
 
 

 

Development of Micro-machined 

Microwave and Terahertz Antennas 

A Dissertation 

Presented to 

The faculty of the School of Engineering and Applied Science 

University of Virginia 

In Partial Fulfillment 

Of the requirements for the degree of 

Doctor of Philosophy of Electrical Engineering 

By 

Yuxin Wang 

Dec 2022



APPROVAL SHEET

This

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

Author:

Advisor:

Advisor:

Committee Member:

Committee Member:

Committee Member:

Committee Member:

Committee Member:

Committee Member:

Accepted for the School of Engineering and Applied Science:

Jennifer L. West, School of Engineering and Applied Science

Dissertation

Doctor of Philosophy

Yuxin Wang

This Dissertation has been read and approved by the examing committee:

N. Scott Barker

Robert M. Weikle, II

Arthur W. Lichtenberger

Steve M. Bowers

Brad Campbell

December 2022



1 
 

 

Dedication 

 To my families and friends, who always encouraged and supported me. 



2 
 

Abstract 

Nowadays, antennas at microwave and terahertz frequencies are used in various applications, 

such as mobile phones, communication systems on aircraft, ships and vehicles, medical applications, 

remote sensing, and so on. Therefore, demands on antenna design like small physical size, low 

weight, wideband and multiband, reconfigurable capabilities are increasingly required. Micro-

machined technology can satisfy the needs of modern antenna designs. 

This work discusses two antenna designs, micro-machined 3D foldable antenna and micro-

machined THz antennas. The research in this work is to create antennas needed to extend the 

capabilities of existing wireless systems and provide them access to the Terahertz region of the 

spectrum. The core contribution of this work is using micro-machining techniques to create antennas 

for high-frequency applications, improve antenna performance and develop antenna integration 

methods. 

This dissertation first shows a 3D cube antenna at 10 GHz using a silicon-based micro-

machined fabrication method in which the 3D cubic shape allows IC packaging inside the cube’s 

hollow interior. The 3D structure is also beneficial in opening up the internal volume for other uses, 

such as storage for batteries. Next, this dissertation shows the HFSS simulation and micro-machined 

fabrication processing for the 3D antenna and measures the antenna performance, including return 

loss, gain, radiation pattern, and efficiency. 

The second part of the dissertation designs silicon-based micro-machined THz antennas 

integrated with waveguide and probe housing at WR 6.5 (110-170 GHz) and WR 2.2 (325-

500 GHz). These antennas are fabricated on a silicon-on-insulator (SOI) substrate with a 15-μm thick 
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device layer for substrate modes reduction. The antenna geometry is integrated with the waveguide 

by the E-plane probe for THz antenna measurement and over-the-air (OTA) measurement. 

Simulation and measurement can demonstrate that the 15-μm SOI is a good platform for packaging 

and antenna integration for millimeter-wave and THz ICs. Besides, the geometry with T-wave probe 

housing is an integration solution with waveguide-fed devices for antenna measurement and OTA 

measurement. Using a single probe housing with different types of the antenna chips, the geometry 

in this work can generate different far fields based on variable demands using a single probe housing. 
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Chapter 1 

1. Introduction 

The terahertz frequency band is generally defined at the 0.1-10 THz frequency band with a 

wavelength of 0.03-3 mm. According to the IEEE standard, the THz wave is defined at 0.3-10 THz 

[1]. Figure 1.1 shows that the THz band is between microwaves and infrared light [2]. THz 

frequencies have excellent characteristics, such as wide available bandwidth. For example, if the 

THz wave can be used as the signal carrier transmitted by the antennas, the information transfer rate 

may reach a new level, even at Tbps [3]. In addition, THz waves have advantages over millimeter 

waves and light waves. Compared to millimeter waves, the usable frequency band is wider, and the 

confidentiality and anti-interference performance is better. Compared to light waves, the penetration 

of THz waves is stronger [4]. Thus, based on the THz waves' unique characteristics, the THz 

antennas' best performance is their wide operating bandwidth. 

 
Figure 1.1 The position of the THz wave in the electromagnetic spectrum [2]. 
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1.1 Terahertz Technology and Applications 

The application space of the Terahertz frequency band is widening as more interested groups 

are joining the research efforts. All these applications are linked by the characteristics of the 

Terahertz band, such as wide bandwidth. Figure 1.2 shows these applications, including imaging, 

spectroscopy, material characterization, and communication. 
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Figure 1.2 THz applications categories. 
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THz technology brings a significant advantage to communication because the increasing 

demand for unoccupied bandwidth for wireless communication systems leads to extending operation 

frequencies toward the THz frequency range [5]. For example, the bandwidth is as wide as 2 GHz in 

the 245 GHz band, while in the 2.45 GHz ISM band, the allocated bandwidth is merely 100 MHz 

[6]. To support THz technology research, the Institute of Electrical and Electronics Engineers (IEEE) 

created standards, including IEEE802.15, for various THz communication systems in 2007 [7]. Due 

to the availability of larger bandwidths at these frequencies, high-performance point-to-point 

wireless connections can benefit for communication in rural areas, communication between buildings 

during disasters, and high-data-rate delivery for uncompressed video. Now data rates reaching 100 

Gbps or higher have been demonstrated with several potential device technologies, including not 

only III-V heterojunction bipolar transistors (HBTs) and high-electron-mobility transistors (HEMTs) 

but also silicon complementary metal-oxide-semiconductor (CMOS) and photonic transmitters [8]. 

There are three typical design approaches for THz communication transmitters. (1) All 

electronics method: The THz signals are generated by multiplying the output of a Gunn diode 

oscillator or a synthesized microwave generator at 30-100 GHz [9]. The average output power of a 

few tens of microwatts can be achieved at 1.7 to 1.9 THz. (2)  Photonic techniques: the optical signal 

whose intensity is first generated using infrared lasers, and then it is encoded by an electro-optic (EO) 

or electro-absorption (EA) modulator [10]. (3) THz lasers such as quantum cascade lasers (QCLs): 

the QCLs can operate at around 1 THz with low-temperature and strong magnetic field [11]. Direct 

modulation of the QCLs is possible at modulation frequencies of over 10 GHz [12]. 

There are two typical design approaches for THz communication receivers. (1) Schottky barrier 

diodes are used in diode detectors for the direct detection, and (2) heterodyne detection with a 

Schottky diode mixer and a local oscillator (LO) signal source which provides higher sensitivity [5]. 
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THz spectroscopy and imaging are the other promising fields undergoing extensive research in 

recent years. The use of THz for medical and biomedical imaging has the benefits of low-energy 

levels of the radiation as well as high spectral resolution compared to mm-wave and microwave 

imaging. THz imaging has been applied to analyze breast tumors [13], skin hydration and skin cancer 

[14], and liver cancer [15], as shown in Figure 1.3. It was also demonstrated that THz radiation could 

benefit dental imaging to identify and monitor tooth-decay  [16].  

Figure 1.3 THz Spectroscopy and imaging. (a) Visible image and THz absorption image of the cancer tumor 

sample [11]. (b) Rough surface scattering from ex vivo porcine skin [14]. (c) Block diagram of the THz 

imaging system and its CAD model [14]. 

THz imaging also has excellent potential in homeland security and defense applications because 

THz waves can penetrate through clothing, paper, and wood. It has been demonstrated that the 

spectra of more than 15 explosives and related compounds have been demonstrated from 0.1 to 
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10 THz with use of terahertz time-domain spectroscopy (TDS) and Fourier transform infrared (FTIR) 

spectroscopy [17]. In addition, a 675 GHz solid-state electronic system with mechanical scanning 

was demonstrated for explosive detection at a stand-off distance of 25 m [18].  Due to the same 

reason, it also has tremendous applications in industrial quality control, electronics, food, and 

agricultural industry, which have currently working prototypes based on expensive optics-based THz 

systems [19], [20], [21], [22].  

Another key application of THz system is radio astronomy. The THz spectrum contains 

detectable spectral lines that are important diagnostics for both the physical and chemical conditions 

of the gas and the sources of energy within astrophysical environments [23]. These spectral probes 

include rotational lines from simple molecules (e.g., CH, OH, CO, NH3, H2O) and the ground state 

fine-structure lines from abundant atoms and ions (e.g., C, C+, N+, and O) [24]. These lines are well 

explored in both galactic and extragalactic environments. For example, the Event Horizon Telescope 

collaboration captured the first Black Hole image through the THz radio telescope by the Event 

Horizon Telescope collaboration in 2019 [25]. 

 
Figure 1.4 Atmospheric attenuation at sea level for different conditions such as fog, dust, rain [26]  

Copyright © 2011, OSA. 
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One of the main limitations of realizing terahertz applications compared to the millimeter-wave 

band is the atmospheric path loss. This loss is affected by various atmospheric conditions such as 

rain, fog, and pollution, which affect the propagation of electromagnetic waves. Figure 1.4 shows a 

plot of attenuation loss (dB/km) from 100 GHz to 1000 GHz [26]. It can be noted that THz 

propagation is largely influenced by atmospheric conditions. However, there is less atmospheric 

attenuation (below 100 dB/km) at specific frequency ranges known as “windows”. If a THz 

communication system is not designed to operate within these windows, it could be confined to 

indoor communication. Below 1 THz, this window appears around 220 GHz, 300 GHz, 350 GHz, 

410 GHz, 650 GHz, and 850 GHz [27]. 

The development of most of these THz applications depends on the availability of low-cost, 

high-yield technology. Integrated silicon technology can provide unparalleled THz signal processing 

power with ultra-small form factors, high reliability, and low cost. A variety of researchers have 

developed new techniques to push silicon beyond its cut-off frequencies into the THz frequency 

spectrum [28]. Still in the early path of its growth, many papers speculate that at least a significant 

chunk of THz electronics will go the silicon way [29]. The goal of this thesis is to design micro-

machined Si-based antennas for microwave and THz wireless systems and provide integration 

methods with waveguide-fed devices, semiconductor devices, and ICs. 
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1.2 Organization of the Dissertation 

The thesis is organized as follows. Chapter 2 reviews the ever-increasing and diverse micro-

machined antenna category for various demands, including beam steering, multiband, efficiency 

improvement, miniaturization, and integration methods, and reviews the four main types of micro-

machined THz antennas: horn antennas, lens antennas, photoconductive antennas, and planar 

antennas. Chapter 2 also shows the previous work on 3D antenna and antenna integration methods. 

This dissertation develops the micro-machined antenna design, including micro-machined 3D 

antenna, micro-machined terahertz antenna, and antenna integration methods with ICs and 

waveguides. 

Chapter 3 presents a 3D meandered-line foldable 3D antenna for ICs and Internet of Things 

(IoT) systems. This chapter discusses the 3D meandered-line dipole antenna design and simulation. 

This chapter also proposes the micro-machined fabrication processing for silicon-based foldable 

antenna geometry. The antenna measurement, including S11, gain, radiation pattern, and efficiency, 

is shown. The last section analyzes the measurement results and compares between the 3D antenna 

in this dissertation and other previous work.  

Chapter 4 discusses the design of micro-machined waveguide-fed planar antennas for THz 

applications. Section 4.1 explains how the E-plane probes and the proposed geometry work. Next, 

antenna designs and simulations are shown in Section 4.2, including quasi-Yagi antennas, tapered 

slot antennas, and loop antennas. Section 4.3 approaches silicon and metal micro-machined 

processing to fabricate antennas on a thin dielectric substrate and realize substrate mode reduction. 

The antenna measurements and analysis are shown in Section 4.4, including return loss, gain, and 

radiation patterns. Finally, analysis and conclusions are drawn in Section 4.5. These antenna designs 
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are demonstrated as an integration method with waveguide and ICs. 

In Chapter 5, conclusions are drawn for this micro-machined 3D antenna and THz antenna 

design. Finally, future work is discussed, including the new antenna geometry and the potential 

applications. 
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Chapter 2 

2. Review of Micro-Machined Antennas 

An antenna is a transitional device that forms an interface for energy traveling between a circuit 

and free space. Nowadays, the development of wireless communications has been an important 

driving force for advancing antenna technology [30]. Antennas for transceivers are used in a wide 

range of applications, from terminal devices, such as mobile phones, to advanced communication 

systems on aircraft, ships, vehicles, medical applications, remote sensing, global navigation satellite 

systems, and so on. Furthermore, the promise of 5G and future generation systems will expand the 

possibilities of mobile networks. All these aspects will put more demands on innovations in antennas. 

Micro-machined fabrication is increasingly central to modern technology. It has a wide range 

of applications, such as micro-volume reactors, micro-electromechanical systems (MEMS), and 

optical components [31]. The most widely used materials for micro-machined processing are silicon, 

polymers, metal, and ceramics. The micro-machined processing methods include lithography, 

etching, bulk micro-machining, surface micro-machining, wire-bonding, etc. [32]. 

Demands on antenna design like small physical size, low weight, low cost, wideband and 

multiband, and reconfigurable capabilities are increasingly required. Micro-machined technology 

can satisfy the needs of modern antenna designs. As shown in Figure 2.1, Section 2.1 shows the 

review and development of micro-machined planar antennas in microwave and terahertz frequency 
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ranges based on variable demands since micro-machined technology is mainly applied to planar 

antennas. Section 2.2 discusses different types of micro-machined antennas widely used in the THz 

band. 3D antennas and foldable antennas are reviewed in Section 2.3. A review of integration 

methods with waveguide and ICs are respectively discussed in Sections 2.4 and 2.5. This thesis will 

show the development of the silicon-based micro-machined 3D cube antenna in Chapter 3 and 

several THz antennas, which can be integrated with waveguides using E-plane probes in Chapter 4. 

The antennas designed in Chapter 3 and Chapter 4 provide a good platform for packaging and 

antenna integration for microwave and THz ICs. 

 Planar antennas

Low loss/ High efficiency

Compact solution

3D antenna [44,45]

Chapter 3: Micro-machined 3D Foldable Antenna

Integration with waveguide E plane probe [46]

Multi-layer resonant element [47] 

Etching a portion of the dielectric [42]

Multi-band / tunable impedance

Switch control [38, 39]

Mechanical actuation [40]

Beam steering / recongfigure

Mechanical actuation [29, 30]

Phase shifter array [33-35]

Frequency selective surface (FSS) [36,37]

Section 2.1 review:

Micromachined planar antenna 
Single/multi Switch control [31, 32]

Impedance tuner layer [41]

Chapter 4: Micro-machined THz Antennas 

with Probe Housing

 Horn antennas

 Lens antennas

 Photoconductive 

antennas

Micromachined 

Antenna

Section 2.2 review:

Micromachined THz antenna

Section 2.3 review:

3D and foldable antennas

Integration with Ics Antenna in package [95-97]

Antenna on PCB [92-94]

System on Chip [100-102]

Section 2.4 review:

Section 2.5 review:

 

Figure 2.1 Outline of Chapter. 
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2.1 Review of Micro-machined Antennas 

As shown in Figure 2.1, this section shows the review and development of micro-machined 

planar antennas based on variable demands, including beam steering, multiband, efficiency 

improvement, minimization, integration with ICs and waveguide. 

An actuated V-band antenna array for beam steering [33] is demonstrated, with an external 

magnetic force being used for actuation [34], [35], shown in Figure 2.2(a). A 2 by 2 array is realized 

on a single platform, having two degrees of freedom of motion with the aid of orthogonal 

benzocyclobutene (BCB) torsion bars attached to BCB frames. Here, 40 μm thick magnetic strips 

are placed on the edges beneath both the antenna array and outer Silicon support frame. Using COTS 

solenoids, with a 700 mA bias current, a scan angle of ±20o is achieved. 

 
Figure 2.2 Geometry of antennas for beam steering. (a) [34], (b) [36], (c) [37], (d) [38], (e) [41]. 
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Micro-machined switches are another solution for beam steering when designing micro-

machined antennas. Paper [36] designs a microstrip spiral antenna with two switches, as shown in 

Figure 2.2(b). When switch one is closed while switch two is open, the antenna works at 3.7 GHz in 

the end-fire mode. Switching one open and two closed reconfigures the antenna to the broadside 

configuration working at 6 GHz. Hence it successfully demonstrates the two features of frequency 

and pattern reconfigurability. 

Another switch method [37] on beam steering comprises some unit cells in Figure 2.2(c). A 

single unit cell consists of a small conducting patch of metal and four RF micro switches. The 

switches are used to control the flow of current to the nearest neighboring unit cell. The composite 

antenna can be configured to different types of antennas by switching the switch ON or OFF. MEMS 

can also be employed in phased array antennas [38], [39]. A more straightforward solution, see 

Figure 2.2(d), is to provide MEMS phase shifters and power dividers. Sometimes [40], a double-

sided substrate can accommodate the patches on one side and variable phase shifters on the other. 

A frequency selective surface [41], [42] for beam steering is a spatial filter that exhibits distinct 

resonant filtering characteristics, depending on the format and the geometries' dimensions. As a 

spatial filter, these structures can allow or block the propagation of an incident EM wave within a 

specific frequency band and then control the radiation pattern (see Figure 2.2(e)). 

Switches can also be employed for multiband micro-machined antennas. Paper [43] 

demonstrates micro-machined MEMS switches in patch antennas designed at 10GHz, as shown in 

Figure 2.3(a). This antenna is connected to slots via MEMS switches and the resonant frequency 

changes to 12.5 GHz by actuating these switches. In another multiband method [44], the radiating 

structure is constant, as shown in Figure 2.3(b). Only by changing the matching, the antenna 

operating frequency changes from 5.2 GHz and 6.4 GHz.  
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Figure 2.3 Geometry of antennas for multi-band and tunable impedance. (a) [43], (b) [44], (c) [45]. 

A tunable impedance surface [45] consists of two printed circuit boards: a high-impedance 

ground plane and a separate tuning layer. The tuning layer is moved across the stationary high-

impedance surface to vary the capacitance between the overlapping plates and tune the surface's 

resonance frequency, as shown in Figure 2.3(c). 

 
Figure 2.4 Geometry of antennas for efficiency improvement. (a) [47], (b) [48]. 

 

For low loss and high efficiency, by etching a portion of the dielectric or strategically choosing 

the density of via-holes underneath an antenna, a dielectric constant between 1 and Ɛr can be 

synthesized [47]. Microstrip antennas' efficiency at 12-13 GHz has increased from 55% to 85% using 

such techniques (see Figure 2.4(a)). Moreover, micro-machining techniques have been used to 

synthesize photonic bandgap materials on high-resistivity Silicon (see Figure 2.4(b)). The holes 

create an “exclusion” of electromagnetic modes in the dielectric substrate, and therefore, 
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dramatically increase the radiation efficiency of planar antennas [48]. 

Because of the requirements of smaller chip sizes for antennas at GHz frequency or above, 

antenna designs for highly integrated chips are shifting from conventional discrete designs to 

antenna-in-package (AiP) solutions. Paper [49] shows an IBM 60-GHz chip using AiP. As shown in 

Figure 2.5(a), a three-layer cavity facilitates chip mounting and efficient utilization of available space 

for signal routing. The radio chip adheres to the cavity base of the package ground plane. The signals 

from the chip are connected to the antenna through bondwires in a GSG configuration. 

 
Figure 2.5 Geometry of antennas for antenna package. (a) [49], (b) [50], (c) [51]. 

Another method to develop small-size antennas for chips at high frequency is the 3D antenna 

and foldable planar antenna instead of regular planar antennas with large sizes. In paper [50], a 

Silicon wafer is etched into individual pieces, then assembled and folded using Crystalbond adhesive 

(see Figure 2.5(b)). [51] also adopts Pyrex glass as the 3D antenna substrate, but it assembles 

individual sides of the cube with silver epoxy (see Figure 2.5(c)). More details on 3D antenna 

technology and proposed 3D antenna design are shown in Section 2.3 and Chapter 3. 
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Since test equipment for the millimeter-wave band most commonly has a waveguide interface 

due to low loss and the capability for simple integration of different devices, the integration between 

the planar antenna feed and the metallic waveguide is necessary. The general coupled transition 

structure is based on electromagnetic coupling using an E-plane probe [52], patch antennas [53] (see 

Figure 2.6 (a) and (b)), and other radiating elements. More details on integration are shown in Section 

2.4 and Chapter 4. 

 
Figure 2.6 Geometry of integration with waveguide (a) [52], (b) [53]. 
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2.2 Review of Micro-machined Terahertz Antennas 

Terahertz frequency is generally defined at the 0.1-10 THz frequency band with a wavelength 

of 0.03-3 mm. Section 2.1 has discussed the review of micro-machined planar antennas from 

microwave to THz frequency. Considering substrate, fabrication processing, and applications in the 

THz frequency range, the most widely used micro-machined antennas are THz horn antennas, THz 

lens antennas, THz photoconductive antennas, and THz planar antennas. This section shows the 

review and development of these THz micro-machine antennas in Figure 2.7.  

 
Figure 2.7 Micro-machined THz antenna categories. 

In a high-speed THz communication system, the horn antenna can be used as a standalone 

antenna or as a feed source for a lens antenna or a transmitting antenna. Due to its simple structure, 

high gain, and wide frequency band, horn antennas have been widely used in high gain THz antennas. 

Although most horn antennas are fabricated by mechanically metal processing, some studies still 

exist on the new micro-machined technology of horn antennas. The antenna [54] operates at 300 GHz 

and uses a cavity in a multi-layer ceramic substrate and a surrounding via barrier to form a feed 
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hollow waveguide (see Figure 2.8 (a)). Similarly, [55], [56] also proposes a corrugated horn antenna 

using silicon-based micro-machined technology (see Figure 2.8 (b, c)). 

 
Figure 2.8 Geometry of micro-machined THz horn antennas. (a) [54], (b) [55], (c) [56]. 

The lens has the capabilities of focusing and imaging to improve the THz antennas’ performance, 

such as reducing sidelobe levels and cross-polarization levels, achieving good directivity, and high 

gain. The dielectric lens is fabricated using a low-loss dielectric, typically thick in the middle of the 

lens and thin around the lens with focusing and imaging characteristics [57]. The dielectric lens can 

be fabricated in different shapes, such as ellipsoidal, hemispherical, over-hemispherical, and 

expanded hemispherical. The lens can be fed by waveguides and micro-machined planar antennas. 

[58], [59] are integrated arrays of extended hemispherical silicon lenses fed by leaky waveguides 

(see Figure 2.9 (a, b)). A logarithmic plane spiral feeds the lens working at 0.625 THz in [60] (see 

Figure 2.9 (c)). By appropriately changing the length and diameter of the lens, the far-field radiation 

beam can be controlled and optimized to achieve the target bandwidth. 

 
Figure 2.9 Geometry of micro-machined THz lens antennas. (a) [58], (b) [59], (c) [60]. 
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The photoconductive antennas (PCAs) are used for the generation and detection of the THz 

wave. When a laser beam is irradiated on a photoconductive semiconductor (such as GaAs and InP) 

switch, an electron-hole pair is generated therein. If there is an external electric field in the 

photoconductive switch gap, usually generated by the DC voltage, a current is formed [61]. Many 

novel circuits for pulsed photoconductive sources are designed to show the coupling between the 

photoconductive gap and the antennas [62], [63]. Photoconductive antennas with different 

geometries, including H-dipole antennas, bow-tie antennas, and logarithmic spiral antennas, are 

shown in Figure 2.10. 

 
Figure 2.10 PCA geometries and structures [62], [63]. 

The planar antenna structure offers a greater potential when considering integration 

compatibility with planar devices. A planar antenna is designed with a thin dielectric substrate with 

a metal patch. The planar antenna is small, lightweight, simple to be manufactured, wearable, and 

suitable for massive production. There are many types of planar antennas developed. 

 
Figure 2.11 Geometries of single Si-based planar antennas. (a) [64], (b) [65]. 
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Paper [64] proposes two Silicon-based microstrip patch antennas at 300 GHz with different slot 

shapes, circular double arc slot antenna (CDASA) and diamond diagonal slot antenna (DDSA), 

whose resonant frequency is around 300 GHz (see Figure 2.11 (a)). In Figure 2.11 (b), paper [65] 

shows a CPW-feed Silicon-based Vivaldi antenna working at 130 GHz. 

The electromagnetic bandgap material can be used as the substrate of the antenna to reduce 

substrate loss. As shown in Figure 2.4 in Section 2.1, the holes create an “exclusion” of 

electromagnetic modes in the substrate and, therefore, dramatically increase the radiation efficiency 

of planar antennas [48]. 

In paper [67], patch microstrip antenna arrays of five elements are designed at 0.835, 0.635, and 

0.1 THz using liquid crystalline polymer (LCP) substrate material (see Figure 2.12 (a)). It reveals 

that the number of array elements would be significantly reduced by using a multilayered substrate 

compared to the single substrate layer. The application of the multilayered substrate material in the 

terahertz antenna design has been discussed in [68] (see Figure 2.12(b)). Another solution to improve 

planar antenna performance is the substrate integrated waveguide (SIW). An SIW cavity associated 

with a patch antenna can be used to prevent surface waves. In paper [72], a proposed SIW cavity-

backed array, as shown in Figure 2.12(c), consists of a stack of two substrates: the top substrate for 

the patches and the bottom substrate for the SIW cavities. 

 
Figure 2.12 Geometries of microstrip antennas using PBG and DGS substrate. (a) [67], (b) [68], (c) [72]. 
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In conclusion, this section gives a general review of THz horn antennas, THz lens antennas, 

THz photoconductive antennas, and THz planar antennas using micro-machined technology after the 

review and development of micro-machined planar antennas in millimeter-wave and terahertz 

frequency range is presented in Section 2.1. The future research directions of THz antennas mainly 

include these aspects: (1) Research on substrate materials: Traditional THz materials are silicon-

based materials, but their indirect bandgap properties determine that silicon-based materials are 

difficult to be applied to nonlinear devices and active devices. Subsequently, the emergence of 

semiconductor materials such as silicon carbide, silicon nitride, and gallium arsenide with a direct 

bandgap, are also made up for this problem [4], (2) Research on antenna performance: One main 

obstacle to THz communication is the atmospheric attenuation. As the free space path loss is 

physically inevitable, increasing the gain of the transceiver antennas is used to compensate the free 

space path loss [69]. Therefore, in THz communications, the larger operating bandwidth and 

atmospheric path loss require the antennas to have broadband, high gain, and high efficiency 

performance, (3) Research on integration method: the packaging technology and integration method 

(such as CMOS, SiGe, mHEMT and etc) are necessary for THz on-chip antennas. For example, paper 

[70] presented an eight-element 0.37-0.41-THz phased-array transmitter by using 45-nm CMOS 

silicon on insulator technology. Besides, paper [71] proposed a 0.525-0.556-THz radiating source 

with a dielectric lens antennas mounted on top of the chip in 28-nm CMOS technology. 
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2.3 Review of 3D Antennas and Foldable Antennas 

The first challenge of antenna for ICs is that the design method is shifting from conventional 

discrete designs to new integration methods with chips because of the requirements of smaller chip 

sizes at GHz frequency or above. 3D antenna is also a good solution for antennas for ICs when 

considering the miniaturizing size. 

Another advantage of the 3D antenna is its compact size. Most of the antennas currently 

integrated with ICs are planar [73], [74], [75] because of their low cost and easy fabrication. However, 

these antennas have large cross-sectional areas and occupy most of the overall IC volume. Therefore, 

3D antenna design is preferred for minimization technology because the antenna meanders on the 

3D surface and the 3D cubic shape allows IC packaging inside the cube’s hollow interior.  

3D Antenna Design Methods

3D Printing

Foldable Material

On-wafer Processing

Aperture Antenna [73]

Antenna Lens [72]

Printing in 3D Form [74]

Planar Structure with Hinges [76]

PET [77], Pyralux [78]

Planar Structure Assembly [79]

Proposed Micro-machined 3D 

Antenna in Chapter 4

 

Figure 2.13 3D antenna categories. 
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Besides, sensor nodes and communication ICs employ either monopole/dipole antennas or 

planar patch antennas [76], [77], [78], and thus the directivity is limited to one dimension. Employing 

novel fully 3D structures, such as a cube, allows for the easy placement of planar antennas on 

multiple faces, enabling transceiving signals in multiple directions. 

This section shows the review of 3D antenna design methods (See Figure 2.13). First, 3D 

printing is widely used in the 3D antenna fabrication method. 3D printing is the technology of 

building physical objects up layer by layer, based on a detailed digital blueprint [79]. It has been 

widely used in antenna lens and aperture antenna implementation. Paper [80] describes a 28-35 GHz 

antenna with an alumina lens. It adopts Polymer stereolithography (SLA) to produce the 3D-printed 

lens (see Figure 2.14(a)). In [81], two different metals and related 3D printing technologies are 

studied for aperture antennas. The first one is stainless steel by binder jetting and sintering. The 

second one is the Cu-Sn by selective laser melting (SLM). These two designs have no capability of 

housing the IC chips within the structure (see Figure 2.14(b)). 

Connector

Balun

3D 

Antenna

NinjaFlex

(a) (b) (c) 

(d) (e) 

 

Figure 2.14 Geometry of 3D-printed antennas. (a) [80], (b) [81], (c) [82], (d) [83], (e) [84]. 
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Paper [82] shows a 3D-printed antenna at 2.45 GHz for sensors, the substrate is printed by 

NinjaFlex filament, and the dipole arms are made by electrically conductive adhesive (ECA), of 

which the main composition is Silver (see Figure 2.14(c)). A 1.7 GHz electrically small antenna is 

shown in [83]. Silver is printed on the hemispherical surface by inkjet printing (see Figure 2.14(d)).  

Like 3D-printed with foldable hinges, many flexible materials have been used as 3D antenna 

substrates. [85] shows a 2.45 GHz quasi-Yagi antenna of which the substrate is 0.175 mm thickness 

PET, and the metal is silver conductive ink (see Figure 2.15 (a)). And for the dipole antenna working 

at 17.2 GHz in [86], PCBs connected by Pyralux is folded into a cube (see Figure 2.15 (b)).  

 
Figure 2.15 Geometry of foldable material antennas. (a) [85], (b) [86]. 

Paper [87] proposes a 3D antenna design using standard fabrication methods. Five pieces of 

planar Pyrex glass are antenna substrate, and Aluminum is deposited on the glass's surface. Then 

pieces of glass are assembled into a cube on an assembly stage with silver epoxy (see Figure 2.16). 

 
Figure 2.16 Geometry of glass-based 3D antenna and its assembly stage [87]. 
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The advantages of the 3D printing technology include timesaving and the capability to fabricate 

the complex structure with multiple materials, which are out of the standard fabrication methods' 

capability. However, there are some disadvantages of this technology compared to standard micro-

machined fabrication methods. As shown in Table 2.1 [88], [89], [90], it can be seen that the 

minimum feature size, printing resolution, and surface roughness of 3D printing are larger than these 

values in Silicon-based wafer processing, which are challenges for antennas at GHz technology or 

above. According to the records in UVa Microfabrication Laboratories (UVML), AZ4620 

photoresist is used for lithography processes by MJB4 mask aligner, which typically gives around 

6.2µm thickness at 4 krpm spin speed and has a resolution limit of about 6µm for minimum 

achievable line width. AZ4330 photoresist gives about 3.3µm thick photoresist at 4krpm spin speed 

and can work with finer features. A minimum line width of 4µm and a gap of 2µm has been achieved 

under good contact conditions. 

The antenna substrate by 3D printing is limited to a low permittivity polymer, which means that 

the planar antenna dimension is larger than the Silicon-based antenna. Thus, Chapter 3 develops a 

3D cube antenna using Silicon-based micro-machined fabrication methods, which has the capability 

of housing ICs within the structure. More analysis and comparisons between the proposed antenna 

and other 3D antennas are shown in the next chapter. 
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Table 2.1 3D Printing and Micro-machined Processing Technologies Comparison. 

Technology Printed material Minimum 

feature size 

(um) 

Minimum 

layer thickness 

(um) 

Resolution 

(um) 

Minimum surface 

roughness (um)  

Stereolithography 

(SLA) 

Liquid 

photopolymer resin 100 16 +/-150 0.15 

Fused deposition 

modeling (FDM) 

Thermoplastic 

filament 
178 178 +/-178 13 

Selective laser 

sintering (SLS) 

Thermoplastic, 

ceramic powder 
150 100 +/-250 1.8 

Selective laser melting 

(SLM) 
Metal powder 40-200 30 +/-200 2 

Material jetting (MJ) Photopolymer, wax 100 13 +/-25 1 

Binder jetting (BJ) 
Plastic, metal, and 

ceramic 
100 90 +/-130 4 

MJB4 mask aligner* 
AZ4620 on Si 

AZ4330 on Si 

6 

4 

6.2 

3.3 

<1 

<1 
NA 

MJB4 mask aligner* AZ4330 on Si 4 3.3 NA NA 

E beam lithography* Ti, Au NA 
Ti: 1Å/s 

Au: 1.5Å/s 
NA <10Å 

Sputter 3* Ti, Au NA 
Ti: 0.5Å/s 

Au: 1Å/s 
NA <10Å 

Electrical Au plating* Au NA 
Depends on 

voltage control 
NA <100nm 

The data of technology mark with * is recorded by researchers in IFAB in University of Virginia. 
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2.4 Review of THz Antennas Integration Methods with 

Waveguides 

Many millimeter-wave and THz systems and modules are based on ICs and planar devices. 

However, devices such as aperture antennas and high-quality-factor (HQ) filters based on waveguide 

technology are also required. Furthermore, THz test equipment most commonly has a waveguide 

interface due to low loss and simple integration of different devices. Thus, the integration between 

the planar antenna feed and the metallic waveguide is necessary.  

Paper [91] demonstrates a dielectric probe operating in the sub-terahertz range with an example 

band of 190-220 GHz. High-resistivity silicon technology is deployed for this non-TEM mode probe 

development as it presents a viable low-loss material. A T-shape alignment dowel is used to integrate 

the silicon probe with the waveguide block. The probe can be used to measure and characterize the 

low permittivity-based dielectric waveguide transmission line (see Figure 2.17). The cross section of 

the dielectric rod waveguide is 915 μm by 640 μm. 

 
Figure 2.17 Silicon-based dielectric probe structure and its working principle at 200 GHz [91]. 

The general coupled transition structure is based on electromagnetic coupling using an E-plane 

probe for different applications. Paper [92] proposed a micro-machined probe for submillimeter-
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wave on-wafer measurements using a fan-shaped E plane probe (see Figure 2.18 (a)). Patches are 

designed as E plane probes in paper [93], [94], [95] for the integration with monolithic microwave 

integrated circuits (MMIC) (see Figure 2.18 (b)), THz triplers (see Figure 2.18 (c)), and a WR 2.2 

coupler (see Figure 2.18 (d)). These E plane probes are designed to be perpendicular to wave 

propagation direction in waveguides. Thus, the end of waveguides is λ/4 far from the E plane probe 

for wave propagation in one direction. 

 
Figure 2.18 Geometries of E plane probes and applications. (a) [92], (b) [93], (c) [94], (d) [95]. 

 
Figure 2.19 E plane probes with different radiating element geometries. (a) [96], (b) [97], (c) [98]. 
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Other radiating elements are also used for E plane probes. Paper [96] in Figure 2.19 (a) proposes 

a CPW to waveguide transition consisting of a tapered slot line probe and a slot line to a CPW line 

matching section. In paper [97], a 340-380 GHz CPW-waveguide transition for MMIC packaging is 

demonstrated using a dipole probe (see Figure 2.19 (b)). Paper [98] presents a THz antenna-in-

package solution that connects an IC to an SIW antenna by a dipole probe. An H-plane bend is 

investigated for the SIW antenna (see Figure 2.19 (c)). 

The chapter follows the idea in the paper [84] and shows E-plane probes for the WR6.5 

waveguide and WR2.2 waveguide in Chapter 4. The proposed E-plane probes are the transition 

between proposed THz antennas and probe housing to achieve antenna measurement and far-field 

applications. 
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2.5 Review of Millimeter-wave Frequency and THz Antennas 

Integration with ICs 

In the last couple of decades, semiconductor devices and integrated circuits (ICs) have been 

greatly advanced and investigated for various millimeter-wave frequency and THz applications, such 

as imaging, security, and wireless communications. In the meantime, researchers have been 

exploring ways on mm-wave and THz antenna design as well as packaging those electronic devices 

and integrated circuits. The antenna is used to provide stable signal transceiving between a circuit 

and free space, and sometimes it is expected to provide a physical housing for devices and integrated 

circuits (ICs). However, as frequency increases, researchers face several challenges associated with 

signal loss, dimensions, and fabrication when considering the integration between antennas and ICs 

[99]. This section provides a brief review of recent progress in packaging and antenna integration for 

millimeter-wave frequency and THz ICs. 

At millimeter-wave frequency and low THz range, the horizontal integration is “antenna on 

PCB,” which implements antenna on the PCB [100], [101].  This method offers the option of using 

the best technology for each component. For example, digital circuits are best suited to 

complementary metal-oxide-semiconductor (CMOS) technology, power amplifiers may use III–V 

compound semiconductor technology, and antennas function efficiently on low-loss printed circuit 

boards (PCBs) such as FR-4, Duroid, etc. The horizontal integration results in the well-known 

multichip modules (MCMs), as shown in Figure 2.20(a) [102]. This approach consumes considerable 

chip area, which is a major disadvantage with the ever-reducing size of cellular and other wireless 

devices. 

With increasing frequency, the approach of vertical integration with smaller dimensions using 
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the antenna-in-package (AiP) provides a useful alternative to “antenna on PCB,” e.g., a 64-element 

antenna array for D band communication [103], a phased array mixing silicon and Ⅲ-Ⅴ chiplets 

[104], and an 89 GHz superstrate antenna stacking an antenna layer directly on the back side of a 

silicon-based IC [105]. Even in this case, the antennas, whose dimensions are on the order of 

wavelengths, are usually the largest components of the system [106].  

 
Figure 2.20 Implementation diagram of (a) antenna on PCB [102], (b) antenna in package (AiP) [103], (c) 

system on chip (SoC) [109]. 

Furthermore, to overcome increasing cost and losses of flip-chip bonding [107], the system-on-

chip (SoC) approach has triggered significant interest, as it allows on-chip integration of digital 

baseband and complete RF front ends. At the same time, the application push toward the higher 

frequencies, particularly millimeter-waves above 100 GHz (120 GHz ISM band [108], W/D band 

(75-170 GHz) [109], and J band (220-325 GHz) [110]), has reduced antenna sizes to only a few 

millimeters, making it both possible and practical for on-chip implementation. 
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SoC offers several advantages compared to the antenna-in-package integration. (1) SoC doesn’t 

need the impedance matching network between RF front-end and antenna since both can be co-

designed in such a way that their impedances are conjugately matched, which results in a lower cost 

and a reduction in system volume. (2) SoC avoids the need of lossy and unpredictable interconnects 

between antenna/RF front-end section, such as flip-chip bonding and wire bonding. These 

interconnects cause the system loss, especially at mm-Wave and THz frequency. (3) SoC helps in 

achieving a higher system bandwidth as they introduce smaller parasitic losses because of the 

absence of the metal interconnects. (4) SoC provides a high power-efficiency of the system because 

of the reduced dielectric losses and minimum reflection of the signal [112]. (5) SoC makes the design 

cycle of the wireless system shorter [113] since they enable a co-design approach of the antenna and 

RF front end. 

The SoC implementation in mm-Wave and THz frequency bands has its own advantage 

compared to other integration methods. First, the antenna size is compact. Second, silicon-based 

CMOS technologies, the preferred choice for SoC design, have proved their potential for mm-Wave 

and THz applications with the innovative developments [114], [115], [116]. Some most prominent 

applications include: mm-Wave transceivers for MIMO-based 5G wireless systems, IoT wireless 

devices and systems, wireless sensor network nodes, biomedical implants, RF energy harvesting, 

wireless power transfer, wearable devices, and so on. 

There are still challenges to silicon-based SoC at mm-wave and THz frequency because of the 

values of the permittivity and resistivity of the silicon substrates. Typical commercial CMOS 

technology substrate has high permittivity (ℇr=11.8) and low resistivity (10 Ω -cm) [117]. Due to 

small distance in CMOS process (≈16 µm [118]) between the top metal and Si substrate and low 

resistivity of Si substrate, antenna radiations and EM waves find a low resistive path through the 
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substrate and a major percentage of these EM waves is dissipated in it. It is beneficial for wireless 

ICs because a high-performance transceiver needs a substrate that prevents the signal from being 

radiated outside the substrate. It also prevents the latch up problem in ICs [107].  

However, the high permittivity and low resistivity are not suitable for a high-performance 

antenna in the SoC design. The result is lower EM radiation into the air, causing a drastic degradation 

in the antenna’s gain and efficiency.  

Thus, an opposite set of performance criteria for the antenna and other components of 

transceiver systems in terms of silicon substrate properties is a major challenge. Moreover, the high 

permittivity of silicon substrates enables surface waves and high back radiation which severally 

degrade the antenna’s radiation. To solve these problems, the antenna design is realized using a 

silicon-on-insulator (SOI) substrate with a 15-μm thick device layer as discussed in Chapter 4. 
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Chapter 3 

3. Development of Micro-machined 3D 

Foldable Antennas 

The recent advances in very-large-scale integration (VLSI), micro-electromechanical systems 

(MEMS), and wireless communications have driven many researchers towards innovative wireless 

sensor networks (WSNs) and communication ICs [119], [120]. The WSNs and ICs are composed of 

sensors to feel the environment’s physical characteristics and transceivers to communicate with other 

ICs. These ICs have numerous applications, such as wireless communication and environmental 

monitoring. The first challenge of antennas for ICs is that the design method is shifting from 

conventional discrete designs to new integration methods with chips because of the requirements of 

smaller chip sizes at GHz frequency or above. Except for antenna-in-package (AiP) solutions 

discussed in Chapter 1, the 3D antenna is also a good solution for ICs when considering miniaturizing 

size. 

Most of the antennas currently used for wireless sensor node applications are planar [121], [122], 

[123] because of their low cost and easy fabrication. However, these antennas have large cross-

sectional areas and occupy most of the overall IC volume. Therefore, the 3D antenna design is 

preferred because the 3D cubic shape allows IC packaging inside the cube’s hollow interior. The 3D 
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structure is also beneficial in opening the internal volume for other uses, such as storage for batteries. 

Besides, sensor nodes and communication ICs employ either monopole/dipole antennas or 

planar patch antennas [124], [125], [126], and thus the directivity is limited to one dimension. 

Employing novel fully 3D structures, such as a cube, allows for the easy placement of planar antennas 

on multiple faces, enabling transceiving signals in multiple directions. 

The motivation for this section is to develop small-size antennas for CMOS communication IC 

at high frequency. In Section 3.3, previous work on minimizing the dimension of the antenna is 

discussed. In this chapter, a Silicon-based micromachined 3D cube antenna is presented for ICs, 

since 3D antennas have a smaller size and have more available interior volume as storage for CMOS 

ICs and other elements. 
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3.1 Concept of 3D Antenna for Miniaturization and Internet of 

Things (IoT) ICs Packaging 

The Internet of Things (IoT) is a distributed system for creating value out of data. It enables 

heterogeneous physical objects to share information and coordinate decisions. The impact of IoT in 

the commercial sector results in significant improvements in efficiency, productivity, profitability, 

decision-making, and effectiveness [127]. IoT transforms how products and services are developed 

and distributed and how infrastructures are managed and maintained. It is also redefining the 

interaction between people and machines. From energy monitoring in a factory [128] to tracking 

supply chains [129], IoT optimizes the equipment's performance and enhances workers' safety. It has 

allowed for more effective monitoring and coordination of manufacturing, supply chains, 

transportation systems, healthcare, infrastructure, security, operations, and industrial automation, 

among other sectors and processes. 

The IoT applications and architecture are shown in Figure 3.1. There are three components that 

are required for the proper functioning of IoT [130]. (1) Hardware and technologies: It incorporate 

sensors, actuators, and other embedded devices and technologies. (2) Middleware: It comprises 

repository and data analytic tools. (3) Display: It comprises some presentation tools required for user 

interaction. At the hardware level, there are many integrated platforms for the developing and 

managing IoT products. For the examples in Figure 3.2, Samsung Artik [131] modules are based on 

ARM processors with attributes of their reduced complexity and low power consumption, making 

them suitable for IoT applications. Raspberry Pi [132] is another popular platform with a variety of 

uses. It is a small, powerful, education-oriented computer board designed for scientists, students, 

academicians, and enthusiasts to develop IoT projects. Antenna-in-package (AiP) technology, in 

which an antenna with a transceiver chip in a standard surface-mounted device, represents an 
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important antenna and packaging technology achievement for IoT hardware devices. This chapter 

shows a 3D antenna design for ICs used in IoT systems. 

 
Figure 3.1 IoT Applications and Architecture.

 

Figure 3.2 Examples of IoT platforms. (a) Raspberry Pi [132], (b) Samsung Artik [131]. 

The antenna structure concept is shown in Figure 3.3(a), which produces an omnidirectional 

pattern at 10 GHz. It has dimensions of 3 mm edge length, of which the cubic shape allows for CMOS 

IC packaging inside the cube’s hollow interior. The prototype fabrication is performed on five planes 
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on a 50 μm thickness silicon substrate with two orthogonal meandered-line antenna arms on the same 

side of the substrate and then folded into the cubic structure and strengthened by straps [133]. 

 
Figure 3.3 Geometry of Meandered-line Cube Antenna. (a) Concept Antenna for IC Packaging. 

(b) Antenna for Coaxial Connector. (c) The Proposed Antenna with a Quarter Coin.  

The proposed antenna in Figure 3.3(b) is interfaced with a coaxial connector for antenna 

performance measurement. A λ/4 parallel plate balun is integrated on the substrate for transition and 

impedance matching. The Si substrate can be folded into the cubic structure and strengthened by 

5 μm thick antenna arms and additional gold straps, and the whole assembly is inserted into a holder 

made by 3D printing. The folded antenna with a plastic holder is connected to an SMP connector by 

silver epoxy. (See Figure 3.3(c)). 
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3.2 Micro-machined 3D Meandered-line Foldable Antenna 

Design 

The basic idea of antenna miniaturization techniques is to use the available space (or volume) 

efficiently to fit a larger radiating structure by incorporating additional dimensions in classical 

antennas [134]. Compared to the straight-wire dipole, meandered line technology allows for 

designing antennas with features such as small size and 3D packaging. Two symmetric arms of the 

antenna are meandered to reduce the dimension of the antenna.  

An antenna is considered electrically small as a function of its overall size or occupied volume 

relative to the wavelength. A small antenna is one where ka ≤ 0.5, where k=2/λ is the free space 

wavenumber, and a is the radius of an imaginary sphere circumscribing the antenna's maximum 

dimensions. Consider a straight-wire electric dipole at 10 GHz in free space with an overall length 

equal to 1.524 cm, its ka=1.59. In the proposed design, the antenna arms meander on a cube of 3 mm 

in length, and its ka=0.314. Thus, compared to the straight-wire dipole with large ka, meander line 

technology allows for designing antennas with small-size features.  

Some papers discuss meandered-line antenna performance with different configurations and 

orders [135] (see Figure 3.4(a)). Paper [136] shows that all the antenna geometries exhibit similar 

behavior. With increasing total wire length, the resonant frequency, resonant radiation resistance, 

and resonant bandwidth decrease. Moreover, the lower gain is due to the high percentage of canceled 

radiated fields generated by horizontal segments of the meandered-line antenna [137]. In this design, 

a two-order orthogonal rectangular meandered dipole antenna is chosen for enhanced bandwidth and 

efficiency (see Figure 3.4(b)). Each side of the cube is 50 μm thickness Silicon, the feed of this dipole 

antenna is at the center of the top side, and dipole arms are extended from the top side and meandered 
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on the left and right side. HFSS is used to determine the width and length of meandered lines, the 

slot between two antennas, and the number of meandered sections. 

 
Figure 3.4 Geometry of Meandered Lines.  

(a) Various Meandered-line Antennas’ configuration. [135] (b) Proposed Meandered-line Dipole Antenna. 

For antenna matching network design, a balun is used to transition the balanced and unbalanced 

signals. Antennas give a balanced feed but the connection to the receiver, such as a coaxial cable, is 

unbalanced. In this design, a λ/4 parallel plate balun is used to match antenna impedance (from 10-

7.6j Ω to 50 Ω) and cancel the unbalanced current from the unbalanced coaxial feed line [138]. 

The geometry of the cube antenna with balun is shown in Figure 3.5(a). The left-hand side 

dipole arm is connected to the parallel plate balun, and the right-hand antenna arm goes through an 

etched via to generate the other parallel plate and is connected to the ground of the matching line. 

Besides, the 5 μm thickness antenna arms and straps are used to strengthen the cube's sides, and the 

plastic carrier is made by 3D printing. The dimensions of the dipole antenna and the parallel plate 

transformer are optimized by HFSS to match the input impedance to 50 Ω. The width and length of 

the feeding network are optimized for the best match to 50 Ω. Figure 3.5(b) shows the detailed 

dimensions: W1=0.22 mm, W2=0.63 mm, W3=0.2 mm, W4=0.5 mm, W5=2.2 mm, L1=1.55 mm, 
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L4=1.3 mm L2=2.535 mm, L3=4.35 mm. 

 
Figure 3.5 Geometry of Proposed Antenna. (a) Geometry of Proposed Antenna with 3D Printed Carrier and 

Mini SMP Connector. (b) Dimensions of Cube Antenna (red line: frontside gold, green line: backside gold). 
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3.3 Micro-machined 3D Antenna Fabrication Design 

Unlike other papers that use 3D printing or liquid crystal polymer (LCP) for antenna substrate, 

this work presents a new fabrication approach based on Silicon processing in Figure 3.6. 

First, a 50 μm thickness silicon wafer is cleaned, and there is a 4 μm thickness layer sputtered 

by Diode Sputter. The aluminum layer is used as additional strength and etch stop on the backside 

of the wafer. The wafer with Aluminum is placed on a larger carrier with black wax, and the via 

holes as well as alignment markers are etched in the first step (see Figure 3.6 (1, 2)). It is realized at 

the IFAB using the Oxford Instrument Plasmalab System 100 ICP-RIE etch tool. This process uses 

two gas species, SF6 and C4F8, for the Bosch Si etch [139]. The SF6 is the primary gas etchant that 

becomes ionized in the chamber to provide fluorine ions to actively etch the Si. The C4F8, though 

also releasing fluorine, is the passivation gas species that helps create a polymer chain deposited on 

the Si surface to protect it from chemical reactive etching. With sufficient RF power, the 

directionality of the accelerated fluorine ions supplied by the ICP-RIE tool means that the fluorine 

ions can physically remove the polymer chain at the horizontal planes of the Si surface. If the polymer 

growth is sufficiently robust and the energy of laterally scattered ions is sufficiently low, the polymer 

will remain on the vertical sidewalls [140]. As a result, the etch process occurs at the horizontal 

planes but is greatly reduced at the sidewalls. AZ330 photoresist is used for Bosch etch lithography 

processes, which typically gives around 3µm thickness at 4 krpm spin speed. The resulting process 

outcome can be very vertical sidewalls for patterns etched in Si, as shown in Figure 3.7 (a). 

Next, a Ti-Au seedlayer is fabricated on the via hole sidewall and the front side of the wafer by 

Sputter 3 since plated gold does not adhere well to bare Si substrate, and it is also not possible to 

plate gold film directly on top of a Si wafer, The via holes are designed to make electrical connection 
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between the front-side and backside gold antenna radiator, thus gold plating inside the via holes is 

crucial for the proper functioning of the antenna. Furthermore, different from other evaporators, 

Sputter3 can evaporate the metallic seed layer on the side wall for plating gold (see Figure 3.6 (3)). 

After the Si wafer is coated with a Ti/Au/Ti seed layer, it is then patterned with the photoresist. 

Different from the positive photoresist used in Bosch etch lithography, negative PR nLof2070 is used 

for the gold plating lithography (Figure 3.6 (4)). The first reason is that positive PR on the bottom of 

the via hole is insufficiently UV exposed because of the 50 μm height difference between the via 

bottom and the wafer surface. Thus, it’s hard for positive PR to be developed to become photoresist 

openings. Conversely, the photoresist openings are the “dark” part of the lithography mask for 

negative PR. The second reason is that nLof2070 is one of the few photoresists whose thickness can 

be larger than 5 μm since the front-side and backside gold thickness is around 5µm.  

One challenge of gold plating is that the plating rate is slow when Au is plated on the Ti layer. 

The top Ti at the plating area needs to be removed. A dry etch process in a Semigroup 1000-TP RIE 

etch tool is employed to achieve anisotropic Ti etch using etchant gas species SF6. The revealed Au 

layer is open for electrical plating after that (see Figure 3.6 (5)). 

When the gold plating is completed, the photoresist can be removed. Acetone is a good 

photoresist remover for positive PR, but 1:1 NMP and P-Grog are more efficient for positive PR 

removal. The Ti/Au/Ti seed layers beneath the plating photoresist should also be removed by 

sequentially performing a Ti dry etch, gold wet etch, and Ti dry etch. BOE is also a good wet etch 

solution for Ti. After seedlayer removal, Aluminum is etched by Al etchant type D at the rate of 

0.1 μm/min (see Figure 3.6 (6)). 
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Figure 3.6 Cube Antenna Fabrication Process. (a) Si Etch for Via Hole. (b) Au Plating on the Front Side. (c) 

Au Plating on the Back Side. (d) Si Etch for Gap. 

 

Backside fabrication is similar to the frontside process. 5 μm thickness gold is plated on the 

backside after Ti-Au seedlayer sputtering and lithography (Figure 3.6 (7-10)). Then the extents 

lithography is performed to define the cube contours using the photoresist as the etch mask, and two 

60 μm width gaps are fabricated by Si etch (Figure 3.6(11-12)). Since the substrate thickness is 50 μm, 

the 60 μm width is a safe number for folding in the next step. 

After fabrication, the left and the right-side silicon substrate are folded to ninety degrees and 

inserted into a plastic carrier made by 3D printing (Figure 3.6 (e)). The whole antenna system is then 
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placed on a mini SMP connector, which can be connected to a coaxial cable. The antenna is 

connected to the SMP signal pin using silver expoy.   

Fabrication pictures under SEM are shown in Figure 3.7. An etched align marker is shown in 

Figure 3.7(a). Plated Au on the via hole sidewall and frontside silicon is shown in Figure 3.7(b). The 

plated Au of the dipole arm and matching network is shown in Figure 3.7(c, d). 

 
Figure 3.7 Antenna pictures under SEM. (a) Align marker. (b) Plated Au on the via hole and front side.  

(c) Plated Au of the antenna arm. (d) Plated Au of matching network. 
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3.4 Micro-machined 3D Antenna Measurement 

After the antenna is connected to the mini SMP signal pin by silver expoy, the antenna assembly 

is fixed in a plastic rotation holder and placed in a microwave test chamber. The antenna gain can be 

calculated using S21 based on the Friis formula: 

                                                           𝑃𝑟 =
𝐺𝑡𝐺𝑟𝜆

2

(4𝜋𝑅)2
𝑃𝑡                                                                               (3.1) 

Pr and Pt are respectively receiving power and transmitting, of which the ratio can be measured by 

S21 (S212=Pr/Pt). R is the distance between the transmitting antenna and the antenna under test. The 

transmitting antenna in this measurement is the standard gain Satimo dual ridge antenna (see Figure 

3.8). The S11 and gain are measured using a ZVA67 VNA after calibration. 

Figure 3.9 shows the comparison between the measured and simulated reflection coefficient of 

the cube antenna with and without the additional 3D-printed holder and rotation stage. As seen, 

additional metal and lossy plastic parts could affect antenna efficiency and bandwidth. Although the 

resonant frequency shifts up by hundreds of megahertz, the measured data fit the simulated data. 

 
Figure 3.8 Antenna Measurement Setup. 
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Figure 3.9 Simulated and Measured S11. 

The comparison method is used to determine the antenna gain and radiation pattern. The antenna 

under test and a standard gain antenna in the microwave chamber are connected to a vector network 

analyzer. Fig. 2.9 shows the simulated and measured radiation patterns. The measured maximum 

gain is -3.5 dBi on E-plane and -1.38 dBi on H-plane. Although measured radiation patterns show 

more loss than simulated, the shape of the pattern is similar.  

 
Figure 3.10 Measured Radiation Pattern of Cube Antenna (in dB).  

(a) E-Plane Radiation Pattern. (b) H-Plane Radiation Pattern. (Blue line: simulation without the holder, green 

line: simulation with the holder, red line: measured radiation pattern). 
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Efficiency can be obtained by using the Wheeler Cap method [141]. The basic concept of 

Wheeler’s method is to use the “radian sphere,” which is the boundary between the near field and 

the far field of any small antenna to reject the radiation of the antenna under test. The radiation 

efficiency can be introduced by radiation power directly proportional to input power, where the input 

power is a combination parameter of radiation power and Ohmic loss power. Thus, if the loss 

mechanisms of the antenna can be modeled as a lossy resistance RL in the equivalent RLC circuit of 

the antenna, the effect of the cap is shorting out the radiation resistance, allowing RL to be separated 

from RR. In this case the antenna can be represented as a series RLC circuit (See Figure 3.11(a)), 

such as the dipole antenna. In [142], there are two methods for the computation of the antenna 

efficiency based on the Wheeler cap. The first one is the constant-power-loss method for the 

electrically small antennas (<λ/10), this method assumes that the radiation resistance is small and the 

power lost in the lossy resistance is about the same whether the cap is in place or removed: 

                                               1 − Γ1
2 =

𝑃𝑅𝑎𝑑+𝑃𝐿𝑜𝑠𝑠

𝑃𝑇𝑜𝑡𝑎𝑙
  (Without cap)                                               (3.2) 

                                                       1 − Γ2
2 =

𝑃𝐿𝑜𝑠𝑠

𝑃𝑇𝑜𝑡𝑎𝑙
  (With cap)                                                    (3.3) 

                                                        𝜂 =
𝑃𝑅𝑎𝑑

𝑃𝑇𝑜𝑡𝑎𝑙
=

ǀΓ2ǀ
2−ǀΓ1ǀ

2

1−ǀΓ1ǀ
2                                                             (3.4) 

where PRad is the total radiated power, PLoss is the loss power, PTotal is the total power input, Γ1 is the 

reflection coefficient without Wheeler cap (measure in free space), Γ2 is the reflection coefficient 

measurement with Wheeler cap. 

And the second one is the constant-loss-resistor method for the moderate-length antennas which 

makes use of the quantities RRad and RLoss in the Figure 3.11(a), given by 

                                            𝜂 =
𝑃𝑅

𝑃𝑇𝑜𝑡𝑎𝑙
=

𝑅𝑅𝑎𝑑

𝑅𝑅𝑎𝑑+𝑅𝐿𝑜𝑠𝑠
=

(1−Γ1)(1+Γ2)

(1+Γ1)(1−Γ2)
                                              (3.5) 
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where RRad is the radiation resistance, and RLoss is the loss resistance. 

The Wheeler cap in this measurement is made by a bullet shell with 9.5mm diameter and 15mm 

height, of which its radius is in the near field of the antenna. The cap is connected well to the ground 

of the SMP connector by a copper plane. As shown in Figure 3.11(b), the reflection coefficient 

without the Wheeler cap is -0.06 (S11= -24.12 dB), the reflection coefficient with the Wheeler cap 

is -0.757 (S11= -2.41 dB at 10.35 GHz (resonance frequency). Thus, the antenna efficiency is 55.8% 

at 10.35 GHz using the constant-power-loss Wheeler Cap method (Equation 3.2), and efficiency 

from 8-12 GHz is shown in Figure 3.11(c).  

 
Figure 3.11 Antenna efficiency measurement. (a) Antenna circuit model with lossy resistance, (b) Measured 

S11 with/without the metal cap, (c) Simulated and measured efficiency. 

For the constant-power-loss method, it should be noted that the measurements must be made at 

resonance, because the loss model is based on S11 values that are all-real, even though only their 

magnitudes are needed in the above equations [142]. Besides, efficiency cannot be measured 
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accurately by simply comparing input resistance when the AUT has a complicated parasitic. Paper 

[143] builds an antenna circuit model with parasitic resistance and reactance, the S11 with cap in this 

paper shows a kink with increasing of the parasitic reactance, which is similar to the measurement 

in Figure 3.11(b). The input impedance of the AUT in free space is 43.75Ω and the input impedance 

of the AUT with the cap is 7 Ω-5.15jΩ. Thus, additional reactance and parasitic is the reason that the 

measured antenna efficiency is inaccurate at no resonance frequencies because of the characteristic 

of the Wheeler cap method. 
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3.5 Analysis and Conclusion 

This work first designs a 3D foldable antenna working for X-band (10 GHz) IoT ICs and 

provides a packaging solution for the chip. Since this design adopts a combination of 3D geometry 

and meandered line technology, the omnidirectional antenna in this work is electrically small 

(antennas with dimensions substantially smaller than a wavelength), and it can conserve overall IoT 

system volume and mass. 

Table 3.1 shows a comparison between the micro-machined 3D meandered-line antenna in this 

work and other work on 3D antennas: For the 3D printing technology in [144], [145], [146] and other 

papers using non-micromachined methods [147], [148], the metal choice is limited (silver paste or 

silver ink) and metal used in standard fabrication methods, such as Au, Ni, and Ti, has not to be 

reported in 3D-printed antenna design. And some of the metal processing methods are not as precise 

as lithography. In [144], several traces are printed on the cube surface then electrically conductive 

adhesive (ECA) is filled into the traces. This hand-made method results in a 200 MHz frequency 

shift between simulation and measurement.  

As discussed in Table 2.1, 3D printing technology has limited printing resolution, surface 

roughness, and low permittivity substrate (Ɛr=2.98 in [144]). Thus, the 3D-printed antenna dimension 

is larger than the Silicon-based antennas using thinner wafers and more precise standard fabrication 

methods. The currently available substrate materials for 3D printing are also lossy relative to the 

other commercial microwave substrates (e.g., loss tangent=0.045 in [146]). 

Paper [149] shows a 3D antenna assembled by planar antennas with silver epoxy. Although the 

planar antennas are fabricated by standard fabrication methods, the assembly is still made by 

uncontrollable hand-made methods. Paper [150] gives a 3D solution by folding Rogers/RT Duroid 
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6010. However, it cannot be generalized to most commercial substrates, such as FR-4 and Silicon.  

Although this design has advantages in small resolution and dimensions, there are still some 

challenges with the micro-machined 3D antenna in this work. For the assembly of the 3D antenna, 

the hand assembly by tweezers, including soldering and assembling in a plastic holder, needs to be 

retired by a more precise method [151]. For example, the silver epoxy soldering generates a piece of 

irregularly shaped conductor at the antenna feed. Wire bonding technology could be another 

integration solution to replace silver epoxy. Considering a more precise assembly, it is also worth 

having a high-precision holder. As shown in Chapter 3, the gap in the 3D printed plastic holder is 60 

μm. Due to the resolution limit of the 3D printer in the lab, the actual width of the gap is over 200 

μm. This 3D printing resolution results in the assembly error and folding error. 

In conclusion, this chapter designs an antenna working for X-band communication ICs and 

provides a packaging solution for the chip. Since this design adopts meandered line technology, ka 

is small compared to antennas in papers in Table 3.1. This design's beauty is that the dimensions of 

the antenna, including antenna arms, balun, and matching lines, can be redesigned for ICs with 

different dimensions. Changing the balun and the matching line's size will make the input impedance 

match to 50 Ohm at different frequencies. Thus, this design is ideal for most IC chip dimensions at 

the microwave frequency range. 
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Table 3.1 Antenna Performance Comparison 

Paper ka* Antenna type Fabrication Method Frequency   Performance 

[144] 16.3 Dipole NinjaFlex by 3D printing  2.6 GHz 10 dB RL BW: ~7.7% 

[145] 2.5 Monopole  Glass and inkjet printing  1.7 GHz 
10 dB RL BW: 12.6% 

Efficiency: 66% 

[146] 4.9 Patch antenna 

 Foldable polymers by 3D 

printing 

Silver conductive ink 

3.3-3.7 GHz 
10 dB RL BW: 4.3% 

Peak gain: 4.2 dBi 

[147] 2.5 
Quasi-Yagi 

antenna 

PET flexible substrate 

Silver conductive ink  

2.45 GHz ISM 

band 

10 dB RL BW: 10% 

Peak gain: 5.96 dBi 

[148] 1.75 Dipole PCB and Pyralux 
2.45 GHz ISM 

band 

Peak gain:2 dBi 

10 dB RL BW: 2.7% 

[149] NA Coil antenna 
Standard fab method  

and silver epoxy   
374MHz NA 

[150] 
0.73 

0.55 
Dipole 

PCB and 

stereolithography 

2.45 GHz ISM 

band 

Peak gain:2 dBi 

Efficiency: 78% 

10 dB RL BW: 2.7% 

This 

work 
0.54 Dipole Silicon processing X-band (10 GHz) 

Peak gain: -1.38 dBi 

Efficiency: 55.8% 

10 dB RL BW: 7% 
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Chapter 4 

4. Micro-machined Waveguide-fed Planar 

Antennas for THz applications 

At THz frequencies (0.1-10 THz), a variety of integrated circuits (ICs) have been proposed for 

applications that are discussed in Chapter 1, such as communications, medical imaging and 

spectroscopy, remote sensing, and materials research [99]. All these aspects put more demands on 

innovations in THz antenna design and integration methods with THz transceivers. 

At millimeter-wave frequencies, there is sufficient space for the horizontal integration of the 

“antenna on PCB” [100],[101] (See Figure 4.1(a)). However, with increasing frequency, the 

approach of vertical integration with smaller dimensions using the antenna-in-package (AiP) shown 

in Figure 4.1(b) provides a useful alternative to “antenna on PCB,” e.g., a 64-element antenna array 

for D band communication [103], a phased array mixing silicon and Ⅲ-Ⅴ chiplets [104], and an 89 

GHz superstrate antenna stacking an antenna layer directly on the back side of a silicon-based IC 

[105]. Furthermore, to overcome increasing cost and losses of flip-chip bonding [107], the system-

on-chip (SoC) approach has triggered significant interest, as it allows on-chip integration of digital 

baseband and complete RF front-ends (See Figure 4.1(c)), the examples of this approach are 

described in Section 2.5. 
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There are still challenges to the silicon-based SoC approach at mm-wave and THz frequency 

because typical commercial CMOS technology substrates have low resistivity (10 Ω -cm) [152]. Due 

to the small distance in the CMOS process (≈15 µm [153]) between the top metal and Si substrate 

and the low resistivity of the Si substrate, the radiated fields find a low resistance path through the 

substrate and a significant percentage of the radiated fields are absorbed. This results in a drastic 

degradation in the antenna’s gain and efficiency. One approach to address this problem is to adopt a 

silicon-on-insulator (SOI) substrate (>10k Ω -cm) with a high-resistivity device layer as a platform 

for both integrated circuits and antennas [154]. 

 

Figure 4.1 Implementation diagram of (a) antenna on PCB, (b) antenna in package (AiP), (c) system on chip 

(SoC) using the example of the quasi-Yagi antenna on 15 um SOI designed in this chapter. 

Even with a high-resistivity substrate, there remain several challenges to achieving high-

efficiency antennas. The first challenge with integrating THz antennas on-chip is that more power 

tends to be radiated into the dielectric substrate than into the air at approximately a ratio of εr
3/2:1 

[155]. This effect can cause significant energy loss and decrease antenna radiation efficiency. In 

addition, the number of higher-order modes in the substrate also increases with the thickness of the 

substrate. For example, the normalized cutoff frequency of TMz
m and TEz

m modes in an ungrounded 

dielectric slab waveguide is given by [156]: 

                                                 (𝑓𝑐)𝑚 =
𝑚

4ℎ√𝜀𝑑𝜇𝑑−𝜀0𝜇0
    m=0,1,2,3…                                           (4.1) 

where h is the half thickness of the substrate. 
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It can be seen that the cutoff frequency of a given mode is a function of the electrical constitutive 

parameters of the dielectric slab and its height. The modes are referred to as odd modes (when m = 

0, 2, 4, ...), and even modes (when m = 1, 3, 5, ...). The dominant mode is the TM0, of which the 

cutoff frequency is zero. Other higher-order modes can be cut off by selecting a smaller operation 

frequency or thinner substrates. For example, TM1 and TE1 modes in a silicon dielectric slab 

waveguide are suppressed only when the substrate thickness is thinner than 152 μm at 300 GHz. For 

broadside antennas (e.g., slot or dipole), this effect can be mitigated through using a dielectric 

spherical lens with an impedance matching layer [157]. However, a different solution is needed for 

end-fire antennas (e.g., tapered slot or quasi-Yagi in this paper). Some papers reduce the substrate 

modes by using low-permittivity substrates [158], electromagnetic band gap (EBG) materials [159] 

and backside-etching processing [160]. 

The second challenge is to measure planar antenna characteristics of AiP and SoC at the mm-

wave frequency and THz range. One typical measurement setup is to mount the antenna fed by a 

GSG probe on a probe station. Some papers use absorbers [161] and low-permittivity chuck [162] to 

reduce the reflections caused by the probe station. Still, the probe-station-based measurement is 

susceptible to EM reflections from the environment, and only the radiation pattern in the upper half-

space is measurable due to the metal stages. The other method uses coax connectors [163], 

waveguides [164], or other extending structures to hold the antenna in the free space so that the 

radiation patterns can be measured in both the upper and lower half-spaces. This free space 

measurement works for antennas fed by a probe up to 325 GHz [165]. However, it still has challenges 

in stabilizing the antenna chip and firmly fixing the extended structure [166]. Papers [167],[168] 

integrate antennas with diodes for this free space radiation pattern measurement, but it’s hard for this 

geometry to measure the antenna performance, such as S11 and peak gain. 
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To suppress high-order modes, the antenna design in this paper is realized using a silicon-on-

insulator (SOI) substrate with a 15-μm thick device layer and a micro-machining process that 

includes silicon processing and plated via-holes with metallization of front and backside [169]. This 

micro-machined SOI processing has multiple advantages including 1) the ability to effectively utilize 

electrically thin substrates (e.g., 15-mm silicon is < d/10 to over 500 GHz); 2) the ability to 

selectively remove substrate to reduce coupling to substrate modes. (In this paper, the silicon 

substrate surrounding the two tapered slots of the TSA and the loop antenna radiator is selectively 

removed for substrate mode reduction); and 3) the ability to integrate via-holes and both front-side 

and back-side metallization that enables straightforward integration of antenna radiators, baluns, and 

matching networks. In addition, silicon substrates have good mechanical performance compared to 

other substrates like quartz and Gallium Arsenide, such as large elastic modulus (E=185 GPa) and 

yield strength (σyield=4500 MPa) compared to other substrate like single crystalline quartz (E=97 GPa, 

σyield=1700 MPa) and Gallium Arsenide (E=118 GPa, σyield=85 MPa) [170],[171], which is one of 

the reasons that thin silicon substrates are used for micro-machined THz probes [172]. Besides, the 

antenna chips shown in Figure 4.1 can be viewed as a model of a cantilever beam for the analysis of 

maximum stress and chip deflection. It has been proved that silicon can generate the most force and 

provide the most deflection before failure, as indicated by the higher modulus of resilience [173].The 

measured antenna performance in this paper demonstrates that the 15-μm SOI is a good platform for 

packaging and antenna integration methods for millimeter-wave and THz ICs shown in Figure 4.1. 

The antenna chip uses an E-plane probe to transfer power from the chip to waveguide. The geometry 

benefits the antenna measurement because 1) THz test equipment most commonly has a waveguide 

interface, such as VDI VNA extenders, and 2) the antenna under test doesn’t need to be placed on 

the test stage and can be rotated flexibly. 
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Another benefit is that the antenna chips can be replaceable to generate different far fields based 

on variable demands using a single probe housing. Figure 4.2 shows different applications and 

demands on antenna design. And this idea gives a flexible solution for these demands, including 

reconfiguration of radiation patterns and resonance frequency, efficiency improvement, and 

integration with ICs. Moreover, different THz applications can be achieved using one waveguide-

feed probe housing and antennas with different functions. THz antennas have a wide range of 

applications, including THz communications, spectroscopy, and imaging. For example, the quasi-

Yagi chip designed in this work with WR2.2 probe housing is a good end-fire antenna for THz 

transceivers, and the TSA chip with the same probe housing can be used to receive signals at a certain 

direction since it has higher gain and less narrow main lobes than the quasi-Yagi antenna. 

Antennas +

Replaceable-chip antennas

Demands

Low loss/ High 

efficiency

Integration with Ics

Multiband

Beam steering / 

recongfigure

Applications

Communication

Spectroscopy 

and imaging

Security

Research

Industry

Medical 

imaging
Antenna chip Probe chip

Waveguide

feed

Figure 4.2 Concept of replaceable-chip antennas. 

The chapter is organized as follows. First, Section 4.1 explains how the E-plane probes and the 

proposed geometry work. Section 4.2 approaches silicon and metal micro-machined processing to 

realize substrate mode reduction. Next, antenna design and simulation are shown in Section 4.3, 

including quasi-Yagi antenna, tapered slot antenna, and loop antenna. Then the antenna 

measurements and analysis are shown in Section 4.4, including return loss, gain, and radiation 

patterns. Finally, conclusions are drawn in Section 4.5. 
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4.1 Integration Method with Waveguide 

THz planar antennas are designed for THz systems and modules, such as ICs and other on-wafer 

devices. However, devices such as signal detectors and high-quality-factor (HQ) filters based on 

waveguide technology are also required. Furthermore, THz test equipment most commonly has a 

waveguide interface due to low loss and simple integration of different devices. Thus, integration 

between the planar antenna feed and the metallic waveguide is necessary. 

 
Figure 4.3 Geometry of integration with waveguide by E-plane probe. (a) quasi-Yagi antenna chip at 330-500 

GHz with WR2.2 probe housing, (b) HFSS simulation of the whole antenna assembly.  

This work shows a method for integration between THz planar antennas and waveguide-fed 

devices. Figure 4.3 shows how this idea works using the example of a quasi-Yagi antenna at 330-

500 GHz and the WR2.2 T-wave probe housing made by Dominion MicroProbes Inc. (DMPI). A 

WR 2.2 probe housing with the designed antenna is shown in Figure 4.3(a). The antenna chip consists 

of an antenna working at WR 2.2, the E-plane probe, and the low-pass filter. Figure 4.3(b) shows the 

HFSS simulation with the boundary of waveguide and air. 

Fig. 4 gives a more detailed description of how this integration method works. It shows the 

simulation of the integration between E-plane probes and waveguides. In Figure 4.4(a), a fan-shaped 

E-plane probe is designed to integrate with WR 2.2 waveguide. Similarly, Figure 4.4(b) shows the 
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simulation geometry for the E-plane probe working at 125-200 GHz. The operating frequency of the 

WR5 waveguide is 140-220 GHz. The integration can start from 120 GHz since the WR5 waveguide 

cutoff frequency is 110 GHz. In HFSS, the metal probe housing is set up as the metal boundary, and 

other boundaries are set up as air. The waveguide port of the two simulations is set up as a wave port 

with 2-inches de-embedding to simulate the actual phase results. For the E-plane probe at 330-500 

GHz, it can be seen that the insertion loss is smaller than 4 dB and the return loss of the waveguide 

port and microstrip port is better than 15 dB. For the E-plane probe at 125-200 GHz, this design has 

larger than 2.5 dB insertion loss and smaller than 13 dB return loss in this frequency range. 

 
Figure 4.4 Simulation of integration with waveguide by E-plane probe.  

(a) E-plane probe at 330-500 GHz, (b) E-plane probe at 125-200 GHz. 
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This design of the E-plane probe and T-wave probe housing can be a good solution for 

integration with the waveguide, and this geometry can be a good template for the THz 50Ω-fed 

microstrip or CPW planar antennas since the CPW port and microstrip port in Figure 4.4 are well 

matched to 50 Ω based on the HFSS simulation results. Fabrication methods for the silicon chip are 

shown in the next section. 
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4.2 THz Antenna Design 

In this section, a quasi-Yagi antenna, a tapered slot antenna (TSA), and a loop antenna at WR2.2 

(325-500 GHz) are designed based on Marchand balun and fed by a 50Ω microstrip line, and a CPW-

fed quasi-Yagi antenna is designed at WR6.5 (110-170 GHz).  

4.2.1 Quasi-Yagi Antenna at 130 GHz and 330-500 GHz 

The Yagi-Uda antenna was invented in 1926 by Yagi and Uda. Quasi-Yagi antennas comprise 

a single radiator, a reflector, and one or more directors [174]. These antennas are capable of end-fire 

radiation with high gain and front-to-back ratio (FBR). In order to maximize the gain and FBR of 

quasi-Yagi antenna, many researchers work on optimization of the element’s geometry and the 

spacing among elements [175], [176], [177]. Another effort is to improve the bandwidth performance 

by feeding network design, such as the MS-to-CPS transition [178], CPW-to-CPS transition [179], 

[180], CPS-to-SL transition [181], and MS-to-SL structure [182].  

Before the antenna design, a Marchand balun is designed for conversion between an unbalanced 

input signal and balanced output signals, a transition between microstrip line and slot lines, and 

impedance matching. The conventional Marchand balun [183] and the Marchand balun in this project 

[169] are shown in Figure 4.5(a)&(b). It provides balanced signals across the load impedances ZL at 

the two output ports when driven from an unbalanced signal at the input port. The ideal balun 

operation can be characterized in terms of the S21 and S31 with the same amplitude and 180o phase 

difference (See Figure 4.5 (c)&(d)). Similarly, for the transition between CPW and slot line for the 

CPW-fed quasi-Yagi antenna at 130 GHz, a quarter-wave-long balun is design to generate two 

outputs with the same amplitude and 180o phase difference (See Figure 4.6 (c)&(d)). 

This work designs a Silicon-based CPW-fed quasi-Yagi antenna at 130 GHz and a microstrip-
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fed quasi-Yagi antenna at 330-500 GHz. The CPW-feed quasi-Yagi antenna shown in Figure 4.5(a) 

consists of a director element, a half-wavelength dipole as a driven element, and the CPW ground as 

the reflector. One slot line in the CPW is terminated by a quarter of the wavelength open-circuited 

stub so that the two slot lines have a 180-degree phase difference. Two pairs of via holes are 

connected at the other side of the substrate to keep the two ground planes at the same potential and 

suppress parasitic modes generated by discontinuity [184], [185]. The length of the driven, the 

director and the reflector elements is around 0.5λeff, 0.16λeff and 0.75λeff at 130 GHz. The antenna 

resonances at 130 GHz with the 50 Ω input impedance and at 165 GHz with the 72 Ω input impedance.  

 
Figure 4.5 Marchand Balun. (a) conventional Marchand balun [183], (b) Marchand geometry, (c) S21&S31 

amplitude simulation, (d) S21&S31 Phase difference simulation. 

Similarly, the microstrip-fed quasi-Yagi antenna has a 0.5λeff driven element, 0.3λeff director 

and 0.6λeff ground reflector at 400 GHz. In addition, this antenna is fed by a Marchand balun with an 
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asymmetric coupling structure proposed by [139]. The balun consists of two sections of quarter-

wave-long couplers employed to achieve two outputs with the same magnitude and 180 degrees out 

of phase. Figure 4.5(b) shows the antenna geometry and S11 simulation, of which the 10 dB 

bandwidth is 357-500 GHz.  

 
Figure 4.6 Quarter-wave-long Balun. (a) S21&S31 phase difference simulation, (b) S21&S31 amplitude 

simulation. 

 
Figure 4.7 Geometry of quasi-Yagi antenna and S11 simulation. (a) CPW-fed antenna at 130 and 165 GHz, 

(b) microstrip-fed antenna at 330-500 GHz. 
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4.2.2 Tapered Slot Antenna (TSA) at 330-500 GHz 

Tapered slot antennas (TSA) are typical examples of planar antennas for millimeter-wave and 

THz applications such as phased arrays and focal plane imaging systems due to their compact wide 

bandwidth and end-fire radiation pattern [186]. TSA was first developed by Gibson [187], and one 

important improvement was introduced by Sugawara [188] by using Fermi-type tapering to reduce 

the side lobes. Corrugated edges were also introduced to reduce the width of the TSA without 

degradation in radiation patterns [189]. There are several types of TSA with different shapes of 

tapered sections, such as LTSA (Linear Tapered Slot Antenna), Vivaldi (Exponentially Tapered Slot 

Antenna), and CTSA (Constant Tapered Slot Antenna) [190], [191]. 

Balun

Corrugation

Si 

substrate

Substrate 

removal

 

Figure 4.8 Geometry of tapered slot antenna and S11 simulation. 

Tapered slot antennas have nearly symmetrical radiation patterns, but the H-plane side lobes for 

these antennas are higher than those in E-plane. The resulting patterns of the TSA with the Fermi-

Dirac function have more symmetrical patterns and have low sidelobe levels than others [189].  

The width of the TSA measured from the aperture edge to the substrate edge is suggested to be 

larger than 2 λ0, as the E-plane side lobe level of a narrower width TSA was higher than for the wider 

antenna, and the main beam in the H-plane was broader. This degradation in the radiation pattern, 
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which is associated with reduced antenna width, is a significant problem for the design of compact 

TSAs [189]. However, antenna width reduction is necessary when forming antenna arrays, especially 

for mm-wave and THz imaging applications. Thus, this work uses a corrugation structure that 

consists of a periodic arrangement of slits on the sides of the TSA radiator. The antenna length is 

4 λ0 with the 0.1 λ0 length and 0.025 λ0 width corrugation. As shown in Figure 4.8, the designed TSA 

is fed by Marchand balun, the same as the balun for the microstrip-fed quasi-Yagi antenna. The 

Silicon substrate between two tapered slots is etched for the disruption of the substrate for antenna 

gain improvement. More details on gain simulation and measurement are shown in Section 4.4. 

4.2.3 Loop Antenna at 330-500 GHz 

Loop antennas are used in a variety of far-field and near-field applications such as 

communication systems [192], energy harvesting [193], RFID [194], and near electrical field 

detection [195]. This work designs a loop antenna with 1-λ0 perimeter at 460 GHz (see Figure 4.9). 

Half of the antenna loop is fabricated on the front side of the substrate, and the other half is on the 

backside. The loop is fed by a parallel-plate balun and microstrip line. The Si substrate in the central 

ring is removed to improve antenna gain. The simulated S11 shows the loop antenna resonance at 

330 and 460 GHz.  

 
Figure 4.9 Geometry of loop antenna and S11 simulation. 
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4.3 SOI Processing Fabrication for Antennas 

Planar antenna on dielectric substrate suffers from power loss because of substrate modes. The 

coupling efficiency between the antenna and the substrate medium increases with increasing high-

order modes. This work shows several antennas based on micro-machined silicon-on-insulator (SOI) 

processing to reduce substrate modes. The SOI wafers used in this design consist of a 450µm handle 

layer, 1µm oxide layer, and 15µm high resistivity (ℇr=11.8) device layer 

(15µm=0.0065 λ0@130 GHz=0.02 λ0@400 GHz). Based on calculations from previous work, this 

substrate thickness can suppress TM1, TE1, and higher-order modes and improve antenna gain and 

efficiency. 

The fabrication process follows the process flow shown in Figure 4.10. On a clean SOI wafer, 

the via holes and alignment markers are first etched for front-side Au plating and backside 

lithography patterning (see Figure 4.10(a, b)). AZ4330 photoresist is used for both front-side and 

backside lithography. It gives about 3.3 µm thick photoresist at 4krpm spin speed. In Figure 4.11, 

via holes with 12 µm radius are etched in this step.  

After a Ti-Au-Ti seedlayer deposition, the front-side Au is plated (See Figure 4.10(c)) up to 

1.5µm thick. For the gold plating lithography, it needs to be emphasized that these via holes 

introduce regional variations in photoresist thickness and make the extra photoresist inside the via 

holes not able to be developed by the normal UV exposure power. The solution in the cube antenna 

project in Chapter 3 is to use negative PR in which the photoresist openings are the “dark” part of 

the lithography mask. Another solution for positive PR AZ4330 is a “two-step” lithography. The first 

step defines the photoresist patterns for the front-side plating gold circuit. The second step provides 

extra exposure to the via hole regions using the mask of via hole etching. The front-side gold plating 
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lithography resolves critical features as small as 12 µm in width (see Figure 4.11). This residue 

photoresist in the via hole can also be cleaned by an oxygen plasma in the March cleaning tool, but 

the plasma cleaning makes the PR in the undeveloped area uneven, which makes the plated gold 

thickness harder to be measured by the step analyzer. 

 
Figure 4.10 Antenna chip fabrication flow using micro-machined SOI processes technologies.(a) wafer 

cleaning, (b) via hole etch, (c) front-side plating Au antenna definition, (d) backside mounting of the SOI 

wafer, (e) the handle and the oxide layer removal, (f) backside plating Au antenna definition, (g) extents etch 

for probe contour definition, (h) antenna chip geometry (Quasi-Yagi antenna is used as an example). 

An additional gold clamp is plated after gold plating for the antenna radiator. The reason is that 

the probe housing does not fully close as designed. The probe inside the block is not firmly clamped 

by the block and moves slightly during the probing process. The clamp gold (10 µm thickness gold) 
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and beam lead region are designed to provide extra plated gold to the clamp regions to solve this 

issue, as well as to avoid thick gold features for both front-side and backside RF circuitry [139]. They 

provide enough thickness of gold in the clamp regions for the probe to be firmly clamped by the 

probe block when assembled. 

Then the wafer is flipped over and mounted to a carrier wafer with wafer bond and epoxy (See  

Figure 4.10(d)). The 450 µm thick handle layer removal is achieved by dicing and RIE plasma 

etching. The dicing tool uses a 0.5 mm wide blade to dice across the whole SOI wafer cut by cut, 

removing up to 420 µm thickness of the handle layer. Then the wafer is etched using the RIE plasma 

etching recipe to remove the remaining silicon. The Si etching is very selective between Si and silicon 

oxide and will stop at the oxide layer. After the handle layer is thoroughly removed, the wafer is 

soaked in BOE to strip the oxide layer. Similarly, the BOE wet etch is highly selective between 

silicon oxide and Si. 

After the oxide layer removal, the alignment markers and the vias are clearly revealed at the 

backside of the device Si layer (See Figure 4.10(e)). The backside Au plating for the antenna radiator 

and clamp is the same as the plating process on the front side (See Figure 4.10(f)). The last step is Si 

etching to define individual antenna chips, and then all chips are released by wafer bond remover. In 

this step, the Silicon substrate between two tapered slots of the TSA and the inner loop substrate of 

the loop antenna is etched to release waves confined in the substrate. Figure 4.10(h) shows a quasi-

Yagi antenna at 330-500 GHz chip fabricated using SOI processing.  

The images of antenna chips after the substrate etching and the final release under the 

microscope and Scanning Electron Microscope (SEM) are shown in Figure 4.11~ Figure 4.14. As 

shown in these figures, gold plating lithography can resolve critical features as small as 12µm in 
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width. Additionally, the SEM image in Figure 4.11 confirms that the anisotropic silicon etch recipe 

for via etch gives a straight and clean sidewall. The beamlead region looks crumpled because it is a 

free-standing 1.5-μm thickness Au film. The misalignment of Au plating lithography shown in Figure 

4.11 results in resonance frequency shift. More analysis on antenna measurement will be discussed 

in the next sections. 

 
Figure 4.11 130 GHz quasi-Yagi antenna pictures (a) Antenna geometry in HFSS, (b) pictures under SEM, 

(c) pictures under microscope.

 
Figure 4.12 WR2.2 quasi-Yagi antenna pictures (a) Antenna geometry in HFSS, (b) pictures under SEM, (c) 

pictures under microscope.
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Figure 4.13 WR2.2 tapered slot antenna pictures (a) Antenna geometry in HFSS, (b) pictures under SEM, (c) 

pictures under microscope. 

 

Figure 4.14 WR2.2 loop antenna pictures (a) Antenna geometry in HFSS, (b) pictures under SEM, (c) 

pictures under microscope. 
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4.4 Micro-machined Waveguide-fed Planar Antennas 

Measurement 

4.4.1 Antenna Return Loss and Gain Measurement 

The S11 and gain are measured using ZVA67 VNA and WR5.1/WR2.2 VDI extender modules 

after TOSM (Thru/Offset-Short/Short/Match) calibration at the waveguide port of the VDI extenders. 

As shown in Figure 4.15, the antenna gain can be calculated using S21 based on the Friis formula 

with a standard gain horn antenna from Virginia Diodes, Inc (VDI). The extender with antenna chip 

and probe housing is rotated 30 degrees to align the peak gain direction with the horn antenna. 

 
Figure 4.15 Antenna gain measurement setup. 

The waveguide loss is the dominant loss in the antenna measurement. Before antenna return 

loss and gain measurement, the return loss of the WR5.1 probe housing and a WR2.2 probe housing 

without the antenna chips is measured to calculate the waveguide loss of the 2-inch probe housing, 

which is the dominant loss in the gain measurement. Half of the measured S11 is the loss (S21) of 

this 2-port structure since the other side of the probe housing can be viewed as “open”. The WR5.1 

probe housing has 1.2 dB loss at 130 GHz and 0.43 dB loss at 174 GHz, and the WR2.2 probe 
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housing has 1.5-2 dB loss from 330-500 GHz (See Figure 4.16). All measurement plots in this section 

are the measured antenna gain with the waveguide loss. The metal loss (attenuation) of the TE10 

mode in a rectangular waveguide with a×b dimension can also be predicted by [196],  

                              (𝛼𝑐)𝑇𝐸𝑚𝑛 =
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Where m=1, n=0, metal conductivity σAu=4.52×107 S/m, δ is the skin depth at WR5 and WR2 

frequency range, WR5 rectangular waveguide dimension is 1.295mm×0.648mm (cut-off frequency 

of TE10: 115.75 GHz), WR2 rectangular waveguide dimension is 0.559mm×0.279mm (cut-off 

frequency of TE10: 268.15 GHz). 

 
Figure 4.16 Calculated loss and measured S11 of the “Open” probe housing for loss analysis. (a) WR5 probe 

housing, (b) WR2 probe housing. 

The calculated loss of WR5 waveguide is 0.9 dB at 130 GHz and 0.52 dB at 174 GHz, the 

calculated loss of WR2 waveguide is 1.75 dB at 400 GHz. The measured loss matches the calculation 

as shown in Figure 4.16 The far-field distance between the 130 GHz quasi-Yagi antenna and the horn 

antenna is 40 cm. The three-antenna method based on the Friis transmission formula with a pyramidal 

horn antenna and a conical horn antenna is adopted in Figure 4.17. It requires measuring three 

combinations of three antennas to provide three equations with three unknowns. The WR6 pyramidal 
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horn antenna with 32mm×16mm aperture size has 23.4 dB calculated gain [197] and 19.3 dB 

measured gain at 170 GHz. The WR6 conical horn antenna with 10.8 mm aperture diameter has 

23.6 dB calculated gain [197] and 21.5 dB measured gain at 170 GHz, which is close to the data 

provided by Virginia Diode Inc (21 dB). In Figure 4.18, the S11 10 dB bandwidth of the quasi-Yagi 

antenna with WR5.1 probe housing is 128-133.5 GHz and 168-181 GHz, and it has 1.76 dB and 

3.44 dB gain at 131 GHz and 172 GHz. 

For the antennas measured with WR2.2 horn antenna, the S21 is measured three times when the 

distance between two antennas is 5cm, 8cm, and 10cm to reduce measurement errors. The quasi-

Yagi with WR2.2 probe housing has 10 dB bandwidth from 374-500 GHz and has a 3.24 dB peak 

gain at 465 GHz (Figure 4.19). Figure 4.20 shows the measured return loss of TSA is below -10 dB 

across the entire band, and it has a 9.31 dB peak gain at 371 GHz and 5 dB lowest gain at 489 GHz. 

It can also be seen that the antenna gain can be improved by Si substrate removal based on the 

simulated gain with and without the partial Si removal. 

 
Figure 4.17 Measured S21 of the quasi-Yagi antenna using three-antenna measurement. 
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Figure 4.18 S11 and gain of the quasi-Yagi antenna with WR5 probe housing. 

Since the loop antenna has a 1-λ0 perimeter at 460 GHz and its current is not uniform, the 

direction of the peak gain varies over the WR2.2 band. The radiation patterns are simulated to 

determine the peak gain direction at 10 GHz steps. Next, the VNA extender with the loop antenna is 

rotated at the corresponding degrees to align its peak gain direction to the horn antenna for peak gain 

measurement. As shown in Figure 4.21, the rotation scale is defined from 90o-270o in this peak gain 

measurement and radiation patterns measurement. For example, the loop antenna resonates at 

340 GHz, at which the peak gain degree is 82o on the H plane, and the peak gain degree is 128o on 

the H plane when the antenna resonates at 450 GHz. 

  
Figure 4.19  S11 and gain of the quasi-Yagi antenna with WR2 probe housing. (a) Simulation and 

measurement, (b) Measured S21 at three different distances.
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Figure 4.20 S11 and gain of the TSA with WR2 probe housing. 

 
Figure 4.21 S11 and gain of the loop antenna and the corresponding coordinate. 

 

4.2.2 Antenna Radiation Pattern Measurement 

This work measures the antenna radiation pattern using amplitude modulation (AM) instead of 

the antenna under test (AUT) with VNA extenders since the extenders are too large to be rotated 

around the AUT phase center. In the radiation pattern measurement setup shown in Figure 4.22, a 

THz carrier frequency with a modulated 1 kHz signal is generated by a VDI WR9 SGX modulator 

and transmitted by a standard gain horn antenna. VDI WR9 SGX modulator is a 9-times multiplier 
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with an 80-130 GHz output frequency range. To measure radiation patterns of the CPW-fed quasi-

Yagi at 130 GHz, the 130 GHz modulated frequency can be achieved using a 14.44 GHz input signal. 

Another doubler and a 9.44 GHz input are used to generate a 174 GHz (9.44×9×2=174 GHz) output 

signal for pattern measurement at another resonance frequency of the CPW-fed quasi-Yagi. Two 

doublers are adopted for the WR2.2 antennas. The AUT with a signal detector is set up on a rotation 

stage at the receiving side. The demodulated signal voltage is measured by the SR510 lock-in 

amplifier. The normalized radiation patterns with 5-degree steps are plotted by rotating the stage. 

The degree scale for the pattern measurement is the same as the peak gain measurement shown in 

Figure 4.21. 

 
Figure 4.22 Antenna radiation pattern measurement setup using AM modulation with 450 GHz carrier 

frequency and 1 kHz modulated signal. 

Figure 4.23 and Figure 4.24 shows how the rotation stages work. Transmitting and receiving 

stages are placed on moveable tracks. Stages 1&2, consisting of rotation stages and movement axis 

for XYZ directions, are used to align AUT with the horn antenna. The AUT with the signal detector 

is placed on stage 3 by a plastic holder. The AUT phase center is aligned with the center of stage 2 

by stage 3. The normalized radiation patterns of the four antennas are shown in Table 4.1. The 

patterns of quasi-Yagi antennas and TSA are nearly symmetrical. The ripples at the main lobes in 

some patterns might result from the reflection from the metal housing at back side. Due to the 
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performance of the large loop antenna with nonuniform current, the loop antenna peak gain direction 

is not on the horizontal plane in Figure 4.21. Thus, the azimuth plane patterns at 340 GHz and 

450 GHz are measured instead of E-plane patterns and are normalized using peak gain. The main 

lobes of all pattern measurement match the simulation. Table 4.2 shows a summary of the simulation 

and measurement. The measured gain at some frequencies is higher than the simulation because of 

the reflection from the metal housing at backside. The metal boundary at backside in HFSS is smaller 

than the real size. 

 
Figure 4.23 Picture of H-plane radiation pattern measurement setup of tapered slot antenna. 

 
Figure 4.24 Picture of E-plane radiation pattern measurement setup of the WR5 quasi-Yagi. 
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Table 4.1 Measurement of the antenna normalized radiation patterns 
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Table 4.2 Summary of the antenna simulation and measurement 
Antenna type Performance Simulation Measurement*  

WR5 quasi-Yagi S11 10dB bandwidth 123.8-132.6 GHz, 170-182.7 GHz 128-133.5 GHz, 168-181 GHz 

Gain (dBi) 4.3@ 132 GHz, 4.16@ 172 GHz 3.12@ 132 GHz, 3.9@ 172 GHz 

Co-polarization Measured main lobes match simulation. 

X-polarization 15~50 dB< Co-pol 15~35 dB< Co-pol 

WR2 quasi-Yagi S11 10dB bandwidth 369-500 GHz 375-500 GHz 

Gain (dBi) 4.6@ 400 GHz, 4.6@ 465 GHz 4.39@ 400 GHz, 4.77@ 465 GHz 

Co-polarization 

X-polarization 

Measured main lobes match simulation. 

15~60 dB< Co-pol                                   15~25 dB< Co-pol 

WR2 TSA S11 10dB bandwidth 330-500 GHz 330-500 GHz 

Gain (dBi) 10.6@ 400 GHz, 6.7@ 450 GHz 6.64-11.24 

Co-polarization Measured main lobes match simulation. 

X-polarization 20~50 dB< Co-pol 20~30 dB< Co-pol 

WR2 loop antenna S11 10dB bandwidth 330-356 GHz, 427-478 GHz 330-360 GHz, 427-480 GHz 

Gain (dBi) 0.17@ 400 GHz, 3.07@ 450 GHz 1.65@ 400 GHz, 4.6@ 465 GHz 

Co-polarization Measured main lobes match simulation. 

X-polarization 5~40 dB< Co-pol 8~25 dB< Co-pol 

*The antenna gain in this work in Table 2 is the gain added the waveguide loss back. 

Besides, there is a 0.7~2.5 dB gain reduction between simulation and measurement. The main 

reason for the gain difference is the loss in the waveguide discussed above. The WR5.1 probe housing 

has 1.2 dB loss at 130 GHz and 0.43 dB loss at 174 GHz, and the WR2 probe housing has 1.5-2 dB 

loss from 330-500 GHz, which matches the gain reduction. The measured surface roughness of the 

plated Au is less than 100 nm (see Figure 4.25). This result has little impact on the gain decrease in 

simulation. 

 
Figure 4.25 Roughness measurement by Bruker Vision64. 
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4.5 Conclusion 

This project shows a quasi-Yagi antenna, tapered slot antenna, and loop antenna design for 

potential THz applications. THz communication is one typical application for the three antennas 

because the antenna design in this project has wide bandwidth at THz and is a good platform to be 

integrated with the front-end chip. There are many previous works on the three antennas for the THz 

communication SoC design. Papers [198], [199] show the quasi-Yagi antenna design based on 

CMOS technology at 60 GHz and 100 GHz. Compared to the quasi-Yagi antenna, the tapered slot 

antenna with wider bandwidth is a better choice for a dual-band communication antenna, for example, 

a TSA at 120 GHz and 300 GHz with 10 Gbit/s link performance [200]. The TSA for communication 

is also designed as an antenna array [201] since its main lobe is narrow. For the loop antenna for 

communication applications, decreasing the loop diameter or adding a phase-delay structure is 

needed in some designs [202] to ensure that the current in the loop is uniform. Thus, more efforts are 

needed for the loop antenna in this project to meet the requirements of THz communication. Besides, 

TSA has an application in the THz imaging and detection system because of its high gain and 

directivity [203]. Moreover, the loop antenna is widely used in far-field and near-field detection 

systems. For example, a loop antenna is designed as a thermal detector at 910 GHz [204]. 

Table 4.3 shows a comparison with previous work on micro-machined mm-wave and THz 

antennas in terms of three main areas: antenna performance, substrate/substrate modes reduction, 

and antenna measurement methods. For the antenna performance, this project shows the antenna 

design from 130 GHz to 500 GHz with return loss, gain, and radiation measurement. The good 

matching between measurement and simulation shows that the SOI-based micro-machined 

processing method and the integration method with the E-plane probe are efficient methods in THz 
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antenna design. Furthermore, these two methods can be extended up to 1.1 THz antenna design since 

the T-wave probe and its fabrication processing have been developed to 1.1 THz. 

For the choice of the substrates and methods of substrate mode reduction, some papers on quasi-

Yagi antenna and loop antenna fabricated antenna radiators on low-permittivity substrates or multi-

layer substrates to reduce substrate modes [205],[207],[216]. Furthermore, papers 

[206],[209],[215],[217] generate a membrane-supported substrate using backside etching technology 

(LBE).  High-order substrate modes have also been reduced by replacing the substrate dielectric 

material with an electromagnetic bandgap (EBG) [213], [214]. Compared to these substrates and 

methods, the 15µm-thickness high-resistivity SOI wafer has these advantages: 1) Considering the 

antenna performance improvement in the CMOS technology, the high-resistivity silicon is a good 

platform to integrate antennas with front-end systems. Some substrates in Table 4.3 cannot be used 

in CMOS technology (RT/duroid) or have low resistivity (GaAs and silicon nitride), 2) the 15um-

thickness high-resistivity SOI substrate and the corresponding micro-machined recipes provide the 

method of fabrication and substrate mode reduction for antenna from 130 GHz to 500 GHz. It can 

also be a solution to design an antenna up to 1.1 THz. With the increase of frequency, some substrates 

in Table 4.3 generate higher numbers of substrate modes and some structures need to be redesigned 

(EBG). However, based on Equation 4.1 discussed above, the 15µm-thickness substrate is thin 

enough to suppress higher numbers of the substrate modes (TE1 and TM1) up to 3040 GHz [156]. 

Besides, the silicon substrate surrounding the slot arms of the tapered slot antenna is etched to 

improve antenna gain and efficiency. Figure 4.20 shows that substrate removal is an efficient method 

to improve antenna performance for TSA. The simulated antenna gain increases 4 dB after the silicon 

substrate removal. The substrate surrounding the loop is also removed. Unfortunately, we didn’t see 

significant gain and efficiency improvement in the loop antenna design. The reason is that substrate 
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removal has a more significant effect on the electrical length and input impedance of the large loop 

antenna. It’s worth designing an electrically small loop antenna in the future work.  

Table 4.3 Comparison with existing works on micro-machined mm-wave and THz antennas 

Antenna 

type 
Paper Gain (dBi)* Bandwidth (GHz)   Substrate Thickness 

Methods  

on substrate mode reduction 
Antenna measurement/Feed 

Q
u

as
i-

Y
ag

i 
an

te
n

n
a 

[205] 5 75-95 525 µm glass wafer Through glass via technology 
+/-90o 2D E plane in free space 

(End-launch connector) 

[206] 3.5-5.1 135-158 
9.8 µm SiO2 
 400 µm Si 

Backside-etching cavity 
+/-90o 2D E plane with probe station 

(GSG probe) 

[207] 7 @94 GHz 91-106 100 µm GaAs NA 
No pattern measurement 

(GSG probe) 

[208] 6.2 (simulated) 110-170 
15 µm ABF polymer 

100 µm glass 
ABF polymer (ℇr=3.3) + glass 

No pattern measurement 

(GSG probe) 

[209] 5-10 66-81 
0.6 µm silicon nitride 

0.8 µm SiO2, 350 µm Si 
Membrane-supported bulk Si 

No pattern measurement 

(GSG probe) 

This work 
3.12@132 GHz, 

3.9@172 GHz 

123.8-133.5, 

168-181 
15 µm SOI Thin substrate 

+/-90o 2D E/H plane in free space 

(Waveguide feed) 

This work 
4.39@400 GHz, 
4.77@465 GHz 

374-500 15 µm SOI Thin substrate 
+/-90o 2D E/H plane in free space 

(Waveguide feed) 

T
ap

er
ed

 s
lo

t 
an

te
n

n
a 

[210] 10-12 75-110 10 mil RT/duroid 6002 NA 
+/-90o 2D E/H plane in free space 

(W-band connector) 

[211] NA 75-110 127 µm RT/duroid 5880 NA 
+/-120o 2D E/H plane in free space 

(Coupling slot, E-plane probe) 

[212] 2.8-10 43-140 PolyStrata processing NA 
+/-120o 2D E/H plane in free space 

(Recta-coax line (RCL)) 

[213] NA 80-110 1.27 mm RT/duroid5880 Electromagnetic band gap (EBG) 
+/-90o 2D E/H plane in free space 

(CPW, integrated with diode) 

[214] NA 70-110 100 µm Quartz Electromagnetic band gap (EBG) 
+/-90o 2D E/H plane in free space 

(CPW, integrated with diode) 

This work 6.64-11.24 330-500 15 µm SOI 
Thin substrate,  
silicon removal 

+/-90o 2D E/H plane in free space 
(Waveguide feed) 

L
o
o

p
 a

n
te

n
n

a 

[215] 3.44 @340 GHz 330-360 10 µm SiO2, 300 µm Si Membrane-supported substrate 
+/-90o 2D Azimuth/Elevation plane 

with probe station (GSG probe) 

[216] 4.1 303-320 
9.38 µm SiO2, 

 300 µm Si 
9.38 µm SiO2+300 µm Si 

+/-90o 2D Azimuth/Elevation plane 

with probe station (GSG probe) 

[217] 1.5 @29.5 GHz 26.4-40.1 1 µm SiO2, 400 µm Si 
BCB oxide (ℇr=2.65) 

Back-etched Si 

+/-180o 2D Azimuth/Elevation plane 

with probe station (GSG probe) 

[218] 
4.3 @375 GHz 

(simulated) 
365-375 

100 µm Quartz,  

280 µm Si 
NA 

+/-60o 2D Azimuth/Elevation plane 

with probe station (GSG probe) 

[219] 
4 @375 GHz 

(simulated) 
250-325 65 nm CMOS NA 

No pattern measurement 

(On-chip 2×3 ring array) 

This work 
1.65@400 GHz, 

4.6@465 GHz 

330-360, 

427-480 
15 µm SOI Thin substrate 

+/-90o 2D Azimuth/Elevation plane in 

free space (waveguide feed) 

* The antenna gain in this work in Table 2 is the gain added the waveguide loss back. 

Most of antennas in Table 4.3 are CPW-fed with the GSG probe, and this feeding method gives 

challenges to antenna pattern measurement since such antennas and probe stations cannot be rotated 

flexibly. Besides, the probe-station-based measurement is susceptible to EM reflections from the 

environment, and only the radiation pattern in the upper half-space is measurable due to the metal 
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stages (See Figure 4.26(a)). Some papers [210], [212] show the measured patterns of TSA fed by 

connectors or coax cables but SMA connectors and coax cables are not ideal feeding types for THz 

antenna over 100 GHz [220]. Similar to the pattern measurement method by AM modulation in this 

work, some papers integrate antennas with diodes and other circuits and get good radiation pattern 

measurement [213],[214],[219],[220] (see Figure 4.26 (b)), but it’s hard for this geometry to measure 

the antenna S11 and peak gain. This project adopts E-plane probes to provide a good transition 

between planar antennas and waveguides for the more precise antenna gain and radiation pattern 

measurement. 

 
Figure 4.26 Antenna radiation pattern measurement method. (a) [218], (b) [214]. 

This project designs the micro-machined quasi-Yagi antenna, tapered slot antenna (TSA), and 

loop antenna at THz frequency. The antennas are fabricated using SOI wafers with 15µm thickness 

high-resistivity silicon. The thin substrate processing, including substrate etching, reduces the 

substrate modes, and this 15µm-thickness high-resistivity SOI can be demonstrated as a good 

platform for the antenna integration for millimeter-wave and THz CMOS technology.  Besides, the 

antenna chips are integrated with T-wave probe housing by E-planes probes for gain and pattern 

measurement. The measured S11, peak gain, and normalized radiation patterns match the simulation. 

This integration method with waveguide-fed proves that THz antenna measurement and potential 
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OTA measurement can get benefit from this geometry. Another beauty of the geometry is that the 

antenna chips can be replaceable to generate different far fields based on variable demands using a 

single probe housing. 
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Chapter 5 

5. Conclusion and Future Work 

5.1 Conclusion 

This work discussed two antenna designs, micro-machined 3D foldable antenna and micro-

machined THz antennas. The research in this work is to create antennas needed to extend the 

capabilities of existing wireless systems and provide them access to the Terahertz region of the 

spectrum. The core contribution of this work is using micro-machining techniques to create antennas 

for high-frequency applications, improve antenna performance and develop antenna integration 

methods. 

This work first designs a 3D foldable antenna working for X-band (10 GHz) IoT ICs and 

provides a packaging solution for the chip. Since this design adopts a combination of 3D geometry 

and meandered line technology, the omnidirectional antenna in this work is electrically small 

(antennas with dimensions substantially smaller than a wavelength), and it can conserve overall IoT 

system volume and mass. The 3D design also helps the antenna to achieve high radiating efficiency 

while presenting the desired impedance to the transceiver circuits (PA and LNA). The radiation 

quality factor Q of electrically small antennas is accurately determined by the factor ka discussed in 

Chapter 3: 
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                                                                    𝑄 =
1

𝑘3𝑎3
+

1

𝑘𝑎
                                                           (5.1) 

The length of each side in this design is 3 mm, so ka=0.54, Q=8, and the fractional bandwidth 

is 1/Q=12%. This bandwidth is more than sufficient for most microwave applications. 

Compared to other “antenna-in-package” integration methods, this design allows maximum use 

to be made of the available space. Another beauty of this design is that the geometry of the antenna, 

including 3D shape, antenna arms, balun, and matching line, can be redesigned for ICs with different 

dimensions. For example, changing the balun and matching line's size will make the input impedance 

match to 50 Ohm at different frequencies. Thus, this design is ideal for most IC chip dimensions at 

the microwave frequency range. 

This work also designs the micro-machined quasi-Yagi antenna, tapered slot antenna (TSA), 

and loop antenna at THz frequency. The antennas are fabricated using SOI wafers with 15µm 

thickness high-resistivity silicon. It has advantages to planar antennas, such as small size and easy 

fabrication. Meanwhile they also have the capacity for integration with waveguide-fed devices. The 

thin substrate processing, including substrate etching, reduces the substrate modes, and this 15µm 

thickness SOI can be demonstrated as a good platform for the packaging and antenna integration for 

millimeter-wave and THz ICs in the CMOS technology.   

In this design, the antenna chips are integrated with T-wave probe housing by E-planes probes 

for gain and pattern measurement. This integration method with waveguide-fed proves that THz 

antenna measurement and potential OTA measurement can get benefit from this geometry. 

Compared with THz antennas fed by the CPW-contact probe, this geometry is more flexible for the 

radiation pattern. And compared with standard gain horn antennas for OTA, the proposed antenna 
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has smaller dimensions, which means a smaller measurement distance and smaller test chambers. 

Another advantage of the geometry is that the antenna chips can be replaceable to generate 

different far fields based on variable demands using a single probe housing. Different THz 

applications can be achieved using one waveguide-feed probe housing and antennas with different 

functions. THz antennas have a wide range of applications, including THz communications, 

spectroscopy, and imaging. For example, the quasi-Yagi chip in this work with WR2.2 probe housing 

is a good end-fire antenna for THz communication, and the TSA chip with the same probe housing 

can be used to receive signals at a certain direction, such as detection, since it has higher gain and 

less narrow main lobes than the quasi-Yagi antenna. The loop antenna can also be applied in the THz 

communication applications. Besides, a loop detector similar to the loop antenna in this work can be 

used for near electrical field detection because the antenna geometry in this work has the advantages 

for near field spectroscopy and imaging due to their small size and the capacity to precisely control 

movement. The spectroscopy and imaging by near field detection include security detection of food, 

explosives and drugs, wafer and circuit inspection for research, industry detection such as gas sensing, 

and medical spectroscopy and imaging.  
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5.2 Future Work 

There are still some challenges with the micro-machined 3D antenna and THz antenna in this 

work. For the assembly of the 3D antenna, the hand assembly by tweezers, including soldering and 

assembling in a plastic holder, needs to be retired by a more precise method. For example, the silver 

epoxy soldering generates a piece of irregularly shaped conductor at the antenna feed. Wire bonding 

technology could be another integration solution to replace silver epoxy. Considering a more precise 

assembly, it is also worth having a high-precision holder. As shown in Chapter 3, the gap in the 3D 

printed plastic holder is 60 μm. Due to the resolution limit of the 3D printer in the lab, the actual 

width of the gap is over 200 μm. This 3D printing resolution results in the assembly error and folding 

error.  

 
Figure 5.1 A conceptual drawing of the 3D antenna integrated with a communication system. 

More efforts are needed to make on antenna geometry and antenna types. In some applications, 

an end-fire antenna with high directivity has better performance than the meandered-line dipole in 
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this work. In some communication systems, it is preferred to design an omnidirectional antenna 

transceiving signals in all directions. Thus, an antenna array and similar structure can have a better 

performance than a single antenna. Figure 5.1 shows a concept of a future design with the 3-mm 

cube structure. Also shown are the flip-chip mounted communication systems with RF IC and a 9-

mm2 solar cell for energy harvesting. In order to provide optimal impedances for both the PA and 

LNA/rectifier, two orthogonally polarized meander-line dipole antennas are integrated onto the cube 

faces. The beam-lead metal will be used for both electrical interconnects between adjacent sides of 

the cube as well as mechanical hinges to hold the sides together. 

 
Figure 5.2 Possible integration with GaAs semiconductor devices. 

This thesis also provides four antenna design, and the substrate removal has been proved as an 

efficient method of antenna performance improvement. Thus, it’s worthy studying how the substrate 

removal effects the quasi-Yagi and electrically small loop antenna’s performance. Besides, end-fire 

antenna array is more beneficial than a single end-fire antenna for gain increasing for some THz 

application, such as THz communication and detection. 

One objective of this work is to create the antennas needed to extend the capabilities of existing 

wireless systems and provide them access to the submillimeter-wave and THz regions of the 
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spectrum. Thus, another primary task of this work is design and implementation of low-parasitic 

interfaces between THz antennas and GaAs submillimeter-wave front-ends. GaAs and other III-V 

semiconductor micro-machining have been researched at the University of Virginia for a number of 

years and have been used to implement a wide variety of systems and instruments for the 

submillimeter-wave spectrum. Two examples of integration GaAs devices onto silicon are shown in 

Figure 5.2, a free-standing directional coupler [221] supported at 300-500 GHz by a 10 μm thick 

micro-machined silicon membrane and an array of GaAs Schottky diodes bonded to a 15 μm thick 

silicon membrane and developed for applications at 160 GHz. The antenna chip in this work provides 

a mechanically-strong ultra-thin micro-machined membrane platform for the integration with GaAs 

and other III-V semiconductor materials. As shown in Figure 5.2, the antenna chip has enough 

available area between the antenna feed line and the E-plane probe for the integration and additional 

matching network. 

Through various heterogeneous integration methods (wafer bonding and flip-chip techniques), 

GaAs and other III-V semiconductor materials can be transferred directly to the silicon, allowing the 

realization of fully-integrated submillimeter-wave and THz components. The integrated circuits are 

fabricated on mechanically-strong ultra-thin micro-machined high-resistivity silicon substrates, thus 

mitigating potential losses due to substrate modes. This integration method has low-parasitic and 

low-loss transmission lines and interconnects.  
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