the proposed thin HMSIW LWA at E-plane (YZ-plane) 

( = 90⁰) [69]. 

To increase the mechanical strength of the antenna and make the fabrication easier, the 

proposed method was realized on a thicker (0.5 mm) substrate. The simulated and 

measured results of the proposed antenna are discussed in Section 3.2.3. 

3.2.3 Fabrication and Measured Results 

Due to the PCB fabrication technology limitation and softness of the PTFE material, a 

precise tapered aperture is not achievable in thin substrates such as 0.127 mm substrate. 

Hence, the proposed design procedure was realized on a thicker Roger RT/Duroid 5880 

substrate with the tan(δ) = 0.0009. The small dielectric loss was a key factor for selecting 

this substrate as the backbone of the proposed antenna. Following the design procedure, 

the length, width, and thickness of the fabricated antenna are 70 mm, 15 mm, and 0.5 

mm, respectively. The fabricated antenna is presented in Fig. 3.6. Some of the important 

geometrical parameters of the antenna are reported in Table 3.1. Both ends of the antenna 

were terminated with k-connectors, while the output was connected to a 50Ω matched 

load to absorb the non-radiated power. Since the impedance of the radiating section of the 
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antenna is different from the input impedance, a tapered via fence was implemented to 

improve the impedance matching. The surface mounted connectors were connected to the 

ground through screws (shown as grey cylinders) on the sides of the center pin, acting as 

a co-planar waveguide (CPW), which justifies the use of CPW to microstrip line 

transitions at each end. The vias were filled with a conductive resin (e.g., silver paste) to 

replicate the sidewall of the waveguide and confine the fields of TEn0 modes. The side 

aperture of the antenna was tapered in a trapezoid shape with Wa width to reduce SLL. 

An exaggerated view of the side aperture is shown in Fig. 3.6(b) to highlight the tapered 

side aperture. Due to fabrication technology limitations, it was impossible to taper the 

dielectric layer and top copper cladding without cutting the ground plane. Hence, the top 

cladding, the dielectric layer, and the ground plane were cut similarly.  

The S-parameters were measured at Carleton University using a Rohde & Schwarz 

ZVA-67 VNA. The S-parameter measurement setup is shown in Fig. 3.7. The measured 

and simulated S-parameters are presented in Fig. 3.8. According to Fig. 3.8, the proposed 

antenna exhibits a return loss better than 10 dB over the frequency band of 26 GHz to 30 

GHz. The insertion loss ranges from 8 dB to 12 dB over the 10 dB impedance bandwidth 

(i.e., 26−30 GHz). This shows that about 10% of the input power reaches the matched 

load at the output, which confirms the reduction of SLL by tapering the side aperture. 

Table 3.1. Some of the important geometrical parameters of the proposed LWA [70]. 

Parameter h W Wt Wa 

Value (mm) 0.5 2.1 15 0.13 
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(d) 

Figure 3.6. Schematic view of the fabricated HMSIW LWA. (a) 3D view (tapered side aperture of the 

width of Wa was circled in the same view), (b) the exaggerated non-scaled view of the tapered 

aperture, (c) top view, and (d) manufactured antenna [70]. 
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Figure 3.7. S-parameters measurement setup of the proposed HMSIW LWA [70]. 

 

Figure 3.8. S-parameters of the fabricated HMSIW LWA with reduced SLL. 

The radiation gain patterns of the proposed HMSIW LWA were measured at the 

PolyGram anechoic chamber in Polytechnique De Montreal. The measurement setup is 

presented in Fig. 3.9. A standard gain horn antenna MI-12A-26 with an average peak 

gain of 23.6 dBi over the frequency band of 26.5 GHz to 30 GHz was used. It should be 

noted that the reported radiation patterns in this dissertation correspond to the E-plane 

(YZ-plane). Unfortunately, measuring the H-plane is out of the capability of the 

measurement system. This is due to the fact that the antenna’s main-beam is tilted from 
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the broadside and the antenna needs to be steered to measure the H-plane. Moreover, the 

reported radiation patterns are the realized gains, which take the mismatch into account.  

The simulated and measured radiation patterns of the proposed HMSIW LWA at 28.5 

GHz are presented in Fig. 3.10, confirming that tapering the aperture leads to SLL 

improvement [70]. It should be noted that the conventional HMSIW LWA resembles  

Wa = 0, while the tapered aperture HMSIW LWA corresponds to Wa = 0.13 mm. The 

radiation patterns of the proposed antenna at different frequencies are shown in Fig. 3.11, 

indicating frequency beam-scanning with relatively low SLL.  

  

(a) (b) 

Figure 3.9. Measurement setup for measuring the radiation pattern of the proposed HMSIW LWA. 

(a) antenna under test (AUT), (b) anechoic chamber [70]. 

 

 

Figure 3.10. Radiation patterns of the fabricated HMSIW LWA at 28.5 GHz and E-plane [70].  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.11. Radiation patterns of the proposed HMSIW LWA at E-plane (φ = 90◦) and different 

frequencies [70]. (a) at 28 GHz, (b) at 29 GHz, (c) 26.5 GHz, and (d) at 29.5 GHz. 

As stated before, HMSIW has two main-lobes in E-plane [63]. The absence of a large 

ground plane causes the appearance of a second main-beam. Reflection from the feed 

transition and the aperture can also lead to the existence of the second main-beam. 

Tapering the side aperture results in the SLL of -13.8 dB and -11.2 dB in the upper 

hemisphere and full space, respectively. The SLL changes by sweeping the frequency due 

to the leaky-wave nature of the proposed antenna [28]−[30]. Truncating the dielectric 

layer reduced the effective dielectric constant closer to one, leading to the reduction of 
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the frequency sensitivity. In other words, the beam scanned space at a slower rate. This is 

beneficial for applications where large frequency beam-squint is not desirable. The 

simulated and the measured peak realized gain of the proposed antenna are shown in Fig. 

3.12, indicating the medium to high gain in the frequency band of 26−30 GHz. It should 

be noted that the peak realized gain is more realistic than the peak gain since the S-

parameters were considered in it.  

To establish the advantages of the proposed design, a comparison is made in Table 3.2 

with similar reported antennas. Our proposed antenna exhibits the lowest SLL in full 

space compared to [63]−[68], confirming the key advantage of our proposed design. SLL 

of our proposed LWA in the upper hemisphere is lower than the reported ones in [63], 

[64], [66], and [67]. The reported SLL at the upper hemisphere in [65] and [68] is lower, 

but the radiation patterns in [65] and [68] were only considered in the upper hemisphere. 

Our reported peak realized gain is lower than the reported ones in [63], [65], and [68] 

which is due to the longer length of those antennas. Our operating frequency bandwidth 

is similar to the one reported in [63], while the length of the antenna in [63] is almost 

twice our proposed LWA. This shows that the antenna can be miniaturized while gain 

remains almost constant. Overall, Table 3.2 indicates that the proposed structure is a 

suitable candidate for 5G mm-wave point to point communication. 
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Figure 3.12. Peak realized gain of the proposed HMSIW LWA [70]. 

Table 3.2. Comparison among similar antennas in terms of SLL, peak gain, frequency band, and 

antenna length [70]. 

Design SLL upper 

hemisphere 

SLL full-space Peak Gain Frequency 

Band 

Antenna 

Length 

Our proposed 

HMSIW LWA 

with tapered 

aperture 

-13.8 dB -11.2 dB 10.6 dBi 26−30 GHz 6 × λ 

[63] -12.5 dB -1 dB 11.7 dBi 25−28 GHz 12 × λ 

[65] -23.8 dB Not reported 15.6 dBi 6.5−10 GHz 8 × λ 

[64] -4 dB -1 dB 6 dBi 6.7−17 GHz 10 × λ 

[67] -12 dB -10.5 dB 5.8 dBi 2.98−3.04 GHz 1.5 × λ 

[66] -13 dB Not Reported 10 dBi 8.5 GHz 4 × λ 

[68] -15 dB -9 dB 18.2 dBi 5.78−5.82 GHz 7.8 × λ 

 

Due to the small thickness of the Rogers RT/Duroid 5880 board, the antenna becomes 

more vulnerable to mechanical stress. Difficulty in achieving a clean cut, due to the 

softness of the PTFE material, is another factor causing discrepancies between measured 

and simulated results. Fabrication errors such as air gaps in the vias lead to undesired 

leakage through the via fence.  
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A sensitivity analysis was carried out to investigate discrepancies between simulated 

and measured results more thoroughly. Therefore, some of the important structural 

parameters such as the thickness of the substrate (h), the width of the antenna (Wt), 

waveguide section width (W), and the aperture size (Wa) were changed individually and 

their impacts on antenna performance were investigated subsequently through the 

simulations. It should be noted that in each case to study the effect of each parameter 

individually, only one parameter was changed while the others were held constant. The 

S-parameters for different combinations are reported in Fig. 3.13. Reducing W increases  

 

  
(a) (b) 

  
(c) (d) 

 

Figure 3.13. S-parameters of the proposed antenna for different combinations. (a) different values 

of h, (b) different values of W, (c) different values of Wa, and (d) different values of Wt [70]. 
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the cutoff frequency (fc), affecting the propagation constant and modal structure. Hence, 

as presented in Fig. 3.13, return loss changes drastically by varying W. The normalized  

radiation patterns for different parameters are illustrated in Fig. 3.14. According to Fig. 

3.14, Wa and W play the dominant roles in SLL. Hence, small fabrication errors in 

tapering the aperture and placing the via fence lead to the discrepancies. The peak 

realized gains of the antenna for different parameters are reported in Fig. 3.15. Overall, 

this parametric study indicates that W contributes the most to the deviations in S-

parameters and peak realized gain.  

  
(a) (b) 

Figure 3.14. Normalized radiation patterns of the proposed HMSIW LWA obtained by changing 

different parameters at 28.5 GHz. (a) E-plane for different values of h and Wa, (b) E-plane for 

different values of W and Wt. [70] 
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Figure 3.15. Peak realized gain of the proposed HMSIW LWA obtained by changing different 

parameters [70]. 

Attaching the connectors may bend the ends of the antenna because of the small 

thickness and relatively long length of the antenna. To simulate this situation, the 

connector was rotated to make an angle ξ from the horizon (XZ plane), as shown in Fig. 

3.16. The S-parameters, peak realized gain, and normalized radiation patterns at 28.5 

GHz are reported in Figs. 3.17−3.19, respectively. According to Figs. 3.17 and 3.19, 

sweeping ξ leads to higher SLL and smaller return loss. Since the connector center pin 

does not lie on the signal trace completely in this situation, a mismatch occurs, and most 

of the input power is reflected toward the signal generator. This degrades the antenna 

performance in terms of SLL and the return loss. According to Fig. 3.19, by sweeping ξ, 

the lobe level of the beams radiating underneath the antenna increase. This is the result of 

a large mismatch and unwanted reflections from the connectors. 

x

ξ 

Z

y

 
Figure 3.16. Schematic view of the proposed LWA with connectors offset from the horizon by ξ [70]. 
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Figure 3.17. S-parameters of the proposed HMSIW LWA with rotated connectors at 28.5 GHz [70]. 

 

Figure 3.18. Peak realized gain of the proposed HMSIW LWA obtained with offset connectors at 

28.5 GHz [70]. 
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Figure 3.19. Normalized radiation patterns of the proposed HMSIW LWA with offset connectors at 

28.5 GHz and E-plane (φ = 90◦) [70]. 

The antenna may also bend under the physical stress due to the small thickness of the 

board, as presented in Fig. 3.20. To simulate such a case, the antenna was bent with the 

gradual deviation from the horizon up to hb = 6 mm by moving toward the two ends of 

the antenna. The S-parameters, normalized radiation patterns, and peak realized gain of 

the bent HMSIW LWA are reported in Figs. 3.21−3.23, respectively. According to Figs. 

3.21−3.23, bending the antenna degrades the antenna response severely in terms of return 

loss, peak realized gain, and SLL. To avoid such case, dummy layers can be added 

underneath the ground plane. However, this increases the size of the antenna that is not 

suitable for miniaturized applications. 

 

hb

 

(a) (b) 
 

 

Figure 3.20. Schematic view of the bent antenna. (a) 3D view, (b) side view [70]. 
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Figure 3.21. S-parameters of the proposed bent HMSIW LWA [70]. 

 

Figure 3.22. Normalized radiation patterns of the proposed bent HMSIW LWA [70]. 

 

Figure 3.23. Peak realized gain of the proposed bent HMSIW LWA [70]. 

According to the parametric analysis, W and ξ contribute the most to the discrepancies 

between measured and simulated results. In other words, the discrepancies are mostly due 
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to possible bending of the board, the errors in the assembly of connectors, and errors in 

placing the via fence. Furthermore, if the via fences were not filled completely with the 

conductive resin, the leaky-wave would not be confined, and discrepancies occur. 

3.3 Reduction of SLL by Modifying the Feed 

The planar antenna can be fed using surface-mounted or through-hole connectors. 

Surface-mounted connectors are more suitable for the integration and miniaturized 

applications due to their compactness. To connect the surface-mounted connectors to the 

SIW, tapered microstrip transition is often implemented. This is because implementing 

through-hole feed structures in the low-profile SIW antennas is a practical challenge. 

Hence, using a microstrip transition is a preferred feeding method for integration 

purposes. However, microstrip lines have unwanted radiation at high frequencies [142]. 

This unwanted radiation becomes worse by increasing the frequency or reducing the 

thickness [142]. The spurious effects result in the reduction of radiation efficiency 

because a large portion of the power leaks into space from the feed transition before 

reaching the radiation section of the antenna (e.g., slots). The undesired radiation from 

the feed results in a high SLL that can jeopardize signal detection in the face of 

interference. Overall, the undesired radiation from the microstrip transition at high 

frequencies is a significant challenge for mm-wave low-profile antennas.  

In this section, the SLL of SIW LWA was reduced by modifying the feed transition. 

This is because modifying the feed can compensate for such undesired effects on the 

radiation pattern. The feed modification occurred by adding tapered CPW to each 

microstrip transition. This was achieved by placing two tapered conductive layers 

adjacent to each microstrip transition. It is similar to introducing additional parasitic 
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capacitances to the structure and changing the electrical length of the antenna. The 

additional CPWs were tapered to minimize SLL. 

3.3.1 Structure of the SIW LWA 

The antenna was implemented on Rogers RT/Duroid 5880 substrate, as presented in 

Fig. 3.24. The radiating length of the antenna was obtained from (2.4), while the 

waveguide width was extracted from (2.5) and (2.6). As stated before, the total length of 

the antenna depends on the feed transition’s length, which was optimized to achieve the 

adequate return loss. In SIW, similar to HMSIW, the copper claddings beyond the via 

fences (along X-axis) act as ground plane and prevent radiation underneath the antenna. 

Hence, the total width was chosen to minimize the unwanted radiation underneath the 

antenna. As stated before in Section 3.2, thickness of the antenna affects the loss, SLL, 

and gain. Therefore, the thickness of the antenna was chosen as 1.3 mm to achieve a 

balance between gain, size, and SLL. 

The length, width, and thickness of the proposed antenna are 110 mm, 31 mm, and 1.3 

mm, respectively [61]. The extra conductive layers are shown in pink color that establish 

a tapered CPW transition at each end. The length of the antenna was adjusted to achieve a 

proper directivity while keeping the antenna size reasonably small. The width of the 

antenna was also chosen to achieve single-mode propagation. To minimize the return 

loss, tapered via fences in addition to tapered microstrip transitions were implemented at 

the input/output of the antenna. Each end of the structure was terminated with a 2.4 mm 

connector, while one of them was terminated with a 50 Ω-matched load to absorb the 

remaining un-radiated power. The proposed LWA contains thirty-six transverse slots. A 

tapered CPW section was added at each end for SLL reduction. 
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Figure 3.24. Schematic view of the proposed SLW LWA with reduced SLL. (a) 3D view, (b) top view 

[61]. 

3.3.2 Simulated Results 

The simulation results are obtained using ANSYS HFSS v19.1. The S-parameters of 

the original and the modified antennas are presented in Fig. 3.25. The modified antenna 

has a return loss better than 10 dB over the frequency band from 27.1 GHz to 28.9 GHz. 

It should be noted that the return loss was improved by modifying the feed transition.  
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The normalized radiation patterns of the conventional and the modified designs at the 

E-plane (YZ-plane) are presented in Fig. 3.26, which confirm the SLL reduction by about 

4.5dB. The peak realized gain and SLL of the proposed antenna are reported in Table 3.3, 

which indicates the medium gain and low SLL of the proposed design. 

 

Figure 3.25. S-parameters of the modified fed SIW LWA and the conventional one [61]. 

 

Figure 3.26. Normalized patterns of the conventional and the modified fed antennas at 28.5 GHz [61]. 
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Table 3.3. The peak realized gain and SLL of the modified fed and conventional SIW LWAs at 28.5 

GHz [61]. 

Antenna Types Peak Realized Gain (dBi) SLL (dB) 

Conventional SIW LWA 10.2 -4.5 

Modified fed SIW LWA 8.8 -10.1 
 

 

3.3.3 Practical Implementation and Measured Results 

To achieve a low-profile design, a SIW LWA was fabricated on a thinner (0.5mm) 

Rogers RT/Duroid 5880 substrate using the introduced design method in Section 3.3.1. It 

should be noted that different taper CPWs were implemented in this antenna because of 

the smaller thickness than the designed antenna in Section 3.3.1. The radiation length of 

the antenna was determined by (2.4). As stated in Section 3.3.1, the total length of the 

antenna, including the feed, was optimized to improve the impedance matching. The 

width of the SIW (w) was calculated by (2.5) and (2.6) to accomplish a single-mode 

(TE10) propagation. In other words, the dimensions were selected to obtain TE10 mode 

with the cut-off frequency of 24 GHz. As stated before, the via fence confines the fields 

when s/d and d/w be smaller than 3 and 0.2, respectively [35]. Hence, choosing s = d = 

0.4 mm results in w = 4.6 mm. The total length, width, and thickness of the antenna are 

110 mm, 31 mm, and 0.5 mm, respectively. A summary of the geometrical parameters of 

the antenna is reported in Table 3.4. The fabricated and schematic view of the proposed 

LWA are presented in Figs. 3.27(a), (b), (e). To demonstrate the undesired effect of the 

feed transition on the SLL, conventional SIW LWAs with microstrip transition and ideal 

waveport are also investigated, as demonstrated in Figs. 3.27(c) and (d). The proposed 

LWA consists of thirty-six transverse slots to achieve proper gain. The slots dimensions 
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were selected such that the ratio of Ls/Ws was set at 10 to control the leakage rate [28]. 

The period of the slots was chosen to achieve single Floquet mode propagation.  

The proposed LWA was fed using surface-mounted connectors and tapered transitions 

because of its low-profile. As stated before, microstrip transition results in unwanted 

radiation [142] and large SLL. Similar to Section 3.3.1, tapered conductive sections were 

located alongside the microstrip transitions to reduce SLL. The extra conductive sections 

were grounded through the screws of the connectors that resemble a CPW. The 

dimensions of each extra conductive section (i.e., Lmf and Wmf) were optimized using full-

wave simulation along with the physical intuition to minimize SLL. Tapering the CPW 

leads to a more uniform field transition to the slots, resulting in a lower SLL. In other 

words, the field transition into the slot region became more uniform, which contributed to 

the reduction of unwanted radiation from the feed and lower SLL. It should be noted that 

modification of the radiating section containing transverse slots was intentionally avoided 

to address the undesired radiation from the microstrip transition. 

Table 3.4. A summary of the geometrical parameters of the antenna [62]. 

Parameter h W Wt Ws Ls Lmf Wmf 

Value (mm) 0.5 4.6 31 0.2 2 13 3.7 
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Figure 3.27. The structure of the SIW LWA [62]. (a) 3D View, (b) top view of the LWA with the 

proposed feed structure, (c) top view of the conventional LWA (i.e., the antenna fed by microstrip 

line). 
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(e) 

Figure 3.27. Schematic view of the fabricated SIW LWA [62] (cont’d). (d) top view of the antenna 

without the feeds (i.e., the same LWA fed through ideal waveport), (e) fabricated antenna. 

To minimize the return loss, the via fences were tapered by moving from the center 

toward input/output ports. Each end of the tapered CPW feed was terminated with a 

2.9mm connector. Generally, the LWA was designed with the maximum achievable 

radiation efficiency of 90%. This is because when the radiation efficiency surpasses 90%, 

the LWA becomes unstable, which is not realistic [28]−[30]. One of the 2.9mm 

connectors was terminated with a 50Ω-matched load to absorb the remaining non-

radiated power. 

S-parameters were measured using a Rohde & Schwarz ZVA-67 VNA. The radiation 

gain patterns of the proposed antenna were measured at the anechoic chamber using the 

MI-12A-26 standard gain horn antenna. The measurement setup is illustrated in Fig. 3.28. 

The measured and simulated S-parameters of the tapered CPW antenna are presented in 

Fig. 3.29, exhibiting return loss better than 10 dB over the frequency band from 26 GHz 

to 30 GHz. The corresponding insertion loss is about 8 dB, exhibiting the low loss. 
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(a) (b) 

Figure 3.28. Measurement setup. (a) Antenna under test connected to VNA, (b) Antenna under test in 

the anechoic chamber [62]. 

 

Figure 3.29. S-parameters of the fabricated SIW LWA with reduced SLL [62]. 

The measured and simulated gain radiation patterns of the proposed LWA along with 

the radiation patterns of a SIW LWA fed by conventional microstrip transition (shown in 

green) and ideal waveport (shown in purple) at 28.5 GHz are demonstrated in Fig. 3.30. 

This confirms the reduction of SLL by introducing the tapered CPWs to the input and the 

output. According to Fig. 3.30, implementing ideal waveports, representing only the 

contribution of transverse slots to the radiation pattern, results in the lowest SLL. 

However, it is not realistic since the low-profile antenna can only be excited through 
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CPW/microstrip transitions. A marked improvement of SLL is observed by comparing 

the measured results of CPW fed SIW LWA to the similar microstrip fed SIW LWA. The 

measured peak realized gain and SLL are 6.1 dBi and -11.4 dB, respectively. It should be 

noted that the small thickness of the antenna results in a high conduction loss [137], 

which leads to the reduction of gain.  

Generally, the SLL is influenced by the radiation from the feed and the main radiating 

aperture. The feed is the first stage of the antenna encountering the incoming signal. As a 

result, it has a significant impact on the radiation pattern, as shown in Fig. 3.30. 

Introducing additional conducting sections adjacent to the microstrip transition is 

reminiscent of loading the microstrip transition with capacitive loads leading to the 

variations in parasitic capacitance and propagation constant. Doing so results in the SLL 

reduction. Tapering period of slots [53], slots sizes, and via fences [52], [54] leads to 

further SLL reduction. 

Radiation patterns of the proposed SIW LWA at different frequencies are illustrated in 

Fig. 3.31, indicating that the antenna scans space with moderate gain and low SLL over 

the frequency band of 28−29 GHz. According to Fig. 3.31, a 16° frequency beam-

scanning range was achieved in the frequency band of 28−29 GHz. Therefore, our 

proposed LWA is a suitable candidate for 5G beam-scanning applications such as V2X 

communications. Moreover, the frequency beam-scanning capability of our proposed 

LWA can be used as a fine-tuning mechanism to compensate for the unwanted 

operational and environmental variations.  
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Figure 3.30. Measured and simulated radiation patterns of the proposed antenna at 28.5 GHz and E-

plane (YZ plane) [62]. 

 

Figure 3.31. Measured and simulated radiation patterns of the proposed LWA at 28 and 29 GHz 

[62]. 

A parametric study was carried out to investigate the discrepancies between measured 

and simulated results in more detail. Several parameters were changed individually, 

including the thickness of the substrate (h), the SIW width (W), slots sizes (Ls and Ws), 

and the size of the modified feed section (Lmf and Wmf). It should be noted that in each 

case, only one parameter was changed, while the others stated in Table 3.4 were held  
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(a) 

 

 
(b) 

 
(c) 

 
(d) 

Figure 3.32. S-parameters of the proposed SIW LWA with different parameters [62]. (a) S11 at 

different values of h and W. (b) S21 at different values of h and W. (c) S11 different values of Ls, Ws, 

Lmf, and Wmf. (d) S21 different values of Ls, Ws, Lmf, and Wmf. 

constant. The S-parameters for different combinations are reported in Fig. 3.32. It should 

be noted that changing W leads to variations in the cut-off frequency (fc) of the 

propagating modes. Hence, as observed in Fig. 3.32, W has a major effect on the S-

parameters. The normalized radiation patterns corresponding to different combinations of 

geometrical parameters are illustrated in Fig. 3.33. According to Fig. 3.33, Ls, Ws, and W 

play the dominant roles in determining SLL and main-lobe pointing angle (θ0). This is 

because slot size controls the leakage rate, while W has a dominant effect on fc and field 
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confinement. Furthermore, changing Ls, Ws, and W results in variations of the intensity of 

the beams radiating underneath the antenna. Therefore, fabrication errors in slot size and 

SIW width lead to discrepancies between simulated and measured radiation patterns. The 

peak realized gain of the antenna for different parameters is reported in Fig. 3.34, 

indicating that Ls, Ws, and W have dominant effects on the peak realized gain.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.33. Normalized radiation patterns of the proposed antenna obtained by changing different 

parameters individually at 28.5 GHz [62]. (a) E-plane for different values of h and W, (b) E-plane for 

different values of Ls, (s) E-plane for different values of Ws, (d) E-plane for different values of Lmf, 

and Wmf. 
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(a) 

 

(b) 

Figure 3.34. Peak realized gain diagrams of the modified fed antenna corresponding to different 

parameters [62]. (a) different values of h and W. (b) different values of Ls, Ws, Lmf, and Wmf. 

To investigate the effect of the ground plane's size, the total width of the antenna (Wt) 

was changed, while the other parameters stated in Table 3.4 were held constant. The 

corresponding S-parameters, normalized radiation patterns, and peak realized gain are 

reported in Figs. 3.35−3.37. According to Figs. 3.35−3.37, changing Wt results in small 

variations in SLL, return loss, and peak realized gain. This shows that the antenna has 

good fabrication tolerance concerning Wt.  

 

Figure 3.35. S-parameters of the proposed SIW LWA with different Wt [62]. 
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Figure 3.36. Normalized radiation patterns of the SIW LWA with different Wt at 28.5 GHz [62]. 

 

Figure 3.37. Peak realized gain diagrams of the modified fed antenna corresponding to different Wt 

[62].  

To investigate the discrepancies further, we rotated the connectors by ξ from the 

horizon (XZ plane), similar to the antenna presented in Fig. 3.16. As stated before, 

attaching the connectors can bend both ends of the antenna due to the small thickness of 

the board. Moreover, connectors may not be attached properly, and the pin may not lie 

completely on the signal trace. To investigate the impact of the misalignment of the 

connectors, antenna performance was monitored by varying ξ from -10° to 20°. The S-
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parameters, normalized radiation patterns, and peak realized gain of the antenna for ξ = -

10°, 10°, and 20° are reported in Figs. 3.38−3.40, respectively. According to Fig. 3.39, 

changing ξ degrades SLL severely, mainly due to the defective connection between the 

pin and the signal trace. Fig. 3.39 also indicates that rotating the connectors increases the 

intensity of the beams radiating underneath the antenna.  

 

Figure 3.38. S-parameters of the proposed modified fed LWA with rotated connectors at 28.5 GHz 

[62]. 

 

Figure 3.39. Normalized radiation patterns of the proposed SIW LWA with offset connectors at 28.5 

GHz and E-plane [62]. 
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Figure 3.40. Peak realized gain of the proposed modified fed LWA with offset connectors at 28.5 GHz 

[62].  

As stated before, the antenna may bend under mechanical stress due to the small 

thickness of the board. The antenna was bent to examine such a case, as illustrated in Fig. 

3.41. It is similar to gradually changing the vertical distance from the horizon up to hb = 6 

mm by moving from the center toward the connectors. The S-parameters, normalized 

radiation patterns, and peak realized gain of the bent antenna are reported in Figs. 

3.42−3.44, respectively. According to Figs. 3.42−3.44, bending the board results in 

severe degradations of the antenna responses in terms of SLL, return loss, and peak 

realized gain.  

 

(a) 

hb

 

(b) 

Figure 3.41. Schematic view of the bent SIW LWA [62]. (a) 3D view, (b) side view. 
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Figure 3.42. S-parameters of the proposed bent LWA [62]. 

 

Figure 3.43. Normalized radiation patterns of the proposed bent SIW LWA [62]. 

 

Figure 3.44. Peak realized gain of the proposed bent modified fed LWA [62]. 
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According to the sensitivity analysis, changing ξ, Ls, Ws, and W contribute the most to 

the discrepancies. In other words, the discrepancies between measurements and 

simulation results are mostly due to errors in the assembly of the connectors and 

fabrication errors in slots sizes and locations of via fences. The board curvature due to the 

mechanical stress is another factor of discrepancies. Furthermore, the air gap in the via 

fence may cause additional discrepancies between measured and simulated results. 

A summary of methods for reducing SLL of LWAs is presented in Table 3.5. From the 

fabrication perspective, modifying the feed section is easier than tapering via fences [52], 

slots sizes and shapes [52], [54], [55], [160], and period of slots [53]. The radiating 

section (i.e., via fence and slots) of the antennas were optimized for achieving minimum 

SLL in [34], [52]−[55], [71], and [160]−[165], while SLL of our proposed CPW tapered 

fed LWA was reduced by modifying the feed rather than the radiating slotted section. 

This is the key distinct feature of the proposed design as compared to [34], [52]−[55], 

[71], and [160]−[165]. The reported SLL in [52]−[54] and [71] are lower than the one 

presented here. It should be noted that the reported antennas in [34], [52], and [53] were 

fed by coaxial through-hole connectors, which is not a practical feeding mechanism for 

the low-profile antenna. In other words, the feeding mechanisms in [34], [52], and [53] 

are different from the one investigated in Section 3.3. The undesired radiation from the 

microstrip transition was also ignored in [54], [55], [71], [160]−[165]. While the feed, in 

addition to the slotted radiating section, plays a major role in SLL. As stated before, 

tapering the radiation section was purposely avoided in Section 3.3 to fully understand 

the effect of the feed on SLL. Therefore, it is possible to further reduce SLL by 

modifying the radiating section and the feed simultaneously.  
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Table 3.5. Comparison between different methods of SLL improvement [62]. 

Reference Methodology SLL 

(dB) 

Peak Realized Gain 

(dBi) 

Antenna Length Frequency Band 

(GHz) 

Our 

proposed 

SIW LWA 

with 

tapered 

CPW feed 

Adding extra 

metal 

sections 

besides the 

main 

microstrip 

line 

-11.4 6.1 10×λ 26−30 

[52] Tapering via 

fence & slots 

-21 13 13×λ 10.84−12 

[54] Tapering 

slots 

-14 10 8×λ 9.8−12.5 

[55] Tapering the 

via fence and 

slots 

-11 8 7×λ 9−10.7 

[53] Tapering 

period of 

slots 

-20 13.87 10×λ 9.2−10.8 

[71] Tapering 

interdigital 

slots at the 

aperture of 

HMSIW 

-15 14.5 5.6×λ 55−65 

[34] Implementing 

magneto-

electric 

dipoles 

-11.6 16.55 8×λ 27−32 

[160] Implementing 

arrays of E-

shape slots 

-10 10.1 10×λ 55−65 

[161] Using E-

shape arms 

-4 8 0.059×λ 0.93−3.65 

[162] Implementing 

d-shape slots 

with helix-

shape 

inductor 

-1.5 3.5 0.083×λ 1−4.2 

[163] Implementing 

T- and Π-

shape slots 

-11 7.8 3.43×λ 57−62 

[164] Using 

interdigital 

slots 

-2 5.12 0.375×λ 0.7−8 

[165] Tapering 

patch 

-3 2.35 0.235×λ 0.115−2.9 

 

The reported peak realized gains in [34], [52]−[55], [71], [160], [161], and [163] are 

higher than achieved here. The smaller length of the proposed antenna compared to [52] 

could account for the differences. Moreover, the medium gain of our proposed antenna is 
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due to the high conductor loss, which is the result of the realization on a thin substrate to 

achieve a low-profile antenna. Increasing thickness, number of slots, and antenna length 

result in higher gain at the expense of increasing the antenna's size. 

The proposed LWA operates at a higher frequency band compared to [52]−[55], and 

[161], [162], [164], and [165]. Furthermore, [34], [53], [71], and [160]−[165] are 

different types of antennas using different radiation mechanisms compared to the 

proposed SIW LWA here, resulting in different SLL and gain. For example, [160]−[165] 

are metamaterial-based antennas in which radiation occurs from metamaterial cells. 

While [71] is an HMSIW-based antenna wherein wave leaks to space from the side 

aperture and interdigital slots. In addition, [53] is an air-filled waveguide-based LWA fed 

by through-hole connectors, and [34] is an array of magneto-electric dipoles. 

3.4 Conclusion 

In this chapter, two new approaches for reducing the SLL of LWA were proposed. 

The proposed antennas offered frequency beam-scanning with medium gain and low 

SLL.  

The first method was based on modifying the aperture of an HMSIW LWA, resulted 

in the SLL of -13.8 dB and -11.2 dB in the upper hemisphere and full space, respectively. 

The reduction of SLL in all space is the key benefit of the proposed design method. In 

addition, the frequency beam-squint was reduced by tapering the aperture. However, the 

sensitivity of the SLL to the tapered aperture size is challenging. In other words, the SLL 

can degrade by small fabrication errors in tapering the side aperture. The proposed idea 

was realized on a 0.5mm Rogers Duroid 5880 substrate. The fabricated HMSIW LWA 

scans space near broadside with 10.6 dBi of gain and -11.2 dB SLL over the frequency 
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band of 26−30 GHz, which is useful as seeker antenna. A good agreement between the 

measurements and simulated results was observed. The discrepancies between 

measurement and simulation results were investigated by a thorough sensitivity analysis 

that includes the fabrication tolerances. The medium gain, low SLL, compactness, small 

frequency beam-squint, and simple fabrication process are among the advantages of the 

proposed HMSIW LWA, making it a suitable candidate for 5G point to point wireless 

communication systems and as seeker antenna in guiding systems.  

The second method focused on the reduction of SLL of SIW LWA. Generally, the 

SLL of SIW-based LWA can be reduced by tapering the radiation and the feed section. 

Unfortunately, the effects of feed on radiation patterns were mostly ignored in the 

literature. Modifying the feed transition by adding tapered CPWs resulted in the SLL 

reduction of SIW LWA. Applying the proposed design, an improvement of about 7 dB in 

SLL compared to the conventional SIW LWA was achieved. The 10 dB impedance 

bandwidth of the fabricated SIW LWA is from 26 GHz to 30 GHz. The measured SLL 

and peak realized gain are -11.4 dB and 6.1 dBi, respectively. The low-profile, moderate 

gain, low SLL, and simplicity of the design are among the features which make the 

proposed SIW LWA a suitable candidate for 5G applications. The proposed SIW LWA 

radiates near the endfire with a 16° beam-scanning range, which is a suitable antenna for 

radar systems to detect targets near the horizon. Moreover, it can be mounted on the 

vehicle bumper to monitor the blind spots. 

A new method for enhancing gain of a compact LWA is investigated in Chapter 4.   
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Chapter 4: Gain Enhancement of Compact HMSIW 

LWAs 

One of the most important characteristics of an antenna is its gain. In wireless 

networks, implementing a medium to high gain antenna is required to compensate for the 

large path loss. Increasing the gain is also beneficial in terms of lower transmit power 

requirements. Gain can be increased by improving directivity or radiation efficiency. 

Directivity is usually enhanced by increasing the length, which is not always possible in 

communications devices. In this chapter, introducing cavities in the LTCC-based 

HMSIW LWA leads to an increase in radiation efficiency and gain. The proposed 

approach is similar to tapering the thickness of the substrate. 

4.1 Background 

LWAs are among medium to high gain antennas [28]−[31]. However, the gain of the 

antenna may be reduced as a consequence of enhancing other parameters such as SLL. 

This is due to the tradeoff between gain, return loss, and SLL. Hence, implementing a 

method for increasing the gain of the LWA is crucial. In this chapter, the gain of the 

LWA is improved by adding cavities into the structures.  

It is difficult to taper the thickness of the substrate using PCB or LTCC technology. 

Moreover, implementing cavities in PCB structures requires multiple conductor layers 

that increase the conductor loss. In contrast, LTCC contains a stack-up of tape layers with 

no requirement of sandwiching by conductive layers. Hence, cavities are created by 

placing different tape layers on top of each other. Embedding cavities inside the LTCC 

structure is similar to tapering the thickness of the substrate. 
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As stated in Chapter 2, the packaging tolerance of LTCC structure is higher than PCB 

since all layers in LTCC are fabricated simultaneously. Hence, LTCC technology is more 

suitable for highly dense integrated applications. However, surface roughness and 

thermal expansion of the tape layers are major issues in the LTCC design. As stated 

before, in an LTCC structure, silver or gold is used as conductive material and FerroA6M 

or Dupont9K7 is chosen as the tape layer due to their low loss. 

4.2 Antenna Structure 

The proposed HMSIW LWA was designed based on an LTCC structure containing 

two conductor layers. The top conductor plane carries the mm-wave signal and the 

bottom one is the ground plane of the antenna. Silver was chosen as the conductor 

material due to its excellent characteristics such as high conductivity and robustness to 

the environmental variation. As stated before, to prevent the structure from breaking and 

bending, the ground plane was meshed such that at least 50% of the conductive material 

was removed. The proposed antenna contains four dielectric tape layers. Ferro A6M with 

εr = 5.6, μr = 1, and a loss tangent of 0.001 was chosen as the dielectric tape layer. The 

thickness of each tape layer was chosen as 0.127 mm to achieve a low-profile structure. 

However, the tape layer shrunk due to the baking in the fabrication process. The post-

fired thickness of each tape layer was 0.115 mm. A dummy tape layer with a thickness of 

0.5mm underneath the ground plane was added to improve the mechanical strength. 

Doing so also prevented the antenna from bending excessively due to the baking. 

The schematic view of the proposed LWA and the fabricated cavity-based LTCC 

LWA are demonstrated in Fig. 4.1. The length, width, and thickness of the antenna are 40 

mm, 16 mm, and 1 mm, respectively. Assuming single-mode propagation of the 
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fundamental HMSIW mode (TE0.5, 0) in the proposed antenna, the effective width of the 

HMSIW (w) was calculated by (3.1). Assuming fc = 27 GHz and εr = 5.68, the 

corresponding w is 1.16 mm. The center frequency, Δθ, and θ0 were chosen as 28.5 GHz, 

30⁰, and 70⁰, respectively, resulting in radiation length Lr = 22 mm according to (2.4). 

The length of the antenna’s feed at each end was optimized to achieve the minimum 

return loss, which resulted in antenna’s total length of 40 mm. It should be noted that in 

(3.1) and (2.4) the effects of the embedded cavities were ignored. In other words, 

implementing the embedded cavities led to the deviations of Δθ and θ0 from the chosen 

values. Some of the geometrical parameters of the proposed LTCC LWA are reported in 

Table 4.1. Following the idea presented in Section 3.2, the side aperture was tapered in a 

trapezoid shape to improve the SLL, as shown in Fig. 4.1(b). The impedance matching 

was improved by implementing a tapered via fence in addition to the tapered microstrip 

transitions. Two surface-mounted 2.9 mm connectors were used at both ends of the 

LTCC LWA. The input connector was connected to a signal generator, while the output 

was connected to a matched load to absorb the un-radiated power.  

The size of the cavities (Lc and Wc) and their locations (zc and xc) were optimized 

through full-wave simulations combining with the physical intuition to improve the peak 

realized gain. The parametric studies on the peak realized gain for several cavities’ 

dimensions and locations are reported in Fig. 4.2. It should be noted that the width of the 

cavities (Wc) was chosen as 6mm, which was about half of the guided wavelength (λg/2) 

and resulted in resonator cavities. Embedding cavities into the antenna is similar to 

loading it with different air-based stubs. Therefore, changing the size and location of the 

cavities is similar to changing the stubs’ locations and sizes, which disturb the field 
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distribution and propagation constant of the leaky-wave. Henceforth, peak realized gain 

varies by changing Lc, Wc, zc, and xc. 

Top Conductor Layer

1st (Top) Tape Layer

2.9 mm Connector

h
X

Z

Y

2nd Tape Layer3rd Tape Layer

4th Tape Layer

 
(a) 

W0

18 mm
 

(b) 

Wt0.85 mm

40 mm

22 mm

W

Lc

2.5 mm

S d

Wc

zc

xcy
Z

x

 
(c) 

1st Tape Layer
2nd Tape Layer with Cavity

3rd Tape Layer with Cavity4th Tape Layer with Cavity  
(d) 

 
(e) 

Figure 4.1. Schematic view of the proposed LTCC HMSIW LWA. (a) 3D view, (b) exaggerated view 

of the tapered aperture (non-scaled), (c) top view, (d) side view, and (e) fabricated antenna [87]. 
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Table 4.1. Some of the geometrical parameters of the proposed LTCC antenna [87]. 

Parameter h W Wt Wc Lc S d W0 xc zc 

Value (mm) 1 1.16 16 6 4 0.38 0.14 0.3 2 14.6 

 

 
Figure 4.2. Peak realized gain of the proposed LTCC LWA for different sizes of cavities (Lc and Wc) 

and their locations (xc and zc) at 28.5 GHz [87]. 

Due to fabrication technology limitations, it is not possible to place a cavity under the 

conductor layer. Hence, all cavities were realized in the uncovered sections of the 

dielectric tape layers. This imposes restrictions on the realization of the proposed design 

procedure to improve gain. As stated before, the proposed idea can also be implemented 

in a PCB structure. However, the packaging tolerance of the LTCC structure is better 

than the multi-layer PCB structure. 

To prove the advantages of the proposed LWA, a multi-layer conventional non-loaded 

LTCC LWA and a tapered height LTCC LWA were investigated. The tapered height and 

the conventional LTCC LWAs are illustrated in Fig. 4.3. Our proposed cavity-based 

LTCC LWA consists of step-shape cavities, while the tapered height LTCC antenna 

contains a clean tapered cavity in the tape layer (shown in blue). In the tapered height 

LTCC LWA, the cavity’s walls were tapered to emulate the angle δ from the horizon. In 
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other words, if we consider the cavity as a horn aperture in the XZ plane, δ is the flare 

angle. Therefore, varying δ changes the cavity size, which affects the propagation of the 

leaky-wave and the peak realized gain.    

 

4.3 Simulated and Measured Results 

Assuming the fundamental mode propagates in the z-direction, the aperture electric 

field components are determined by (3.2)−(3.6) [138]. According to (3.5) and (3.6), 

changing h leads to variations in ky and kz affecting the aperture fields. The far-zone 

electromagnetic fields are obtained by taking the fast Fourier transform of the aperture 

fields using the well-known equations reported in [138]. Overall, introducing the cavities, 

which resembles tapering the thickness (h), causes variations in the radiation pattern.  

 
(a) 

 
(b) 
Tapered Height Tape Layer

X

Z
Y

 
(c) 

Tapered Height Tape Layer

δ 
 

(d) 

Figure 4.3. Schematic view of the multi-layer conventional LTCC LWA and tapered height LTCC 

antenna [87]. (a) top view of the conventional non-loaded LTCC LWA, (b) top view of the tapered 

height LWA, (c) 3D view of the tapered height LWA, and (d) side view of the tapered height antenna. 
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Preliminary simulations have been carried out using Ansys HFSS v.19. As stated 

before in Chapter 3, the S-parameters were measured using a Rohde & Schwarz ZVA-67 

VNA. The S-parameter diagrams are shown in Fig. 4.4. According to Fig. 4.4, the 

proposed structure demonstrates a return loss better than 10 dB from 28.3 GHz to 29 

GHz. It should be noted that the proposed antenna was optimized to improve gain rather 

than the impedance bandwidth. In other words, the relatively small impedance bandwidth 

(i.e., 700 MHz) is due to the trade-off between gain and the return loss. The 

corresponding insertion loss ranges from 10 dB to 15 dB representing the low loss. 

 

Figure 4.4. Measured and simulated S-parameters of the proposed LTCC based antenna. 

 
(a) 

 
(b) 

 

Figure 4.5. Measurement setup of the radiation pattern. (a) the AUT, (b) the anechoic chamber [87]. 
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The radiation pattern was measured in the anechoic chamber using the MI-12A-26 

reference gain horn antenna similar to the previous measurement setups, as presented in 

Fig. 4.5. The measured and simulated radiation patterns of the LTCC LWA at 28.5 GHz 

are presented in Fig. 4.6. It should be noted that the reported radiation patterns are the 

realized gains that take the mismatch into account. The possible shrinkage and bending of 

the dielectric and conductive layers due to baking are among the main reasons for 

discrepancies between measurements and simulated results.  

To show the gain improvement more vividly, the radiation pattern of the multi-layer 

conventional non-loaded LTCC LWA is reported in Fig. 4.6 as well. As observed in Fig. 

4.6, embedding cavities increases the gain. Moreover, implementing cavities leads to 

variations in Δθ and θ0. The measured main-beam radiates at θ0 = 66°. As stated in 

Chapter 3, the reported radiation patterns correspond to the E-plane (YZ-plane) because 

measuring the H-plane is out of the capability of the measurement system.  

Radiation patterns at 28.3 GHz and 28.7 GHz are presented in Fig. 4.7. Because of the 

leaky-wave nature of the proposed LWA, the beam steers by sweeping the frequency 

[28]−[30]. Tapering the side aperture and introducing cavities lead to the reduction of the 

frequency sensitivity i.e., smaller beam-scanning range by sweeping frequency. This is 

due to the decrease in the effective dielectric constant, which leads to minor variations in 

the phase constant by sweeping the frequency. It is appealing for applications in which 

frequency beam squint is not desirable, such as seeker antenna or point-to-point 

communications. According to Fig. 4.7, the proposed antenna posed a 3° beam squint in 

the frequency band of 28.3-28.7 GHz. Furthermore, sweeping the frequency leads to 

variations in the attenuation constant [28]−[30], resulting in the variations in SLL. 
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Figure 4.6. Measured and simulated radiation patterns of the proposed LTCC LWA with embedded 

cavities and the multi-layer conventional non-loaded LTCC LWA at 28.5 GHz and E-plane [87]. 

 
(a) 

 
(b) 

Figure 4.7. Gain radiation patterns diagrams of the proposed LTCC LWA with embedded cavities at 

different frequencies [87]. (a) 28.3 GHz, (b) 28.7 GHz. 

The measured and simulated peak realized gain of the proposed antenna with and 

without cavities are presented in Fig. 4.8, confirming that introducing the cavities 

increases the peak realized gain of the antenna. This is because introducing cavities into 

the structure is the same as tapering the thickness of the structures, which causes the field 

perturbation. It should be noted that gain improvement is mostly due to the increase of 

the radiation efficiency rather than the directivity. The HPBW remains almost constant 
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by embedding the cavities, as observed in Fig. 4.6. Therefore, directivity does not change 

a lot by integrating the cavities into the antenna. This indicates that gain improvement is 

mostly because of the rise of the radiation efficiency rather than the directivity. In the 

proposed cavity-based LTCC LWA and the conventional non-loaded LTCC LWA, the 

thinnest Ferro A6M tape layer was chosen to achieve a low-profile structure. This led to 

high conduction loss that explains the small peak realized gain of the conventional non-

loaded LTCC LWA, while the gain of the cavity-based LTCC LWA was improved due to 

the presence of the cavities.  

The simulated peak realized gain of the tapered height LTCC LWA for different 

values of δ is shown in Fig. 4.9. As observed in Figs. 4.8 and 4.9, both embedding 

cavities and tapering the height improve the gain. However, tapering the thickness 

smoothly is not possible due to the fabrication technology limitation. Therefore, 

embedding the cavities was chosen as the method for improving the gain. As observed in 

Figs. 4.1(d) and 4.3(d), the chosen dimensions of the embedded cavities are mapped to 

tapered thickness with δ = 20º, corresponding to the maximum peak realized gain. 

Implementing the proposed design on a thicker substrate should result in higher gain [63]. 

This is achieved at the expense of increasing the size of the antenna. Since the proposed 

LTCC LWA was optimized to improve the gain, the return loss and SLL were not 

optimum. As mentioned in Chapter 3, the high SLL of an HMSIW-based antenna is 

mainly due to the ground plane's truncation and reflection from the feed and the aperture. 

As stated before, tapering the via fence and the aperture are among the methods for 

reducing the SLL of HMSIW LWA. 
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Figure 4.8. Peak realized gain diagrams of the proposed LTCC HMSIW LWA [87]. 

 

Figure 4.9. Simulated peak realized gain of the tapered height LTCC LWA at 28.5 GHz [87]. 

A good agreement between the measured and the simulated results was observed. 

Expansion of the conducting and tape layers and deviations in the via fence locations 

contribute the most to the discrepancies. Moreover, the possible air gaps between the tape 

layers [93] leads to discrepancies. The surface roughness and bumpiness of the layers can 

also result in discrepancies between measured and simulated results. 

A detailed parametric study was carried out to investigate the discrepancies between 

simulated and measured results. To do so, different parameters such as the thickness of 

the substrate (h), via size (d), via spacing (S), the waveguide section’s width (W), and the 

cavities sizes (Wc and Lc) were changed. It should be noted that only one parameter was 

changed in each case, while the others stated in Table 4.1 were held constant. The S-

parameters for different parameters are reported in Fig. 4.10. According to Fig. 4.10, W, 
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d, and S have the most dominant effects on the S-parameters. This is because W, d, and S 

determine the field confinement and cut-off frequency of the dominant mode. The 

normalized radiation patterns for different parameters are illustrated in Fig. 4.11, 

indicating that W, d, and S play the dominant role in the SLL and nulls’ locations of the 

radiation pattern since these parameters determine the field confinement by the via fence. 

The peak realized gains of the antenna, considering different parameters, are reported in 

Fig. 4.12, demonstrating that changing W leads to extreme variations in the peak realized 

gain. This is because changing W leads to the variations in fc and propagation constant.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.10. S-parameters of the proposed LTCC LWA with different parameters [87]. (a) S11 for 

different values of h, d, and s, (b) S11 for different values of W, Lc, and Wc. (c) S21 for different 

values of h, d, and s, (d) S21 for different values of W, Lc, and Wc. 
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(a) 

 

(b) 

Figure 4.11. Normalized radiation patterns of the proposed LTCC antenna obtained from changing 

different parameters at 28.5 GHz [87]. (a) different values of h, d, and s, (b) different values of W, Lc, 

and Wc. 

 

(a) 

 

(b) 

Figure 4.12. Peak realized gains of the LTCC antenna corresponding to different parameters [87]. (a) 

different values of h, d, and s, (b) different values of W, Lc, and Wc. 

The size of the ground plane is an essential factor in the SLL and main-lobe pointing 

angle. To investigate the effect of the size of the ground plane, the proposed LTCC LWA 

with different width (Wt) were simulated, while the other parameters stated in Table 4.1 

were held constant. The corresponding S-parameters, normalized radiation patterns 
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diagrams, and peak realized gain are reported in Figs. 4.13−4.15. Changing Wt leads to 

variations in the width of the dielectric aperture and the ground plane affects the peak 

realized gain. Assuming this aperture as a horn antenna’s aperture in the YZ plane, 

varying Wt is similar to changing the length of the horn antenna without changing the 

flare angle. This changes the modal configuration of the structure, leading to the 

variations in β, 0, and the peak realized gain. The optimum value of Wt was obtained 

through full-wave simulation along with the physical understanding to achieve the 

maximum peak realized gain. 

 

Figure 4.13. S-parameters of the proposed LTCC antenna with different Wt [87]. 

 

Figure 4.14. Normalized radiation patterns of the proposed LWA with different Wt at 28.5 GHz [87]. 
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Figure 4.15. Peak realized gain diagrams of the LTCC antenna correspond to different Wt [87]. 

As investigated in Chapter 3, placement of the surface mounted connectors on the 

antenna structure can bend the ends of the antenna due to the small thickness of the 

structure. Moreover, the connectors may not be accurately attached to the board due to 

assembly errors. To simulate such a case, the connector pin angle was offset from the 

horizon by angle ξ, as illustrated in Fig. 3.16. The corresponding S-parameters, 

normalized radiation patterns, and peak realized gain are reported in Figs. 4.16-4.18, 

respectively. According to Fig. 4.16, changing ξ leads to a large mismatch. Fig. 4.17 

indicates that offsetting the connectors increases the SLL and the lobe levels of the beams 

radiating beneath the antenna. According to Fig. 4.18, the peak realized gain degrades by 

changing ξ. Overall, rotating the connector causes discrepancies because the connector 

center pin is not touching the signal trace properly and only a small portion of the input 

signal transfers to the radiating section of the antenna. 
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(a) 

 

(b) 

Figure 4.16. S-parameters of the proposed LTCC LWA with offset connectors [87]. (a) at 28.5 GHz 

versus ξ, (b) versus frequency. 

 

Figure 4.17. Normalized radiation patterns of the proposed HMSIW LTCC LWA with connectors 

offset from the horizon at 28.5 GHz [87]. 
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(a) 

 

(b) 

Figure 4.18. Peak realized gain of the proposed LTCC antenna with rotated connectors [87]. (a) at 

28.5 GHz versus ξ, (b) versus frequency. 

The antenna may bend due to the baking of the layers as part of the LTCC fabrication 

procedure. To investigate such case, the antenna was bent such to deviate gradually up to 

hb = 6 mm from the horizon by moving toward the two connectors, as illustrated in Fig. 

4.19. The S-parameters, normalized radiation patterns, and peak realized gain of the bent 

antenna are reported in Figs. 4.20−4.22, respectively. According to Figs. 4.20−4.22, 

bending the substrate leads to severe degradation of the antenna responses in terms of 

return loss, SLL, and gain. However, LTCC has high packaging tolerance, which 

minimizes the possibility of bending due to heating or physical pressure.   

 

hb

 

(a) (b) 

Figure 4.19. Schematic view of the bent LTCC antenna [87]. (a) 3D view, (b) side view. 



 97 

 

Figure 4.20. S-parameters of the proposed bent LTCC LWA [87]. 

 

Figure 4.21. Normalized radiation patterns of the proposed bent HMSIW LTCC LWA [87]. 

 

Figure 4.22. Peak realized gain of the proposed bent LTCC antenna [87]. 
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Since the LTCC fabrication process involves heating the structure, deviations in via 

size and spacing, and total width (d, S, W, and Wt) are quite likely. Meandering the board 

and deviation in the layer thickness can also occur due to the heating. Overall, the 

discrepancies between simulated and measured results are mostly due to the fabrication 

errors in d, S, W, and Wt, and errors in the assembly of the connectors.  

To examine the advantages of the proposed design, a comparison with similar 

antennas is reported in Table 4.2. The peak realized gain of the proposed LTCC LWA 

here is smaller than the reported ones in [63], [65], [80], and [81]. This is because the 

length of the antennas in [63], [65], and [81] are longer than the corresponding value of 

the proposed LWA. The high gain of [80] was mainly due to the implementation of 

planar arrays of patch antennas. Moreover, the reported antenna in [81] is an LTCC horn 

antenna, which is realized by stacking up different tape layers. In [79], gain was 

increased by implementing metamaterial cells in the structure, which adds to the 

complexity and cost of the antenna. In contrast, embedding cavities in our proposed 

LTCC LWA does not increase the complexity and the cost of the fabrication. This 

comparison points out that the proposed LTCC LWA is a suitable candidate for 5G 

miniaturized applications.  

4.4 Conclusion 

The proposed LWA radiates near broadside with medium gain over the frequency 

bandwidth from 28.3 GHz to 29 GHz, which is useful for point to point communications 

or radar seeker system. The main contribution of the proposed design in Chapter 4 is the 

gain improvement without increasing the size of the antenna and adding extra sections to 

the structure. Introducing cavities in the structure resulted in increasing gain. However,  
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Table 4.2. Comparison of the proposed cavity-based LTCC LWA with similar designs [87]. 

Reference Methodology Peak Realized 

Gain (dBi) 

Antenna Length Frequency Band 

(GHz) 

Our proposed 

cavity-based LWA 

Creating cavities in 

the dielectric tapes 

 7.6  4×λ 28.3−29  

[65] Tapering via fence  15.6 8 × λ 6.5−10 

[75] Tapering via fence 6 10 × λ 6.7−17 

[80] Implementing a 

planar array of 

patch antennas 

16 4 × λ 56−65 

[79] Implementing 

metamaterial 

structures 

6.93 0.2 × λ 5.25−5.45  

[63] Removing half of 

the top cladding 

11.7 12 × λ  25−28 

[67] Implementing 

different slots at 

open aperture 

5.8 1.5 × λ  2.98−3.04  

[81] Stack-up tape 

layers to form a 

horn antenna 

18 12 × λ 230−330  

 

fabrication technology limitations restricted the gain improvement capability. The peak 

realized gain of the fabricated antenna was 7.6 dBi at 28.5 GHz. A good agreement 

between the measured and simulated results was observed. The compactness, high 

packaging tolerance, medium gain, low loss, and small frequency beam-squint of the 

proposed antenna make it a suitable choice for 5G miniaturized point to point 

communications and the seeker antenna. 

A comparison among the proposed antennas in Chapters 3 and 4 is made in Table 4.3. 

The low SLL of the proposed antennas in Chapter 3 reduces the possibility of detection 

error and interference. Radiating with low SLL in the mm-wave frequency band, low-
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profile, and simplicity of designs are among the unique features of the proposed antennas 

in Chapter 3. The reported antenna in chapter 4 radiates with medium gain, which is 

suitable to compensate for some path loss. The proposed antenna in Chapter 4 is a 

suitable candidate for 5G mm-wave base station due to its appealing features such as 

compactness, medium gain, and robustness to environmental conditions. 

The electronic beam-scanning capability of the LWA is achieved by implementing 

active elements. Several designs are investigated in chapter 5 to achieve electronic beam-

scanning. 

Table 4.3. Comparison of the proposed antennas in Chapters 3 and 4. 

Antenna Type Gain (dBi) SLL (dB) Antenna Length Impedance Bandwidth 

HMSIW LWA 

with tapered 

aperture 

10.6 -11.2 6 × λ 26−30 GHz 

SLW LWA with 

Tapered CPW feed 

6.1 -11.4 10 × λ 26−30 GHz 

Cavity-based 

HMSIW LTCC 

LWA 

7.6 -3 4 × λ 28.3−29 GHz 
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Chapter 5: Electronic Beam-Scanning in Low-Profile 

LWAs  

A beam-scanning antenna is essential for dynamic communications links and 

navigation systems. There are generally three methods to achieve beam-scanning: 

frequency beam-scanning, mechanical beam-scanning, and electronic beam-scanning. 

Mechanical beam-scanning requires equipment to rotate the antenna physically, which is 

not suitable for compact devices that is out of the scope of this dissertation. Frequency 

beam-scanning is achieved by sweeping the frequency. Introducing sets of switches on 

the antenna and tuning bias voltages lead to electronic beam-scanning [94]−[133], which 

is the method followed here. The electronic beam-scanning antenna is also known as 

fixed frequency beam-scanning antenna or reconfigurable antenna. Different types of 

reconfigurable LWAs, such as HMSIW LWAs with circular reconfigurable cells and 

SIW LWAs with longitudinal reconfigurable cells, for 5G mm-wave beam-scanning are 

proposed in this chapter. 

5.1 General Background 

As stated in Chapter 2, deployment and maintenance of agile communication links 

require a beam-steerable antenna [1], [2]. The capability to compensate for the sensitivity 

of the antenna to the propagation environment conditions is another reason for 

implementing a beam-scanning antenna. Antenna designers lean towards electronic 

beam-scanning antenna due to its ease of implementation as compared to the frequency 

and mechanical beam-scanning antennas. As discussed in Chapter 2, electronic beam-

scanning can be achieved using PiN diodes, semiconductor switches, varactor diodes, or 
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MEMS. In the proposed designs, GaAs varactor diode was implemented to function as a 

switch due to its appealing features such as small footprint, high switching speed, and 

low loss. Only a few commercially available GaAs varactor diodes operate in the mm-

wave frequency bands. 

In this chapter, different designs for achieving electronic beam-scanning are 

introduced. The antenna structures, simulated, and measured results are investigated in 

the remaining sections of this chapter. A comparison among the proposed antennas and 

state-of-the-art reconfigurable antennas is also made. 

5.2 Reconfigurable Antennas Based on Periodic Cells with Negative Permittivity  

As stated in Section 5.1, different values for permittivity, permeability, and phase 

constant can be achieved by tuning circuit parameters of the CRLH LWAs. In other 

words, the permittivity and permeability of the CRLH antennas can be tuned artificially 

to control the radiation pattern. It should be noted that variations in permittivity and 

permeability can be achieved by tuning the equivalent shunt and series resonators of any 

structure. In other words, permittivity and permeability of even non-CRLH structures can 

be tuned. Furthermore, it should be noted that any combinations of series and shunt 

resonators do not necessarily represent CRLH structures. CRLH antennas are recognized 

from their dispersion responses [149]. If a negative phase constant (i.e., backward 

radiation) is achieved using fundamental Floquet mode, the proposed structure can be 

labeled as CRLH [149]. Overall, a reconfigurable antenna can be modeled with series and 

shunt resonators, but only called CRLH in specific conditions. The key point of 

implementing reconfigurable antennas is to achieve electronic beam-scanning, which can 

be obtained by tuning the shunt or series resonators. CRLH structures are mostly useful 
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for suppressing the OSB issue (i.e., scanning the broadside), which is only resolved by 

satisfying the balance conditions [149]. 

In this section, a reconfigurable antenna based on periodic cells with negative 

permittivity is proposed. According to [121], periodic cells with negative permittivity can 

confine the field. To validate this idea, the via fence of an HMSIW LWA was replaced by 

an array of reconfigurable cells with negative permittivity, as presented in Fig. 5.1(a).  

The proposed structure was realized on Rogers RT/Duroid 5880 substrate. The length, 

width, and thickness of the structure are 51 mm, 10 mm, and 0.127 mm, respectively. As 

stated in the previous chapters, the thinnest commercially available substrate was chosen 

for implementing the antenna. The width of the antenna was extracted from (3.1), while 

the radiating length obtained from (2.4). The periodic cells are demonstrated as purple 

squares. As presented in Fig. 5.1(b), each cell contains a cross-shape conducting strip 

with a dimension of 0.5 mm × 0.5 mm × 0.127 mm. The cell size was chosen to achieve 

negative εr by sweeping the bias voltage to confine the fields. The vias act as shunt 

inductors, while the varactor diode switch acts as a series capacitor. The bias circuitry 

was placed beneath the antenna. A 1 kΩ resistor and 1 pF capacitor were used as RF and 

DC blocks, respectively. The electric field distribution is shown in Fig. 5.1(c) confirms 

the confinement of the field by periodic cells with negative permittivity. It was observed 

that field confinement was improved by making the permittivity more negative. Overall, 

replacing the via fence with negative εr cells provides the adaptive control of the sidewall 

topology and radiation pattern.  
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The permittivity and permeability of a reconfigurable cell versus frequency for reverse 

bias voltages of 0V and 25V are reported in Fig. 5.2. As observed in Fig. 5.2, sweeping 

the bias voltage leads to variations in permittivity and permeability. According to Fig. 

5.2, negative εr was achieved at 28.5 GHz (εr = -38.79) for Vbias = -25V. However, the 

length of the proposed periodic cell size is about λ0/20 (λg/25). Unfortunately, realizing 

such small cells using state-of-the-art fabrication technologies (in either LTCC or PCB) is 

impossible. The smallest allowable cell size is about λ0/5 (λg/6). The minimum achievable 

εr value for such size is about -2, which is not enough for confining the field.  

Preliminary simulations have been carried out using Ansys HFSS v.18. The S-

parameter diagrams are presented in Fig. 5.3. The return loss is better than 15 dB, and the 

insertion loss is between 4 dB and 7 dB over the 3 GHz bandwidth ranging from 27 GHz 

to 30 GHz for Vbias = -25V. The radiation gain patterns of the antenna at 28.5 GHz for 

different values of W2 (i.e., the distance of the sidewall from the side aperture) are 

reported in Fig. 5.4. Periodic cells with negative εr resemble the sidewall. Changing the 

permittivity of the cells is similar to moving the sidewall and varying W2. This results in 

the variation of the cutoff frequency and propagation constant, which leads to electronic 

beam-scanning and variation in the realized gain, as demonstrated in Fig. 5.4. 
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(a) 

 

Frequency (GHz) 

(b) 

Figure 5.2. Permittivity and permeability of the reconfigurable cells versus frequency. (a) εr and μr 

for Vbias = -25V, (b) εr and μr for Vbias = 0V. 
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Figure 5.3. S-parameter diagrams of the proposed antenna with negative εr cells at Vbias = 25v. 

  

(a) (b) 
 

Figure 5.4. The radiation pattern of the proposed antenna for different values of W2. (a) E-plane 

(YZ-plane), (b) XZ-plane. 

As stated before, according to our investigations, realizing an HMSIW LWA based on 

the reported FPMS cells in [121] does not result in satisfactory radiation at high 

frequencies. This is due to the unwanted leakage from the cross-shape periodic cells. In 

other words, most of the incoming power leaks to space through the gaps between stubs. 

Reconfigurable circular- and rectangular-shape cells, with small spacing to reduce 
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undesired leakage, will be implemented in the designs proposed in the next section. Since 

the designed cells are too small to be realized using the current fabrication technologies, 

the reconfigurable cells cannot confine the field. However, tuning a varactor diode of the 

proposed cell changes the impedance and resonance frequency, resulting in electronic 

beam-scanning. 

5.3 Waveguide-Based Reconfigurable Antennas 

Different types of reconfigurable antennas based on HMSIW and SIW are investigated 

in this section. The proposed designs are based on a multi-layer Rogers RT/Duroid 5880 

substrate with 0.5 oz copper cladding. The thickness of each layer was chosen as 0.127 

mm to achieve a low-profile structure. The waveguide widths (W) of the SIW-based 

antennas were obtained from (2.5) and (2.6) to achieve a single-mode propagation. 

Whereas the waveguide widths of the HMSIW-based structures were determined by the 

number, size, and spacing of the reconfigurable cells. The radiating lengths of the 

antennas were obtained from (2.4) to achieve the desired 0 and Δ. As stated in Chapters 

3 and 4, the total length of the antenna depends on the length of the feed transition, which 

was optimized to achieve adequate return loss and realized gain.    

In each of the proposed antennas, a tapered via fence in addition to the tapered 

microstrip transition was used to improve the impedance matching. Both ends of the 

antenna were also attached to RF connectors, while the output connector was terminated 

by a 50Ω-matched load to absorb the remaining un-radiated power. All the simulations 

are carried out using Ansys Circuit and Ansys HFSS v.18−20. 

In the SIW- and HMSIW-based reconfigurable antennas, MAVR000120-14110 [147] 

and MAVR011020-14110 [148] from MACOM company were chosen as the varactor 
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diodes, respectively. To bias the varactor diode, the anode of the varactor diode was 

grounded through the side via fence, while the cathode was connected to the bias 

circuitry through an RF block. To achieve a low-profile design, the bias circuitry was 

placed underneath the ground plane of the antenna. Grounding the varactor diode through 

a DC block is necessary to complete the RF path and prevent significant reflection from 

it. Each reconfigurable cell can be modeled as shunt and series resonators. The via fence 

and varactor diode act as shunt inductor and series capacitor, respectively. The 

conductive plane and the dielectric layer sandwiched between top and ground planes act 

as series inductor and shunt capacitor, respectively. Sweeping the reverse bias voltage of 

the varactor diode results in tuning the series capacitance. This changes the impedance of 

the cell and propagation constant that results in electronic beam-scanning. The HPBW is 

also altered by switching since the HPBW of an LWA depends on β and 0 [28]. Hence, 

directivity and gain are varied by tuning the bias voltage. 

Switching also affects the return loss and insertion loss due to the variations of the 

capacitance and impedance. To minimize the effects of switching on the impedance 

matching, reconfigurable cells were only realized in the radiation section of the antenna. 

In the preliminary designs, the switches were located over the slots, blocking parts of the 

slots due to their footprints. Switching has a similar effect as changing the size of the 

slots. In the last few designs and the fabricated antennas, switches were placed on the 

backside of the antennas to resolve the footprint blockage effect. It is also possible to 

place the switches outside the radiation section and the via fence. However, since the 

fields are confined by the via fences, each switch must connect to the radiating section 
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through the wire bonding, which is lossy and inductive. Doing so also requires increasing 

the width of the structure that is not desirable.  

The switches can be biased uniformly or non-uniformly. Uniform biasing means the 

switches are biased at the same voltage level, while non-uniform biasing is achieved by 

applying different voltages to the switches. Switches can be controlled independently by 

non-uniform biasing, provides more control on the radiation pattern. However, this is 

achieved at the expense of increased complexity and cost of bias circuitry. 

5.3.1 Reconfigurable HMSIW LWA with Patches 

The first proposed antenna is an HMSIW LWA with an array of patches implemented 

on a three-layer Rogers RT/Duroid 5880. The antenna scans space electronically by 

introducing sets of switches over the patches on the top conductor plane. Sweeping the 

reverse bias voltages disturbs the field distribution that leads to beam-steering. The 

proposed antenna is presented in Fig. 5.5. The total length, width, and thickness of the 

antenna are 68 mm, 25 mm, and 0.3 mm, respectively. In the proposed design, only two 

states are considered for each varactor diode. The “on” state refers to the upper limit of 

capacitance range, 0.5 pF, and the “off” state corresponds to the lower limit, 0.05 pF. The 

reconfigurable section consists of fifteen transverse lines with two patches per line. 

Hence, forty-five switches are required. All the switches in a row along the longitudinal 

axis are biased similarly to reduce the complexity and effect of switching on the 

impedance matching. Switching changes the configuration of the patch arrays. This leads 

to the variations in phase constant resulting in beam-scanning.  

In this antenna, radiation occurs from the side aperture and the patches. By turning 

“on” the switches in each row, the current will pass to the next one. This scenario is the 
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same as changing the dimension of the microstrip patch. From the LWA perspective, 

connecting/disconnecting patches is similar to changing the dimensions of the slots. From 

the array antenna standpoint, switching has the same effect as changing the number of the 

array elements [100]. The S-parameters for different switching states at 28.5 GHz are 

presented in Table 5.1. The return loss is better than 10 dB in all states, while the 

insertion loss ranges from 4 to 7.3 dB representing the low residual power.  

2.4 mm Connector

Via Fence

Dielectric Layer

Open Aperture

Top Copper Cladding

Switch
Patch

 
(a) 

39 mm

25 mm

68 mm

51 mm

22 mm

1.4 mm

6.3 mm

1.7 mm

3.5 mm

0.8 mm0.4 mm

 
(b) 

Figure 5.5. Schematic view of the reconfigurable HMSIW LWA with patches. (a) 3D view, (b) top 

view [100]. 

Table 5.1. S-parameters of the HMSIW LWA with patches for different switching states [100]. 

Switches States S11 S21 

off-off-off -10.2 dB -5.4 dB 

on-off-off -10.1 dB -7.3 dB 

off-off-on -10 dB -4 dB 

on-on-on -20.9 dB -5 dB 

 



 112 

The radiation patterns of the antenna for different switching states are shown in Fig. 

5.6, confirming the electronic beam-scanning of about 50⁰. The proposed reconfigurable 

antenna’s beam scans from 75° to 125° with relatively low gain ranging from 0.3 dBi to 

4.6 dBi. The small thickness of the antenna results in a high conductive loss that degrades 

the gain. In addition, the reported gain is the realized gain depends on the S-parameters. 

Hence, non-optimum return loss can result in such low gain. 

5.3.2 Reconfigurable HMSIW LWA with Circular Slots 

In this section, implementing reconfigurable circular slots with switches on HMSIW 

LWAs leads to electronic beam-scanning. Each reconfigurable cell contains a varactor 

diode, DC block, and RF block arranged over a circular slot. As presented in Fig. 5.7, 

several topologies for the cells were considered. The circular shape was chosen as the 

best candidate due to its smooth edge, resulting in a mild disturbance in the surface 

current. 

 

Figure 5.6. Radiation patterns of the reconfigurable HMSIW LWA with patches for different 

switching states and E-plane ( = 90⁰) [100]. 
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(a) (b) (c) (d) 

Figure 5.7. Different topologies for the reconfigurable cells. (a) circular shape, (b) square shape, (c) 

triangular shape, and (d) hexangular shape. 

The proposed antennas were implemented on a three-layer Rogers RT/Duroid 5880 

with the total thickness of 0.3 mm to achieve a low-profile structure. In other words, each 

of the proposed antennas contains two Rogers RT/Duroid 5880 board with the thickness 

of 0.127 mm. The first proposed reconfigurable HMSIW antenna is presented in Fig. 5.8 

and contains thirty-five cells. The length, width, and thickness of the proposed antenna 

are 69 mm, 45 mm, and 0.3 mm, respectively. The length of the antenna was adjusted to 

achieve a relatively high directivity while keeping the antenna size reasonably small. 

Since the antenna is realized on an HMSIW, radiation occurs from both the circular slots 

and the side aperture. Only two switching states are considered; the “on” and “off” states 

correspond to the varactor capacitance values of 0.5 pF and 0.05 pF, respectively.  

The second proposed HMSIW LWA is presented in Fig. 5.9. The proposed antenna 

contains thirty-five circular slots with a diameter of 3.4 mm in a V-shape topology. 

Switches in a V-shape row are biased uniformly. The length, width, and thickness of the 

antenna are 67 mm, 45 mm, and 0.3 mm, respectively. 
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Figure 5.8. Schematic view of the reconfigurable HMSIW LWA with circular slots [101]. (a) 3D view, 

(b) top view. 
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Figure 5.9. Schematic view of the reconfigurable HMSIW LWA with circular slots in V-shape 

topology [102]. (a) 3D view, (b) top view, and (c) side view. 
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Switching each cell individually provides more control over the radiation pattern at the 

expense of complex bias circuitry. Hence, to avoid complexity of the bias circuitry, all 

the switches were biased uniformly. Multiple switching topologies can be implemented to 

achieve electronic beam-scanning. Here, longitudinal and transversal switching 

topologies for the first HMSIW LWA are investigated. In the longitudinal configuration, 

all switches in a row along the z-axis are biased similarly. In the transversal topology, 

switches in a column along the x-axis are connected to the same bias voltage. 

Longitudinal and transversal switching dominantly disturb transverse and longitudinal 

surface currents, respectively. This is because longitudinal and transversal switching can 

be approximately modelled as shifting the longitudinal and transverse slots, respectively. 

Longitudinal switching is similar to changing the width of the HMSIW artificially. First, 

the results of longitudinal switching are presented. Next, the results of the transversal 

configuration are investigated. Finally, the results of the V-shape topology with uniform 

switching are discussed. 

The S-parameters of the antenna configured with longitudinal switching are presented 

in Fig. 5.10. It exhibits a return loss better than 10 dB and confirming proper impedance 

matching from 28.1 GHz to 28.7 GHz in all states. The insertion loss ranges from 3 dB to 

11 dB over the frequency band of 28.1-28.7 GHz. The radiation patterns for different 

longitudinal switching states are shown in Fig. 5.11, indicating the electronic beam-

steering. The beam-scanning range of the longitudinal switching HMSIW LWA is about 

13⁰, while the peak realized gain ranges from 2.8 dBi to 8.6 dBi. To investigate the 

validity of the proposed design, the results of only four states are reported; (1) all 
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switches off, (2) all switches on, (3) nearest row to the aperture (first row) off, and (4) 

closest row to the via fence (last row) off. 

  
(a) (b) 

Figure 5.10. S-parameters of the proposed reconfigurable HMSIW antenna for different longitudinal 

switching states. (a) S11, (b) S21. 

 

Figure 5.11. Radiation patterns of reconfigurable HMSIW LWA with circular slot and different 

longitudinal switching states at 28.5 GHz and E-plane; (1) all on, (2) all off, (3) the first row (nearby 

the aperture) off, and (4) the last row (nearby the via fence) off. 
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Next, the results of transversal switching are presented. The S-parameters for different 

switching states are presented in Fig. 5.12, exhibiting return loss better than 10 dB in all 

states from 28.3 GHz to 28.6 GHz. The corresponding insertion loss is altering from 3 dB 

to 9 dB at 28.5 GHz for different switching states, demonstrating the variation in the 

power reaches the output port. The radiation patterns for different switching states are 

presented in Fig. 5.13 that shows scanning of the main-beam through space. The 

proposed HMSIW LWA with transverse switching achieves the beam-scanning range of 

about 15⁰ with the peak realized gain ranges from 2.7 dBi to 8.8 dBi. 

  

(a) (b) 

Figure 5.12. S-parameters of the proposed HMSIW LWA for different transversal switching states 

[101]. (1) the first column (closest to the input) off, (2) the last column (closest to the output) off, and 

(3) all off. (a) S11, (b) S21. 
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Figure 5.13. Radiation patterns of the reconfigurable HMSIW LWA with circular slot and 

transversal switching at 28.5 GHz [101]. 

Finally, the results of the V-shape configuration with longitudinal switching topology 

were investigated. The S-parameters for different switching states are presented in Fig. 

5.14, exhibiting return loss better than 10 dB over the frequency range from 28.25 GHz to 

28.75 GHz. The insertion loss varies from 7 dB to 18 dB over the corresponding 

frequency band for different switching states. Furthermore, the insertion loss for different 

switching states at 28.5 GHz ranges from 14 dB to 18 dB. The radiation patterns for four 

different switching states are presented in Fig. 5.15, indicating the electronic beam-

scanning with medium gain. The investigated switching states are as follows; (1) all 

switches on, (2) all switches off, (3) row beside the aperture (first row) off, and (4) two 

nearest rows to the via fence (two last rows) off. The proposed antenna’s beam scans 20⁰ 

while the peak realized gain ranges from 7.1 dBi to 8.2 dBi. 
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(a) (b) 

Figure 5.14. S-parameters of the proposed reconfigurable HMSIW LWA with V-shape configuration 

[102]. (a) S11, (b) S21. 

 

Figure 5.15. Radiation patterns of the reconfigurable HMSIW LWA with V-shape topology for 

different switching states at 28.5 GHz and E-plane (YZ plane); (1) all switches on, (2) all switches off, 

(3) the row close by the aperture (first row) off, and (4) the two nearest rows to the via fence (two last 

rows) off [102].  
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5.3.3 HMSIW LWA with Reconfigurable Cells in V-Shape Configuration on the 

Backside 

In this section, a reconfigurable HMSIW LWA is demonstrated. The beam-steering is 

achieved using embedded varactor diodes in a V-shape configuration located on the 

backside of the antenna. Sweeping the reverse bias voltage causes variations of the phase 

constant, which leads to the electronic beam-scanning. The main features of the proposed 

reconfigurable antenna can be listed as the following: small gain variation, operation in 

the mm-wave frequency band, compactness, and backward beam-scanning with adequate 

scanning range using a single varactor diode per cell.  These features make the proposed 

antenna a suitable candidate for 5G blind-spot monitoring and V2X communications. 

The proposed antenna is a reconfigurable LWA based on HMSIW, as shown in Fig. 

5.16. S-parameters of a single cell of the structure and β are related by 

cosh((𝛼 + 𝑗𝛽)𝐿) =  
𝑆12𝑆21 + (1 + 𝑆11)(1 − 𝑆22)

2𝑆21
 

(5.1) 

where α and L are the attenuation constant and length of the cell, respectively [137]. 

According to (2.3) and (5.1), sweeping the varactor diode’s reverse bias voltage leads to 

variations in capacitance of each reconfigurable cell, thereby changing the S-parameters, 

β, and θ0. In other words, switching leads to the electronic beam-scanning at a fixed 

frequency. It should be noted that (5.1) only provides a general guideline on the beam-

scanning mechanism since the proposed antenna is a quasi-periodic structure due to the 

V-shape configuration of the reconfigurable cells.  

As for other antennas previously investigated in this dissertation, the length of the 

antenna depends on the sizes of the radiation section and the feed. The feed length is 

adjusted to optimize the return loss of the antenna, while the radiation length is calculated 
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by (2.4). The θ0, Δθ, and center frequency were chosen as 130⁰, 20⁰, and 28.5 GHz, 

respectively. This led to Lr = 39 mm based on (2.4). It should be noted that forward and 

backward endfires are at θ = 0° and 180°, respectively. In this design, θ0 was chosen as 

130° to achieve backward radiation, which is useful for monitoring blind spots in an 

autonomous vehicle. 

The proposed reconfigurable antenna was implemented on a four-layer Rogers 

RT/Duroid 5880 substrate with relative permittivity of 2.2, small loss tangent of 0.0009, 

and 0.5 oz copper cladding. The total length, width, and thickness of the antenna are 67 

mm, 48 mm, and 0.32 mm, respectively. The designed HMSIW LWA is composed of 

reconfigurable cells in a V-shape configuration, as shown in Fig. 5.16. Each 

reconfigurable cell includes a circular slot at the top plane and a GaAs varactor diode, DC 

block, and RF block on the backside of the structure. The proposed structure contains 

four copper claddings, where the second and the third copper claddings were merged to 

create the ground plane, as shown in Fig. 5.16(b). Some of the important geometrical 

parameters are listed in Table 5.2. A tapered via fence in addition to the tapered 

microstrip transition was implemented to minimize the return loss. Each end of the 

structure was terminated by a k-connector, while one of them was terminated by a 50Ω-

matched load to absorb the residual power since at least 10% of the input power should 

remain in the guided structure [28], [29]. 
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(a) 

 

(b) 

Figure 5.16. The proposed reconfigurable HMSIW LWA composed of circular slots in a V-shape 

configuration [103]. (a) Bottom view, (b) Side view. 
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(c) 

 
(d) 

 
(e) 

Figure 5.16. The proposed reconfigurable HMSIW LWA composed of circular slots in a V-shape 

configuration [103] (cont’d). (c) Top view, (d) Bottom view of the fabricated antenna, (e) Top view of 

the fabricated antenna. 
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Table 5.2. Important geometrical parameters of the proposed reconfigurable HMSIW-based antenna 

[103]. 

Parameter h d d2 Wv Lpc Wpc 

Value (mm) 0.127 0.4 0.2 0 0.3 0.3 

 

The proposed antenna contains thirty-five circular cells in a V-shape configuration. 

Each reconfigurable cell is in the shape of a circle with a diameter of 3.4 mm. The 

minimum size of the reconfigurable cell was dictated by the fabrication design rules, 

which required specific line width and spacing between components to accommodate the 

practical implementation. The circular shape leads to a more unfirm surface current 

distribution than the rectangular one due to removal of sharp corners. The locations, the 

number, and the period of the reconfigurable cells were determined through full-wave 

simulation in combination with physical intuition to achieve the optimum beam-scanning 

range along with small gain variation and adequate return loss. Overall, five V-shape 

rows containing thirty-five cells were implemented to achieve the desired performance 

while keeping the antenna compact. The electric field distributions of the proposed 

HMSIW with and without reconfigurable cells are presented in Fig. 5.17. Because of the 

large width of HMSIW and feeding through microstrip transitions and surface-mounted 

connectors, higher-order waveguide mode is excited, as shown in Fig. 5.17(a). The 

presence of multiple nodes in the field distribution confirms the excitation of the higher-

order mode. Whereas in a narrow HMSIW supporting only the fundamental mode, as 

shown in Fig. 3.1, the maxima of the E-field only occur at the open side aperture.   
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(a) 

 

(b) 

Figure 5.17. E-field distribution [103]. (a) Perspective view of HMSIW LWA without reconfigurable 

cells, (b) Top view of HMSIW LWA without reconfigurable cells. 
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(c) 

 

(d) 

Figure 5.17. E-field distribution [103] (cont’d). (c) Perspective view of HMSIW LWA with circular 

slots in V-shape configuration, (d) Top view of HMSIW LWA with circular slots in V-shape 

configuration. 

The reconfigurable cells were placed at the locations of the maximum electric field to 

perturb the field more effectively, as shown in Fig. 5.17(b). By implementing a V-shape 

configuration for the cells, transverse and longitudinal components of β and the surface 
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currents are disturbed by switching, leading to a relatively wide beam-scanning range. 

Placing the cells in a V-shape configuration improved the impedance matching as well. 

The GaAs varactor diode MAVR-011020-14110P was used as the switch in each 

reconfigurable cell. According to the varactor diode datasheet [148], sweeping the 

reverse bias voltage in the range of 1−20V leads to capacitance variations from 0.15 to 

0.035pF at room temperature. The Q factor of the MAVR-011020-14110P varactor diode 

is 3000 at 4V and 50 MHz [148]. Furthermore, the ERA-1AEB102C chip resistor and 

GRM0335C1H4R7CA01D chip capacitor were used as RF and DC blocks in each 

reconfigurable cell, respectively. The anode was connected to the top plane through a via, 

while the cathode was connected to the bias circuitry through the RF block. The bias 

circuitry was placed underneath the antenna's ground plane to keep the structure compact, 

as shown in Fig. 5.16. The RF components were placed on the backside of the antenna to 

minimize their footprints' blockage effect on the radiation. The coupling between RF 

components and the top cladding was also reduced by placing them on the backside. 

Shrinking the reconfigurable cell size resulted in a more compact antenna. However, 

doing so increased the mutual coupling between the reconfigurable cells. The fabrication 

technology limitations also dictate the minimum cell size and period. The GaAs varactor 

diodes, DC blocks, and RF blocks were assembled on the pads using the ball grid array 

(BGA) method to minimize the inductance and resistance due to the assembly process. 

DC pads were connected to the DC source through sets of thin, flexible, and strong wires. 

The full-wave simulation results were obtained using ANSYS HFSS v19.2. Similar to 

the previous measurement setups, S-parameters were measured using a Rohde & Schwarz 
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ZVA-67 VNA, and radiation patterns were measured at an anechoic chamber using MI-

12A-26 as a standard gain horn antenna. The measurement setup is shown in Fig. 5.18. 

Sweeping the varactor diodes bias voltage results in the variation of the series 

capacitance of the structure, which changes the series resonance frequency and the input 

impedance. This leads to variations of β and θ0 according to (5.1) and (2.3). In the 

proposed HMSIW LWA, all switches in a V-shape row were biased similarly to simplify 

the bias circuitry. Four switching states are reported as follows to validate the electronic 

beam-scanning capability; (1) all switches are biased at 0V (i.e., open circuit), (2) the first 

two rows (i.e., closest ones to the open side aperture) are biased at 4V and the rests are 

biased at 0V, (3) the first two rows are biased at 15V and the rests are at 0V, and (4) all 

rows are biased at 1V. Unfortunately, due to the error in the antenna's fabrication, few  

 

switches in the last V-shape row (i.e., closest to the side via fence) were short-circuited. 

Hence, the last row was not connected to the DC voltage to protect the power source. 

This resulted in deviations from the initial simulated results. In the final simulated results, 

the last row was considered defective to capture the reality. 

 
(a) 

 

(b) 

Figure 5.18. Measurement setup [103]. (a) S-parameters measurement setup, (b) Antenna under test 

in the anechoic chamber for measuring radiation pattern. 
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The measured and simulated S-parameters for different switching states are presented 

in Fig. 5.19. Return loss is better than 10 dB over the frequency range of 28−29.5 GHz in 

all different switching states. Since the implemented varactor diodes have constant return 

loss [148], there is little variation in the return loss by sweeping the reverse bias voltage. 

The measured insertion loss ranges from 12 to 20 dB for different switching states over 

the frequency band of 27−30 GHz, which is partly because of the losses of the varactor 

diodes and RF blocks. The other loss is due to the thin substrate implemented to achieve 

a compact structure. This contributed to high conduction loss, low gain, and high 

insertion loss. 

The measured and simulated radiation patterns for four different switching states in E-

plane (YZ-plane) at 28 GHz, 28.5 GHz, and 29 GHz are presented in Fig. 5.20, 

confirming the electronic beam-scanning capability of the proposed LWA. As stated 

before, E-plane is at YZ-plane. In contrast, the H-plane is at different θ planes since the 

main-lobe shifts by switching. As for other antennas investigated in this dissertation, only 

the radiation pattern in the E-plane was investigated since measuring the H-plane 

radiation pattern was out of the capability of the measurement system. Figs. 5.20(e)−(h) 

indicates that the antenna's main-lobe scans 29° by switching at 28.5 GHz. As observed 

in Fig. 5.20, the antenna radiates backward (i.e., 90⁰ < 0 < 180⁰), which is due to the 

propagation of the higher-order waveguide modes. Backward beam-scanning can be used 

for monitoring the blind-spot of an autonomous vehicle. Although the proposed antenna 

is designed for electronic beam-scanning applications, the main-lobe pointing angle 

changes by sweeping the frequency. This is due to the antenna's leaky-wave nature. 
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According to Fig. 5.20, the measured and the simulated frequency beam-squint in the 

frequency band of 27−30 GHz are 18° and 22°, respectively. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.19. S-parameters of the reconfigurable HMSIW LWA with reconfigurable cells in V-shape 

configuration [103]. (a) Return loss at states 1 and 2, (b) Return loss at states 3 and 4, (c) Insertion 

loss at states 1 and 2, and (d) Insertion loss at states 3 and 4. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

Figure 5.20. Gain radiation patterns of the proposed reconfigurable HMSIW LWA in E-plane (YZ-

plane) for different switching states and frequencies [103]. (a) State 1 at 28 GHz, (b) State 2 at 28 

GHz, (c) State 3 at 28 GHz, (d) State 4 at 28 GHz, (e) State 1 at 28.5 GHz, (f) State 2 at 28.5 GHz. 
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(g) 

 
(h) 

 
(i) 

 
(j) 

 
(k) 

 
(l) 

Figure 5.20. Gain radiation patterns of the proposed reconfigurable HMSIW LWA in E-plane (YZ-

plane) for different switching states and frequencies [103] (cont’d). (g) State 3 at 28.5 GHz, (h) State 

4 at 28.5 GHz, (i) State 1 at 29 GHz, (j) State 2 at 29 GHz, (k) State 3 at 29 GHz, and (l) State 4 at 29 

GHz. 
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The peak realized gain for different switching states in the frequency band of 27−30 

GHz are reported in Fig. 5.21, indicating that switching results in 1.2 dBi gain variation 

at 28.5 GHz. Hence, the proposed structure scans space with small gain variation at the 

desired frequency, which is beneficial in beam-scanning applications. According to Fig. 

5.21, the measured peak realized gain varies from -2.5 dBi to 10.6 dBi over the frequency 

band of 27−30 GHz for different switching states. 

As discussed in Chapters 2 and 3, the SLL can be reduced by tapering the side via 

fence [64]−[66] or the side aperture [69], [70]. It should be noted that the high SLL is due 

to the small thickness of the board [63] and undesired reflection from the side aperture. 

Increasing the thickness of a conventional narrow-width HMSIW, supporting the 

fundamental mode, may lead to the SLL improvement [63]. However, this trend was not 

observed in our case, which can be attributed to the higher-order mode excitation. 

Realizing the proposed design on a thicker substrate can improve the gain by reducing the 

conductor loss and improving impedance matching. However, this is achieved at the 

expense of compromising the compact nature of the antenna. The gain can also be 

increased by increasing the number of cells at the expense of the cost and size of the 

antenna. Biasing the switches non-uniformly provides more switching states and results 

in more variations in the phase constant. Hence, achieving a wider beam-scanning range 

will be possible at the expense of increasing the feed network's complexity and cost. 

Increasing the variable capacitance range of the switches also increases the beam-

scanning range. However, achieving a high speed and low loss switch with a wide 

variable capacitance range at the mm-wave band is a practical challenge. 
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(a) 

 

(b) 

Figure 5.21. Peak realized gain of the proposed reconfigurable HMSIW LWA [103]. (a) States 1 and 

2, (b) States 3 and 4. 

A sensitivity analysis was performed to investigate the discrepancies between 

simulated and measured results more thoroughly. Therefore, several parameters such as 

board’s thickness (h), vias size (d and d2), extension width of the waveguide section (Wv), 

and pad sizes (Lpc and Wpc) were changed. S-parameters and radiation patterns for 

different combinations are demonstrated in Figs. 5.22 and 5.23. According to the 

sensitivity analysis, h and Wv contribute the most to the discrepancies between measured 

and simulated results. 

As for other antennas investigated in this dissertation, the proposed antenna may bend 

under physical stress because of the relatively small thickness of the substrate. This is a 

real concern and a possible reason for the discrepancies between the measured and the 

simulated results, which need to be investigated. To investigate this case, the antenna was 

gradually bent such that the vertical distance from the horizon changed up to hb = 5.6 mm 

by moving toward the two ends, as shown in Fig. 5.24. The S-parameters, normalized 

radiation patterns, and peak realized gain of the bent reconfigurable HMSIW LWA are 
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demonstrated in Figs. 5.25−5.27 confirming the large degradations in the antenna 

performance in terms of return loss, peak realized gain, SLL, Δ, and θ0. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.22. S-parameters for different geometrical parameters at state 2 [103]. (a) S11 for different 

values of d, d2, Wpc, and Lpc, (b) S21 for different values of d, d2, Wpc, and Lpc, (c) S11 for different values 

of h and Wv, (d) S21 for different values of h and Wv. 
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(a) 

 

(b) 

Figure 5.23. Radiation patterns at state 2 for different geometrical configurations [103]. (a) Different 

values of h, d, and Wv, (b) Different values of d2, Wpc, and Lpc. 

 

 

(a) 
 

(b) 

Figure 5.24. Schematic view of the bent reconfigurable HMSIW LWA [103]. (a) Side view, (b) 3D 

view. 

 

Figure 5.25. S-parameters of the bent reconfigurable HMSIW LWA [103]. 
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Figure 5.26. Normalized radiation patterns of the bent reconfigurable HMSIW LWA at switching 

state 2 [103]. 

 

Figure 5.27. Peak realized gain of the bent reconfigurable HMSIW LWA at switching state 2 [103]. 

A comparison with similar electronic beam-scanning antennas in [94]−[99] is shown 

in Table 5.3. A key difference is that the reported operating frequency bands of [95]−[99] 

are lower than the antenna proposed here for 5G mm-wave applications. It should be 

noted that by increasing the frequency, both the loss and the parasitic effects of electronic 

components increase. Therefore, the antennas' performance reported in [95]−[99] may 

degrade if the same designs are scaled to operate in mm-wave frequency band.  

The beam-scanning range of the antenna proposed here is wider than the reported ones 

in [94]−[96] and comparable to [97]. The wider beam-scanning range of [98] and [99] are 

27 27.5 28 28.5 29 29.5 30

Frequency (GHz)

6.5

7

7.5

8

8.5

9

P
e
a
k
 R

e
a
liz

e
d
 G

a
in

 (
d
B

) State 2 (0v-4v)



 139 

due to the different methods that were applied to achieve the electronic beam-scanning. 

The reconfigurable cells of the proposed design were integrated into HMSIW, while cells 

were added as extra stubs to the HMSIW in [94]−[99]. The beam-scanning in [99] was 

achieved using two sets of series and parallel switches, while only one switch per cell 

was used in the design investigated in this section.  

The beam-scanning range should be considered in light of the gain variation. The most 

stringent gain variation (i.e., ±0.6 dBi) was chosen as the baseline to define the beam-

scanning range in the proposed design here. Overall, the gain variation of the 

reconfigurable antenna proposed here is smaller than the ones in [94]−[96] and [99], and 

comparable to [97] and [98]. This is beneficial because the gain variation in beam-

scanning applications should be minimized. Overall, a more generous allowance of the 

gain variation would lead to an over-optimistic estimate of the beam-scanning range. 

As stated before, the electronic components were located on the backside of our 

proposed antenna. This is another distinction of the design proposed here as compared to 

[94]−[99]. This led to the ease of the fabrication and assembly due to the larger available 

space on the backside. Moreover, the main-beam of the proposed antenna is pointed 

backward, which is useful for monitoring the blind-spot in an autonomous vehicle. 

The radiating length of the antenna investigated here is smaller than the ones reported 

in [94]−[97]. This is advantageous since small size is a premium in beam-scanning 

applications. The higher peak gain of the antennas presented in [94]−[97] are due to their 

longer electric length. The smaller thickness of the proposed structure leads to higher 

conductor loss and smaller gain than [98] and [99]. This is the cost of achieving a low-

profile antenna.  
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Table 5.3. Comparison among the similar reported electronic beam-scanning antennas [103]. 

Design Scanning Range Peak Gain (dBi) Center Frequency Radiating Length 

Our proposed 

reconfigurable 

HMSIW LWA 

29° 8.2 ± 0.6 28.5 GHz 3.7λ 

[94] 21° 12 ± 1.5 24 GHZ 6.7λ 

[95] 23° 13 ± 0.84 10.8 GHZ 7.6λ 

[96] 16° 10 ± 2 6.5 GHZ 5.36λ 

[97] 29° 12.9 ± 0.6 6 GHZ 5.32λ 

[98] 39° 10.47 ± 0.65 4.2 GHZ 3λ 

[99] 66° 9.55 ± 1.75 6.5 GHZ 3.25λ 

 

Overall, the proposed antenna’s beam scans 29° of space with a peak realized gain of 

8.2 ± 0.6 dBi by switching between different states at 28.5 GHz [103]. The small gain 

variations, operation in the mm-wave frequency band, compactness, backward beam-

scanning with adequate scanning range make the proposed antenna a suitable candidate 

for mm-wave 5G blind-spot monitoring and V2X communications. 

5.3.4 Reconfigurable SIW LWA with Transverse Slots 

In the proposed reconfigurable antenna, beam-scanning is achieved by introducing sets 

of varactor diodes over transverse slots. Each reconfigurable cell is in the shape of a 

narrow rectangular slot containing varactor diode, Dc block, and RF block. The narrow 

rectangular shape slot was chosen due to its adequate control over the leakage. The 

proposed structure containing two Rogers RT/Duroid 5880 boards, each 0.127 mm thick 

is presented in Fig. 5.28. The total length, width, and thickness of the antenna are 68 mm, 

24 mm, and 0.3 mm, respectively. To further improve the impedance matching, three 

additional tapered slots were placed at each end. The radiation section of the antenna 

contains thirty rectangular transversal slots along a length of 29 mm obtained from (2.4). 

The length and width of the slots are 2 mm and 0.3 mm, respectively to achieve an 
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adequate control over the leakage. The slots were placed at a 1 mm distance from each 

other to prevent the excitation of higher order Floquet modes. To only allow TE10 to 

propagate, the via fences were set at a 4.5 mm distance transversally. Switching can be 

done uniformly or non-uniformly. First, the results of uniform switching are investigated 

[112]. Then the results of non-uniform switching are presented [113]. The full-wave 

simulations were carried out using Ansys HFSS v.19.2. 

 

2.4 mm Connector

Via Fence
Dielectric Layer

Top Copper Cladding

Slots

 

(a) 

29 mm

24 mm

68 mm

39 mm

5.9 mm

Z

x

y

1 mm

4.5 mm

2 mm

0.8 mm

0.4 mm

0.3 mm

 

(b) 

Figure 5.28. Schematic view of the reconfigurable SIW LWA with transverse slots [112]. (a) 3D view, 

(b) top view. 
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The S-parameters of uniform switching topology for different capacitance values are 

presented in Fig. 5.29. Return loss is better than 10 dB in all cases over the frequency 

band of 28-29 GHz. The corresponding insertion loss ranges from 1.4 to 4 dB in all 

switching states.  

The radiation patterns of the antenna, shown in Fig. 5.30, demonstrate an electronic 

beam-scanning range of 35⁰ with the peak realized gain in the range of 0.2−9.1 dBi. The 

reported patterns correspond to the realized gains of the antenna for different varactor 

capacitance values of 50 fF, 0.5 pF, and 5 pF. 

  

(a) (b) 

Figure 5.29. S-parameters of the proposed SIW LWA with uniform switching at 28.5 GHz [112]. (a) 

S11, (b) S21. 
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Figure 5.30. Radiation patterns of the proposed reconfigurable SIW LWA with uniform switching at 

E-plane (YZ-plane) [112]. 

Next, the non-uniform switching results were investigated [113]. This switching 

configuration provides more degrees of freedom in the antenna design and control over 

the radiation pattern. However, doing so increases the complexity and the cost of the 

antenna. To reduce the complexity of the design, only three different switching states 

were considered as follows; all “off,” first half “on,” and all “on.” The S-parameters, 

presented in Fig. 5.31, show a return loss better than 10 dB from 28 GHz to 29.5 GHz in 

all states, while the insertion loss ranges from 1.5 dB to 7.8 dB over the frequency band 

of 28-29.5 GHz. The radiation patterns of the antenna at 28.5 GHz are presented in Fig. 

5.32, indicating that by sweeping the bias voltage, the antenna scans space from 60° to 

141°. The reported peak realized gain varies from 0.5 dBi to 7.2 dBi, which agrees with 

the variations of the S-parameters at 28.5 GHz. As stated before, non-uniform biasing 

increases the number of possible configurations that leads to a more controllable radiation 

pattern at the expense of increasing the complexity and the cost. 
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(a) (b) 

Figure 5.31. S-parameters of the proposed reconfigurable SIW LWA with non-uniform switching for 

different states (1) all off, (2) first half on, and (3) all on [113]. (a) S11, (b) S21. 

 

Figure 5.32. Radiation patterns of the proposed reconfigurable SIW LWA at 28.5 GHz and E-plane 

for different non-uniform switching states (1) all off, (2) first half on, and (3) all on [113]. 

 

5.3.5 Reconfigurable SIW LWA with Offset Longitudinal Slots 

In the proposed design, the beam-steering is achieved by placing varactor diodes over 

the offset longitudinal slots, as presented in Fig. 5.33. Sweeping the reverse bias voltage 

causes the variation in series capacitance, series resonance frequency, and phase constant 
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that consequently leads to beam-scanning. The length, width, and thickness of the 

antenna are 95 mm, 23 mm, and 0.3 mm, respectively. The proposed antenna consists of 

twenty-nine periodic cells. Each cell is a 1.6mm × 0.4mm offset longitudinal rectangular 

slot. In the proposed design, switches are biased uniformly. 
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Dielectric Layer

Top Copper Cladding

Cells
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(b) 

Figure 5.33. Schematic view of the proposed reconfigurable SIW LWA with longitudinal slots 

[114]. (a) 3D view, (b) top view. 
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The simulation results are obtained using ANSYS HFSS v19.2. The simulated S-

parameters for different switch capacitance values are reported in Fig. 5.34. According to 

Fig. 5.34, the return loss is better than 10 dB in all states over the frequency bands of 

27.6−28.2 GHz. The corresponding insertion loss ranges from 4 dB to 15 dB over the 10 

dB impedance bandwidth (27.6−28.2 GHz).  

The realized gain radiation patterns for different switch capacitance values are 

presented in Fig. 5.35, which indicates that the antenna scans a relatively wide space 

using a small variable capacitance range. Sweeping the varactor capacitance from 200 fF 

to 250 fF leads to a 27⁰ scanning range with low SLL and peak realized gain of 4.7 ± 0.2 

dBi at 27.8 GHz. The low SLL, small gain variations, and wide beam-scanning rang of 

the proposed antenna make it an excellent candidate for 5G mm-wave applications. 

  

(a) (b) 

Figure 5.34. S-parameters of the proposed reconfigurable SIW LWA with offset longitudinal slots 

[114]. (a) S11, (b) S21. 
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Figure 5.35. Radiation patterns of the proposed reconfigurable SIW LWA with longitudinal slots for 

different switch capacitance values at 27.8 GHz and E-plane (YZ-plane) [114]. 

 

5.3.6 Reconfigurable SIW LWA Composed of Longitudinal Slots on the Backside 

In this section, an electronic beam-scanning SIW LWA is presented. Radiation occurs 

through narrow longitudinal slots offset from the central axis of the top copper cladding. 

The beam-scanning is achieved by mounting varactor diodes on the backside of the 

antenna. The key features of the proposed reconfigurable antenna are the low-profile and 

electronic beam-scanning capability using a single switch per cell located on the 

antenna's backside. Moreover, placing the components on the backside of the antenna 

reduces their unwanted effects on the radiation. 

Variation in S-parameters of a unit cell leads to the modification of β based on (5.1). 

According to (2.3), variation in β changes θ0 confirming the electronic beam-steering 

capability. Assuming the propagation of the dominant mode (TE10), the antenna's width is 

calculated by (2.6). Selecting fc = 24 GHz and εr = 2.2 led to w = 4.6 mm. The radiation 

length of the antenna is obtained from (2.4). Δθ and θ0 of the proposed structure at 28.5 

GHz were chosen as 20° and 30°, respectively. The extracted Lr from (2.4) was 58 mm. 
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The antenna's total length depends on the feed length, determined by optimizing the 

return loss. 

 The antenna was fabricated on a multi-layer Rogers RT/Duroid 5880 substrate, as 

presented in Fig. 5.36. The antenna's length, width, and thickness are 95 mm, 24 mm, and 

0.32 mm, respectively. The width of the antenna was chosen to achieve single-mode 

propagation, according to (2.5) and (2.6). To minimize the return loss, tapered via fences 

in addition to tapered microstrip transition were utilized at the input/output of the 

antenna. Each end of the structure was terminated by a k-connector, while one of them is 

terminated by a matched load to absorb the residual power since the maximum radiation 

efficiency of an LWA is 90%. The geometrical parameters are listed in Table 5.4. 

 
(a) 

 
(b) 

Figure 5.36. Schematic view of the proposed reconfigurable SIW-based LWA [115]. (a) Top view, (b) 

Side view. 
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(c) 

 
(d) 

 
(e) 

Figure 5.36. Schematic view of the proposed reconfigurable SIW-based LWA (cont’d) [115]. (c) 

Bottom view, (d) Top view of the fabricated LWA, and (e) Bottom view of the fabricated antenna. 

 

Table 5.4. Important geometrical parameters of the proposed LWA [115]. 

Parameter h s d Wv Ls Ws Lpc Wpc 

Value (mm) 0.127 0.8 0.4 0 1.6 0.5 0.3 0.3 

 

Z

x

y

24
 m

m

95 mm

Via to top 
plate 

Via to ground
Lpc

2 mm

Wpc
DC Bias 
Circuitry



 150 

The proposed antenna contains twenty-nine reconfigurable cells with 2mm spacing. 

The period of slots was chosen to allow the propagation of only the fundamental space 

harmonic. Each cell includes a Ls × Ws longitudinal rectangular slot offset from the 

central axis. The fabrication design rules limit the cell size as well.  

The proposed reconfigurable cell contains a MAVR-000120-14110P GaAs varactor 

diode as a switch, a chip capacitor GRM-0335C1H4R7CA01D as a DC block, and a chip 

resistor ERA-1AEB102C as an RF block. Similar to the Section 5.3.3, the varactor 

diode's anode was grounded through the side via fence while the cathode was connected 

to the bias circuitry through the RF block. The bias circuitry was located under the 

ground plane to keep the structure compact, as shown in Fig. 5.36(b). However, the 

components were assembled on the backside of the antenna to minimize their footprints' 

undesired effect on the radiation pattern. This also eased the fabrication and assembly 

procedure since more space is available on the backside of the antenna. The varactor 

diodes, DC blocks, and RF blocks are assembled on the pads using BGA technique to 

minimize the increase of inductance and resistance due to the assembly. The DC pad of 

the bias line is connected to the DC source through a thin and durable wire.  

The full-wave simulation results were obtained using ANSYS HFSS v19.2. As stated 

before, the varactor diode acts as a variable capacitor. Therefore, sweeping the switch's 

bias voltage changes the resonance frequency and the impedance of the cell. It also leads 

to the variations of β and θ0, according to (5.1) and (2.3). To investigate the electronic 

beam-steering capability of the proposed design, four switching states are investigated as 

follows; (1) all switches are biased at 1V, (2) all switches are biased at 4V, (3) all 

switches are biased at 11V, and (4) all switches are biased at 15V. According to the 
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varactor diode datasheet [147], increasing the voltage from 1V to 15V reduces its 

capacitance from 0.9pF to 0.15pF. Moreover, the Q factor of the varactor diode at 4v and 

50 MHz is 3000 [147]. Similar to the previous measurement procedure, S-parameters 

were measured using a Rohde & Schwarz ZVA-67 VNA, and the radiation pattern was 

measured at the anechoic chamber using an MI-12A-26 standard gain horn antenna, as 

shown in Fig. 5.37. 

Simulated and measured S-parameters for four different switching states are reported 

in Fig. 5.38. According to Fig. 5.38, a return loss better than 10 dB over the frequency 

band of 27−30 GHz was achieved. Since the implemented varactor diodes have constant 

return loss, there is small variation in the return loss by sweeping the reverse bias voltage. 

The corresponding insertion loss varies from 13 dB to 20 dB. The discrepancies between 

measured and simulated results are discussed through sensitivity analysis. 

Normalized radiation patterns for different switching states at 27 GHz, 28.5 GHz, and 

30 GHz are presented in Fig. 5.39, confirming the electronic beam-scanning. Only the E-

plane (YZ-plane) radiation pattern is reported since tilting the antenna under test was 

beyond the capability of the measurement setup. According to Figs. 5.39(c)-(d), sweeping 

the reverse bias voltage from 1 V to 15 V results in a 25⁰ scanning range at 28.5 GHz. 

 

(a) 

 

(b) 

Figure 5.37. Antenna under test in (a) S-parameters measurement, and (b) anechoic chamber 

[115]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.38. S-parameters of the proposed reconfigurable SIW LWA [115]. (a) S11 at states 1 and 2, 

(b) S21 at states 3 and 4, (c) S11 at states 1 and 2, (d) S21 at states 3 and 4. 

As stated before, the main-lobe pointing angle changes by sweeping the frequency due 

to the leaky-wave nature of the antenna [28]. According to Fig. 5.39, the measured and 

the simulated frequency beam-squint in the frequency band of 27-30 GHz are 5° and 3°, 

respectively. Realization of the proposed design on Rogers RT/Duroid 5880 substrate led 

to reducing the frequency beam-squint. The measured and simulated peak realized gains 

are demonstrated in Fig. 5.40, indicating the proposed LWA radiates with 9 ± 0.8 dBi 

gain at 28.5 GHz for different switch states.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 5.39. Normalized radiation patterns of the proposed electronic beam-steering antenna for 

different states in E-plane (YZ plane) [115]. (a) States 1 and 2 at 27GHz, (b) States 3 and 4 at 27 

GHz, (c) States 1 and 2 at 28.5 GHz, (d) States 3 and 4 at 28.5 GHz, (e) States 1 and 2 at 30 GHz, (f) 

States 3 and 4 at 30 GHz. 
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(a) 

 
(b) 

Figure 5.40. Peak realized gain of the proposed reconfigurable antenna [115]. (a) States 1 and 2, (b) 

States 3 and 4. 

The antenna was fabricated on a thin substrate to achieve a low-profile structure. This 

resulted in high conductor loss and lower gain. Increasing the number of reconfigurable 

cells without changing the period results in a higher directivity at the expense of 

increasing the cost, size, and the loss of the antenna. The SLL can also be reduced by 

tapering the slots [54], the via fence [52], the period of cells [53], or the feed transition 

[61]. In the proposed design, all varactor diodes had similar applied bias voltage. Biasing 

them individually may result in a broader beam-scanning range since more switching 

states are achievable. However, this is achieved at the expense of increasing the 

complexity and the cost of the device. The assembly process can introduce additional 

reactive load to each cell resulting in variations in the input impedance and β. If air gaps 

exist inside the via connecting the top plane to the varactor diode, the inductance of each 

cell changes as well. These can cause the discrepancies between measured and simulated 

S-parameters, radiation patterns, and peak realized gain.  

A parametric study was carried out to investigate the discrepancies between measured 
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the thickness of the layer (h), extended width of the waveguide section (Wv), via spacing 

(s), and via diameter (d) on S-parameters and radiation patterns are reported in Figs. 5.41 

and 5.42. According to Figs. 5.41 and 5.42, h, s, and Wv contribute the most to the 

discrepancies between measurements and simulations.  

As stated before, bending of the thin substrate under physical pressure results in 

discrepancies as well. The antenna was bent as indicated in Fig. 5.43 to investigate such a 

possibility. To simulate this case, the vertical distance from the horizon was gradually 

changed to hb = 11 mm by moving from the center towards the two connectors. S-

parameters, normalized radiation patterns, and peak realized gain of the bent 

reconfigurable SIW LWA are reported in Figs. 5.44−5.46, which confirm the 

degradations in antenna performance in terms of beam-scanning, SLL, gain, and S-

parameters. 

 

(a) 

 

(b) 

Figure 5.41. S-parameters for different geometrical parameters at state 2 [115]. (a) S11 for different 

values of h, s, d, and Wv, (b) S21 for different values of h, s, d, and Wv. 
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(a) 

 

(b) 

Figure 5.42. Radiation patterns for different geometrical configurations at state 2 and 28.5 GHz 

[115]. (a) Different values of s and d, (b) Different values of h and Wv. 

 

(a) 

 

(b) 

Figure 5.43. Bent reconfigurable antenna [115]. (a) 3D view, (b) Side view. 

 

Figure 5.44. S-parameters of the bent reconfigurable antenna [115]. 
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Figure 5.45. Normalized radiation pattern of bent reconfigurable SIW LWA [115]. 

 

Figure 5.46. Peak realized gain of the bent electronic beam-scanning SIW LWA [115]. 
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smaller gain compared to [109], a corrugated SIW-based antenna. Our target frequency 

band is mm-wave, which is different from the reported frequency bands in [108]−[111] 

and [128]. The performance of the antennas reported in [108]−[111] and [128] degrade if 

they are scaled up to mm-wave frequency band. 

In the proposed design, sweeping the reverse bias voltage in the range of 1−15V led to 

a 25⁰ beam-scanning range at 28.5 GHz with the peak realized gain of 9 ± 0.8 dBi [115]. 

Low-profile, medium gain, small gain variation, simplicity of the design, and electronic 

beam- steering capability make the proposed LWA a suitable candidate for 5G wireless 

networks and V2X communications.  

5.3.7 Miniaturized SIW LWA with Offset Longitudinal Slot 

Miniaturizing the antennas is beneficial in wireless devices. The proposed antenna is 

illustrated in Fig. 5.47. To miniaturize the reconfigurable SIW LWA, bias circuitry is 

integrated into the RF ground. The total length, width, and thickness of the antenna are 

148 mm, 24 mm, 0.127 mm, respectively. Each reconfigurable cell is a longitudinal 

rectangular slot containing a varactor diode, an RF block, and a DC block. Due to the 

small size of the slots at the top plane, the components were located on the ground plane.  

Table 5.5. Comparison Among the Similar Reported Electronic Beam-Steering Antennas [115]. 

Design Scanning 

Range 

Average Gain Center 

Frequency 

Radiating 

Length 

Our proposed 

reconfigurable 

SIW LWA 

25° 9 ± 0.8 dBi 28.5 GHz 5.5 × λ 

[128] 17.5° -5.8 ± 0.25 dBi 3.23 GHZ 0.75 × λ 

[108] 22° 5.53 ± 1.5 dBi 5.2 GHZ 6 × λ 

[109] 25° 11.3 ± 1.15 dBi 5.8 GHZ 3.8 × λ 

[110] 72° 5.6 ± 0.3 dBi 4.5 GHZ 3.6 × λ 

[111] 71° 7.8 ± 1.4 dBi 2.6 GHZ 1.5 × λ 



 159 

 

(a) 

 

(b) 

 

(c) 

Figure 5.47. Schematic view of the proposed miniaturized reconfigurable antenna. (a) 3D view, 

(b) Top view, (c) Side view. 

 



 160 

 
(d) 

Figure 5.47. Schematic view of the proposed miniaturized reconfigurable antenna (cont’d). (d) 

Bottom view. 

To create isolation between the DC and RF signal, a gap surrounding the DC line was 

etched in the ground plane. This provided the required isolation to protect the DC source 

and RF signal generator. However, it resulted in higher SLL and lower gain because of 

the truncation of the ground plane. To minimize the undesired effect of the ground 

truncation while providing the required isolation, the gap size was chosen as 0.2 mm that 

is the smallest allowable gap size according to the fabrication technology. In addition, the 

location of the DC line was chosen such that the total gap length would be as small as 

possible. Several full-wave simulations were carried out to find the optimum location for 

the gap and DC line to minimize the effect of ground plane truncation, while providing 

enough isolation between DC and RF. Since the gap in the ground plane is much longer 

than the radiating slots at the top, it acts like a long slot. Therefore, radiation mostly 

occurs from the gap and the main-beam is located in the back hemisphere (i.e.,  < 0°).  
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The simulated S-parameters are reported in Fig. 5.48, indicating a return loss better 

than 10 dB in the frequency bands of 27.65−27.95 GHz and 28.15−28.5 GHz. The 

insertion loss of the proposed antenna ranges from 28 dB to 41 dB indicating that a small 

amount of the input power reaches the output. 

The gain radiation patterns of the proposed miniaturized antenna at 27.8 GHz are 

presented in Fig. 5.49, which indicates 16° beam-scanning through sweeping the varactor 

capacitance from 10 fF to 1 pF. The peak realized gain of the proposed miniaturized SIW 

LWA is shown in Fig. 5.50. According to Fig. 5.50, the proposed miniaturized antenna 

radiates with the peak realized gain of 8.2 ± 0.2 dBi at 27.8 GHz. This is beneficial since 

gain of the antenna preferably should remain constant in beam-scanning applications. 

 

(a) 

 

(b) 

Figure 5.48. The simulated S-parameters of the proposed miniaturized reconfigurable LWA with 

longitudinal slots. (a) S11, (b) S21. 
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Figure 5.49. Radiation patterns of the proposed miniaturized reconfigurable SIW LWA composed of 

longitudinal slots. 

 
Figure 5.50. Peak realized gain of the proposed miniaturized reconfigurable SIW LWA for different 

varactor capacitance values. 

Overall, electronic beam-scanning capability, low-profile, and small gain variation are 

among the features of the proposed reconfigurable antenna, making it a suitable candidate 

for the miniaturized 5G applications. 

5.3.8 Miniaturized Reconfigurable SIW LWA with Oblique Slots 

A miniaturized reconfigurable antenna composed of oblique slots is introduced in this 

section. The proposed LWA was designed on a two-layer SIW. The electronic beam-

scanning was achieved by introducing varactor diodes in oblique configuration on the 

backside of the antenna. The key features of the proposed design are the electronic beam-
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scanning using one varactor diode per cell and miniaturizing the antenna by integrating 

the bias circuitry into the ground plane. The proposed design was based on a single 

Rogers RT/Duroid 5880 substrate with 0.5 oz copper cladding, as illustrated in Fig. 5.51. 

The total length, width, and thickness of the miniaturized LWA are 95 mm, 24 mm, and 

0.127 mm, respectively. Two rows of via fences were 4.6 mm apart to achieve single 

waveguide mode propagation at 29 GHz according to (2.5) and (2.6). The proposed 

antenna consists of twenty-nine 1.6mm × 0.5mm oblique slots to improve the beam-

scanning range and SLL. The spacing between consecutive cells was chosen as 2 mm to 

prevent higher order Floquet modes from propagation. The components are embedded 

into the ground in an oblique configuration that makes 45⁰ from the longitudinal axis. 

As other antennas investigated in this dissertation, a tapered via fence in addition to 

the tapered microstrip transitions were used to improve the impedance matching. The 

input was connected to a k-connector, while the output was terminated with a 50Ω 

matched load. The bias circuitry was integrated into the RF ground plane to achieve a 

miniaturized structure and the ground plane was truncated to provide the required 

isolation between DC and RF. The truncation of the ground plane degrades the antenna 

performance, notably in terms of SLL and gain. Therefore, the bias circuitry was located 

to minimize the effect of ground plane truncation. The switches were located on the 

backside of the antenna and integrated into the ground plane. In order to bias the switch, 

the cathode of the varactor diode was connected to the DC line through an RF block, 

whereas the anode was connected to the upper plane through a via and grounded through 

via fences. Sweeping the bias voltage changes the surface current distribution, 

propagating fields, and radiation pattern. 
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(a) 

 
(b) 

 
(c) 

Figure 5.51. Schematic view of the proposed reconfigurable miniaturized LWA [116]. (a) 3D view, (b) 

Top view, (c) Bottom view. 
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The full-wave simulations have been carried out using Ansys HFSS 20.2. The 

simulated S-parameters are reported in Fig. 5.52, indicating a 10 dB impedance 

bandwidth of 28.6−29.7 GHz. The insertion loss of the proposed SIW LWA ranges from 

30 dB to 40 dB. The high insertion loss is because of the relatively high gain, small 

thickness of the substrate, and the loss of the RF blocks and the varactor diodes.  

The normalized radiation patterns of the proposed miniaturized reconfigurable LWA 

at 29 GHz in E-plane (YZ plane) are presented in Fig. 5.53, confirming the electronic 

beam-scanning by sweeping the capacitance from 200 fF to 500 fF. The peak realized 

gain of the reconfigurable miniaturized antenna is presented in Fig. 5.54. According to 

Figs. 5.53 and 5.54, sweeping the varactor diode's capacitance results in an 18° beam-

scanning with the peak realized gain of 12 ± 0.2 dBi at 29 GHz. The small variation in 

the peak realized gain indicates that the antenna radiates with an almost constant gain 

when sweeping the diodes' variable capacitance. 

 

(a) 

 

(b) 

Figure 5.52. S Parameters of the proposed reconfigurable miniaturized LWA [116]. (a) S11, (b) S21.  
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Figure 5.53. Normalized radiation pattern of the proposed miniaturized LWA at 29 GHz [116]. 

 
Figure 5.54. Peak realized gain of the proposed reconfigurable miniaturized LWA [116]. 

The gap size, pad sizes, and spacing between pads were chosen according to the 

current fabrication technology design rules. This limited the reconfigurable cell size and 

beam-scanning range. In the proposed reconfigurable antenna, for simplicity, all switches 

were biased uniformly using a single DC line. Non-uniform biasing of the varactors 

would result in a larger scanning range at the expense of increasing the complexity and 

the cost. Increasing the number of reconfigurable cells without changing their spacing 

may also lead to higher gain at the expense of the size and the cost. Overall, low-profile, 

electronic beam-scanning capability, low SLL, and relatively high gain are among the 

advantages of the proposed electronic beam-scanning antenna. 

Unfortunately, fabrication of the proposed miniaturized LWAs on such thin substrates 

was not possible due to the fabrication technology limitations. The minimum required 
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board thickness for fabricating such designs is 1.5 mm to boost the mechanical strength 

of the antenna and ensure the success of the assembly using automated machinery. 

5.3.9 Reconfigurable Gap SIW Antenna  

The proposed reconfigurable antenna consists of a SIW with two long parallel gaps 

adjacent to the via fences, as shown in Fig. 5.55. Introducing sets of varactor diodes over 

the gaps and tuning their capacitances lead to electronic beam-scanning. Switching 

disturbs the surface current and field distributions. When the switches are “on” (i.e., 

500fF), the surface current is grounded through the side via fences, and the antenna acts 

as a slotted SIW LWA. The proposed antenna acts as a semi-microstrip antenna when the 

switches are “off” (200fF) since surface current does not go to the ground. The 

introduced structure was first designed to achieve a hybrid SIW-microstrip antenna. It 

was expected that the proposed antenna would behave as SIW when the switches are 

“on” and as a microstrip when the switches are “off.” However, this feature is only 

achieved if wide gaps are implemented since they provide sufficient spacing between side 

via fences and the main radiating section (i.e., slotted microstrip line). If wide gaps are 

present, with the switches “off,” the propagating wave can be considered a quasi-TEM 

wave. However, increasing the width of the gaps requires either increasing the transversal 

spacing between via fences or reducing the length of the transverse slots. The former 

reduces the cutoff frequency of the propagating wave while the later results in lower 

leakage and radiation efficiency. As a result, increasing the width of the gaps beyond 

some point is not possible. Overall, the proposed design is a reconfigurable structure and 

potentially can be modified to be used as a hybrid SIW-microstrip antenna. 
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Figure 5.55. Schematic view of the proposed gap SIW LWA [117]. (a) 3D view, (b) top view. 

The width, length, and thickness of the antenna are 29 mm, 61 mm, and 1.1 mm, 

respectively. The thickness of the antenna was chosen as 1.1mm to reduce the conduction 

loss, while keeping the antenna compact. The radiating section of the antenna was 

obtained from (2.4) and consists of fifteen 1.6 mm × 0.2 mm transversal slots. The two 

via fences of the SIW were 6 mm apart to achieve single mode propagation according to 

(2.5) and (2.6). The switches were located one guided wavelength (λg) apart, so that the 

signals that pass through the switches in each row will be in-phase. Sweeping the reverse 

bias voltage changes the propagating fields, current distribution, and consequently 

radiation pattern. In the proposed design, all switches are biased uniformly. 
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The full-wave simulations have been carried out using Ansys HFSS v.20. The S-

parameters are presented in Fig. 5.56 confirms a return loss better than 10 dB in all states 

from 28.4 GHz to 29.2 GHz. The return loss and insertion loss at 28.5 GHz vary from 10 

dB to 25 dB and 10 dB to 40 dB, respectively.  

The radiation gain patterns of the antenna are presented in Fig. 5.57 indicate that 

sweeping the reverse bias voltage leads to the electronic beam-scanning with 7.4 ± 0.3 

dBi peak realized gain. The proposed reconfigurable antenna scans about 30⁰ using the 

varactor capacitance ranging from 200 fF to 500 fF. The proposed antenna is suitable for 

5G mm-wave V2X applications since it provides a 3D image of the surrounding area by 

beam-scanning in principle planes. 

  

(a) (b) 

Figure 5.56. S Parameters of the proposed reconfigurable gap SIW LWA [117]. (a) S11, (b) S21. 
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(a) (b) 
 

Figure 5.57. Radiation Patterns of the proposed reconfigurable gap SIW LWA at 28.7 GHz for 

different switching capacitance values (1) 200fF, (2) 250fF, and (3) 500fF. (a) E-plane (YZ plane), (b) 

XY-plane [117]. 

5.4 Conclusion 

The electronic beam-scanning approach has been used in more applications compared 

to the frequency beam-scanning approach. Integrating sets of varactor diodes into the 

antenna and sweeping the reverse bias voltage leads to electronic beam-scanning that can 

partially compensate for undesired variations due to fabrication errors and variable 

environmental conditions. In this chapter, several different designs for achieving 

electronic beam-steering were investigated. First, a reconfigurable LWA with negative 

permittivity cells was designed. Then, a reconfigurable HMSIW with patches was 

investigated. Sets of reconfigurable HMSIW LWAs with circular cells and switches on 

the top and the backside were proposed subsequently. A reconfigurable SIW LWA with 

transverse slots was introduced afterward. Next, a reconfigurable SIW LWAs with 

longitudinal slots and switches on the backside was investigated through presenting the 

design, fabrication, and measurement. Later, two miniaturized SIW LWAs with 
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components on the backside were proposed. Finally, a reconfigurable SIW antenna with 

controllable gaps was introduced. 

In the proposed designs, a GaAs varactor diode was chosen as the tuning element to 

achieve beam-scanning. A 1kΩ resistor and a 1pF capacitor were realized as an RF block 

and a DC block, respectively. The RF block was required for biasing the varactor diode 

and preventing the RF signal from entering the DC source. The DC block was required to 

create a path to the ground for the RF signal. Otherwise, due to the mismatch, large 

reflections occurred from the periodic cells that affected the radiation pattern undesirably. 

Tuning the capacitance of the GaAs varactor diode led to the variation of the series 

capacitance of each reconfigurable cell. This changed the impedance of the periodic cells 

and propagation constant that resulted in beam-scanning. In each of the proposed designs, 

electronic beam-scanning was achieved by tuning only one component per cell. This is a 

remarkable advantage of the proposed designs. One of the key features of the proposed 

designs is the implementation of reconfigurable cells as part of the main structure rather 

than adding them as extra sections to the structure. It is an essential benefit of the 

proposed antennas since in 5G communications device, the antenna dimensions must be 

as small as possible. Simple bias circuitry and ease of integration are among other 

benefits of the proposed structures. 

Increasing the number of reconfigurable cells provides more choices for reconfiguring 

the antenna and increases the beam-scanning range. However, it adds to the complexity 

and the cost of the antenna. Increasing the length of the antenna also results in higher 

directivity at the expense of losing the compactness. Changing the period of slots and 

tapering the via fence and slots can also improve SLL. Varactor diodes for use at mm-
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wave frequency bands with lower loss and more extensive variable capacitance range 

would be useful for enhancing the gain and the beam-scanning range. However, 

achieving such a varactor diode is a practical challenge considering the state-of-the-art 

technology.  

A comparison among all the antennas proposed in Chapter 5 is made in Table 5.6. 

Each of the reported LWAs has specific features that make it suitable for 5G mm-wave 

applications. A SIW LWA with offset longitudinal slots and miniaturized SIW LWA 

with oblique slots provide the lowest SLL and smallest gain variations. An HMSIW 

LWA with circular cells in V-shape topology on the backside and SIW with variable gap 

have the widest beam-scanning range with a small gain variation. A miniaturized SIW 

LWA with oblique slots provides the highest average gain. 

 In beam-scanning applications, the gain variation preferably should be below 3dB. 

Furthermore, the SLL should preferably be small to maximize the detection accuracy and 

robustness to interference. Overall, the following antennas are the most suitable 

candidates for 5G beam-scanning applications (e.g., V2X communications and radar 

systems) due to their compactness, wide beam-scanning range, and small gain variations: 

1. HMSIW LWA with circular slots in V-shape topology,  

2. HMSIW LWA with circular cells in V-shape configuration on the backside,  

3. SIW LWA with offset longitudinal slots,  

4. SIW LWA with offset longitudinal cells on the backside, and  

5. Miniaturized SIW LWA with oblique slots and switches on the backside. 

The proposed reconfigurable SIW LWAs with switches located on the backside are 

suitable for radar system’ horizontal detection due to the radiation near the endfire. In 
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contrast, the rest are suitable for azimuthal detection because of the radiation near the 

broadside. A combination of the proposed reconfigurable antennas can be implemented in  

 

Table 5.6. A comparison among proposed reconfigurable antennas in Chapter 5 in terms of scanning 

range, peak gain, the absolute value of SLL (ASLL), and antenna length. 

Antenna Type Scanning Range Peak Gain (dBi) ASLL (dB) Antenna Length  

HMSIW LWA 

with negative εr 

cells  

45⁰ 6.5 ± 5.5 12 ± 6 4×λ 

HMSIW LWA 

with patches 
50⁰ 2.4 ± 2.2 2.25 ± 1.25 6×λ 

HMSIW LWA 

with circular slots 

and transversal 

switching 

15⁰ 5.7 ± 3 6 ± 2 6×λ 

HMSIW LWA 

with circular slots 

in V-shape 

topology 

20⁰ 7.65 ± 0.55 3 ± 2 6×λ 

HMSIW LWA 

with circular cells 

in V-shape 

configuration on 

the backside 

29° 8.2 ± 0.6 5 ± 0.6 6×λ 

SIW LWA with 

transverse slots 

and uniform 

switching 

35⁰ 4.6 ± 4.5 4.25 ± 3.75 6×λ 

SIW LWA with 

transverse slots 

and non-uniform 

switching 

81⁰ 3.8 ± 3.3 2.25 ± 1.75 6×λ 

SIW LWA with 

offset longitudinal 

slots  

27⁰ 4.7 ± 0.2 8.5 ± 0.5 9×λ 

SIW LWA with 

offset longitudinal 

slots and switches 

on the backside 

25⁰ 9 ± 0.8 7 ± 1.6 9×λ 

Gap SIW LWA 30⁰ 7.4 ± 0.3 2 ± 1 6×λ 

Miniaturized SIW 

LWA with 

longitudinal slots 

and switches on 

the backside 

16° 8.2 ± 0.2 5 ± 1.5 14×λ 

Miniaturized SIW 

LWA with oblique 

slots and switches 

on the back 

18° 12 ± 0.2 9 ± 0.5 9×λ 
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radar systems to enable the capability of switching between horizontal and vertical 

scanning. The proposed reconfigurable antennas with main-beams radiating near endfire 

are suitable for blind-spot monitoring, while the ones that radiate near the broadside are 

useful for vehicle cruise control and detecting obstacles on the road.  
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Chapter 6: Conclusion  

6.1 Summary  

The motivations and objectives of this dissertation along with the proposed 

methodologies were discussed in Chapter 1. A comprehensive literature review regarding 

the current challenges in 5G mm-wave applications, LWA, SIW/HMSIW, LTCC, and 

electronic beam-scanning antennas was presented in Chapter 2. Then several LWAs were 

proposed in Chapters 3, 4, and 5 to reduce SLL, increase gain, and achieve electronic 

beam-steering capability. The simulations and measurement results indicate that the 

proposed antennas are suitable candidates for 5G mm-wave applications.  

Several antenna technologies were proposed to enhance current trends in 5G mm-

wave applications such as autonomous vehicles, V2X communications, point-to-point 

communications, and radar systems. An HMSIW/SIW-based LWA was chosen as the 

backbone of the proposed antennas since it can achieve desired beam-scanning range 

without using a complex feed network. The low-profile and integration capability are 

among additional benefits of the proposed designs. The SLL, gain, and the beam-

scanning range of the LWA were improved by implementing different approaches in this 

dissertation. 

The main objective of the antennas proposed in Chapter 3 is the SLL reduction. This is 

achieved by tapering the aperture and modifying the feed transition. Reducing 

interference in the wireless network is crucial. This can be achieved by improving SLL. 

An HMSIW LWA with tapered aperture was proposed in Chapter 3 for point to point 

communications. Tapering the aperture led to a small SLL and frequency beam-squint 

that is useful for the targeted 5G mm-wave applications, which requires an almost fixed 
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beam antenna with low interference. The proposed antenna radiates with a measured gain 

of 10.6 dBi and SLL of -11.2 dB at 28.5 GHz, which meets the required specifications of 

5G mm-wave point to point communication systems [7], [18], [22], [25].  

Furthermore, reducing SLL enhances detection accuracy that is important in radar 

systems. Modifying the feed transition improved the SLL. A SIW LWA fed by tapered 

CPW was proposed in Chapter 3 for radar systems detecting targets on the horizon and 

monitoring the blind spots. The SLL, gain, and beam-scanning range of the proposed 

SIW antenna are -11.4 dB, 6.1 dBi, and 16°, respectively. Hence, the proposed SIW 

LWA meets the necessary specifications of the mm-wave 5G radar and blind spot 

monitoring systems [18], [22], [25], [27]. 

The main goal of the proposed method in Chapter 4 is the gain improvement of a 

compact antenna. This is achieved by embedding cavities into the structure. The gain 

improvement is required to partly compensate for the path loss in wireless networks. The 

peak realized gain and beam-scanning range of the proposed LTCC HMSIW-based LWA 

are 7.6 dBi and 3°, respectively, which meet the specifications for mm-wave 5G point to 

point communication systems [7], [18], [22], [25], [27]. The compactness of the proposed 

LTCC-based antenna makes it a suitable choice for 5G miniaturized wireless 

communication devices. Fabricating the proposed antenna on PCB is more complicated 

compared to LTCC. Moreover, LTCC has a superior packaging tolerance that is useful 

for miniaturized applications. 

The key purpose of the designs introduced in Chapter 5 is the enhancement of the 

beam-scanning range, which is achieved by implementing different reconfigurable cells 

containing GaAs varactor diodes, RF blocks, and DC blocks. To enable electronic beam-
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scanning capability, several reconfigurable antennas were designed. First, a 

reconfigurable antenna was developed based on periodic cells with negative permittivity. 

Unfortunately, as discussed in Chapter 5, such an antenna could not be manufactured due 

to fabrication technology limitations. Different types of reconfigurable HMSIW antenna 

with patches and circular slots were designed. It was found that the V-shape topology 

leads to the best performance in terms of scanning range and gain. Next, reconfigurable 

SIW LWAs with transverse and longitudinal slots were proposed. The reconfigurable 

HMSIW LWA with reconfigurable cells in V-shape topology and SIW LWA with 

longitudinal slots were fabricated as proof of concept. To miniaturize the reconfigurable 

antenna, bias circuitry was integrated into the RF ground. SIW LWAs with oblique and 

longitudinal slots were designed using the proposed miniaturization technique. Finally, a 

reconfigurable SIW LWA with gaps along the side via fences was investigated. 

The measured beam-scanning range and peak realized gain at center frequency of the 

most suitable reconfigurable antennas for the mm-wave beam-scanning applications are: 

1. 29o and 8.2 ± 0.6 dB for the HMSIW LWA composed of switches in the V-shape 

configuration on the backside,  

2. 25o and 9 ± 0.8 dBi for the SIW LWA composed of longitudinal cells with 

switches on the backside, 

3. 20o and 7.65 ± 0.55 dBi for the HMSIW LWA composed of circular slots in the V-

shape configuration,  

4. 27o and 4.7 ± 0.2 dBi for the SIW LWA composed of longitudinal slots, 

5. 18o and 12 ± 0.2 dBi for the miniaturized SIW LWA composed of oblique slots.  
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These antennas meet the specifications for 5G beam-scanning applications such as 

radar systems and V2X communications [24], [26], as stated in Chapter 1. Implementing 

electronic beam-scanning antennas are also useful for covering several users in a dense 

area and compensating for environmental variations. A combination of the proposed 

antennas would enable switching between horizontal and vertical scanning in radar 

systems because some of the proposed antennas radiate near endfire while the rest radiate 

near broadside.  

Electronic beam-scanning in the proposed LWAs was achieved by implementing sets 

of varactor diodes at the top or the backside of the antenna. By placing the switches on 

the backside of the antenna, the unwanted blockage effects of the components on the 

radiation pattern were reduced. Assembling the components on the backside also 

simplified the fabrication since more space was available. Implementing the 

reconfigurable cells as part of the main radiating section rather than adding additional 

sections to the antenna is a key advantage of the proposed designs. Electronic beam-

scanning was achieved by tuning only one varactor (i.e., series capacitor) per cell in all 

the proposed reconfigurable designs. This is another advantage of the proposed designs 

since achieving beam-steering using fewer switches results in lower loss, cost, and 

complexity.  

In summary, the important contributions of this doctoral research can be categorized 

as follows: 

1. The SLL of HMSIW LWA was reduced by tapering the side aperture. This 

reduced the sensitivity to interference. Implementing the proposed method led to 
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SLL of -13.8 dB and -11.2 dB in the upper hemisphere and full space, 

respectively.  

2. The SLL of SIW LWA was improved by modifying the feed transition. This was 

achieved by implementing tapered CPW as feed transition, which led to -11.4 dB 

SLL and improved the detection accuracy. 

3. The gain of a compact HMSIW LWA was improved by implementing cavities in 

an LTCC structure. This led to 7.6 dBi of gain and partially compensated for the 

path loss in a wireless network. 

4. Electronic beam-scanning in an HMSIW LWA was achieved using reconfigurable 

metamaterial cells. An array of reconfigurable cells with negative permittivity 

replaced the via fence. Sweeping the bias voltage of the switches was similar to 

shifting the via fence artificially. This enabled the reconfigurability of the 

structure, which led to electronic beam-scanning in the range of 45° at 28.5 GHz. 

5. Implementing sets of reconfigurable cells in HMSIW-based LWAs resulted in 

electronic beam-scanning with relatively small gain variations. Different 

topologies including reconfigurable circular cells in uniform and V-shape 

configuration were designed to accommodate 5G beam-scanning applications, 

such as V2X communications. For instance, the HMSIW LWA composed of 

switches in the V-shape configuration achieved the beam-scanning range of 20o 

with the peak gain of 7.65 ± 0.55 dBi.  

6. Implementing sets of reconfigurable cells in transverse and longitudinal 

configurations in SIW LWAs also led to electronic beam-scanning. For example, 

the SIW LWA composed of longitudinal cells achieved the beam-scanning range 
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of 27o with the peak gain of 4.7 ± 0.2 dBi. Assembling switches on the backside of 

the antenna reduced the blockage effect of the components on the radiation pattern. 

7.  Integrating the bias circuitry into the ground plane resulted in the miniaturization 

of the electronic beam-scanning antennas. It should be noted that the fabrication 

technology limited the realization of a few of the proposed antennas. 

6.2 Conclusion  

Overall, the antennas proposed, analyzed, simulated, and measured in this doctoral 

dissertation meet the required specifications for different 5G applications in terms of 

gain, beam-scanning range, and SLL, as stated in Chapter 1 and reported in [7], [18], 

[22]−[27]. The compactness, medium gain, low SLL, and beam-scanning capability of 

the antennas studied make them suitable candidates for 5G mm-wave applications. 

The conclusion of this doctoral research can be listed as follows: 

1. In an LWA, there is a trade-off between return loss, peak gain, SLL, and beam-

scanning range due to the correlation between attenuation constant (α) and phase 

constant (β). This limited the performance of the LWAs proposed in this 

dissertation.  

2. A SIW/HMSIW is a suitable structure for realizing an LWA. Fabrication of a 

SIW/HMSIW is cheaper and easier than waveguide. However, errors in the 

locations of the via fences and the presence of airgaps result in discrepancies 

between the measured and simulated results. For example, 0.15 mm error in W 

resulted in 9 dB discrepancies in the SLL of an HMSIW LWA at 28.5 GHz, as 

shown in Fig. 3.14. 
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3. LTCC is an expensive technology suitable for realizing miniaturized structures 

due to high packaging tolerance. However, the thermal expansion of the layers 

causes discrepancies between the measured and simulated results.    

4. The low-profile structure is achieved at the expense of high loss, which degrades 

the gain. Thin substrates may bend under the physical stress that degrades the 

antenna performance. This is a real concern, which needs to be addressed. For 

example, bending the antenna proposed in Chapter 4 reduced the gain by 4 dBi at 

28.5 GHz, as presented in Fig. 4.22. 

5. HMSIW is more compact than SIW. However, controlling the leakage in an 

HMSIW LWA is more difficult than a SIW LWA due to the presence of the long 

side aperture.  

6. Reducing the reconfigurable cell size results in a more negative εr. Hence, smaller 

cells confine the fields more effectively and are more suitable for implementation 

in the electronic beam-scanning antenna. However, the cell size is limited by the 

fabrication technology. As an example, the reconfigurable cell presented in Fig. 

5.1(b) with the size of λ0/20 achieved εr = -38.79 at 28.5 GHz for Vbias = -25V, as 

shown in Fig. 5.2(a). However, realizing such a small structure using the current 

technology was not possible. 

7. Electronic beam-scanning antennas suffer from the additional losses introduced 

by the switches, RF blocks, and DC blocks. These losses can be reduced by 

designing custom-made electronic components.   
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8. Assembling the electronic components on a thin substrate is a practical challenge. 

This is because the board may bend, and it is difficult to assemble the components 

in their correct locations.  

9. The state-of-the-art fabrication technology limits the realization of the antennas 

studied here. Future technologies may enable them to be realized practically. 

6.3 Future Work 

Fully programmable beam-steerable antennas open the door to many interesting 

applications such as 5G automated vehicles. Designing reconfigurable cells with a 

negative dielectric constant that can be fabricated using the current technology is the first 

step to be taken to achieve a fully programmable antenna. Optimizing the feed 

distribution to the reconfigurable cells is another crucial step to achieve this goal. A few 

different types of new reconfigurable cells for achieving more negative ɛr and increasing 

beam-scanning range are presented in Fig. 6.1. the proposed structures are designed on 

Rogers RT/Duroid 5880 with a thickness of 0.127 mm to achieve low loss and low-

profile structures. The proposed reconfigurable cells shown in Figs. 6.1(a) and 6.1(b), 

make use of common ground to reduce the size. The symmetry of the cells also results in 

a more uniform field distribution. The proposed antenna in Fig. 6.1(c) uses three arrays of 

reconfigurable cells at each side of radiating transverse slots. Sweeping the bias voltage 

of the embedded diodes in the reconfigurable cells can lead to variations in the antenna 

width, cut-off frequency, and consequently beam-scanning. The proposed designs are 

works in progress and can be realized in the future by using more recent fabrication 

technologies. 
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Realization of the proposed reconfigurable cells in Gallium Nitride (GaN), GaAs, and 

silicon-based technologies is another interesting topic for future research. This results in 

the miniaturization of the proposed design and improving the packaging tolerance. In 

addition, it is possible to bias the varactor diodes wirelessly. This leads to the removal of 

bias circuitry and eases the fabrication procedure. 

 
(a) 

 
(b) 

 
(c) 

Figure 6.1. Different types of new reconfigurable cells currently under investigation. (a) linear array 

of reconfigurable cells with common ground, (b) planar array of reconfigurable cells with common 

ground, (c) LWA with reconfigurable cells at sides of transverse slots.  
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All the proposed antennas in this dissertation were single-element antennas. Placing 

them in an array configuration may improve SLL, gain, and beam-scanning range. Doing 

so provides more freedom in the antenna design at the expense of increasing the cost and 

complexity of the feed network and bias circuitry. A few arrays of HMSIW LWAs with 

the tapered apertures, shown in Fig. 6.2, are currently under investigation. The proposed 

arrays are designed on a 0.127 mm thick Rogers RT/Duroid 5880. In each array, one 

connector is connected to the signal generator while the others are terminated by matched 

loads. 

 

(a) 

 

(b) 

Figure 6.2. Few arrays of HMSIW LWA with tapered side apertures. (a) Y-shape topology, (b) Star-

shape topology. 
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Realization of the proposed designs in a conformal topology is another exciting area 

for the extension of this work. The conformal antenna is popular in the car and airplane 

industry since the antenna can be mounted directly on the car bumper and airplane 

fuselage.  

Extending the ideas presented in this dissertation to antennas for future 6G systems 

and higher frequency bands such as W-band is future work that can be done in this 

thrilling research area. 
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