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Abstract 

This research aims to explore the feasibility of integrating sub-terahertz (THz) 

technology with metalenses for applications, such as next-generation communications 

and biomedical detection. The sub-THz band, ranging from 100 GHz to 1 THz, offers 

unique features, including abundant spectral resources, shorter wavelengths, non-

ionising radiation, and high sensitivity to water. Its broadband capabilities make it a 

promising candidate for sixth-generation (6G) wireless communication systems, such 

as inter-satellite communications. The shorter wavelengths enable high-accuracy 

imaging, while the non-ionising radiation ensures safety for humans. Additionally, the 

high sensitivity to water makes it particularly suitable for biomedical detection. For 6G 

communication applications, metalenses for two-dimensional (2D) beam scanning have 

been developed, offering advantages such as low cost, high gain enhancement, and 

reduced scanning losses. Beam-scanning antennas, which are key components of 5G 

systems, hold significant potential for 6G applications. In the field of biomedical 

imaging, a real-time skin detection system utilising metalenses, metasurface sensors, 

and a sub-THz camera has been proposed. This proposed system shows potential for 

further development into a portable device for skin cancer detection. These findings 

highlight the potential for sub-THz-based systems to advance both wireless 

communications and real-time biomedical applications. 

Chapter  I: Introduction  

This chapter overviews the THz frequency band and its applications in 

communication and biomedical fields. Methods for generating and detecting THz 

waves are also introduced as background. 

Chapter II: Literature Review 

This chapter provides an overview of various metasurfaces and skin cancer 

detection methods, serving as a foundation for the subsequent chapters.  

Chapter III: All-Dielectric Metalens Design 

This chapter presents three 3D-printed metalenses with distinct functions: a one-

dimensional lens, a two-dimensional lens, and a real-time reflection imaging lens—the 

latter of which will be applied in Chapter V. 

Chapter IV: Conductive and Dielectric Multimaterial Metasurface Lens 

This chapter presents various metasurface lenses fabricated using additive 

manufacturing technology.  
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Chapter V: Sub-THz Metasurface Sensor for Real-Time Skin Condition 

Monitoring 

This chapter provides a metasurface sensor and its corresponding skin condition 

monitoring system. The experiments on pork skin verify the concept of using the 

metasurface sensor for skin detection, which has valuable potential to be developed into 

skin cancer detection systems.  

 

Keywords: Sub-THz, 3D printing, metasurface, lens, transmitarray, beam scanning, 

sensor, skin cancer detection.  
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Chapter I Introduction 

1.1 Research Background 

 The terahertz (THz) spectrum ( 0.1 - 10 THz ) lies between the microwave and 

infrared regimes and is often referred to as the “Terahertz Gap.” As illustrated in Fig. 

1.1, the THz band bridges the domains of electronics and photonics. Compared with the 

microwave and millimetre-wave regions, THz waves offer abundant spectral bandwidth 

that can support higher-capacity and low-latency communication [1], while their shorter 

wavelengths enable high-resolution imaging, because the image is related to the 

diffraction limit, which is a function of wavelength [2]. THz waves exhibit excellent 

scattering characteristics. Compared with near-infrared imaging, THz waves can 

penetrate common clothing materials [3] and effectively avoid interference from 

particle scattering effects [4]. Moreover, THz spectroscopy enables the identification of 

resonant spectral fingerprints of low-absorption materials [5], allows the detection of 

vibrational, rotational, and wagging modes of biomolecules [6], and facilitates the 

measurement of water molecule absorption [7]. In contrast to the infrared and optical 

regions, THz waves are partially transparent to a variety of non-conductive materials 

[8] such as clothing, paper products, plastics, and ceramics. Moreover, as a form of non-

ionising radiation [9], THz waves are inherently safer than X-rays [10]. Owing to these 

advantages, THz technology is regarded as a promising candidate for future sixth-

generation (6G) mobile communications, biomedical applications, security screening, 

and advanced automotive systems. This thesis primarily focuses on the study of THz 

metasurfaces and their applications in communication and biomedical fields.  
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Fig. 1.1. The electromagnetic spectrum and the position of the THz band. 

1.2 Terahertz Communications Application

In March 2019, the Federal Communications Commission (FCC) proposed 

allocating the frequency range from 95 GHz to 3 THz for sixth-generation (6G) wireless 

communication experiments [11]. At present, the fifth-generation (5G) mobile network 

has been deployed, offering transmission speeds of up to 10 Gbps. The International 

Telecommunication Union (ITU) forecasts that the number of wireless communication 

devices could reach 50 billion in the near future [12]. However, the millimetre-wave 

spectrum might not be sufficient to meet the projected bandwidth demands of the 

coming decade [13]. The underutilised THz spectrum, with hundreds of gigahertz of 

available bandwidth, has the potential to deliver data rates up to ten times higher than 

those of 5G. With ongoing technological advancements, frequency bands that are 

currently unsuitable for wireless communications may become viable. Consequently, 

research on THz antennas has become increasingly critical, as they serve as a key 

enabling component of future wireless communication systems.

1.2.1 Terahertz Antenna 

There are various candidates for the THz communication antenna [14], [15], [16], 

including the series-fed patch antenna [17], the leaky wave antenna [18], the horn 
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antenna [19], the integrated lens antenna [20] and the photoconductive antenna [21]. 

Metasurface lens antennas (MLAs) [22] or transmitarray antennas (TAAs) [23] are 

promising candidates for THz wireless communication applications. 

ML/TA

F

z

y

1
Feed source

Fig. 1.2. Schematics of the MLA or TAA.

As shown in Fig. 1.2, the MLA is composed of a metasurface lens (ML), also 

known as a transmitarray (TA), and a feed source. The feed source illuminates the upper 

ML, which transforms the incident wavefront into a plane wave, thereby enhancing the 

antenna’s directivity and gain. The main advantages of the MLA are as follows:

1) They can achieve high-gain performance; 

Electromagnetic (EM) waves can be absorbed in the atmosphere due to the polar 

molecule H2O (water vapour) in the air [24]. The EM waves’ attenuation aggravates 

with the increase in their frequency [25]. The attenuation peak lies at 60 GHz with an

attenuation of 15 dB/km, and atmospheric transmission windows still exist in the lower 

THz frequency band, with about 0.4 ~ 2 dB/km attenuation in the D-band (frequency 

range from 110 GHz to 170 GHz) [26]. Thus, the high-gain antenna is necessary to 

tackle this problem. Traditional array antennas are not able to realise high-gain 

performance in the THz band due to the significant insertion loss introduced by the 

feeding network [27], while the spatial feed of the MLAs can avoid insertion loss at the 

cost of increasing the antenna profile. The aperture size of the MLAs can be enlarged 

according to the requirements for gain. 

2) They can realise beam-scanning performance;

The increase in the antenna’s gain and directivity reduces the EM wave radiation 

coverage, while the beam-scanning antenna can increase the signal coverage. The 
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communication system using the beam-scanning antenna can track and serve multiple 

users sequentially [28].  

3) They are easy to manufacture;  

It is well-known that the size of the EM structure correlates with its operating 

frequency wavelength. The half wavelength in the D-band is from 0.8 mm to 1.3 mm. 

Printed circuit board (PCB), dielectric 3D printing, and additive manufacturing 

technology can fabricate the MLAs in the D-band because the MLAs can be simple in 

structure [29], [30], [31].  

As previously mentioned, this thesis mainly focuses on studying the MLAs and 

TAAs.  

1.3 Terahertz Biomedical Applications 

THz waves possess several advantageous characteristics, including non-ionising 

radiation and strong sensitivity to water content [32], making them suitable for 

biomedical applications. In particular, THz technology has attracted significant interest 

in skin cancer detection. This is primarily because THz waves can effectively 

distinguish between cancerous and normal tissues, owing to their sensitivity to 

variations in tissue water content and dielectric properties. The tissue dielectric 

properties correlate with their water contents and other biochemistry [33], [34], [35]. 

As the permittivity changes, cancerous tissue can be detected in the breast, lungs and 

skin [36], [37], [38], [39] using electromagnetic waves. The THz waves from 0.4 to 0.6 

THz have a maximum penetration depth of about 0.3 mm into the skin [40], and the 

THz skin cancer detection system operates in the frequency range of 0.1–3 THz [41], 

enabling the detection of skin features within a depth of 1 mm. Therefore, it is suitable 

for in vivo measurement since the THz wave detection results may not be affected by 

the fat layer, and its penetration depth covers most of the skin. In [42], a THz pulse 

imaging system with a frequency range of 0.1 – 2.7 THz was employed to image ex 

vivo skin cancer tissue.  

According to the Skin Cancer Foundation [43], more than 5 million cases of skin 
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cancer are diagnosed each year. They also estimate that nearly 1.9 million new cases 

will occur in 2021, excluding the most common types such as basal cell carcinoma 

(BCC) and squamous cell carcinoma (SCC). Timely detection plays a critical role in 

improving the cure rate of skin cancer patients. In this context, THz technology 

demonstrates significant practical value for skin cancer diagnosis.  

1.3.1 Skin 

The skin is the largest organ of the body, covering approximately 95% of its surface 

and serving as a protective barrier against the environment. From an EM perspective, 

the skin can be modelled as a multilayer structure with distinct dielectric constants and 

loss tangents [44]. It consists of three primary layers—epidermis, dermis, and 

subcutaneous fat layer—as illustrated in Fig. 1.3.  

 

Fig. 1.3. Skin structure diagram [44]. 

 

The stratum corneum (SC) has a thickness of 10 −  30 𝜇𝑚, which is the outermost 

layer of the epidermis. The total thickness of the epidermis is about 60 −  100 𝜇𝑚. The 

medium layer, dermis, has a thickness of 1.2 −  2.8 𝑚𝑚 . The bottom layer is the 

hypodermis or subcutaneous fat. The SC, the outer layer of flattened, keratinised cells 

of the epidermis, contains a larger amount of the protein keratin [45]. Its main function 

is to provide a protective barrier against water evaporation, microorganisms and 

harmful materials. 

According to [46], the SC has the lowest water content, ranging from 10 - 15%, 

whereas the epidermis and dermis contain 45 - 55% and 70 - 80% water, respectively. 
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Water in biological tissues exists in two forms: bulk (free) water and bound water. Bulk 

water is the primary factor influencing the skin’s dielectric constant and loss tangent, 

and tumours generally contain more water than normal skin tissue [47]. Specifically, 

the water content of tumours is approximately 81.7%, compared to 60.9% in healthy 

skin [48]. In addition, malignant tumours exhibit higher sodium content, enabling 

greater water retention and resulting in elevated relative permittivity and conductivity 

[49]. Therefore, variations in skin water content lead to differences in complex 

dielectric permittivity, which can be detected using microwave measurements. 

Skin cancer is prevalent in regions such as North America, Europe, and Australia, 

and can be classified into two main types: melanoma (MM) and non-melanoma skin 

cancer [50]. Among non-melanoma cancers, BCC [51] and SCC [52] are the most 

common. MM is the most dangerous skin tumour, characterised by low incidence but 

high malignancy, and its etiology remains unclear. SCC primarily affects the head and 

neck, followed by the trunk, with typical lesions ranging from 0.5 to 1.2 cm in diameter 

and a cure rate of approximately 97.3%. In the early stages, skin cancer thickness is 

around 1 mm [53]; at this stage, tumour cells may metastasise, and the prognosis 

worsens. Therefore, timely detection is crucial for effective treatment and improving 

patient outcomes.   

1.3.2 Skin Parameterisation 

When applying an electric magnetic field, the dielectric property of biological 

tissue cells generates a polarisation reaction, which includes the variation of permittivity, 

dielectric constant, loss tangent and conductivity. Permittivity and dielectric constant 

represent the insulating properties of cells, and conductivity represents the conductive 

properties of cells. When the frequency of an electromagnetic field changes, the 

dielectric properties of biological tissue also change, which is referred to as dispersive 

properties. It includes 𝛼, 𝛽 and 𝛾 dispersions [54].  
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Fig. 1.4. Dielectric constant and conductivity [54]. 

 

The 𝛼-dispersion is related to ionic diffusion of the cell membrane. There are three 

established mechanism: 1) Studies of colloidal solutions have shown that the presence 

of frequency dependent surface conductance and surface capacitance is mainly due to 

the response of counter-ionic atmosphere near the cell surface; 2) Channel proteins in 

cell membranes will change in conductance with the vary of the frequency; and 3) the 

presence of sarcoplasmic reticulum seems to be the main cause of strong dispersion.  

The polarisation of cell membranes, proteins, and other macromolecules gives rise 

to 𝛽-dispersion in biological tissues, which typically occurs in the frequency range of 

0.1 - 10 MHz. As first proposed by K. S. Cole [55], this phenomenon is attributed to 

the poor conductivity of the cell membrane separating the cytoplasm from the 

extracellular space, resulting in a finite charging time for the membrane. At the tail end 

of 𝛽 -dispersion, proteins contribute to relaxation effects. In contrast, 𝛾 -dispersion 

occurs at frequencies above 1 GHz and is primarily caused by the polarisation of water 

molecules. A weaker 𝛿-dispersion is also observed, arising from protein-bound water. 

The dielectric properties of biological tissues have been investigated for many decades. 

Gabriel et al. [56] characterised the permittivity of skin in the microwave band by 

establishing a Cole–Cole model and extrapolating the results. Subsequent studies by 

Alabaster [57], Hwang et al. [58], and Alekseev et al. [59] measured the permittivity of 

human skin directly at various frequencies, providing more accurate experimental data 

across different frequency ranges. The permittivity of biological tissue is constant in an 

electrostatic field but dynamic in an alternating electric field. When the field shifts from 

dynamic to static, a finite recovery period is required, known as the relaxation time. 
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The dielectric properties of different biological tissues depend on their biological 

composition as well as ambient temperature. To describe these frequency-dependent 

behaviours, the Debye model [60] and the Cole–Cole model [61] have been widely 

employed to calculate the permittivity and conductivity of biological tissues across 

different frequency ranges.   

1) Debye model 

 It is a well-known fact that the dielectric constant of many liquids and solids 

depends significantly on the frequency of measurement. In general, the correlation 

decreases from a static value εr(0) at low frequencies to a smaller limit value εr(∞) at 

high frequencies. The complex permittivity can be described by  εr
∗ = εr

′ − i εr
′′. The 

real part and imaginary part of the complex permittivity can be given by the Debye 

model:  

 

 εr
′ (ω) = εr(∞) +

εr(0) − εr(∞)

1 + (ωτ0)2
 (1.1) 

 εr
′′(ω) =

εr(0) − εr(∞)

1 + (ωτ0)2
ωτ0 (1.2) 

 

Where   εr(0)  is the static permittivity,   εr(∞)  is the permittivity as the frequency 

approaches infinity, τ0 is a characteristic constant called the relaxation time, ω is the 

angular frequency and equals 2π ∙frequency.  

 

 

(a)                                           (b) 

Fig. 1.5. The complex dielectric constant in the complex plane and the corresponding 

equivalent circuits; (a) Debye model. (b) Cole-Cole model [61]. 
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It can be seen that Equations (1.1) and (1.2) can be given in the form u + v =

εr(0) − εr(∞) , Where u = εr
∗(ω) − εr(∞) , v = iωτ0(εr

∗(ω) − εr(∞))  and εr(0) −

εr(∞) remains constant. Therefore, the curve of the dielectric constant of the Debye 

model is a semicircle, and its intersection with the axis is εr(0) and εr(∞), as shown in 

Fig. 1.5 (a).  

2) Cole-Cole model 

 Some materials, such as ethyl alcohol and chlorinated biphenyl, do not conform to 

the theoretical semicircle predicted by the Debye model [61]. To address this limitation, 

K. S. Cole and R. H. Cole introduced a modification by incorporating an additional 

empirical constant, α, which ranges from 0 to 1. This parameter accounts for deviations 

from ideal Debye behaviour and allows for a more accurate calculation of dielectric 

properties across a wide frequency band.  

 

 εr
∗(ω) − εr(∞) =

εr(0) − εr(∞)

1 + (iωτ0)1−α
 (1.3) 

 

In Fig. 1.5 (a), the resistance can be replaced by a complex impedance (𝑍 ), as 

illustrated in Fig. 1.5 (b). The angle between the vertical line of the semicircular locus 

and the real axis is given by απ 2⁄ . Since this is an empirical formulation, a series of 

known dielectric constants at different frequencies must be used to determine the 

parameter α. In Fig. 1.5 (b), the vectors (u) and (v) satisfy the following relations: 

 

 u + v = u(1 + (ωτ0)
1−α) = εr(0) − εr(∞)  (1.4) 

 

The real and imaginary parts can be given by the Cole-Cole model: 

 

  

εr
′ (ω) =

1

2
[εr(0) − εr(∞)] ∙ [1 −

sinh [(1 − α) x]

cosh[(1 − α) x] + cos (απ 2⁄ )
] 

 

(1.5) 

 
εr
′′(ω) =

1

2
[εr(0) − εr(∞)] 

 cos(απ 2⁄ )

cosh[(1 − α) x] + sin (απ 2⁄ )
] (1.6) 
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where x = ln (ωτ0). Equations (1.5) and (1.6) can be turned into the Debye expression 

if α = 0.  

3) Quasi-optical model 

 C.M. Alabaster proposed a quasi-optical model for calculating skin dielectric 

constants at frequencies ranging from 60 GHz to 100 GHz [57]. When a plane wave 

illuminates a dielectric plate of thickness ts , reflection, transmission and absorption 

occur on the dielectric plate. After many reflections and transmissions, the reflected and 

transmitted signals contain many patterns. The total reflected signal (r) and transmitted 

signal (t) are: 

 

 r =
r1 − r1exp (−2ksts)

1 − r1
2exp (−2ksts)

  (1.7) 

 

 t =
(1 − r1

2)exp (−ksts)

1 − r1
2exp (−2ksts)

  (1.8) 

 

Where ks is the propagation constant inside the skin, r1 is the reflection coefficient on 

the skin surface, and r1 and ks are expressed by the dielectric constant of the skin:  

 

 r1 = −
√εr − √ε0

√εr + √ε0

 (1.9) 

 

 ks = k0√εr (1.10) 

 

where k0 is the propagation constant, and ε0 is permittivity in free space.  

1.3.3 THz Safety 

Extensive studies have investigated the biological effects of THz radiation by 

exposing biomolecules, living cells, and various tissues or organs (primarily skin) to 

THz waves. In [62], the reported effects of THz radiation on different living cells were 

summarised. For example, human blood leukocytes exposed to pulsed THz waves in 
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the 0.1 - 6.5 THz range, with a power intensity of approximately  200 𝜇𝑊/𝑐𝑚2 for 20 

minutes, showed no evidence of DNA damage. Human skin fibroblasts showed no 

observable effects after continuous exposure to 0.14 THz continuous-wave radiation at 

an intensity of 20 − 200 𝑚𝑊/𝑐𝑚2  for 20 minutes, while exposure to 2.52 THz 

radiation at an intensity of 84.8 𝑚𝑊/𝑐𝑚2 for 40 minutes led to a 10% reduction in the 

number of viable human skin fibroblasts. Overall, THz radiation can have a multitude 

of effects on animal cells, but low-power and low-frequency THz radiation has no 

detectable effect on cells. A literature review [63] highlights the potential of THz 

radiation for diagnosing skin cancer and treating various diseases. Research on the 

biological impact of THz waves typically distinguishes between thermal and non-

thermal effects. The thermal effect refers to heating caused by the absorption of 

electromagnetic waves and is directly related to the power density of continuous-wave 

sources. However, THz waves generally exhibit limited heating capability [64]. For 

instance, exposure to a high-power 2.52 THz laser at a power density of 84.8 𝑚𝑊/𝑐𝑚2 

resulted in only a 3 ℃  temperature increase in cells, with virtually no additional 

temperature rise even after 80 minutes of exposure [65]. The non-thermal effects of 

THz radiation are linked to interactions with biomolecules through linear or nonlinear 

resonance. For instance, THz waves have been shown to affect deoxyribonucleic acid 

(DNA) by locally disrupting hydrogen bonds at the molecular level [66]. However, 

many such experiments are performed in solution and neglect intermolecular 

vibrational relaxation as well as solvent effects [67], since the THz resonance spectra 

of a given material differ significantly between crystalline and non-crystalline (solution) 

states. According to recent literature reviews [68], the influence of THz exposure on 

gene expression remains inconclusive: some studies suggest that it may enhance 

immune cells, while others report potential impairment of cellular components.  

According to the most recent IEEE Standard for Safety Levels [69], on page 50, 

the local exposure dosimetric reference limits (DRLs) for the body surface at 

frequencies between 6 GHz and 300 GHz are specified as not exceeding an epithelial 

power density of 20 𝑊/𝑚2 (2 𝑚𝑊/𝑐𝑚2) for individuals in unrestricted environments. 

Similarly, the whole-body exposure reference levels (ERLs) are limited to 10 𝑊/𝑚2 
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( 1 𝑚𝑊/𝑐𝑚2 ) for frequencies between 2 GHz and 300 GHz in unrestricted 

environments.  

Experimental studies in the frequency range of 100–300 GHz primarily rely on 

vector network analysers (VNAs) in conjunction with frequency extension modules. 

The output power levels of these frequency extension modules [70] for various 

waveguide bands are summarised in Table 1.1. 

 

Table 1.1. VNAX Module Product Specifications [70] 

Waveguide Band Frequency  

(GHz) 

Test Port Power  

(dBm, typ.) 

WR 6.5 110-170 13 

WR 5.1 140-220 6 

WR 4.3 170-260 4 

WR 3.4 220-330 1 

 

The output power of the frequency extension modules is adjustable. The 1, 4, 6 and 

13 dBm typical port power is approximately 1.3 𝑚𝑊, 2.5 𝑚𝑊, 4 𝑚𝑊, and 20 𝑚𝑊. 

Therefore, it is important to pay attention to the power density when using the WR 6.5 

frequency extension modules.  In [71], artificial human skin tissues are exposed to the 

0.1 𝜇𝐽 THz and 0.024 𝜇𝐽 ultraviolet-A (UVA) pulses for comparison for 10 minutes, 

resulting in the changes in the expression of 397 and 290 genes, respectively. The THz 

beam focuses on a spot with a diameter of 1.5 mm. Roughly, the duration of the THz 

pulse is 1𝑝𝑠 . The repetition rate of THz pulses is 1 kHz. The average power is 

0.1𝜇𝐽 × 1𝑘𝐻𝑧 = 0.1𝑚𝑊,  and the peak power is 0.1𝜇𝐽/1𝑝𝑠 = 100𝑘𝑊 .  The power 

density can be given:  

 

 

 S =
𝑃

𝐴
 (1.11) 

 

where 𝑃, 𝐴 and 𝑆 represent the power of the pulse, the illumination area and the power 

density of the THz pulse. The average power density and the peak power density are 

1.4 𝑚𝑊/𝑐𝑚2 and 1.4 × 109 𝑚𝑊/𝑐𝑚2. The peak power density of the THz pulses in 
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this experiment is extremely high, and the calculation illustrates the significant role of 

power density in determining the impact of THz radiation on skin. Similarly, ultraviolet 

radiation can also alter cellular gene expression under high-power conditions [72]. 

Therefore, when evaluating the biological effects of THz waves on human tissue, power 

density is a critical factor. By contrast, low-power THz waves are considered safe and 

do not produce adverse biological effects.  

1.4 THz Measurement System 

Research methods for THz waves can broadly be classified into two categories: 

those analogous to electronic techniques and those analogous to photonic techniques. 

THz wave generation can be achieved through two primary approaches: solid-state 

electronics-based measurement systems and photonics-based measurement systems.  

1.4.1 Solid-State Electronics-Based Measurement 

The first is solid-state electronics–based generation, which extends microwave 

technology into the terahertz regime by employing frequency-multiplying techniques. 

This method typically involves a vector network analyser (VNA) architecture 

integrated with frequency extenders, signal generators, and signal analysers. The 

conventional configuration of a solid-state electronics-based measurement (SSEBM) 

system for antenna characterisation is shown in Fig. 1.6. The setup consists of a 

transmitting (Tx) and a receiving (Rx) unit, which can be arranged in several 

measurement configurations: direct far-field (DFF), indirect far-field (IFF), near-field 

(NF), or midfield (MF) setups [73]. These configurations differ according to the 

separation distance between the Tx and Rx antennas. The antenna under test (AUT) is 

connected to the Tx module on the transmitting side. The Tx/Rx modules enable both 

transmission and reception for vector network analyser (VNA)-based measurements. 

The main parameters of interest for the AUT include the return loss |𝑆11|, gain, half-

power beamwidth (HPBW), sidelobe level (SLL), and cross-polarisation level (X-pol). 

Due to the complexity of THz beam measurement platforms—for example, the 
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configuration of the frequency extender—the front-to-back ratio (FBR) of THz 

antennas is rarely measured. The VNA directly measures the return loss |𝑆11|, while the 

antenna gain is typically obtained by comparing the measured data with that of a 

standard horn antenna. However, measurement setups based on a generator–analyser 

approach are unable to measure |𝑆11|.  

Due to the high atmospheric absorption of THz waves, antenna main-beam 

measurements in the THz range do not always require an anechoic chamber. However, 

for high-precision measurements, the use of an anechoic chamber, precise positioning 

systems, and advanced data-processing algorithms remains essential.  

A variety of measurements require the use of frequency extenders, including 

antenna characterisation, on-wafer testing, material property evaluation, and wireless 

communication experiments. At present, THz measurement systems can be categorised 

into four main configurations: direct far-field (DFF) [74], indirect far-field (IFF) [75], 

[76], near-field (NF) [77], and on-wafer setups [78] as illustrated in Fig. 1.7.  

 

Vector Network 

Analyzer

Rx 

Module

TxRx 

Module

AUT Horn

 

(a) 

Rx 

Module

Tx

 Module

AUT Horn

Signal 

Generator

Spectrum 

Analyzer
 

(b) 

Fig. 1.6. The basic schematic diagram of the SSEBM systems: (a) VNA measurement, 

(b) Spectrum analyser measurement. 
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(a)                                                          (b) 

  

(c)                                                           (d) 

Fig. 1.7. Photos of the THz measurement systems: (a) Terahertz antenna measurement 

setup in the anechoic chamber [74]; (b) Serrated edge reflector CATR measurement 

system [76]; Terahertz near-field measurement setup [77]. On-wafer measurement by 

using a robotic arm [78]. 

 

The Tx and Rx frequency extension modules are typically frequency extenders. 

Each extender consists of several key components, including isolators, amplifiers, 

frequency doublers or multipliers, and harmonic mixers. The frequency mixer [79] 

plays a crucial role in both frequency upconversion and downconversion, featuring two 

input ports and one output port. In the upconversion process, the two input ports 

correspond to the intermediate-frequency (IF) and local-oscillator (LO) signals, while 

the output port corresponds to the radio-frequency (RF) signal. Ideally, the RF output 

contains the sum and difference frequencies of the IF and LO signals. For 

downconversion, the RF signal is mixed with the LO signal, producing an IF output 

whose frequency equals the difference between the RF and LO frequencies, as 

illustrated in Fig. 1.8. In principle, a mixer or a frequency multiplier can function as a 

frequency extender; however, modern electromagnetic measurement systems require 
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high-performance extenders with key parameters such as output power, frequency 

stability, and dynamic range. 

 

fRF1 = fLO - fIF fRF2 = fLO + fIF fIF = |fLO - fRF|

IF
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(a)                                           (b) 

Fig. 1.8. Principles of (a) Frequency upconversion, (b) Frequency downconversion [80].  

 

1.4.2 Photonic-Based Measurement 

The second is photonic-based generation, which relies on the photomixing 

technique, where laser beams are down-converted using an electro-optic (EO) crystal. 

Representative devices employing this approach include terahertz time-domain 

spectroscopy (THz-TDS) systems, photomixers, and photoconductive antennas (PCAs). 

The basic configuration of a photonic-based measurement (PBM) system for THz 

waves is shown in Fig. 1.9. The setup consists of laser sources, a power divider (PD), 

two optical paths, an emitter, and a detector. PBM systems can detect either THz pulses 

or continuous waves (CW), depending on the type of laser used. In this arrangement, 

the optical path directed toward the emitter generates THz radiation using PCAs or 

optical-to-electrical (O/E) converters, while the path leading to the detector provides 

synchronisation between the optical and THz signals. However, due to the nature of the 

laser excitation and detection scheme, PBM systems are generally unable to measure 

the reflected power from the sample under test. 
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Fig. 1.9. The basic schematic diagram of the PBM systems 

 

THz-TDS system [81] has become an important technique in fields such as 

chemistry, materials science, and imaging. As illustrated in Fig. 1.10, a PCA biased with 

a DC voltage converts laser pulses into THz pulses. By employing pump-probe 

technology [82], the waveform of the THz pulse can be measured. Applying the Fourier 

transform to this waveform converts it into the frequency domain, thereby obtaining the 

THz spectrum over the range of approximately 0.1 - 3 THz. The overall configuration 

of a THz-TDS system [83] is shown in Fig. 1.10. The system contains two optical paths 

that must remain synchronised in time, which constrains the distance between the 

emitter and the detector. Consequently, THz-TDS is seldom used for radio-frequency 

(RF) antenna measurements, where larger spatial separations are typically required. 

 

 

Fig. 1.10. Schematic of a THz-TDS setup [83]. Ti:Sa means a femtosecond Ti:Sa laser.  

 

PCAs are widely used in THz-TDS systems as key components for THz emission. 

However, they cannot be directly connected to antennas under test (AUTs) for CW 

measurements. To achieve O/E conversion suitable for CW generation, a uni-travelling-

carrier photodiode (UTC-PD) [84], [85] is typically employed. As shown in Fig. 1.11, 

two laser beams with different frequencies (f1  and f2 ) are combined by an optical 
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coupler and directed into the photodiode. The photodiode then generates a radio-

frequency (RF) signal at the difference frequency  f1 − f2, a process known as optical 

heterodyning [86]. This technique provides a simple and cost-effective means to 

achieve wide frequency tunability, covering a range from gigahertz to terahertz. 

However, a notable drawback is the relatively poor frequency stability of the generated 

RF signals compared with electronic sources.  

 

AntennaPhotodiode

THz wavesOptical 
fiber

Laser1

Laser2
Coupler

(Combiner)

f1

f2

RF: f1-f1

 

Fig. 1.11. THz wave generation by optical heterodyning. 

 

Early THz systems detected THz waves using photoconductive switches for THz 

pulse measurement. As shown in Fig. 1.12, a PCA combined with an external circuit 

functions as a photomixer for THz wave detection [87].   

 

          

(a)                                                                   (b)  

Fig. 1.12. (a) Schematic of a photomixer for CW-THz wave generation [87], (b) Photos 

of an LTG-GaAs-based photoconductive antenna [88]. LTG: low-temperature-grown 

 

 

In Fig. 1.13, the EO probe consists of a high-reflection (HR) mirror, EO crystal, 

and gradient-index (GRIN) lens connected to the polarisation-maintaining fibre (PMF). 

The EO probe can be divided into five types [89]. The HR mirror has a high reflection 

coefficient for the optical beam. It can reflect all the optical beams, but cannot reflect 
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the EM waves. The EM waves interact with the LO optical beams in the EO crystal so 

that the EO modulation occurs. The E-fields' amplitude and phase information are 

transferred to the LO optical beams because the refractive index of the EO crystal 

changes with the applied E-field. When measuring the E-field, the polarisation of the 

E-field needs to be parallel to the optic axis of the EO crystal.  

 

Fig. 1.13. EO probe with a robot arm. A WR-3.4 rectangular horn antenna is being tested. 

GRIN lens: graded index lens, HR mirror: high reflection mirror, BK7: BK-7 glass, an 

optical borosilicate crown glass [90]. 

 

In 2022, photonic technology was introduced into antenna measurement systems, 

as illustrated in Fig. 1.13. A planar and cylindrical scanning THz NF measurement setup 

was developed at Gifu University [90], employing a robotic arm. The system operates 

over a frequency range from 1 GHz to 600 GHz. The photonic techniques used include 

EO sensing [91], non-polarimetric frequency down-conversion [92], and self-

heterodyne detection [88]. Compared with conventional metallic probe antennas, the 

EO probe head is extremely compact, with a realisable aperture size of 

0.2 𝑚𝑚 ×  0.2 𝑚𝑚. As the probe is fabricated from crystalline materials such as GaAs 

or LiTaO3, its influence on the measured field is negligible in near-field measurements, 

ensuring low invasiveness. Additionally, the EO probe is very lightweight, avoiding 

mechanical deflection when scanned by a robotic arm. The detected signal is 

transmitted through low-loss, flexible optical fibres, allowing flexible and precise probe 
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scanning. Finally, the system achieves a much wider operational bandwidth without the 

need to replace the EO probe.  

1.4.3 Comparison Between the Solid-State Electronics-Based and Photonic-Based 

Measurement 

The main difference between the two methods lies in how THz waves are generated 

and detected. Although further improvements in operating frequency are still needed, 

solid-state electronics-based measurement (SSEBM) systems represent relatively 

mature technology. They are well established and can be customised to meet specific 

experimental requirements. In contrast, photonic-based measurement (PBM) systems 

are more recently developed and remain an emerging technology, offering greater 

potential for future advancements in measurement bandwidth and precision. Table 1.2 

summarises the parameters and capabilities of SSEBM and PBM setups for comparison. 

In SSEBM systems, the operating frequency is determined by the frequency extenders, 

with detailed specifications available from the manufacturer. For SSEBM systems, 

nearly all frequency extenders use waveguide interfaces as their feed ports. In contrast, 

PBM systems employ a UTC-PD to feed a waveguide antenna directly. In the THz band, 

a ground–signal–ground (GSG) probe can also be connected to a waveguide through a 

converter; therefore, this configuration is likewise considered a waveguide-fed system. 

The UTC-PD has the output power of -14 dBm at 286 GHz [93], and the radiated power 

of the THz wave in [94] was 650 𝜇𝑊 (about -1.87 dBm) at 125 GHz, which contains 

the gain of a horn antenna. By comparison, according to data from the VDI Mini 

extension modules, the typical test port output power was 18 dBm in the frequency 

band of 110 - 170 GHz, while output power in the frequency range from 220 to 330 

GHz was 6 dBm. Regarding the radiated power, the PBM system has the potential to 

realise the DFF and IFF tests. The PBM systems utilise fibres to transmit signals, which 

have more advantages than RF cables, including lower loss, flexibility, and line length. 

Dynamic range is the ratio between the largest and smallest values that a certain power 

can be detected, which is an essential performance for antenna measurement systems. 
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As for the SSEBMs, a probe-based millimetre-wave antenna measurement system [95] 

has a dynamic range of more than 60 dB at 50 to 110 GHz. The dynamic ranges for 

return and insertion losses are better than 20 and 35 dB at 325 to 508 GHz [96], and the 

dynamic ranges of the frequency extender [97] reach 60 to 80 dB from 1.1 THz to 1.5 

THz. On the other hand, the EO probe in [89] is expected to have a 120 dB dynamic 

range, while the PBM system in [92] has a dynamic range of approximately 40 dB.  

 

TABLE 1.2. A COMPARISON BETWEEN SSEBM AND PBM 

Performance 
SSE-based 

Measurement 

Photonic-based 

Measurement 

Frequency (GHz) 

110-170 

1-600 

170-260 

260-400 

330-500 

500-750 

750-1100 

Feed Interfaces Waveguide fed Waveguide fed 

DFF Test √ × 

IFF Test √ × 

NF Test √ √ 

3D Radiation Pattern √ √ 

Gain Measurement √ √ 

Return Loss Measurement √ × 

Amplitude Measurement √ √ 

Phase Measurement √ √ 

D-band Output Power 13 dBm - 

J-band Output Power 6 dBm -14 dBm 

Scanning Range ±90° ±50° 

Transmission Line RF cables Fibres 

Cost High Moderate 

Reference [70], [74]-[78] 
[88],[90], [93], 

[94] 
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1.5 Conclusion 

   In summary, this chapter first introduced the background and fundamental 

properties of THz waves. Owing to these properties, THz technology shows strong 

potential across various application areas. The two major fields discussed in detail are 

wireless communications and biomedical sensing. Based on a review of recent 

academic studies, metasurface lens antennas (MLAs) or transmitarray antennas (TAAs) 

were identified as promising candidates for future wireless communication applications; 

a detailed literature review of these antenna types is presented in the next chapter. For 

biomedical applications, the focus was placed on THz-based skin cancer detection, with 

supporting discussions on skin structure and THz safety considerations. Finally, THz 

measurement systems were introduced. As THz waves can be generated using two main 

methods, solid-state electronics-based measurement (SSEBM) and photonic-based 

measurement (PBM), both systems were compared in terms of structure and capability. 

Unlike conventional low-frequency measurements conducted in anechoic chambers, 

THz measurement systems remain less mature, and a comprehensive understanding of 

their operating principles is essential for conducting accurate THz experiments. 
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Chapter II Literature Review 

2.1 Introduction

This chapter introduces the various metasurfaces and skin cancer detection 

methods because the content of this thesis mainly focuses on the design of these two 

aspects. Metasurface lenses and sensors can be used in the skin imaging system. 

Metasurfaces have emerged as an innovative platform for manipulating 

electromagnetic waves. They are artificially engineered flat structures composed of 

subwavelength unit cells (UCs), typically arranged in a periodic pattern resembling a 

checkerboard, as illustrated in Fig. 2.1. The UCs can realise multiple functions, such as 

phase shifting [98], magnitude changing [99], polarisation conversion [100] and 

frequency selecting [101]. The UCs can be arranged using several formulas, and the 

arrangement of the UCs is referred to as “phase distribution” because the amount of 

phase shifting of each UC is different in the metasurface. Metasurface is a broad 

concept that includes transmitarray [102], [103], lens[104], [105], reflectarray [106],

[107], absorber [108], [109], frequency selective surface [110], [111], and sensor 

[112],[113]. Some functions of the MS depend on the function of the UC, and others 

rely on the phase distribution (PD). According to the formulas of the PD, the 

metasurface can achieve various functions, including gain enhancement [114], 

multibeam [115], beam-steering [116], abnormal reflection and refraction [117], 

focusing [118], orbital angular momentum (OAM) [119] and holography [120]. 

Fig. 2.1 Schematic of the metasurface.
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 There are various types of UCs operating in the terahertz (THz) band. The main 

limitation of THz metasurfaces lies in their fabrication process. The size of a 

metasurface UC is typically less than half the wavelength of its operating frequency. In 

the THz band, this small feature size poses significant challenges for manufacturing 

precision. The lowest frequency range of the THz band is the D-band, spanning 110 - 

170 GHz, corresponding to half-wavelengths between 1.36 𝑚𝑚  and 0.88 𝑚𝑚 . By 

comparison, standard printed circuit board (PCB) technology [121] can achieve a 

minimum metal line width of approximately 0.1 𝑚𝑚 and a minimum via-hole diameter 

of about 0.2 𝑚𝑚. Therefore, the design of THz metasurface UCs must remain relatively 

simple to ensure manufacturability and minimise fabrication errors.  

 Skin cancer detection is based on the difference between the cancerous and normal 

tissue. Water content in cells can provide the most obvious discrepancy under 

electromagnetic (EM) waves [122]. As for EW waves, the detection methods can be 

categorised into two groups based on the EM wave generation approach: vector 

network analyser (VNA) and THz time-domain spectroscopy (THz-TDS). VNA-based 

methods primarily utilise detection probes, as VNAs typically generate low-frequency 

waves with long wavelengths. More details will be introduced later. The probe tips 

effectively concentrate these waves into a small area, enabling the detection of small 

cancerous tissues. TDS-based methods rely on the spectral analysis of cancerous tissues, 

as THz-TDS systems operate over a broad frequency range, providing rich information 

for identifying cancerous tissues. THz-TDS systems operate at a higher frequency with 

higher resolution, making them suitable for imaging.  

 



Chapter II Literature Review  

25 
 

2.2 Metasurface Lens 

2.2.1 All-Dielectric Unit Cell 

  

(a)                                   (b) 

 

(c) 

Fig. 2.2 Simulation model of the all-dielectric UC [123]. (a) Normal dielectric UC. (b) 

Dielectric UC with antireflection (AR) structures. (c) Discrete dielectric lens using the 

dielectric UC with AR.  

 

The all-dielectric UC can constitute a discrete dielectric lens (DDL), as shown in 

Fig. 2.2 (a). Different from the traditional glass or dielectric thick lens, which is based 

on the ray-tracing formula, DDL is based on Fermat’s principle and is easy to design. 

In the simulation, primary and secondary boundary conditions are used to mimic an 

infinite array. The phase-shifting performance relies on the shorter wavelength in the 

dielectric medium than in the air. The dielectric post consists of a part of air and a part 

of dielectric material, which can increase the transmission phase delay by increasing 

the dielectric material and reducing the air. The transmission phase of the UC can realise 

a 360° phase cycle. Therefore, the DDL is thin compared to the traditional thick lens, 



UTS THESIS 

26 
 

but the operating frequency bandwidth is narrower. In [123], an antireflection (AR) 

structure is used to alleviate the reflection of the UC, as shown in Fig. 2.2 (b). The 

difference in dielectric constant between medium and air is relatively large, and a 

dielectric material with an air hole, the AR structure, can be equivalent to a dielectric 

material with a smaller dielectric constant. The AR structure can work as a transition 

layer because the difference in the dielectric constant between the air and the transition 

layer becomes smaller.  

 The AR structure can be a pyramid shape [124]. By adding a circularly polarised 

(CP) polariser [125] or an elliptical cylinder dielectric resonator [126], the DDL can 

realise the linear polarisation to CP conversion. In [127], a dielectric UC with a 

multilayer structure can be used to design a dual-band reflectarray. Using a dielectric 

UC with an air through-hole can be a DDL operating at the millimetre wave band [128]. 

The all-dielectric UC can be used to design a THz metasurface lens [129]. In [130], by 

using a fused deposition modelling (FDM) 3D printer, the all-dielectric UC is used to 

design a 0.14 THz polarising beam splitter, with the UC period of  1 𝑚𝑚. In [131], a 

0.3 THz DDL is fabricated using a stereo lithography appearance (SLA) 3D printer, 

with the UC period of 0.5 𝑚𝑚.  

 

2.2.2 Fabry-Perot Unit Cell 

 The Fabry-Perot (FP) UC [132] is shown in Fig. 2.3, which consists of the upper 

and lower orthogonal gratings and a 45°-tilted intermediate metal layer. The FP UC can 

realise the linear polarisation conversion from X to Y polarised wave in Fig. 2.3 (a). 

The X-polarised wave can pass through the lower grating. The 45°-tilted intermediate 

metal layer can divide the incident wave into X and Y components. The Y component 

then passes through the upper grating, while the upper grating reflects the X component. 

The reflective X component is divided into two components by the intermediate layer. 

After the multiple reflections between two gratings, the incident X-polarised wave 

converts into a Y-polarised wave [133]. The intermediate layer can determine the 

transmission phase and the operating frequency bandwidth of the FPUC. The 
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intermediate layer can be of various shapes: split-ring resonator [134], cross-bar [135], 

rectangle [136], and so on. Due to its excellent phase-shifting performance, simple 

structure and ease of fabrication, the FPUC can be used to design the THz metasurface 

for various applications. In [137], the FPUC performs broadband from 80 GHz to 220 

GHz. In [138], the operating frequency of the FPUC is up to H-band, ranging from 225 

GHz to 325 GHz.  

 

Fig. 2.3 Simulation model of the FPUC [132]. (a) Oblique view. (b) Intermediate metal 

layer. (c) Upper and lower grating.  

 

2.2.3 Frequency Selective Surface Unit Cell 

 
(a) 

 

(b) 

Fig. 2.4 Simulated model of the FSSUC. (a) Multilayered structure. (b) Equivalent 

circuits [139].  

 

 The frequency selective surface unit cell (FSSUC) [139] is illustrated in Fig. 2.4. 
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Its multilayered configuration is well suited to conventional printed circuit board (PCB) 

fabrication. The fundamental principle of the FSSUC is based on impedance matching 

with free space, which has an impedance of approximately 377 𝛺. The multilayered 

structure can be represented by an equivalent circuit model, where adjacent metal 

patches act as capacitors and the dielectric substrates between them function as 

transmission lines. By optimising the geometry of the metal patches, the FSSUC can be 

designed to match the free-space impedance and control the transmission phase of 

electromagnetic waves passing through it. The phase-shifting capability of the FSSUC 

depends on the frequency-dependent response of its layers, and as a result, its overall 

bandwidth is limited [140]. In [141], a three-layer FSSUC composed of concentric 

circular rings operates at 5.5 GHz. A conformal three-metal-layer FSSUC reported in 

[142] achieves a structural height of only 0.04 𝜆0 at 25 GHz. In [143], an FSSUC with 

one dielectric layer and two metal layers utilising cross-shaped patches demonstrated 

gain enhancement. Variations of FSSUC metal patterns include the Jerusalem cross 

[144], Malta cross with vias [145], and hexagonal shapes [146]. Due to its simple and 

manufacturable design, the FSSUC can be effectively implemented in the D-band, 

covering frequencies from 110 GHz to 170 GHz [147].  

 

2.2.4 Huygens Unit Cell 

     

(e)

 

Fig. 2.5. Simulation model of the dual-band Huygens’ UC. (a) An electric resonator, 

and (b) a magnetic resonator for the lower band. (c) An electric resonator, and (d) a 

magnetic resonator for the lower band. (e) Oblique view of the HUC [148].  
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 The basic structure of a Huygens’ unit cell (HUC) consists of an electric resonator 

and a magnetic resonator [148], as shown in Fig. 2.5. These resonators generate 

orthogonal induced electric and magnetic currents [149]. The resulting currents can be 

characterised by the electric surface admittance and magnetic surface impedance. 

Consequently, the HUC can be designed to match the free-space impedance and, in 

theory, achieve a reflectionless surface [150]. There are two fundamental types of HUCs, 

as illustrated in Fig. 2.6: the wire-loop unit cell and the multilayered shunt-admittance 

unit cell [151]. 

 

 

(a)                                                          (b) 

Fig. 2.6. Schematics of the Huygens’ UC. (a) the wire-loop UC. (b) the multilayered 

shunt-admittance UC [151]. 

 

 The major advantage of the HUC is easy-to-fabricate. They can be fabricated using 

a single layer of dielectric substrate with two metal layers [152], [153]. Therefore, it 

can be used to design a THz frequency band metasurface [154]. However, its phase-

shifting performance is based on the resonance shift, and the transmission phase is 

nonlinear [155] over the frequency band, and thus, the bandwidth of the HUC tends to 

be narrow.  

 

2.2.5 Transmitting and Receiving Unit Cell 

 The basic structure of a transmitting–receiving unit cell (Tx–Rx UC) [156] is 

shown in Fig. 2.7. It consists of a receiving (Rx) antenna, phase-delay lines, and a 
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transmitting (Tx) antenna. The Rx antenna captures incident EM waves and converts 

them into electrical signals, which then propagate through the phase-delay line. This 

line provides the required phase-shifting functionality before the Tx antenna re-radiates 

the EM waves. 

 

 

Fig. 2.7. Simulated model of the Tx-Rx UC using two phase delay lines [156].  

 

 The Tx–Rx UC exists in many configurations, as it can be inspired by different 

antenna types and microwave circuit concepts. Its phase-shifting mechanism is 

straightforward and intuitive, making it relatively easy to achieve a full 360° phase 

coverage. By varying the antenna design, the Tx–Rx UC can realise diverse functions, 

such as arbitrary polarisation conversion [156]. The Tx and Rx antennas can take 

various forms, including dipole antennas [157], magnetoelectric (ME) dipole antennas 

[158], dual-polarised patch antennas [159], and circularly polarised antennas [160]. In 

[161], dual-band performance was achieved by interlacing high-frequency and low-

frequency UCs. In [162], a substrate-integrated waveguide (SIW) was used as the 

phase-delay line, operating at 140 GHz. Reconfigurability can be introduced by 

incorporating p-i-n diodes and a control circuit [163]. However, using a large number 

of p-i-n diodes increases cost, and few diodes operate effectively at higher frequencies; 

thus, reconfigurable UCs are currently unsuitable for sub-THz applications. The key 

limitations in designing Tx–Rx UCs stem from fabrication constraints, including 

dielectric material losses, machining precision, design complexity, and electromagnetic 
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coupling between adjacent UCs. 

2.3 Metasurface Sensor 

2.3.1 Refractive Index Sensor 

 The refractive index metasurface sensor is composed of multiple resonators, each 

of which can be modelled using an equivalent circuit model (ECM) [164]. ECM has 

been widely employed in the analysis of microwave and terahertz metasurfaces to 

interpret their amplitude and phase responses. Because the EM response of the 

metasurface can be measured and observed using a vector network analyser (VNA), 

any change in the measured response indicates a corresponding change in the 

capacitance value of the equivalent circuit. Since capacitance is strongly correlated with 

the dielectric constant of the surrounding material, variations in the dielectric constant 

can thus be detected. This establishes a relationship between the dielectric properties of 

a material (microscale) and the measurable EM response of the metasurface sensor 

(macroscale). Fig. 2.8 (a) shows a representative metasurface resonator [165], the split-

ring resonator (SRR). When EM waves are incident on the metasurface, the induced 

current oscillates within the ring, as illustrated in Fig. 2.8 (b). A strong electric field is 

concentrated in the gap of the ring, as shown in Fig. 2.8 (c), making the structure highly 

sensitive to the dielectric constant of any material present in that gap.  

 

 

(a)                           (b)                                   (c) 

Fig. 2.8. Metasurface of split-ring resonators (SRRs). (a) An array of SRRs with an 

incident electromagnetic wave (EM-wave). (b) Induced surface current on SRR. 

Induced electric field distribution around the SRR [165].  
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(a)                                             (b) 

Fig. 2.9. Metasurface sensing for the refractive index of the analyte. (a) Schematic of 

the sensing process. (b) Detected transmission coefficients with various refractive 

indexes [167]. CMM: capacitive metal mesh (CMM). 

 

Sensitivity and figure of merit (FOM) are important parameters to evaluate the 

performance of the metasurface sensor [166]. In order to explain these parameters, Fig. 

2.9 (a) shows the experiment environment of a metasurface sensor [167]. The analyte 

is a layer of the dielectric plate, referring to the material under test. When the refractive 

index of the analyte changes, the transmission coefficient changes accordingly, as 

shown in Fig. 2.9 (b). The resonance frequency point shifts from 97.5 GHz to about 98 

GHz. The sensitivity (S) and the FOM of the metasurface can be given as [168]:  

  

 S = Δ𝑓/Δ𝑛 (2.1) 

 

 Q = 𝑓/FWHM (2.2) 

 

 FOM = S × Q (2.3) 

 

where Δ𝑓 and Δ𝑛 are the variation in the resonance frequency and refractive index, 𝑓 

and FWHM represent the resonance frequency and the full width at half maximum, Q 

refers to the quality factor, the units of the S and Q are 𝐺𝐻𝑧/𝑅𝐼𝑈 and 𝑅𝐼𝑈−1. There are 

various types of metasurface sensors. Some are based on RLC resonance and fabricated 

using PCB technology [169], while others rely on surface plasmon resonance using 

plasmonic materials such as LiTaO3 [170], graphene [171]. In addition, all-dielectric 
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metasurface sensors employing high-refractive-index materials have been developed to 

minimise losses associated with plasmonic materials [172], [173]. In [174],  it was 

reported that applying an electrical voltage to an ion gel covering a graphene 

metasurface enhances both its sensitivity and tunability. Owing to their ease of 

fabrication, metasurface sensors can effectively operate in the THz frequency band 

[175], as shown in Fig. 2.10.  

 

 
(a)                                                              (b) 

Fig. 2.10. Terahertz metasurface sensor. (a) Simulation model of the unit cell. (b) 

Simulated absorption with various refractive indexes [175]. 

 

 In [176], a cross-shaped absorber is presented, as shown in Fig. 2.11. It is composed 

of a silicon substrate and two aluminium layers. Induced charges accumulate at both 

ends of the conductive patch, forming an electric field that interacts with the analyte 

layer. This interaction causes a frequency shift, attributed to the shorter effective 

wavelength within the medium. The dual conductive-layer configuration enables the 

design of a narrowband, near-perfect metamaterial absorber with a high quality (Q) 

factor. A higher Q-factor corresponds to a sharper absorption spectrum, meaning that 

even small frequency shifts in the absorption peak can be more easily detected.  
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(a)                                 (b)                                              (c) 

Fig. 2.11. (a) Cross-shaped absorber and (b) Complementary cross-shaped absorber. (c) 

Schematic of the electric field across the analyte layer [176].  

 

  

(a)                                                   (b) 

Fig. 2.12. (a) Modified split-ring resonator (MSRR) for the sensing application [177]. 

(b) Corresponding equivalent RLC circuit [178].  

 

 As shown in Fig. 2.12 (a), the material under test [177] is placed in contact with 

the capacitor located at the centre of the structure. The metasurface comprises a single 

conductive layer and a dielectric substrate, and its transmission coefficient is measured. 

The electric field of the incident wave is oriented perpendicular to the gap of the central 

capacitor, which enhances the electric field concentration within the gap and thereby 

increases the sensor’s sensitivity. The corresponding equivalent circuit [178] is shown 

in Fig. 2.12 (b). The impedance of free space, 𝑍0 , is approximately 377 𝛺 , and the 

metasurface resonator can be represented as a transmission-line junction. The Q-factor 

can be improved by narrowing the linewidth without altering the resonance frequency. 

However, when the edges of the metallic ring approach too close to the central capacitor, 
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the assumptions of the equivalent circuit model no longer hold, leading to deviations 

between simulation and theoretical prediction.  

 Attenuated total reflection (ATR) using a metasurface sensor [179] is implemented 

with a silicon prism positioned beneath the structure, as shown in Fig. 2.13. The prism 

is incorporated to achieve total internal reflection (TIR), which enhances the sensitivity 

of the metasurface sensor. The reflection coefficients are measured and exhibit a 

reduction within a certain frequency range due to the presence of evanescent fields. At 

an incident angle of 55° , evanescent fields generated by TIR re-radiate along the 

boundary of the split-ring resonator (SRR) [180], as illustrated in Fig. 2.14. Under 

normal circumstances, very little electromagnetic energy penetrates through the 

metasurface into the air during total internal reflection, resulting in low background 

noise and improved signal-to-noise ratio in such measurement configurations.  

      

(a)                                               (b) 

Fig. 2.13. (a) Schematic of the ATR measurement process. (b) Structure of the 

metasurface with a prism [179].  

 

 

Fig. 2.14. Measurement setup for the evanescent field re-radiation [180].  
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 Fano resonance, first proposed in 1961 [181], gives rise to a phenomenon known 

as electromagnetically induced transparency (EIT), which is often studied in quantum 

mechanics. EIT describes a narrow transmission window where an otherwise opaque 

medium becomes transparent to light due to quantum interference effects [182]. The 

narrow transmission band corresponds to a high Q-factor, and the resonance behaviour 

provides strong sensitivity to environmental changes, making EIT highly suitable for 

sensing applications [183]. 

In the context of electromagnetic waves, the EIT-like effect is achieved through the 

coupling of “bright” and “dark” mode resonators [184], as shown in Fig. 2.15(a). The 

“bright” mode resonator interacts directly with the incident electromagnetic wave from 

free space, exhibiting a broadband response with a relatively low Q-factor. In contrast, 

the “dark” mode resonator does not directly couple to the incident wave but interacts 

strongly with the “bright” mode within a certain frequency range, producing a 

narrowband, high Q-factor response. As illustrated in Fig. 2.15 (b), when an X-

polarised wave is incident on the metasurface, currents are primarily concentrated along 

the vertical segments of the square ring, indicating that the ring resonator is excited and 

exhibits self-resonance, resulting in a transmission dip. As the frequency increases to 

the higher transmission dip, the currents in split-ring resonators (SRRs) 1 and 4 flow 

anticlockwise, while those in SRRs 2 and 3 flow in the opposite direction, as shown in 

Fig. 2.15 (c). The currents in the square ring also flow opposite to those in the SRRs, 

leading to mutual cancellation and another transmission dip. In Fig. 2.15 (d), the 

currents in the four SRRs become stronger, and the opposing currents in the square ring 

are insufficient to counterbalance them. Consequently, the incident wave can pass 

through the metasurface, producing a transmission peak. 
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(a) 

 

                   (b)                                     (c)                                      (d) 

Fig. 2.15. (a) Simulation model of the EIT-like metasurface unit cell [184]. Surface 

current distributions at the (b) low-frequency transmission dip, (c) high-frequency 

transmission dip, and (d) transmission peak. 

 

2.3.2 Biosensor 

 Biosensors based on metasurfaces play an important role in detecting biomolecules, 

cancer cells, and microorganisms. They enable direct measurement of biomolecular 

interactions in their native state without requiring fluorescent or other external labels. 

The sensing mechanism is fundamentally based on variations in the refractive index. 

When biomolecules such as proteins, DNA, or antibodies bind to the sensor surface 

[185], [186], the local refractive index changes, causing a shift in the resonance 

wavelength or frequency. However, biological tissues typically contain a high water 

content, leading to greater losses and absorption compared with ordinary dielectric 

materials. This characteristic significantly affects the performance of metasurface-
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based sensing. The experimental procedure [187] is illustrated in Fig. 2.16.  

 

 
Fig. 2.16. Experimental process of the metasurface biosensor by culturing cells on the 

surface of the sensor [187].  

 

A metasurface sensor [188] can function as a gas sensor, chemical sensor, or 

biosensor; however, its figure of merit (FOM) and Q-factor decrease significantly 

during biosensing due to the higher loss associated with biological tissues. In [189], a 

biosensor based on toroidal dipole resonance was proposed for detecting chlorothalonil 

in water, achieving a detection limit as low as 0.001 mg/L. The study also provided an 

equivalent RLC circuit model of the metasurface, demonstrating how variations in the 

refractive index of the analyte layer alter the transmission characteristics of the structure. 

A metasurface absorber [190] can also be utilised as a biosensor, using a SiO2 

substrate with a gold disk array. Various metasurface biosensors have been designed for 
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cell detection, including those targeting lung cancer cells [191], colon cancer cells [192], 

and malignant glioma cells [193]. The biosensor for early cancer detection [194] 

operates on a similar principle to the refractive index sensor, as illustrated in Fig. 2.17, 

where the analyte layer is placed in direct contact with the resonator. In this 

configuration, the analyte layer is typically very thin, ranging from 1 𝜇𝑚  to 5 𝜇𝑚 , 

which helps to minimise the effects of material losses while maintaining high detection 

sensitivity.  

 

 

(a)                                                             (b) 

Fig. 2.17. Metasurface sensor for cancer detection. (a) Absorption with various 

refractive indexes of the analyte. (b) Simulation model [194]. 

 

 In [195], an EIT-like metasurface sensor, shown in Fig. 2.18 (a), was proposed for 

lung cancer cell detection. The structure consists of cut wires (CWs) and SRRs 

fabricated using PCB technology. In this design, the SRRs act as “dark” mode 

resonators, while the CWs serve as “bright” mode resonators. The polarisation of the 

incident wave is aligned parallel to the CWs, as the CW functions as an electric dipole 

antenna, whereas the SRR operates as a magnetic dipole antenna [196]. The spacing 

between the CW and the SRR determines the coupling coefficient of the EIT 

metasurface, representing the interaction between the “bright” and “dark” modes. The 

distances between the CW and the left and right SRRs are made equal to ensure that the 

SRRs exhibit a 180° phase difference when excited by the CW resonator. As illustrated 

in Fig. 2.18 (b), the CW resonator alone produces a single resonance at 1.18 THz, with 
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opposite electric field intensities at its two ends. In Fig. 2.18 (c), the SRR exhibits 

opposing electric fields on either side, and the current distribution shown in Fig. 2.18 

(d) confirms this behaviour, demonstrating the excitation of the “dark” mode magnetic 

dipole. Because the induced electric fields in the CW and SRR have comparable 

magnitudes but opposite phases, they cancel each other, resulting in a narrow 

transmission passband characteristic of the EIT-like effect.  

  

(a) 

 
                   (b)                                  (c)                                      (d) 

 
(e) 

Fig. 2.18. (a) Schematic of the EIT metasurface [195]. Simulated electric field of the 

(b) CW at the transmission dip and (c) EIT metasurface unit cell at the transmission 

peak. (d) Simulated current distribution of the EIT metasurface unit cell. (e) 

Transmission coefficients of the EIT, CW and SRR.  
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 Metasurface sensors have been used in skin cancer cell detection [197] using EIT-

like resonance. The metasurface sensor has a thickness of 5 𝜇𝑚 with a single layer of 

gold pattern, as shown in Fig. 2.19. The asymmetric split ring resonator (ASRR) is 

already capable of realising the EIT-like resonance [198]. The material under test is 

placed in direct contact with the resonators of the metasurface. As the loss tangent of 

the material increases, the Q-factor of the sensor decreases significantly. Therefore, this 

type of metasurface sensor is suitable only for ex vivo skin cancer cell detection, where 

the typical thickness of tumour cells is approximately 13 𝜇𝑚.  

 

    

(a)                                                              (b) 

Fig. 2.19 (a) Schematic of the metasurface biosensing for skin cancer cell detection 

application. (b) Side view of the EIT-like resonance unit cell with the X-polarised 

incident wave [197]. 

 

 Metasurface sensors are typically employed for ex vivo biological sample sensing 

by measuring their transmission and absorption coefficients. However, their application 

in in vivo skin detection remains uncommon. In [199], a water-based metasurface 

sensor was proposed, consisting of two water bars with a width of 40 𝜇𝑚  and a 

thickness of 7 𝜇𝑚, as shown in Fig. 2.20 (a). Simulation results, illustrated in Fig. 2.20 

(b), demonstrate that the design can achieve measurable resonance frequency shifts. 

Despite this promising behaviour, the fabrication process is challenging, which limits 

its practicality for real-world biomedical use. Nevertheless, the study provides valuable 

insight into the potential of using metasurfaces for skin cancer detection, suggesting 

that future fabrication advancements may enable them in vivo implementation. 
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(a)                                                             (b) 

Fig. 2.20. (a) Simulation model of the water-based metasurface sensor. (b) Simulated 

results of normal skin and BCC [199]. 

 

2.4 Skin Cancer Detection Methods 

2.4.1 Common Detection Methods 

1) Dermoscopy 

Clinical skin cancer detection primarily relies on analysing the visual and structural 

features of skin lesions, following certain diagnostic frameworks such as the ABCD-E 

rule and the 7-point checklist.  

The ABCD-E rule is an empirical method used for identifying potential melanomas: 

A refers to asymmetry, B to border irregularity, C to colour variation (typically brown 

or black), and D to diameter greater than 6 mm (recently revised to 4 mm). E stands for 

evolution, indicating that the lesion changes in size, shape, or colour over time. Abbasi 

et al. [200], [201] recommended adding the “E” criterion in 2004. Although not all 

melanomas display all these characteristics, any evolving lesion or dark spot on the skin 

should be carefully monitored and investigated. 

The 7-point checklist is another well-established method for diagnosing malignant 

melanoma (MM). It classifies seven key clinical features associated with MM: sensory 

changes, lesion diameter greater than 1 cm, lesion growth, irregular edges, irregular 

pigmentation, inflammation, and surface changes such as crusting, oozing, or bleeding 

[202]. Compared with the ABCD-E rule, the 7-point checklist can achieve a higher 

diagnostic accuracy. However, in some cases, MM lesions can be smaller than 6 mm in 
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diameter, making accurate diagnosis challenging. Moreover, early-stage MM and 

benign lesions often share similar visual features, which can lead to diagnostic 

uncertainty [203]. 

The detection methods described above are direct-viewing and easy to operate, but 

their diagnostic accuracy is not highly reliable. The sensitivity of dermoscopy-based 

detection remains limited and largely depends on the clinician’s experience. Tumours 

smaller than 6 mm in diameter are particularly difficult to identify, leading to a 

relatively high rate of misdiagnosis. Dermatologists demonstrated significantly higher 

diagnostic accuracy for both neoplastic and inflammatory skin diseases compared with 

nondermatologists, correctly diagnosing 75% vs. 40% of neoplastic lesions and 71% 

vs. 34% of inflammatory cases, respectively [204]. Automated decision support 

systems based on the ABCD rule are less computationally demanding and offer more 

consistent reliability. However, they still present a risk of false positives, as benign nevi 

may occasionally be misclassified as melanomas [205].  

2) Laser-based diagnosis 

Confocal laser scanning microscopy (CLSM) can be used to analyse the moisture 

content of nails, producing image-based results [206] using an 830 nm near-infrared 

laser with a power level of 20 𝑚𝑊. The low power level ensures safety for human 

tissue. CLSM provides high lateral and axial resolutions of 1 − 2 𝜇𝑚 and 3 − 5 𝜇𝑚, 

respectively; however, its penetration depth is limited to approximately 200 − 500 𝜇𝑚. 

Therefore, it is suitable for detecting the epidermis and dermis layers. Using 

classification tree analysis of CLSM images, melanoma and benign nevi were correctly 

classified with accuracies of 97.55% and 96.32% [207].  

3) Optical coherence tomography (OCT) 

OCT is a low-coherence interferometric technique used as an optical analogue to 

ultrasound. This technique enables skin imaging with high axial and lateral resolutions 

of 10 − 20 𝜇𝑚 and a maximum penetration depth of about 1.5 mm [208], [209], [210]. 

The axial resolution is based on the ultra-broad bandwidth of the light source. It cannot 

distinguish malignant lesions from benign lesions due to limited resolution because 

there is a strong scattering in skin tissues [205].  
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4) Ultrasound imaging 

Ultrasound imaging is based on the interaction between high-frequency acoustic 

waves (typically 1–20 MHz) and biological tissues. Because soft tissues contain a large 

proportion of water, the propagation of ultrasound in the human body is similar to that 

in water, making it particularly suitable for medical diagnostics. As ultrasound pulses 

travel through the body, they encounter interfaces between tissues of differing acoustic 

impedance, producing reflected waves (echoes) that are detected and reconstructed into 

images. Ultrasound imaging is safe, involves no ionising radiation, and offers short 

examination times with relatively low equipment cost. It is especially effective for 

visualising soft tissues and internal organs. The axial and lateral resolution of the 

detector is 100 𝜇𝑚  and 300 𝜇𝑚 , respectively [211]. The sensitivity of ultrasound 

(ultrasonography, B-ultrasound, ultrasonography) is more than 25% higher than that of 

clinical palpation, especially for post-operative examination of regional lymph nodes 

[212]. However, to ensure high diagnostic accuracy, well-trained users and clearly 

defined regional lymph node areas associated with the primary site are required.  

5) Magnetic resonance (MR) 

In [213], the MR image is used to obtain longitudinal sections of the tumour 

extending toward the surface skin. This progression was caused by the spread of 

metastatic lesions through regional lymph nodes. In [214], a high-field MR microscopy 

study demonstrated that MRI can be effectively applied for differentiating skin tumours 

when sufficient spatial resolution is achieved. Normal skin, nevocellular nevi, basal cell 

carcinomas, melanomas, and seborrhoeic keratoses were examined ex vivo. However, 

the resolution of the MR image is generally limited, and it is typically sufficient only 

for detecting secondary metastatic tumours. 

2.4.2 Microwave Detection Methods 

Detection of tumour location based on the dielectric properties of biological tissue 

forms the fundamental principle of millimetre-wave sensing. The dielectric constant 

and loss tangent of skin are primarily determined by its moisture, protein content, 

nucleic acid, and glucose concentrations, all of which differ between healthy and 
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cancerous tissues [215]. Malignant BCC skin tissues exhibited about 15% higher free 

(bulk) water content than normal skin tissues [216].   

In [217], a narrow-band microstrip line-fed probe is proposed for near-field 

microwave microscopy. The prototype device operating at 13.5 GHz is presented in Fig. 

2.21 (a). Due to a lower operating frequency, the microwave signal has a strong 

penetrating force; hence, the microstrip probe is capable of detecting hidden "lipoma" 

(fat layer). According to the authors' further experiment, the detection of skin cancer is 

achievable. By observing the magnitude of 𝑆11 at 13.5 GHz, the cancerous region can 

be detected. The triangle microstrip line tip focuses the microwave electromagnetic 

field and increases the lateral resolution by reducing the aperture size, but the lower 

operating frequency limits its highest resolution. When it comes to a millimetre wave, 

the microstrip line naturally has higher radiation loss, which may deteriorate the 

resolution. In addition, narrow-band performance potentially causes a similar 

magnitude of 𝑆11  corresponding to different frequencies; the better curve of 𝑆11  is a 

steep slope, but the operating frequency and resolution are lower; this effect is 

negligible and can cause obvious responsivity. On the other hand, due to non-contact 

measurement, as shown in Fig. 2.21 (b), the microstrip probe can scan fast without the 

influence of friction. However, it requires ex vivo measurement for skin cancer 

detection. Also, the microstrip probe is easy to fabricate and low-cost.  

 

 

(a)                                                                           (b) 

Fig. 2.21. (a) Reflection coefficient of the probe and the fabricated prototype. (b) 

Measurement scenario [217].  
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In [218], Taeb et al. developed a detection system based on a rectangular waveguide 

to measure the reflected voltage from BCC tissues. The reflected voltages obtained 

from BCC and normal skin differed significantly, enabling the detection of skin cancer. 

The proposed reflectometer was constructed using a waveguide-based configuration 

comprising a Gunn diode, a ferrite Y-circulator, an open-ended rectangular waveguide, 

and a zero-bias Schottky diode, operating at 42 GHz and 70 GHz. As illustrated in Fig. 

2.22, the Gunn diode source provides a stable millimetre-wave signal, which passes 

through the Y-circulator to the waveguide and is then reflected by the skin sample back 

to the Y-circulator. The reflected signal is subsequently directed to the detector 

(Schottky diode), which generates a DC voltage for measurement. When testing healthy 

skin, the reflectometer recorded voltages ranging from 12 to 12.8 mV, whereas for BCC 

tissue, the values ranged from 6.8 to 7.7 mV, indicating a clear distinction between the 

two tissue types. The advantages of the proposed reflectometer include its low cost, 

rapid detection, and non-invasive operation, eliminating the need for a vector network 

analyser (VNA). However, its spatial resolution is largely determined by the aperture 

size of the open-ended waveguide, which is relatively large. Furthermore, tight contact 

between the waveguide and the skin surface must be maintained to avoid air gaps, 

which could otherwise degrade measurement accuracy. 

 

(a)                                                                  (b) 

Fig. 2.22. (a) Proposed reflectometer device (b) Equivalent model [218]. 
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In [219], a broadband near-field probe is presented by inserting the tapered 

dielectric-rod waveguide (DRW) into the WR-10 waveguide, as shown in Fig. 2.23 (a). 

Its operating frequency band covers 90 to 104 GHz. The probe prototype is made from 

a high-resistivity silicon substrate (HRSS) wafer ( > 4000𝛺 ∙ 𝑐𝑚, ϵr =

11.6, tanδ of 6 × 104 measured at 100GHz), and the four sidewalls are covered by gold, 

and its tip is non-metalised. By adding the DRW probe, the aperture size of the 

waveguide decreases significantly, to only 5.6% of the aperture size of the WR-10 

waveguide; hence, the lateral resolution increases to 200 𝜇𝑚, and the sensing depth is 

300 − 400𝜇𝑚. Fig. 2.23 (b) presents the setup for probe-based reflection coefficient 

measurements. The proposed detection probe is connected to a VNA and fixed on an 

XYZ scan stage to control the position with 10𝜇𝑚 precision. When the probe contacts 

different materials, the measured S11  at 96 GHz changes clearly. The proposed 

detection probe realises high resolution and high responsivity at 96 GHz. Due to the 

small size of the probe tip and the elasticity of the skin, the air gap between the probe 

tip and the skin can be removed. On the other hand, the fabrication process is complex, 

and the size of the probe tip is only 0.6𝑚𝑚 ×  0.3𝑚𝑚, it has the risk of puncturing the 

skin, and it is too sharp to scan the skin fast.  

 

 
(a)                                                                           (b) 

Fig. 2.23. Probe design. (a) Schematic drawing (b) Setup for measurements [219]. 
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In [220], A coaxial probe has been investigated for the detection of skin cancer. The 

probe’s isolation layer is made of Teflon, with an outer conductor diameter of 3.62 𝑚𝑚 

and an inner conductor diameter of 1.08 𝑚𝑚. It is connected to a VNA for measuring 

the reflection coefficient across a frequency range of 300 MHz to 3 GHz. The study 

also examined the effect of applied pressure on the probe’s reflection coefficient, 

categorising the applied force into low, medium, and high pressure levels. The results 

showed that variations in the measured values were within 3% across different pressure 

conditions, indicating that pressure has a minimal effect provided that the air gap 

between the probe tip and the skin surface is eliminated. The magnitude of the reflection 

coefficients for moist and dry skin differed by approximately 0.06 within the 300 MHz 

– 3 GHz range, corresponding to about an 8% difference. Furthermore, the reflection 

coefficient of cancerous tissue was consistently lower than that of normal skin, although 

minor variations were observed among repeated measurements. These experimental 

results demonstrate that the coaxial probe is capable of effectively distinguishing lesion 

areas from healthy skin tissue. 

The dimensions of the probe tip determine the measurement’s spatial resolution 

and accuracy. When testing an unknown sample, the probe must make direct contact 

with the surface of the material. Rectangular waveguide probes are more prone to 

residual air gaps, whereas Teflon-filled coaxial probes — with a flange around their 

aperture — may also produce inaccuracies or unreliable results due to mechanical 

imperfections [221]. For instance, small positional shifts of the Teflon relative to the 

metal conductor can partially obscure the conductor or alter the spacing between the 

Teflon and the conductor. A bulging of the Teflon insulating layer by only 0.1 mm can 

cause up to a 30% variation in the measured reflection coefficient, and this deviation 

increases with frequency. In contrast, the influence of the gap between the Teflon and 

the conductor is relatively minor. Therefore, careful handling and precise alignment of 

coaxial probes are essential to ensure accurate and repeatable measurements. 

In [222], a substrate integrated waveguide (SIW) structure was employed to 

develop a probe for skin cancer detection. The SIW can be fabricated using standard 

printed circuit board (PCB) technology, offering the advantages of low cost and ease of 
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manufacture. The model of the probe is illustrated in Fig. 2.24 (a). The resonant 

frequency of the SIW probe is approximately 40 GHz, which provides sufficient 

sensing depth while ensuring that the microwave signal does not penetrate deeply 

enough to reach the fat layer. The narrow probe tip concentrates the electromagnetic 

field, achieving a lateral resolution of about 0.2 mm. When the probe tip contacts 

healthy skin, the resonance position — specifically the magnitude and corresponding 

frequency of the 𝑆11 — is recorded as a reference baseline, as shown in Fig. 2.24 (b). 

When measuring an unknown sample, a shift in the resonant frequency indicates a 

change in the dielectric properties of the tissue. The proposed imaging algorithm 

incorporates both the magnitude and frequency information of 𝑆11 to generate a pixel-

based image. Regions where the calculated output exceeds a predefined threshold are 

identified as potentially cancerous. This SIW-based cancer detection system provides a 

low-cost and rapid measurement method, achieving safe operation without the risk of 

skin penetration, although at the expense of reduced lateral resolution. 

 

 

(a)                                              (b) 

Fig. 2.24. (a) Model of the probe. (b) Measured 𝑆11 with different states of skin [222]. 

 

Several near-field probes have been presented in the previous section for skin 

cancer detection. However, antennas have also been used as sensing elements. A raster 

scanning imaging system achieving ultra-high resolution millimetre-wave imaging 

(MMWI) is presented in [223], [224]. The basic principle comes from the equation 

given by [225]. The lateral and axial resolution (δ) is determined by the bandwidth of 

the detector.  
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 δ ≈ c 2B⁄  (2.4) 

 

where c refers to the speed of light in the medium, and B represents the bandwidth of 

the detector. Therefore, the bandwidth of the system needs to become ultra-wideband 

to realise ultra-high resolution. According to Equation (2.4), a lateral resolution of 

200 𝜇𝑚 requires an ultra-wideband (UWB) of 100GHz. To achieve such performance, 

Mirbeik-Sabzevari et al. proposed a “synthetic” ultra-wide bandwidth of 98 GHz, 

covering frequencies from 12 GHz to 110 GHz. Their design employed four sub-

antennas, each operating over a distinct frequency range. These sub-bands were then 

synthesised to form a virtual UWB antenna. A modulated Gaussian pulse in the time 

domain was used to excite this virtual antenna; the signal was transformed into the 

frequency domain to calculate the pulse response, then converted back into the time 

domain as the input for the imaging algorithm. As shown in Fig. 2.25, during the 

scanning process, four sub-band antennas are sequentially positioned in front of the 

sample, and the corresponding backscattered signals are recorded. The sample is 

mounted on an XY translation stage with an imaging area of 2 𝑐𝑚 ×  2.7 𝑐𝑚. In [223], 

a 3 ×  3 scanning grid was used with a step size of 1.5 𝑚𝑚. Each sub-band antenna 

has a field of view (FOV) of at least 4 𝑚𝑚 ×  8 𝑚𝑚, resulting in a total illuminated 

area of approximately 7 𝑚𝑚 ×  11 𝑚𝑚. With this configuration, two adjacent tumours 

separated by 200 𝜇𝑚 can be clearly distinguished. In addition, by analysing the pulse 

responses, the system can measure the round-trip time delay and reconstruct images 

using the confocal delay-and-sum (DAS) algorithm [226]. This enables the generation 

of three-dimensional (3D) skin images, where each sub-band antenna functions as both 

transmitter and receiver. The key advantage of the proposed skin cancer detection 

system is its high lateral and axial resolution of 200 𝜇𝑚. In [227], imaging an area of 

15 𝑚𝑚 ×  10 𝑚𝑚 required approximately 10 minutes; however, this acquisition time 

can be reduced to about one minute if all four sub-band antennas operate synchronously.  
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Fig. 2.25. Diagram of the ultra-high resolution millimetre-wave imaging system [224].  

 

2.4.3 Terahertz Detection Methods 

According to the detection method, THz technology can be classified into two main 

categories: terahertz spectroscopy and terahertz imaging [227]. THz spectroscopy is 

employed to investigate intra- and intermolecular vibrations in molecular and 

biomolecular systems, offering valuable insights for biosafety assessment and 

biological applications [228]. Real-time, dynamic observation of these macromolecular 

interactions helps elucidate the cellular pathophysiological mechanisms underlying 

disease progression. THz imaging, on the other hand, distinguishes cancerous tissues 

from normal tissues by comparing their absorption characteristics under THz radiation. 

Because different biological tissues exhibit distinct dielectric and absorption behaviours 

in the THz frequency range, THz imaging has already been applied in various 

biomedical areas, including skin burn assessment [229], gastric tissue analysis [230], 

breast cancer detection [231], diabetes monitoring [232], and skin cancer diagnosis 

[233].  

In [234], Pickwell et al. conducted an in vivo study of the forearm and palm skin 

under THz radiation using Terahertz Pulsed Imaging (TPI) technology for biomedical 

applications. The main advantage of TPI lies in its broad operational frequency range - 
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from 0.1 THz to 3 THz - which is achieved by generating ultrashort pulses with a half-

power width of approximately 0.3 𝑝𝑠, analysed using Fourier transform methods. The 

average power of the emitted THz pulse is around 100 𝑛𝑊, ensuring safe exposure for 

biological tissues. TPI provides both phase and amplitude information of the reflected 

signal, which can be used to determine the refractive index and absorption coefficient 

of the sample. When THz waves propagate from a medium with a lower refractive index 

to one with a higher refractive index, the reflected wave experiences a phase shift of 𝜋 

radians. In the frequency band of 0.1 – 3THz, a 3D image can be obtained, the reflection 

depth resolution and the axial resolution can be 50 𝜇𝑚 and 100 𝜇𝑚.  

The sample was positioned on a quartz imaging plate for measurement. The 

reflection response is illustrated in Fig. 2.26, where nq, nsc and ne represent the 

refractive indices of the quartz, stratum corneum and epidermis, respectively. In 

addition, nsc is larger than nq, ne is lower than ns, and nq is equal to 2.1. Normal skin 

exhibits a relatively high refractive index due to its greater moisture content; therefore, 

when an incident wave enters the skin, the reflected wave undergoes a phase shift of π.  

By investigating the volar, dorsal, and palmar regions of the forearm, it was found that 

the pulse response obtained from the volar side was the most consistent among all 

subjects. In simulation studies, the volar forearm was modelled as a single-layer 

structure, whereas the palm was represented by a two-layer system. This FDTD model 

for in vivo measurement demonstrates strong potential for future THz biomedical 

applications, providing a reliable framework for studying the interaction between THz 

waves and human skin.  
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Fig. 2.26. Schematic of the TPI reflection [234]. 

 

 In [235], a TPI technique was proposed for in vivo analysis of the hydration profile 

of the human stratum corneum (SC). By exciting a photoconductive antenna with an 

ultrafast laser pulse, the generated THz pulses cover a frequency range from 0.1 THz 

to 2 THz. The pump–probe TPI system is illustrated in Fig. 2.27. It employs the standard 

pump–probe configuration, where both the pump and probe beams are derived from a 

single laser source using a beamsplitter (BS). The pump beam excites the 

photoconductive antenna to generate the THz pulses, while the probe beam is used for 

THz-gated detection. A 1 mm-gap GaAs photoconductive antenna was employed to 

generate the THz wave, which was then directed onto the sample using two off-axis 

parabolic mirrors. A 2 mm-thick glass plate was placed over the skin sample to ensure 

a flat and uniform surface. The reflected THz signal was detected using the electro-

optic sampling technique [236]. The incident pulse is influenced by the permittivity and 

absorption coefficient of the various skin layers, and the time-of-flight of the THz pulse 

through the skin can be determined from the delay of the reflected wave to extract skin 

thickness information. The TPI configuration is illustrated in Fig. 2.28. This system 

achieves a spatial resolution of approximately 350 𝜇𝑚, a temporal resolution of 0.5 𝑝𝑠, 

and a depth resolution of about 40 𝜇𝑚 . The developed TPI setup is capable of 

quantitatively assessing the moisture content of the stratum corneum. A 1-cm line scan 

of the SC can be acquired in only 3 seconds, and a complete 3D dataset in under four 
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minutes.  

 

Fig. 2.27. TPI system: solid lines represent the NIR beam path, dotted lines represent 

the THz path. Shaded boxes represent mirrors. Abbreviations: BS - beamsplitter, P -

polariser, WP – waveplate [235]. 

 

 
Fig. 2.28. THz pulse imaging approach [235]. 

 

In [237], TPI has been shown to study differences between basal cell carcinoma 

and normal skin tissue in the laboratory. The stratum corneum–epidermis interface is 

imaged, enabling the investigation of skin hydration levels. The paper further discussed 

the potential applications of this technique in the cosmetic industry and for treating 

inflammatory skin diseases such as psoriasis and eczema, underscoring the significance 

of skin hydration profile measurement.  
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(a)                                                 (b) 

Fig. 2.29. (a) A time domain THz pulse. (b) The THz spectrum from the Fourier 

transform [237]. 

 

A time domain THz pulse is shown in Fig. 2.29 (a). By using a Fourier transform, 

the spectrum is presented in Fig. 2.29 (b). The smaller vibrations are caused by 

atmospheric water-vapour absorption. A time domain algorithm is used to distinguish 

the BCC from the normal tissue. By normalising the impulse formula E(t) at time t, the 

"time post pulse (TPP)" algorithm is given by:  

 

 f(t) =
E(t)

Emin
 (2.5) 

 

Where t is the time of the maximum reflected pulse, the proposed TPP can detect BCC 

and normal skin tissue. The minimum value of BCC's TPP is larger than the maximum 

value of the normal skin tissue.  

 In [233], a portable TPI system was proposed for BCC measurement, utilising TPI 

technology to map the position of cancerous tissue. The device is illustrated in Fig. 2.30. 

The operating frequency band spans 0.1 - 3 THz. Scanning a 25 ×  25 𝑚𝑚 area takes 

less than 100 seconds, and the detector achieves a detection depth of approximately 

1 𝑚𝑚. By measuring 18 BCC samples ex vivo and 5 BCC samples in vivo, a clear 

distinction between cancerous and normal tissues was observed, as the reflected pulse 

intensity from diseased tissue was significantly higher than that from normal tissue. 

Skin cancer and BCC have an obvious contrast with normal tissue, including absorption 

and refractive index [238]. 
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Fig. 2.30. The proposed portable TPI system [233]. 

 

TPI has already been used to detect BCC. Continuous wave (CW) terahertz 

imaging can also offer simple, low-cost, and ex vivo skin cancer detection [239], as 

shown in Fig. 2.31. Two far-infrared lasers at the frequencies of 1.39 and 1.63 THz are 

used to illuminate the sample. The tissue absorption characteristics at 1.4 THz depend 

on both water and tryptophan content. At 1.6 THz, however, the absorption is primarily 

determined by the water content. The skin cancer sample on the XY scan stage is 

obtained from Mohs surgeries. A total of ten samples were exposed to the THz laser. 

When the light passes through the sample, the difference in the transmission coefficient 

between abnormal and normal tissue is about 60%.  

 

Fig. 2.31. CW imaging system [239]. 

 

 In [240], a terahertz imaging and spectroscopy system was proposed for cancer 
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detection. Terahertz pulsed spectroscopy (TPS) is also an important cancer detection 

technology. The proposed system is an ex vivo measurement. The tissue sample is about 

0.1 mm thick and placed on the XY scan stage with a minimum step size of 50 𝜇𝑚. 

Hence, it is also feasible for skin cancer detection systems, as shown in Fig. 2.32. The 

interactions between the THz wave and the sample are obtained through spectroscopy 

measurements. According to the inversion algorithm, the amplitude and phase error are 

minimised, and the dielectric constant and loss tangent are extracted in the frequency 

band from 0.1 to 4 THz. Although it has a higher resolution of 200 μm, the proposed 

terahertz imaging and spectroscopy system takes about 35 minutes to measure the 

cancer sample with an area of 1 𝑐𝑚 ×  1 𝑐𝑚.  

 

 

Fig. 2.32. Terahertz imaging and spectroscopy system [239]. 

2.5 Conclusion 

In summary, metasurfaces offer a wide range of potential applications. Various 

metasurface unit cells for phase shifting and sensing have been introduced, 

corresponding to the metasurface lens and metasurface sensor. The metasurface lens 

can be utilised in future communication systems, providing low-cost, high-gain, and 

multifunctional transmitting front-end. The metasurface sensor can be applied to 

material detection and biomedical sensing, offering a label-free detection approach. 

Furthermore, the metasurface sensor shows strong potential for in-vivo skin cancer 
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detection. To this end, existing skin cancer detection methods have been reviewed. 

However, these detection systems are generally bulky and time-consuming. Therefore, 

a rapid and compact detection approach for in vivo skin cancer diagnosis is of 

significant value.  
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Chapter III All-Dielectric Metalens Design 

3.1 Introduction 

All-dielectric lenses, as the name implies, are lenses composed entirely of dielectric 

materials. Traditional glass lenses are a typical example of this category. Conventional 

fabrication methods are based on subtractive manufacturing techniques, such as cutting, 

grinding, and polishing, to produce these lenses. 

A metalens, derived from the combination of "metasurface" and "lens," utilises 

subwavelength microstructures to manipulate light and waves. Unlike traditional lenses, 

which rely on ray-tracing theory and control light through refraction and optical path 

length, metalenses achieve similar or enhanced functionalities by precisely engineering 

the phase, amplitude, and polarisation of light at the subwavelength scale. Metalens, 

lens and transmitarray are sometimes almost the same in terms of function and 

application.  

3D printing, also known as additive manufacturing (AM), has the advantage of 

rapid prototyping, cost-effectiveness and a high degree of freedom, which enables 

complex lens designs that are difficult to achieve with traditional manufacturing. It has 

been widely used in designing various lenses, including the cylinder Luneburg lens 

[241], flat Luneburg lens [242], gradient-index (GRIN) lens [243], discrete dielectric 

lens (DDL) [244], transmitarray [245], beam splitter [130], reflectarray [246] and three-

dimensional (3D) Luneburg lens [247]. The DDL can be designed into the circularly 

polarised transmitarray [248], the near-field beam-scanning lens [249] and the OAM 

generator [250]. By adding the truncated pyramid hole, the 3D-printed dielectric lens 

antenna [251] can achieve 21.5 % relative bandwidth at 1dB level. In [252], by 

considering the oblique incidences, the all-dielectric lens antenna realised a gain 

enhancement of 4.5 dB at 26 GHz with a lower focal-to-diameter ratio.  

A metalens comprises two main components: subwavelength unit cells and a phase 

distribution. Various types of unit cells have been introduced in Chapter II. In the 
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following section, the focus will be on phase distribution, which represents the primary 

source of innovation in this chapter.  

3.1.1 Phase Distribution 

The phase distribution (PD) plays a crucial role in determining the wavefront of 

the transmitted electromagnetic wave. By carefully designing the phase shift imparted 

by each unit cell, the transmitarray can precisely manipulate the direction, focus, or 

shape of the transmitted beam. The objective is to ensure that all rays arriving at the 

observation plane are in phase, thereby achieving constructive interference. This PD 

can be tailored to realise beam steering, beam focusing, or other advanced wavefront 

control functionalities. The coordinate system of the metalens antenna is illustrated in 

Fig. 3.1(a), where 𝐹 denotes the focal length. The fabricated metalens is shown in Fig. 

3.1(b). The PD of the metalens is derived based on Fermat’s principle, and the phase 

distribution for each unit cell can be expressed as follows:  

 

 𝜑𝑖𝑗 = 𝑘0(√𝑥𝑖𝑗
2 + 𝑦𝑖𝑗

2 + 𝐹2 − F) (3.1) 
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(a)                                                                 (b) 

Fig. 3.1. (a) Schematics of the metalens antenna.  (b) Photo of a metalens antenna. 

 

where 𝑘0 is the wavenumber, 2𝜋 𝜆⁄ . (𝑥𝑖𝑗, 𝑦𝑖𝑗) denotes the position of the unit cell in 

the i-th row and j-th column, and 𝜑𝑖𝑗  is its phase delay. The function of the 

metalens is to compensate for the phase delay introduced by variations in 
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propagation distance. However, to realise more advanced functionalities, the 

calculation of the phase distribution becomes increasingly complex. 

3.1.2 Beam-Scanning Metalenses 

Broad-range beam scanning is one of the most desirable features in emerging 

terahertz (THz) telecommunication systems. To achieve extensive coverage with high 

gain, metalenses, transmitarray antennas (TAAs), and lens antennas (LAs) have 

attracted considerable attention. Over the last decade, existing unifocal [253], bifocal 

[254], [255] and multifocal [256], [257], [258] beam-scanning TAAs and LAs have 

been designed based on geometric optics (GO) analysis and the Fresnel formula. Their 

performance is dependent on the degrees of freedom (DOFs), which include the 

positioning and tilt angles of the feeding sources, as well as the shape of the PD. 
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Fig. 3.2. Schematics of the beam-steering metalens.  (a) Metalens with a focal plane; 

(b) Metalens with a focal locus; (c) Metalens with a focal arc.  
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Overall, there are three main types of mechanical beam-scanning or electronic 

scanning TAA or LA. Fig. 3.2 (a) illustrates an LA with a focal plane [253], which has 

the strength of a wide beam-scanning range. To cover the radiation of all the feeding 

sources, the aperture size of this LA tends to be large [254], [255]; therefore, the 

aperture efficiency (AE) and a lower focal-to-diameter ratio (F/D) are compromised. 

The shape of the phase distribution needs to be elliptical for a wider one-dimensional 

(1D) beam-scanning range. A two-dimensional (2D) gradient index (GRIN) lens [256] 

with limited DOFs of the PD can only realise the −20° to 20° range. LAs [257] with a 

focal locus in Fig. 3.2 (b) fully utilise the DOF of the feeding sources, which can 

achieve a wide coverage. Recently, a 2D beam-scanning lens with a ±45° coverage has 

been proposed [258], [259]. The focal length and direction angle of each feeding source 

differ from one another. Consequently, the analytical expression of the focal locus 

becomes complex, which limits its applicability to continuous 2D beam scanning. LAs 

with a focal arc [260], [261], as shown in Fig. 3.2 (c), can achieve high AE and wide 

coverage, where the beam deviation factor (BDF) equals 1. The BDF is defined as the 

ratio between the main beam direction and the tilt angle of the feeding source. Only a 

few studies have reported 2D beam-scanning LAs with a focal arc, since the PD must 

be circular, and the feeding source must be directed towards the centre of the LA, where 

the DOF is restricted.  

3.1.3 Imaging Metalenses 

 There are various kinds of imaging lenses. In Fig. 3.3 (a), the lens is used to focus 

the output electromagnetic (EM) waves onto a single point [262], [263]: the focal point. 

The electromagnetic field is concentrated at this small spot, enabling high-resolution 

imaging through raster scanning [264]. The radius of the focal spot can be given by the 

following formula. 

 

 2𝜔0 =
4 ∙ 𝑀2 ∙ 𝜆 ∙ 𝐹

𝜋 ∙ 𝐷
≈ 2𝜆 ∙ 𝐹/𝐷 (3.2) 

 

where 𝜔0 represents the radius of the focal spot, 𝜆 is the wavelength, 𝐷 is the diameter 
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of the beam at the lens surface, 𝐹 represents the focal length of the lens, 𝑀 is the beam 

quality parameter. The formula can be simplified to a function of the wavelength and 

the focal-to-diameter ratio. Therefore, the focal length-to-diameter ratio is important, it 

can reduce the size of the focal spot and determine the resolution of imaging. This type 

of lens can achieve high-resolution imaging, but the imaging process relies on scanning, 

which makes it very time-consuming. In terms of application, it functions more like a 

probe that focuses electromagnetic waves. By rotating and adjusting two or three lenses,

the focal point can be moved arbitrarily, which offers the potential for three-

dimensional scanning [265], [266].
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Fig. 3.3. Schematics of imaging metalens. (a) Single focal point. (b) Multiple focal 

points. (c) Holography imaging.

In Fig. 3.3 (b), multifocal lenses are theoretically challenging to implement, as a 

single-phase distribution typically produces only one focal point. Once a lens is 
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designed, its phase profile is fixed, making it theoretically incapable of generating 

multiple focal spots. However, in practice, by compromising the focusing performance, 

it is possible to achieve multiple focal points. As a result, compared to single-focus 

lenses, multifocal lenses tend to have slightly inferior imaging quality, with aberrations 

such as coma appearing at the edges, which can be mitigated using optimisation 

algorithms [267]. The main advantage of multifocal lenses is their ability to perform 

real-time mirror imaging. Such lenses are commonly found in optical applications. In 

Fig. 3.3 (c), the last one is the holographic imaging metalens, which shapes the 

electromagnetic wavefront through carefully designed phase distributions. These 

surfaces focus the electric field within a specific region to form patterns or characters 

[268], [269], [270], [271]. In terms of application, they function more like static images 

or photographs. 

 

3.2 3D-Printed Low-Cost Continuous Metalens for 1D Beam Scanning 

Antennas capable of beam steering or beam scanning have been widely reported in 

the literature. Mechanically scanned metalens antennas suffer from low scanning speed 

[272], while frequency-dependent beam scanning cannot fully exploit the available 

spectrum resources [273]. Phased array antennas (PAAs) and digital beamforming 

(DBF) array antennas[274], [275] can overcome the above limitations; however, this 

advantage comes at the cost of increased fabrication complexity and expense.  

 In this section, a 3D-printed metalens is proposed for a 1D linear antenna array in 

multibeam applications. The metalens can be fabricated using 3D printing technology 

and has minimal impact on the beam-scanning performance of the 1D array, while 

simultaneously enhancing the array gain. The proposed metalens, fed by a WR-06 

waveguide probe, is analysed through full-wave simulation. 

3.2.1 Continuous Metalens Design 

Fig. 3.4 (a) shows the proposed dielectric metalens and the WR-06 waveguide 
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probe. The 3D-printed dielectric metalens and its support structures are fabricated from 

polylactic acid (PLA), which has a relative dielectric constant of 2.5 and a loss tangent 

of 0.02. The WR-06 waveguide probe operates in the D-band (110–170 GHz), with 

dimensions of 1.651 𝑚𝑚 ×  0.8255 𝑚𝑚 . The basic geometry of the proposed 

metalens was simulated and optimised using ANSYS HFSS, with a central operating 

frequency of 120 GHz.  

The dielectric metalens is designed to be a whole rather than a discrete structure 

[276]. This means the metalens structure can also be fabricated using moulds, which is 

very suitable for low-volume production and reduces the fabrication cost. The usage of 

a metalens is convenient. One can just put it above the antenna chip [277] or combine 

it with the product shell, which introduces little impact on the original systems. 

 

 

(a)                                                                     (b) 

Fig. 3.4. Proposed 1D dielectric metalens and WR-06 waveguide probe and support. (a) 

Oblique view. (b) Side view. 

 

As shown in Fig. 3.4 (b), the focal length (F) is 12 mm, determined by the phase 

centre of the WR-06 waveguide. The total height (H) of the metalens is 5.8 mm, and its 

width (W) is 28.6 mm. The length of the metalens can be customised according to the 

size of the underlying 1D antenna array, if applicable. The arc profile of the proposed 

metalens is designed based on the input phase distribution, which can be derived from 

Fermat’s principle: 

 

 𝜑(𝑥) =
2𝜋

𝜆
(√𝑥2 + 𝐹2 − 𝐹) + 𝜑0 (3.3) 
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where 𝐹 represents the focal length, 𝜆 represents wavelength at 120GHz, and 𝜑0 is the 

initial phase at the feed source. To realise 1D beam scanning along the Y-axis, the phase 

distribution is kept invariant in that direction. The gain enhancement is achieved by 

narrowing the beamwidth along the X-axis. Fig. 3.5 illustrates the linear relationship 

between the dielectric layer thickness and the transmission phase. The metalens unit 

cell is simulated using primary and secondary boundaries; the height of the air box is 

fixed at H₁ = 6 mm, while the height of the dielectric layer is varied. Owing to the 

continuous design of the metalens, no air gap exists between adjacent unit cells. Based 

on Equation (3.3), the phase distribution can be calculated, and the required height of 

the dielectric layer can then be determined from the linear relationship shown in Fig. 

3.5. Consequently, the arc profile of the proposed metalens can be constructed and 

further optimised.

Fig. 3.5. Relationship between the height of the dielectric layer and its transmission 

phase.

Fig. 3.6. One-dimensional (1D) metalens evolution.
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By applying Fermat’s principle with a central frequency of 120 GHz and a focal 

length of 20 𝑚𝑚 , the resulting phase distribution is illustrated in Fig. 3.6. In a 

traditional design, a discrete 1D metalens can be constructed. Based on the height 

variation within this metalens, an equation-defined surface can be generated in ANSYS 

HFSS to obtain the proposed 1D metalens. The side view of the structure is also 

presented. In theory, both metalenses exhibit comparable performance; however, the 

metalens with a smooth surface is more suitable for mass production, as it can be 

fabricated using mould-based manufacturing techniques.  

3.2.2 Metalens Performance 

Fig. 3.7 (a) presents the radiation pattern comparison of the antenna with and 

without the proposed metalens. The simulated results come from the model in Fig. 3.4. 

It can be seen that the broadside gain of the waveguide can be increased from 6.2 dBi 

to 14.55 dBi. The 3-dB beamwidth of the waveguide is about 104.7° in the E-plane and 

73.5° in the H-plane, while that of the metalens antenna is 6.7° and 72° in the E-plane 

and H-plane, respectively. The proposed metalens narrows the beamwidth in the E-

plane and has little effect on the beamwidth in the H-plane. When a 1D linear antenna 

array is employed as the feed source to provide beam-scanning capability, the metalens 

antenna can realise 1D beam scanning without interference across the scanning range, 

achieving approximately 8 dB gain enhancement. During the simulation process, a 1D 

microstrip patch antenna array is used to validate the beam-scanning performance. As 

shown in Fig. 3.7 (b), a 4.3 dBi gain enhancement is achieved at different beam angles, 

with scan losses of 1.4 dB and 1.1 dB for the arrays with and without the metalens, 

respectively. Moreover, the metalens has a negligible impact on the main beam 

direction. The corresponding schematic of the 1D beam-scanning metalens antenna is 

shown in Fig. 3.7 (c). The comparison between the array antenna with and without the 

lens clearly demonstrates the gain enhancement achieved by the proposed metasurface 

lens. The lens effectively focuses the radiated energy, resulting in a noticeable increase 

in the overall antenna gain. Moreover, this improvement is obtained without affecting 

the beam-scanning capability of the array, indicating that the lens can enhance the 
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radiation performance while maintaining the original scanning range.

(a)                                                              (b)

(c)

Fig. 3.7. Radiation patterns at 120 GHz with and without the 3D printed metalens

excited by: (a) Waveguide probe. (b) A 1D linear antenna array. (c) Schematic of the 

1D beam-scanning metalens antenna. 

This section proposes a 3D-printed dielectric metalens antenna for the THz 

application. The simulation results show that the proposed metalens can achieve high 

gain enhancement and 1D beam-scanning performance.

3.3 3D-Printed Discrete Multifocal Metalens for 2D Beam Scanning

This section presents a genetic algorithm (GA)-based optimisation method for 

designing 2D beam-steering dielectric metalenses. An additional degree of freedom 
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(DOF) is introduced for multifocal optimisation by adjusting the rotation centre of the 

feed sources. By utilising the phase-shifting characteristics of the metalens unit cells 

under varying incident angles, the proposed metalens satisfies the phase-compensation 

requirements for feed beams from multiple ports, thereby realising continuous 2D beam 

scanning from −30°  to 30°  in E-plane, H-plane, and D-plane (Diagonal-plane, 𝜙 =

45° ). The circular phase distribution (PD) reduces the number of optimisation 

parameters and enables a quasi-Luneburg lens performance with 2D beam steering. The 

proposed metalens obtains a measured aperture efficiency of 29.3%. The broadband 

performance of the dielectric unit cells makes the metalens achieve the 24 % 3-dB gain 

bandwidth and 18.3% 1-dB gain bandwidth. The proposed metalens is ideal for 

broadband 2D beam-steering at the sub-THz band with low manufacturing cost and 

easy fabrication.  

 

 3.3.1 Dielectric Unit Cell 

The all-dielectric unit cell shown in Fig. 3.8 (a) is simulated using ANSYS High-

Frequency Structure Simulator (HFSS). A dielectric square post with width (W) and 

variable height (H) is fabricated from cyclic olefin copolymer (COC), a 3D-printable 

material with a relative permittivity of 2.34 and a loss tangent of 0.00017 at THz 

frequencies [278]. It should be noted that the 𝐻1 is the total height of the unit cell, which 

contains both the air and dielectric parts, and the height of the base is 𝐻2, and the 𝐻 is 

the height of the dielectric pole. By changing the height H of the unit cell (ranging from 

𝐻1 to 𝐻2), the unit cell can achieve a complete 2𝜋 phase shift [279]. There is a 0.1 𝑚𝑚 

air gap between the pillars to prevent the modelling error in HFSS. In Fig. 3.8 (b), the 

transmission coefficient is better than -1 dB by varying the height 𝐻. In Fig. 3.8 (c), the 

phase response for different incident angles needs to be considered, as transmission 

phases against different incident angles 𝜃𝑒 are shown, with varying unit cell heights 𝐻.  
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(a) 

 

 (b)                                                    (c) 

Fig. 3.8. Proposed method of TAA unit cell transmission phase shifting by varying 

incident angles: (a) Unit cell configuration. ( 𝐻1 =  6𝑚𝑚 , 𝐻2 = 0.5𝑚𝑚 , 𝑊 =

 1 𝑚𝑚, 𝐻 is variable). (b) Transmission and reflection coefficients vary with height at 

140 GHz. (c) Transmission phase varies with the incident angle (𝜃𝑒) at 140 GHz. 

 

The incidence angle effect [280] has been considered in designing reflectarray 

antennas (RAAs). As for metalens, the influence of incident angle can be shown in Fig. 

3.8 (c). To obtain the relationship between the transmission phase and the incident angle, 

eight curvilinear equations need to be extracted and utilised in PD calculation. By using 

the MATLAB basic fitting tool, the cubic curve fitting equation coefficients are 

obtained, and their corresponding coefficients are shown in Table 3.1, where 𝜑𝑡𝑟𝑎𝑛𝑠 is 

the transmission phase and 𝜃𝑒 represents the incident angle, unit cell 1 corresponds to 

𝐻 = 5.02 𝑚𝑚  in Fig. 3.8 (c), while unit cell 2 refers to 𝐻 = 4.35 𝑚𝑚  and so on. 

Additionally, the increase in 𝜑𝑒 ( Fig. 3.8 (a) ) has little effect on the transmission phase. 

Therefore, 𝜑𝑒  is equal to 0° in this case. 
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TABLE 3.1 

TRANSMISSION PHASE (𝜑𝑡𝑟𝑎𝑛𝑠) VS. INCIDENT ANGEL (𝜃𝑒) BY CUBIC CURVE FITTING 

EQUATION (𝜑𝑡𝑟𝑎𝑛𝑠=A*𝜃𝑒
3
+B*𝜃𝑒

2
+C*𝜃𝑒+D) 

Unit 

cell 

1(H=5.

02mm) 

2(H=4.

35mm) 

3(H=3.

7mm) 

4(H=3.

06mm) 

5(H=2.

39mm) 

6(H=1.

77mm) 

7(H=1.

09mm) 

8(H= 

0.5mm) 

A 

-

0.0008

3 

-

0.0011

7 

-

0.0003

4 

-

0.0008

9 

-

0.0007

5 

-

0.0004

2 

-

0.0006

3 

-

0.00054 

B 

0.1480

68 

0.1861

58 

0.1195

18 

0.1662

41 

0.1641

66 

0.1534

32 

0.1692

27 

0.17205

6 

C -0.486 

-

1.2212

9 

0.3051

55 

-

0.3090

7 

-

0.1975

3 

-

0.2271

5 

-

0.3387

8 

-

0.28517 

D 

-

284.45 

-

235.34

4 

-

194.46

6 

-

152.82

4 

-

106.51

5 

-

62.120

4 

-

13.853

9 

29.7844

6 

 

3.3.2 Multifocal Principle and Genetic Algorithm Optimisation 

z

yx

θ

Incident angle

Feed 

point

aθ UC

Metalens

dz

F

 
Fig. 3.9. Coordinate system of the proposed metalens.  

 

A 25 × 25  metalens is employed to demonstrate the principle by using the 

coordinate system shown in Fig. 3.9, where the focal length is 𝐹, 𝑑𝑧 is the offset of the 

feeding source rotation centre, 𝛼 is the rotation angle of the feeding source, and 𝜃 is the 

radiation beam direction. By default, the feeding source is coplanar with the beam. The 

PD of the metalens is based on Fermat's principle. The input PD for each unit cell can 

be given by:  
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 𝜑𝑖𝑗 = 𝑘0(√(𝑥𝑖𝑗 − 𝑥𝐹)
2
+ (𝑦𝑖𝑗 − 𝑦𝐹)

2
+ 𝐹2 − (𝐹 − 𝑧𝐹)) (3.4) 

 

where 𝑘0 is the wave number in free space, and (𝑥𝐹, 𝑦𝐹 , 𝑧𝐹) represents the position of 

the feeding source, and (𝑥𝑖𝑗 , 𝑦𝑖𝑗) is the position of the unit cell. Regarding the metalens, 

the incident angle of the i, j th unit cell 𝜃𝑒 𝑖𝑗 can be given by:  

 

 𝜃𝑒 𝑖𝑗 = ||arctan (
√(𝑥𝑖𝑗 − 𝑥𝐹)

2
+ (𝑦𝑖𝑗 − 𝑦𝐹)

2

𝐹 − 𝑧𝐹
)|| (3.5) 

 

The transmission phase can be calculated using the equation from Table 3.1.  

 

 𝜑𝑡𝑟𝑎𝑛𝑠,𝑖𝑗 = 𝑓(𝜃𝑒 𝑖𝑗) (3.6) 

 

Thus, the calculated PD is given by: 

 

 𝜑𝑐𝑎𝑙,𝑖𝑗 = 𝜑𝑖𝑗 − 𝜑𝑡𝑟𝑎𝑛𝑠,𝑖𝑗 (3.7) 

 

To obtain a tilting beam angle, the i, j th ideal output PD can be given by: 

 

 𝜑𝑖𝑑𝑒𝑎𝑙,𝑖𝑗 = 𝑘0 𝑦𝑖𝑗 𝑠𝑖𝑛θ (3.8) 

 

 𝜑𝑖𝑑𝑒𝑎𝑙,𝑖𝑗 = 𝑚𝑜𝑑(𝜑𝑖𝑑𝑒𝑎𝑙,𝑖𝑗 + 𝜑0, 360°) (3.9) 

 

where 𝑘0 represents the wave number, (θ,φ) indicates the angle of the radiation beam, 

and φ0 is the additional phase that does not affect the main beam direction. The ultimate 

purpose is to make 𝜑𝑐𝑎𝑙 close to 𝜑𝑖𝑑𝑒𝑎𝑙. In this case, there are four output PDs 𝜑𝑐𝑎𝑙, 

when 𝛼 = 0° , 𝛼 = 10° , 𝛼 = 20° ,and 𝛼 = 30° . Their corresponding PDs 𝜑𝑖𝑑𝑒𝑎𝑙  are 

related to 𝜃 = 0°, 𝜃 = 10°, 𝜃 = 20°, and 𝜃 = 30°.  
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Fig. 3.10. GA-based 2D multifocal metalens. (a) Rotation of a row of unit cells. (b) 

Optimal PD. (c) GA convergence procedure.

Genetic algorithm (GA) [281], [282] has been used in designing an ultrawideband 

metalens or transmitarray. It can also be used to optimise the unit cells to fit the 

dielectric unit cell in a multifocal metalens. However, there are some restrictions to 

optimisation. As shown in Fig. 3.10 (a), to realise centrosymmetric PD, a row of unit 

cells rotates around the centre to generate a 2D PD in Fig. 3.10 (b), and the dark blue 

parts except the circle are set to 0. This process can reduce the number of optimisation 

parameters instead of optimising an entire matrix, which can reduce the computational 

load. The population size is 120, and the generation is 150 in the GA-based optimisation. 

These unit cells' series numbers are integer variables to be optimised. The parameters 

of '𝑑𝑧' and '𝐹' are also included in the optimisation parameters. The cost function is set 

as an average difference between the calculated and ideal phase for all the unit cells. 
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There are four ideal PDs for 𝜃 = 0° , 𝜃 = 10° , 𝜃 = 20° , and 𝜃 = 30° . Thus, their 

corresponding initial phases φ0  are also set as optimisation parameters. The GA 

convergence procedure is shown in Fig. 3.10 (c). 

 

 𝜎 =
1

4 × 𝑛 × 𝑛
√∑ ∑∑|𝜑𝑐𝑎𝑙,𝑖𝑗 − 𝜑𝑖𝑑𝑒𝑎𝑙,𝑖𝑗|

𝑛

𝑗=1

𝑛

𝑖=1

4

𝑚=1

 (3.10) 

 

where 𝑛 = 25  is the dimension of the metalens, and 𝑚  represents the four beam 

directions (𝜃 = 0°, 𝜃 = 10°, 𝜃 = 20°, and 𝜃 = 30°). The optimised unit cell series is 

[3, 2, 1, 7, 6, 5, 5, 4,    4, 4, 4, 4, 4], which corresponds to the phase 

transmission in Fig. 3.10 (b). The optimal focal length ‘𝐹’ and the centre offset ‘𝑑𝑧’ are 

24.2 𝑚𝑚 and 3.9 𝑚𝑚. The additional phases φ0 for  𝜃 = 0°, 𝜃 = 10°, 𝜃 = 20°, and 

𝜃 = 30° are 221.9°, 243.6°, 91.9°, and 167.3°, respectively. The PD comparisons are 

shown in Fig. 3.11. The PDs in Fig. 3.11 (a) are obtained by calculating Equation (3.6), 

while the ideal PDs in Fig. 3.11 (b) are from Equation (3.8). The difference between the 

calculated PDs and the ideal PDs is shown in Fig. 3.11 (c), where the phase difference 

is lower than 65° when 𝛼 = 0°, which is enough for generating a plane wave. The other 

phase differences with different 𝛼 are mostly lower than  45° (dark blue). 
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Fig. 3.11.  GA-based multifocal metalens PDs. (a) Calculated output PDs of the 

proposed metalens, (b) Ideal output PDs, and (c) Difference between (a) and (b). 

3.3.3 Influence of the Feed Source 

In aperture-type antennas, like reflectarray and lens, aperture efficiency (ηap) can 

be calculated as: 

 

 ηap =
G ∙ λ2

4πA
 (3.11) 

 

where G represents the gain of the antenna without a logarithmic unit, λ  is the 

wavelength, and A is the physical aperture size. However, Equation (3.11) cannot 

express the main factors that influence the overall aperture efficiency, and the dominant 

factors are spillover (ηs) and illumination (ηi) efficiencies[283]. 

 

 ηap = ηs ηi (3.12) 

 

These two factors are directly related to the aperture-type antenna's performance. 

The term ‘‘spillover’’ is defined in [284]. Spillover efficiency (ηs) is defined as the 
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power from the feed that is not intercepted by the reflecting elements. The illumination 

efficiency (ηi)  is defined as the power received by the reflectarray divided by the power 

radiated by the feed into a section of space limited by the reflectarray [285]. Although 

references [283] and [285] discussed reflectarrays, the basic principle of the reflectarray 

is similar to that of the lenses. Therefore, the same aperture efficiency definitions can 

be applied in the lens analysis. In this context, ηs represents the ratio of the total power 

radiated by the feed source to the power received by the lens, and ηi denotes the ratio 

of the output power to the input power of the lens. In other words, ηs and ηi correspond 

to the feed source and the lens, respectively. The purpose of this discussion is to 

emphasise that a certain level of feed directivity is essential to achieve high aperture 

efficiency in the metalens.  

The gains of the waveguide probe and waveguide horn in Fig. 3.12 (a) and (b) are 

6 dBi and 14 dBi, respectively. The proposed metalens is shown in Fig. 3.12 (c). Its 

aperture size is about 14.52π  mm2 for the tradeoff of aperture efficiency. The focal 

length (f) is 24.1 mm since the phase centre of the waveguide horn in Fig. 3.12 (d) is 

close to its front end. The tilting angles of the waveguide horn, a, and the focal arc are 

shown. By contrast between the waveguide probe-fed metalens and waveguide horn-

fed metalens of the radiation pattern, the simulated value of the performances for 

different α is shown in Fig. 3.13. The metalens leads to the gain enhancement of about 

16.5 dB and 13.8 dB for the waveguide probe and horn. The feed sources influence the 

aperture efficiency primarily through their spillover efficiency. The beamwidth of the 

waveguide probe is excessively large to be fully covered by the metalens. In such cases, 

increasing the metalens size leads to excessively large incident angles of the EM wave 

at the outermost ring, causing the unit cells of the metalens to operate improperly. 

Therefore, it is essential to limit the beamwidth of the feed source. The proposed 

metalens achieves high gain, high aperture efficiency, and a low side-lobe level (SLL) 

across different scanning angles.  



Chapter III All-Dielectric Metalens Design  

77 
 

                                   

   (a)                                  (b)                                            (c) 

af

 

(d) 

Fig. 3.12. GA-based metalens antenna comparison. (a) WR-06 waveguide probe. (b) 

WR-06 waveguide rectangular horn. (c) Metalens. (d) Metalens antenna. 

 

Fig. 3.13. Radiation pattern comparison of the GA-based metalens antenna.  

 

The design and optimisation process of the proposed 2D beam-steering metalens 

can be summarised as follows:  

1) Select the desired central operating frequency of the metalens. 

2) Design eight metalens unit cells that cover a full phase cycle (2π). These can 

be metal–dielectric unit cells provided that their transmission phase varies with 

the incident angle, as illustrated in Fig. 3.8 (c).  

3) Obtain the fitting curves of these metalens unit cells and ensure the relationship 
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between the transmission phase and incident angle.  

4) Mark these eight unit cells and their corresponding fitting curves from 1 to 8. 

These integer numbers 1-8 are used as optimisation parameters. 

5) Select a row of unit cells (unit cell range from 1 to 8) and rotate it to generate 

a phase distribution. Calculate the phase distribution's output phase distribution 

based on Equation (3.7). 

6) Calculate the ideal output phase distribution of different radiation angles based 

on Equation (3.8). Each radiation angle corresponds to an initial phase  φ0. 

These initial phases are used as optimisation parameters. 

7) Calculate the root-mean-square error (RMSE) between the output phase 

distribution in step 5 and the ideal output phase distribution.  

8) Input the scanning centre offset 'dz' and focal length 'f' as the optimisation 

parameters. 

9) Use GA optimisation in MATLAB to minimise the RMSE. 

10) Obtain the 2D phase distribution and simulate it using HFSS, and optimise the 

parameters 'dz' and 'f'.  

The dielectric metalens readily satisfy the requirements outlined in Step 2, although 

the possibility of metal–dielectric unit cells meeting the same criteria is not excluded. 

The output phase distribution calculation in Step 5 incorporates the positional 

information of the feed sources; therefore, the proposed method can realise both a 

common focal plane and various focal-arc configurations. If the result obtained in Step 

10 is unsatisfactory, the process can revert to Step 9, where the random seed of the 

optimisation is modified to identify another minimum root-mean-square error (RMSE). 

Based on an analysis of its operating principle, a 2D multifocal metalens design 

procedure is established, resulting in a metalens with higher gain and a lower side-lobe 

level (SLL).  

3.3.4 Measurement and Comparison 

The far-field measurement setup consists of a Keysight PNA Network Analyser 

N5225B, a VDI WR 6.5 extension module transmitter (D-band, 110 – 170 GHz), and a 
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VDI WR 6.5 extension module receiver. The D-band transmitter is aligned with the 

receiver. The transmitter and the metalens are placed on the white plastic tray. The tray 

can be rotated along the track by controlling the motor through a computer. The gain of 

the feed horn is about 14 - 15 dBi. The aperture size is about 14.52𝜋 𝑚𝑚2, the focal 

length is 24.2 𝑚𝑚, and the offset of the centre is 3.9 𝑚𝑚 in HFSS, and the focal-to-

diameter (F/D) ratio is 0.83.   

Fig. 3.14 shows the simulated and measured beam-scanning radiation patterns at 

130 GHz, 140 GHz, and 150 GHz in the E-plane (𝜑 = 0°), D-plane (𝜑 = 45°), and H-

plane (𝜑 = 90°). The simulated and measured cross-polarisation is 30-40 dB lower 

than the co-polarisation. Thus, they are omitted for brevity. The simulated gains of the 

metalens at 140 GHz are from 26.6 to 28.1 dBi with a scan loss of about 1.5 dB, while 

the measured ones are from 24.5 to 26.6 dBi with a scan loss of 2.1 dB. This means the 

proposed dielectric metalens realises a 2D beam-scanning performance within ±30° 

from the frequency of 130 GHz to 150 GHz. The simulated and measured peak gains 

at different scanning angles are given in Fig. 3.15. The peak gains with the same 𝜃 are 

almost equal. The simulated peak gains are 27.4–28.2 dBi at 𝜃 =  0° and 𝜃 =  10°, 

27.0–28.0 dBi at 𝜃 =  20°, and 25.6–27.2 dBi at 𝜃 =  30°. The measured peak gains 

are 26.5–28.0 dBi at 𝜃 =  0°, 26.1–27.8 dBi at 𝜃 =  10°, 26.3–28.0 dBi at 𝜃 =  20°, 

and 24.7–26.2 dBi at 𝜃 =  30°. 
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Fig. 3.14.  Simulated and measured beam steering radiation patterns at 130 GHz, 140 

GHz, and 150 GHz.  
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(a)                                                      (b) 

Fig. 3.15. Simulated and measured peak gain for different scanning angles when (a) 

𝜃 = 0°, 𝜃 = 10°, (b) 𝜃 = 20°, and 𝜃 = 30°.  

 

The proposed metalens is compared with other relevant state-of-the-art designs in 

Table 3.2. Since measured results can be affected by fabrication tolerance and 

experimental setup, to be fair, we only compare the simulated results of our proposed 

design to simulations of those in the literature with experimental validation. Due to a 

lower focal length and a large F/D, lens antennas in [258], [259] realise high AE and 

wide scanning range, but the gain improvement compared to the feeding source is 

limited. In [261], by using a tapered matching structure, the transmission phase of the 

unit cells is not sensitive to the incident angles. Whereas the proposed design can realise 

high gain improvement (about 14.1 dB in simulation) and ±30°  2D beam scanning 

performance. Nevertheless, the measured gain experiences a 1-2 dB reduction due to 

fabrication errors. 

TABLE 3.2 

COMPARISONS WITH OTHER MECHANICAL BEAM STEERING LENSES 

Ref 
Freq. 

(GHz) 

Gain 

(dBi) 

Source 

Gain 

(dBi) 

Gain 

Impv. 

(dB) 

AE 

(%) 
D*(λ0) F*(λ0) F/D 

Scan 

range 

Scan 

loss 

(dB) 

[258] 13 21.9 17.5 4.4 64.31 4.94 3.64 0.73 
±45° 
(2D) 

2.6 

[259] 190 29.6 22 7.6 35.7 14.2 35.2 2.48 
±48° 
(1D) 

1.4~4 

[261] 30 29.97 17 12.97 35.12 15 15 1 
±30° 
(1D) 

2.9 

This 

work 
140 28.1 14 14.1 48.06 11.67 11.25 0.96 

±30° 
(2D) 

1.5 

D* : Diameter;  F* : Focal length 
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In summary, a sub-THz multifocal dielectric metalens for 2D mechanical beam-

scanning is presented. The proposed metalens can be simultaneously excited by 

multiple ports with different incident angles. By using a cubic curve fitting equation, 

the eight unit cells' relationships between the transmission phase and incident angle are 

obtained and incorporated into the GA optimisation. The circular PD of the metalens 

reduces the parameter to be optimised and achieves 2D beam-scanning performance. 

The beams are tilted at 0°, 10°, 20°, and 30° in the E-, D-, and H-planes. Owing to its 

2D beam-scanning capability, high gain, high AE, and low fabrication cost, the 

proposed metalens represents a promising candidate for future THz communication 

applications.  

 

3.4 3D-Printed Continuous Quasi-Fresnel Metalens for THz Tilted 

Imaging Application 

Fresnel lenses (FLs) have a broad application in lighting, collimators, imaging, and 

concentrated solar energy [286], which has the advantage of being lightweight and 

having a better ability to focus light. Conventional optical FLs feature a concentric 

circular configuration and are primarily used to transform spherical waves into planar 

waves. In such lenses, portions of the straight optical path within the glass can be 

removed while retaining the refractive surface profile. Traditional FLs are mainly 

designed to perform the simple function of converting a plane wave into a spherical 

wave under normal incidence. However, the calculation of curved surfaces becomes 

increasingly complex when designing lenses for more advanced functionalities. 

Discrete dielectric lenses (DDLs) [287] are created by dividing the lens like a 

chessboard. Its phase distribution can be calculated using Fermat's principle [288], 

making it easier to design various types of lenses. 3D printing techniques [289] are 

well-suited for fabricating lenses with special structures. In this context, this section 

proposes a quasi-Fresnel lens (QFL) for near-field focusing, inspired by the principle 

of DDLs. The proposed configuration significantly reduces slicing and printing time, 
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enabling the fabrication of larger-aperture lenses.

3.4.1 Quasi-Fresnel Metalens Design

The UC shown in Fig. 3.16 (a) is fabricated using cyclic olefin copolymer (COC), 

a 3D-printing material with 100% infill, a relative permittivity of 2.23, and a loss 

tangent of 0.001 at the D-band (110–170 GHz). The UC consists of an air box section 

and a uniform dielectric post, with a total height fixed at H₁ = 6 mm. As illustrated in 

Fig. 3.16(b), the transmission phase covers a full 360° phase cycle as the height of the 

dielectric post increases. 

Port1

Port2

H

W

H1

(a)                                                        (b)

Fig. 3.16. Discrete dielectric lens unit cell. (a) UC configuration (H1 = 6 mm, W = 1 

mm, H is variable) ; (b) Transmission phase varies with the high (H) dielectric post. 

To generate a focal spot on the other side, the phase distribution of DDL can be 

given:

𝜑𝑖𝑛 = 𝑘0(√𝐹2 + 𝑥2 + (𝑦 + 𝑑)2 − 𝐹) (3.13)

𝜑𝑜𝑢𝑡 = 𝑘0(√𝐹2 + 𝑥2 + (𝑦 − 𝑑)2 − 𝐹)
(3.14)

𝜑 = 𝜑𝑖𝑛 + 𝜑𝑜𝑢𝑡
(3.15)

where 𝑘0 and 𝑑 represent the wave number and the offset of the feed source, (𝑥, 𝑦) is 

the position of the UC. The calculated phase distribution of the DDL is shown in Fig. 

3.17 (a). As for the DDL, the period of the UC is about half the wavelength. When 
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modelling the DDL, there is a tiny air gap between the UC to prevent the modelling 

error in simulation [30]. Therefore, UCs need to be built one by one, and the model of 

the DDL is shown in Fig. 3.17 (b). Imaging lenses require a larger aperture to capture 

more light for higher-quality images. With the increase in the aperture size, the number 

of UCs in the array increases rapidly, growing by a factor of the square of the number 

of columns. The modelling and 3D printing of DDLs with a large aperture requires

significant time. Therefore, a QFL is proposed to generate a larger imaging lens. With 

the same edge length D, the UC's period of the QFL is one-tenth that of the DDL. Based 

on the corresponding phase distribution shown in Fig. 3.17 (c), the lens surface is 

depicted using two-point Polylines in Ansys. Then, the lens connection can create the 

cross-section of the lens, and the surface connection creates the lens shown in Fig. 3.17 

(d). According to the simulation in Fig. 3.18, the proposed QFL has a similar focusing 

performance to the corresponding DDL at 140 GHz, as shown in Fig. 3.19. The half-

power beam width of the focal spot is 3.6 mm.

360

180

0
10 30 50
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30

50

z

y

x

(a)                                                    (b)

360

180

0
100 300 500
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300

500

z

y

x

(c)                                                     (d)

Fig. 3.17. Comparison between DDL and QFL ( F = 40 mm, D = 50 mm, d = 23.1 mm, 

Incident angle is 30°). (a) Phase distribution of the DDL; (b) Model of DDL; (c) Phase 

distribution of the QFL. (d) Model of QFL.
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yx

F

d

z
Feed source

Focal spot

QFL

D

Fig. 3.18. Schematic of the QFL. ( F = 40 mm, D = 50 mm, d = 23.1 mm, Incident angle 

is 30°).
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15 30 45

3000

1500

0

Fig. 3.19. Simulated electric field of the focus spot at 140 GHz. 

3.4.2 Focusing Effect Measurement

Owing to the configuration of the QFL, both the slicing and printing times are 

significantly reduced when fabricated using a fused deposition modelling (FDM) 3D 

printer. The printing process requires approximately two and a half hours. The 

fabricated QFL is shown in Fig. 3.20 (a), with a focal length of 68 mm and a diameter 

of 80 mm. The measurement setup, illustrated in Fig. 3.20 (b), consists of a 140 GHz 

feed source and a THz camera (TeraSense). The camera outputs intensity values ranging 

from 0 to 255 and contains 1024 pixels arranged in a 32 × 32 array, with a pixel size 

of 1.5 mm. The focal spot diameter, shown in Fig. 3.21 (a) and (b), ranges from 4.5 mm 

to 6 mm when the feed source is a horn antenna. As illustrated in Fig. 3.21 (c), the 

focusing effect becomes more pronounced when the feed source is a waveguide probe, 

resulting in a focal spot diameter of approximately 3 - 4.5 mm, corresponding to 2–3 

pixels, indicating an approximate imaging resolution of around 3 – 4.5 mm. The 3D-
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printed QFL successfully demonstrates near-field focusing capability, exhibiting a clear 

focusing effect. Furthermore, its compact and efficient configuration enables the 

fabrication of larger-aperture lenses, making it a promising candidate for sub-THz 

imaging system applications. 

    

QFL

Source

THz 

Camera

 

(a)                                        (b) 

Fig. 3.20. (a) Photo of the 3D printed QFL. ( F = 68 mm, D = 80 mm, d = 39.2 mm, 

Incident angle is 30°. (b) Measurement setup.  
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Fig. 3.21. The measured electric field of the focal spot at 140 GHz: (a) when the source 

is a horn antenna, (b) when the horn antenna source is moved, and (c) when the source 

is a waveguide probe.  
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The 3D-printed QFL has been demonstrated for near-field focusing. The focusing 

effect is obvious. The configuration of the QFL enables the fabrication of a larger lens, 

which can potentially be used in sub-THz imaging systems.

3.4.3 Fresnel Lens Imaging Experiment

Feed point

F

Fresnel
lens

F

z
yx

Focal point

D

        

(a)                                                                (b)

(c)

Fig. 3.22. (a) Schematic of the Fresnel lens (𝐹 = 35 𝑚𝑚,𝐷 = 50 𝑚𝑚 ). (b) Phase 

distribution of the Fresnel lens when 𝑊 = 0.1 𝑚𝑚. (c) Schematic of the ideal imaging 

condition.

Based on the aforementioned design method, another quasi-Fresnel lens is 

designed for normal incident real-time imaging. Based on Fermat's principle, which 

states that the circuit length of the incident electromagnetic wave is equal, the required 

phase compensation for each unit cell is obtained.
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 𝜑𝑖𝑛 = 𝑘0(√𝐹2 + 𝑥2 + 𝑦2 − 𝐹) (3.16) 

 𝜑𝑜𝑢𝑡 = 𝑘0(√𝐹2 + 𝑥2 + 𝑦2 − 𝐹) (3.17) 

 𝜑 = 𝜑𝑖𝑛 + 𝜑𝑜𝑢𝑡 (3.18) 

 

where 𝐹 is the focal length, 𝑘0 represents the wave number, (𝑥, 𝑦) is the position of the 

UC. The schematic of the Fresnel lens is shown in Fig. 3.22 (a), featuring a focal length 

of 35 mm and a diameter of 50 mm. As the aperture size increases, the number of UCs 

in the array rises rapidly, proportional to the square of the number of columns. In 

comparison, the continuous structure of the proposed Fresnel lens substantially reduces 

both modelling and printing time. Fig. 3.22 (b) illustrates the thickness distribution of 

the lens units, where the horizontal and vertical axes represent the unit indices in the 

array. The schematic of the ideal imaging condition is presented in Fig. 3.22 (c). Lens 

imaging can be understood as the refocusing of diverging waves emitted from an object. 

The object is regarded as an electromagnetic emitter composed of multiple point 

sources, while the lens operates to converge the waves from each point source onto their 

corresponding focal positions on the opposite side, thereby achieving real-time imaging 

in the THz band. 

The simulation model is shown in Fig. 3.23 (a), with a WR06 waveguide probe 

feeding at the bottom of the lens. Due to the large size of the lens used for testing, the 

simulation requires an excessive amount of memory. Therefore, a smaller model is used 

for simulation. The electric field is displayed within a 22 𝑚𝑚 ×  22 𝑚𝑚 range, with a 

working frequency of 140 GHz. To reduce simulation time, the diameter was adjusted 

to 41.6 mm. The simulated electric field pattern is shown in Fig. 3.23 (b). When the 

waveguide is positioned at the points (0,0), (3.5,0), and (7,0), the energy radiated by the 

waveguide converges again to the corresponding locations in the electric field display 

area. This indicates that a mirrored image can be formed on the other side of the lens. 

The corresponding half-power beam widths (HPBWs) are 2.8 mm, 2.5 mm, and 2.9 

mm, indicating an approximate imaging resolution of around 2.5 - 2.9 mm. 

Fig. 3.24 (a) illustrates the structure of the real-time imaging system, which 

comprises a 140 GHz feed source, a convex lens, a plano-convex lens, a conductive 

sticker with a T-shaped notch, a Fresnel imaging lens, and a THz camera (TeraSense). 
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All lenses are 3D-printed using COC material. The focal points of the convex and 

plano-convex lenses overlap, and their large separation distance helps minimise the 

direct influence of the feed source on the imaging process. The plano-convex lens 

generates plane waves, while the conductive sticker blocks EM waves, with the T-

shaped notch serving as the test object. As shown in Fig. 3.24 (b), a mirrored image of 

the T-shaped notch is formed on the camera sensor. The camera provides intensity 

values ranging from 0 to 255 and contains 1024 pixels arranged in a 32 × 32 array, 

with a pixel size of 1.5 mm. Since the focal lengths of the lenses are identical on both 

sides, the actual size of the T-shaped notch closely matches the image captured by the 

camera, measuring approximately 3 mm in width and 10 mm in length. The conductive 

sticker is mounted on a manually controlled XY motor stage to enable precise positional 

adjustment. Slight asymmetry and blurred edges in the image may result from 

measurement errors or fabrication inaccuracies; however, a clear mirrored image of the 

T-shaped notch was successfully obtained.

z

y
x

Waveguide
probe

Fresnel
lens

Display
area

    

(a)                                                                    (b)

Fig. 3.23. (a) Simulation model (𝐹 = 35 𝑚𝑚,𝐷 = 41.6 𝑚𝑚 ). (b) The normalised 

electric field amplitude varies with the position of the waveguide.
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(a) 

 

(b) 

Fig. 3.24. (a) Real-time imaging setup. (b) Measured imaging result.  

3.5 Conclusion 

In this chapter, a series of 3D-printed metalenses for 2D beam scanning, 1D beam 

scanning, and tilted imaging applications has been presented, demonstrating the 

potential of low-cost 3D printing technology for THz systems. The discrete metalens 

facilitates the design of phase distributions for diverse applications; however, its 

modelling and fabrication processes are time-consuming. In contrast, the continuous 

metalens significantly reduces modelling time and enables the fabrication of larger 

apertures, which can collect more electromagnetic waves and thereby enhance imaging 

quality. Overall, 3D printing technology proves to be a promising and versatile 

approach for the realisation of all-dielectric metalenses in THz applications. 
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Chapter IV Conductive and Dielectric Multimaterial 

Metasurface Lens  

4.1 Introduction 

Conductive and dielectric metasurface lenses can be fabricated using printed circuit 

board (PCB) and additively manufactured electronics (AME) technology. Conductive 

structures can achieve stronger resonance than dielectric structures and can have more 

freedom in design. AME technology includes metal-only [290], [291], dielectric-only 

[292], [293] and mixed medium-conductor structures [294], [295], [296], [297]. At 

present, one of the industry-leading AME technologies originates from the DragonFly 

IV printer developed by Nano Dimension [298], which can fabricate various electronic 

components, including the filter [299], metasurface [300], [301], [302], antenna and 

circuit [303]. The DragonFly IV operates on a piezoelectric inkjet system equipped with 

two nozzles that simultaneously deposit liquid acrylate dielectric ink (DI) and 

conductive silver nanoparticle ink (CI). Each of the two print heads contains 512 

nozzles dedicated to DI and CI, respectively. Following deposition, an ultraviolet (UV) 

lamp cures the DI droplets, while an infrared (IR) lamp sinters the CI droplets. Through 

this process, the prototype is fabricated layer by layer, as illustrated in Fig. 4.1 (where 

the DI and CI print heads are not shown). The printed prototype is formed on a Kapton 

film and subsequently peeled off once printing is complete. A solder mask is 

unnecessary when no lumped components are required for soldering. Moreover, step-

shaped and conical structures with non-planar geometries can be readily realised using 

AME technology. 
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(a)                                              (b) 

   

(c)                                               (d) 

 

(e) 

Fig. 4.1. Fabrication process of the applied multimaterial 3D printing. (a) Step 1 – 

Print the bottom solder mask layer. (b) Step 2 – Print dielectric, conductive patterns and 

through holes (if any). (c) Step 3 – Print 3D patterns. (d) Step 4 – Print the top solder 

mask layer for finishing. (e) Graphic symbol.  

 

However, at terahertz (THz) frequencies, the fabrication of metasurfaces using 

PCB and AME technologies becomes highly challenging due to stringent precision 

requirements, which in turn restricts the design flexibility. The THz spectrum spans 0.1 

- 10 THz, corresponding to wavelengths ranging from 3 mm to 0.03 mm. The typical 

size of a metasurface unit cell is less than half the wavelength, resulting in a maximum 

dimension of approximately 1.5 𝑚𝑚 ×  1.5 𝑚𝑚. In contrast, the fabrication precision 

achievable by PCB and AME processes is typically around 0.1 mm, making the design 

and realisation of THz metasurfaces particularly challenging. Circularly polarised and 

multi-polarised unit cells are among the key areas of focus in metasurface research. To 

realise phase modulation of circularly polarised waves, the following section provides 
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a brief introduction to the Pancharatnam–Berry (PB) phase and the corresponding Jones 

matrix analysis. 

4.1.1 Pancharatnam−Berry Phase 

 In the field of electromagnetic (EM) waves, the PB phase [304], [305] is a widely 

used mechanism for the phase control of circular polarisation, also referred to as the 

geometric phase [306], [307], [308]. This concept originates from optical metasurfaces 

employing nano-pillar structures [309], [310]. By rotating the orientation of the unit 

cell pattern, the transmission phase of the circularly polarised wave can be effectively 

modulated [311]. In this manner, ultrathin circularly polarised metasurfaces can be 

realised [312], [313], [314]. To further elucidate the principle of the PB phase, the Jones 

matrix analysis [315] is introduced, wherein EM waves are expressed in complex form. 

 

 𝐸⃗ (𝑧, 𝑡) = 𝐸0
⃗⃗⃗⃗ ∙ 𝑒𝑖(𝜔𝑡−𝑘𝑧) (4.1) 

 

where 𝜔 is the angular frequency, 𝑘 represents the wavenumber. In this case, the EM 

wave propagates along the z-axis, 𝐸0
⃗⃗⃗⃗  represents the vector of the electric field in the x-

y plane, which can be given without loss of generality 

 

 𝐸0
⃗⃗⃗⃗ = 𝐸𝑥𝑒

𝑖𝜙𝑥𝑥̂+𝐸𝑦𝑒
𝑖𝜙𝑦𝑦̂ (4.2) 

 

where (𝑥̂, 𝑦̂ ) are unit vectors along the x-axis and y-axis, 𝐸𝑥  and 𝐸𝑦  represents the 

amplitude of the electric field. 𝜙𝑥 and 𝜙𝑦 are the phases of the x-component and y-

component of the electric field. The EM wave can be packaged in vector notation. 

 

 𝐸⃗ (𝑧, 𝑡) = (
𝐸𝑥𝑒

𝑖𝜙𝑥

𝐸𝑦𝑒
𝑖𝜙𝑦

) 𝑒𝑖(𝜔𝑡−𝑘𝑧) = 𝐸0𝑒
𝑖𝜙𝑥 (

𝑐𝑜𝑠𝜒

𝑠𝑖𝑛𝜒𝑒𝑖𝜙) 𝑒𝑖(𝜔𝑡−𝑘𝑧) (4.3) 

 

where 𝐸0 is the real-valued amplitude, 𝐸0
2 = 𝐸𝑥

2 + 𝐸𝑦
2 and 𝜙 = 𝜙𝑦 − 𝜙𝑥. The Jones 

vector is given by:  
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 |𝑗⟩ = (
𝑐𝑜𝑠𝜒

𝑠𝑖𝑛𝜒𝑒𝑖𝜙) (4.4) 

 

where 𝜒  can represent the polarisation angle of the electric field and 𝜙  is the phase 

difference between the x and y components. An arbitrarily polarised electromagnetic 

wave can be represented using the Jones vector [156]: linear polarisation is |𝑗⟩ =

[𝑐𝑜𝑠𝜃; 𝑠𝑖𝑛𝜃] , left-hand circular polarisation (LHCP) is |𝐿⟩ = [1, 𝑖]/√2 , right-hand 

circular polarisation (RHCP) is |𝑅⟩ = [1,−𝑖]/√2. 

 Jones matrix, 𝑱 , consists of four complex numbers, which can represent the 

performance of a metasurface unit cell. It is given by: 

 

 𝑱 = (
𝐽𝑥𝑥 𝐽𝑥𝑦

𝐽𝑦𝑥 𝐽𝑦𝑦
) (4.5) 

 

where 𝐽𝑥𝑥 represents the case where an incident wave with an x-component results in 

the amplitude and phase of the outgoing wave with an x-component after interacting 

with the unit cell. In contrast, 𝐽𝑥𝑦 refers to the amplitude and phase of the outgoing y-

component resulting from an incident x-component. Therefore, when LHCP is incident 

on a unit cell, the Jones matrix calculation can be given by:   

 

 𝐸𝑜𝑢𝑡 = [𝑒
−𝑖𝜑 0
0 𝑒−𝑖𝜑

] ∙
√2

2
∙ [

1
𝑖
] (4.6) 

 

When the unit cell is rotated by an angle 𝜃, the Jones matrix is multiplied by a 

rotation matrix. 

 

 
𝐸𝑜𝑢𝑡 = [

𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] ∙ [𝑒
−𝑖𝜑 0
0 𝑒−𝑖𝜑

] ∙
√2

2
∙ [

1
𝑖
] 

= 𝑒−𝑖𝜑 ∙ 𝑒−𝑖𝜃 ∙
√2

2
∙ [

1
𝑖
] 

(4.7) 

 

This indicates that the transmitted wave preserves its circular polarisation, while 

an additional phase shift is imparted by the metasurface unit cell. The same applies to 
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RHCP. Therefore, PB metasurface unit cells can achieve phase modulation of circularly 

polarised waves through rotation. 

4.1.2 Jones Matrix Calculation 

Since HFSS simulation software provides results only for x- and y-polarised waves, 

the CP results must be obtained by combining the dual linear polarisation components 

through Jones matrix analysis. This approach allows the derivation of the LHCP and 

RHCP components. The simulation results of the dual linear polarisations can therefore 

be represented in the following Jones matrix, expressed as:  

 

 𝑻 = [
𝑇𝑥𝑥 𝑇𝑥𝑦

𝑇𝑦𝑥 𝑇𝑦𝑦
] (4.8) 

 

where T denotes the transmission coefficient, and the subscripts are the same as those 

in Equation (4.8). Under the LHCP incidence, |𝐿⟩ = [1, 𝑖]/√2, the corresponding Jones 

matrix is expressed as:  

 

 [
𝑇𝑥𝑥 𝑇𝑥𝑦

𝑇𝑦𝑥 𝑇𝑦𝑦
] ∙

𝟏

√𝟐
[
𝟏
𝒊
] = 𝑨 ∙

𝟏

√𝟐
∙ [

𝟏
𝒊
] + 𝑩 ∙

𝟏

√𝟐
∙ [

𝟏
−𝒊

] (4.9) 

 

After the LHCP incidence, both LHCP and RHCP components are obtained, where 

A and B represent the transmission coefficients of these two components, respectively. 

Based on the calculation, the transmission coefficients A and B can be expressed as 

follows:  

 

 
𝑨 =

𝟏

𝟐
[𝑇𝑥𝑥 − 𝑇𝑦𝑦 + 𝑖(𝑇𝑥𝑦 + 𝑇𝑦𝑥)] 

𝑩 =
𝟏

𝟐
[𝑇𝑥𝑥 + 𝑇𝑦𝑦 + 𝑖(𝑇𝑥𝑦 − 𝑇𝑦𝑥)] 

(4.10) 

 

By inputting this equation into the simulation software, the transmission 

coefficients for the LHCP and RHCP components of the unit cell can be obtained. 

Similarly, for unit cells designed to convert linear polarisation into circular polarisation, 
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the corresponding transmission coefficients can be calculated using the following 

equation, when an X-polarised wave is incident.

[
𝑇𝑥𝑥 𝑇𝑥𝑦

𝑇𝑦𝑥 𝑇𝑦𝑦
] ∙ [

𝟏
𝟎
] = 𝑨 ∙

𝟏

√𝟐
∙ [

𝟏
𝒊
] + 𝑩 ∙

𝟏

√𝟐
∙ [

𝟏
−𝒊

]

𝑨 =
√𝟐

𝟐
[𝑇𝑥𝑥 + 𝑖 ∙ 𝑇𝑦𝑥]

𝑩 =
√𝟐

𝟐
[𝑇𝑥𝑥 − 𝑖 ∙ 𝑇𝑦𝑥]

(4.11)

Thus, the transmission coefficients for various polarisations can be calculated.

4.2 Circularly-Polarised Multimaterial Metasurface Lens For High 

Gain Enhancement and 2D Beam-Scanning

The THz spectrum (0.1 - 10 THz) has been attracting increasing research attention. 

Recently, the THz frequency band from 95 GHz to 3 THz has been allocated for sixth-

generation (6G) mobile communication experiments, aiming to integrate air-, space-, 

and ground-based connections [316], as illustrated in Fig. 4.2. THz waves provide 

broadband communication capability for inter-satellite links, with minimal atmospheric 

absorption in the vacuum environment. To achieve dynamic and reliable 

communication, the beam-steering technique [317] is highly anticipated to play a key 

role in future 6G networks.

Fig. 4.2. Schematic of the D-band intersatellite THz communications
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As the operating frequency increases, the minimum design feature of the metalens 

(ML) is approaching the fabrication limits of PCB technology, thereby posing 

significant challenges in the design of THz unit cells (UCs). The development of THz 

ML UCs with simplified geometries is therefore anticipated to alleviate fabrication 

constraints. According to the open literature, various THz ML UCs have been realised 

using 3D-printed dielectric posts[30], [318], Fabry–Perot-like resonators [319], [320], 

frequency-selective surfaces (FSSs) [321], [322], Huygens UCs [323], and 

transmitting–receiving (Tx–Rx) UCs [324], [325]. However, only a limited number of 

studies have proposed THz MLs for linear-to-circular polarisation (LP–CP) conversion. 

In [326], 3D printing was employed to design CP THz MLs, in which dielectric UCs 

incorporated CP polarisers to achieve LP-CP conversion. At lower frequencies, various 

LP-CP Tx-Rx UCs have been reported, including designs featuring a U-shaped slot 

[327], [328], an off-centre feeding point [329], [330], and CP antennas [331], [332], 

[333]. Statistically, the gap between the ground hole and the metal via in these designs 

is approximately 0.01 𝜆0(where 𝜆0 denotes the central wavelength), which approaches 

the fabrication precision limits of standard PCB technology in the THz band. 

This section presents a sub-THz wideband LP-CP ML for ±30° two-dimensional 

(2D) beam-scanning applications. A novel angle-multiplexed multifocal phase 

distribution (PD) calculation method is proposed to enable 2D beam steering with 

higher gain enhancement and without the need for additional optimisation. A coaxial-

line-based UC is also introduced to achieve improved P-B phase performance. The first 

D-band conductive–dielectric multimaterial LP-CP ML was realised through additive 

manufacturing, reaching the highest operating frequency range attainable within the 

precision limits of current additive manufacturing technology. The proposed 26 ×  26 

LP-CP ML achieved a gain enhancement of 16.3 dB compared with the standard WR-

06 waveguide probe. The simulated and measured 3-dB gain bandwidths are 19.6% and 

16.3%, respectively. 

4.2.1 Circularly-Polarised Metasurface Unit Cell with 3D Transmission Line 

The proposed designs are fabricated using an additive manufacturing technique 
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[159], [334], [335]. The arbitrary thickness of the dielectric layer (𝜀𝑟 = 2.7, tanδ =

0.04  at D-band) can be obtained. The accuracy reached through this method is 

approximately 36 𝜇𝑚 for printing the conductive layer. The accuracy of the thickness 

of the dielectric layer is about 17 𝜇𝑚. The minimum width of the conductive layer is 

100 𝜇𝑚, and the minimum diameter of the metallic via is 200 𝜇𝑚. The conventional 

Tx-Rx UC consists of a lower LP Rx patch and an upper CP Tx patch, and there is only 

one ground plane between the upper and lower patches. Metal vias and a ground hole 

work for connection, as shown in Fig. 4.3 (a) and (b). The conventional and proposed 

Tx-Rx UC are marked as UC1 and UC2. A three-dimensional coaxial line (CL) is 

introduced in the revised UC, and the size of the patches is optimised for impedance 

matching in the same frequency band. Fig. 4.3 (b) shows an exaggerated structure, and 

Fig. 4.3 (c) shows the detail of the proposed UC2; the actual size depends on the data. 

The coaxial line and the patches are made of the same material, and the different colours 

are only used to distinguish them. 

z

y
xUC1 UC2

Conventional 
Tx-Rx UC

Proposed 
Tx-Rx UC

   
UC1

LP Rx 
patch

CP Tx 
patch

GND

Via

H1

H2

H3

UC2

3D
coaxial 

line (CL)

(a)                                                                (b)

P

L1

W1

D1

D2

D3

W2

L2

D4

D5

φ

(c)

Fig. 4.3. Configuration of the conventional and proposed unit cell (UC): (a) CP Tx-Rx 

unit cell (UC). (b) Exploded diagrams. (c) Proposed UC2 details:  H1 = 0.175, H2 = 

0.2, H3 = 0.24, P = 1.1, L1 = 0.4, L2 = 0.33, W1 = 0.5, W2 = 0.3, D1=0.2, D2=0.1, 

D3=0.1, D4=0.2, D5=0.1. Units: mm. Φ is the rotation angle. 
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The “e”-shaped CP patch is employed to generate CP waves. Intuitively, rotating 

the CP patch can modulate the transmission phase with only a minor influence on the 

reflection coefficient. As shown in Figs. 4.4 (a) and (b), when the straight arm and the 

LP patch are oriented in the same direction (Φ =  0°, 𝐷2 =  0.05 𝑚𝑚), UC1 exhibits 

a broader -10 dB bandwidth, ranging from 110 GHz to 158 GHz. Conversely, when the 

two components are oriented oppositely (Φ =  180°), the bandwidth narrows to 121 - 

137 GHz, with only slight variations in the transmission coefficients. However, a gap 

(D2) of 0.05 mm is too narrow for practical fabrication and must be increased to at least 

0.1 mm. As illustrated in Figs. 4.4 (c) and (d), this adjustment deteriorates both the 

transmission and reflection coefficients when Φ =  180°, although UC1 still maintains 

a broad bandwidth at Φ =  0°. The enlarged central gap adversely affects the reflection 

coefficients when applying the PB phase method. Moreover, the ground hole with via 

is often neglected at lower frequencies due to its small physical size. In Table 4.1, the 

“Gap” refers to the distance between the via and the ground hole, corresponding to the 

parameter D2 in Fig. 4.3 (c). The Tx–Rx unit cells [328], [336], [337] that employ only 

a single ground plane typically exhibit a small gap of approximately 0.01λ₀. In contrast, 

the substrate-integrated cavity slot-fed unit cell [338] can realise the Pancharatnam–

Berry (PB) phase while accommodating a larger gap. To alleviate the adverse effects of 

this large gap and to electrically connect the upper and lower patches, a coaxial line is 

introduced. Based on this approach, a new unit cell (UC2) is proposed.  

 

TABLE 4.1 

GEOMETRY COMPARISON BETWEEN VARIOUS TX-RX UNIT CELLS  

Unit cell 
Freq 

(GHz) 

Via 

diameter 

(mm) 

Ground hole 

diameter (mm) 

D2 Gap 

(mm) 

D2 Gap 

(𝜆0) 

[328] 10.5 0.4 1 0.3 0.01 

[336] 10 0.5 1.4 0.45 0.01 

[337] 20 0.56 0.88 0.16 0.01 

[338] 28 0.3 1.3 0.5 0.04 

Proposed 125 0.2 0.4 0.1 0.04 

 



UTS THESIS 

100 
 

 

(a)

      

(b)

 

(b)

      

(c)

 
Fig. 4.4. Performance of the UC1 with different gaps for different rotation angles using 

the lossless substrate. (a) Reflection coefficients and (b) transmission coefficients when 

D2=0.05mm; (c) Reflection coefficients and (d) Transmission coefficients when 

D2=0.1mm. |𝑅𝑋−𝑋| represents the reflection coefficient from X to X polarised waves. 

|𝑇𝑅−𝑋| represents the transmission coefficient from X to RHCP waves.  

 

(a)

       

(b)

 

(b)

      

(c)

 
Fig. 4.5. P-B performance of the UC 2 with the coaxial line. (a) Reflection coefficients 

from X to X polarised waves; (b) transmission coefficients from X to RHCP waves; (c) 

Transmission coefficients from X to LHCP waves, (d) Transmission phase of  |𝑇𝑅−𝑋|. 
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The simulated performance of the UC2 is given in Fig. 4.5. A wide -10 dB 

bandwidth is from 116.7 GHz to 142.4 GHz (19.8%) for any rotation angles. To prove 

the concept, the lossless substrate is used in the simulation. The peak transmission 

coefficient from X to RHCP polarised waves is -0.2 dB, and the normalised -1 dB 

bandwidth is from 116 GHz to 141.1 GHz (19.5%). The transmission coefficients from 

X to LHCP polarised waves are better than -10 dB over the operating frequency band. 

The transmission phase of |𝑇𝑅−𝑋| varies with the rotation of the CP patch, which can

provide a 360° phase cycle. 

4.2.2 Angle-Multiplexed Multifocal Method

TA

2 1

θ

F

d

z

y

Fig. 4.6. Coordinate system of the proposed MLA. The light red represents the radiation 

coverage of Port 1. 

The proposed CP UC is designed for a 26 × 26 ML. An ML with a focal plane is 

designed for beam-scanning applications. For comparison, the bifocal method [338], 

[339], [340] and the angle-multiplexed multifocal method are adopted to calculate the 

PD for one-dimensional (1D) beam-scanning. The related coordinate system is depicted 

in Fig. 4.6, 𝜃 is the tilted angle of the radiation beam, 𝑑 represents the offset of Port 1 

from the centre. The common bifocal PDs for Port 1 and Port 2 can be given by: 

Ψ1 = 𝑘0(√𝑥2 + (𝑦 − 𝑑)2 + 𝐹2 + 𝑦 ∗ 𝑠𝑖𝑛𝜃) (4.12)
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 Ψ2 = 𝑘0(√𝑥2 + (𝑦 + 𝑑)2 + 𝐹2 − 𝑦 ∗ 𝑠𝑖𝑛𝜃) (4.13) 

 

 Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1 = (Ψ1 + Ψ2)/2 (4.14) 

 

where 𝑘0 is the wave number in free space, and (𝑥, 𝑦) is the position of the metasurface 

lens unit cell. The focal length is 12 mm, and the θ is set to 30°. Two single-focal PDs 

Ψ1 and Ψ2 are shown in Fig. 4.7 (a) and (b), respectively. The common bifocal PD is 

presented in Fig. 4.7 (c). The basic principle of the bifocal method is based on similar 

PDs for two focal points. When the following equation holds:  

 

      𝑑 = 𝐹 ∗ 𝑡𝑎𝑛𝜃 (4.15) 

 

The centres of the two single-focal PDs are located in the centre of the ML, which 

can minimise the phase errors of the Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1. On the other hand, the authors take an 

initial approach by adopting the angle-multiplexing technique adapted from OAM 

metasurface designs [341], [342].  

 

 Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_2 = 𝑎𝑛𝑔𝑙𝑒[𝑒𝑥𝑝(𝑗Ψ1) + exp(𝑗Ψ2)] (4.16) 

 

The 𝑎𝑛𝑔𝑙𝑒[∙] is used to obtain the complex phase angle. The angle-multiplexed PD is 

shown in Fig. 4.7 (d). As shown in Fig. 4.7(e), the difference between the two phase 

distributions takes only two discrete values, 0° and 180°, indicating that Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1 and 

Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_2  exhibit highly similar patterns. The angle-multiplexed multifocal method 

was first validated in a 1D application scenario, demonstrating that it can achieve 

equally accurate results without introducing additional computational complexity. The 

advantages of this approach become more pronounced in the subsequent subsection, 

where it is applied to a 2D scenario. 
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(c)                                        (d) 

Fig. 4.7. Phase distributions (PDs) at 125 GHz. (a) PD fed by port 1 only for a single 

tilted beam. (b) PD fed by port 2 only for a single tilted beam. (c) Conventional bifocal 

PD, Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1. (d) Angle-multiplexed bifocal PD, Ψ𝑏𝑖𝑓𝑜𝑐𝑎𝑙_2. 

 

The theoretical analysis is as follows. The angle-multiplexed method is more 

theoretically suitable for multifocal metasurface design. For simplicity, the bifocal case 

is discussed below. The radiating field of the feed sources (Ports 1 and 2) can be given:  

 

 𝑈𝑝𝑛 = 𝑐𝑜𝑠𝑞(𝜃𝑝𝑛)
exp(−𝑗𝑘0|𝑟 − 𝑟𝑝𝑛⃗⃗ ⃗⃗  ⃗|)

|𝑟 − 𝑟𝑝𝑛⃗⃗ ⃗⃗  ⃗|
= 𝐸𝑝𝑛𝑒𝑥 𝑝(−𝑗𝑘0𝑅𝑛) ;    𝑛 = 1, 2 (4.17) 

 

Here, 𝑐𝑜𝑠𝑞1(𝜃𝑝1) represents the model of the radiation pattern of port n (𝑛 = 1, 2). 𝑟  

and 𝑟𝑝𝑛⃗⃗ ⃗⃗  ⃗ are the position vectors of the phase centre of port n. 𝐸𝑝𝑛 is the illuminated 

amplitude to the metasurface. 𝑅𝑛 is the spatial distance between port n and each pixel 

in the metasurface. The complex transmittance of the normal bifocal (𝑇𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1) and 

angle-multiplexed bifocal (𝑇𝑏𝑖𝑓𝑜𝑐𝑎𝑙_2) PD in the metasurface is given:  

 

 𝑇𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1 = 𝐴[𝑒𝑥𝑝(𝑗𝑘0𝑅1 + 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃 + 𝑗𝑘0𝑅2 − 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃)] (4.18) 

 

 𝑇𝑏𝑖𝑓𝑜𝑐𝑎𝑙_2 = 𝐴[𝑒𝑥𝑝(𝑗𝑘0𝑅1 + 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃) + 𝑒𝑥𝑝(𝑗𝑘0𝑅2 − 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃)] (4.19) 
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𝐴 represents the amplitude of the complex transmittance. When the wave 𝑈𝑝1 from Port 

1 illuminates the angle-multiplexed bifocal metasurface. The generated wave is 

therefore given by: 

 

 

𝑈1 = 𝑇𝑏𝑖𝑓𝑜𝑐𝑎𝑙_1 ∙ 𝑈𝑝1 

= 𝐴{ 𝑒𝑥𝑝(𝑗𝑘0𝑅1 + 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃 + 𝑗𝑘0𝑅2 − 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃)
∙ 𝐸𝑝1 exp(−𝑗𝑘0𝑅1) 

= A′𝑒𝑥𝑝(𝑗𝑦 ∗ 𝑠𝑖𝑛𝜃 + 𝑗𝑘0(𝑅2 − 𝑅1) − 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃) 

= A′𝑒𝑥𝑝(𝑗𝜑𝑃𝑊 + 𝑗𝜑𝑅𝑒𝑠𝑖𝑑𝑢𝑒) 

(4.20) 

 

 

𝑈2 = 𝑇𝑏𝑖𝑓𝑜𝑐𝑎𝑙_2 ∙ 𝑈𝑝1 

= 𝐴{ 𝑒𝑥𝑝(𝑗𝑘0𝑅1 + 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃) + 𝑒𝑥𝑝(𝑗𝑘0𝑅2 − 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃)}
∙ 𝐸𝑝1 exp(−𝑗𝑘0𝑅1) 

= A′𝑒𝑥𝑝(𝑗𝑦 ∗ 𝑠𝑖𝑛𝜃) + 𝐴′𝑒𝑥𝑝(𝑗𝑘0(𝑅2 − 𝑅1) − 𝑗𝑘0𝑦 ∗ 𝑠𝑖𝑛𝜃) 
= A′𝑒𝑥 𝑝(𝑗𝜑𝑃𝑊) + A′𝑒𝑥 𝑝(𝑗𝜑𝑅𝑒𝑠𝑖𝑑𝑢𝑒) 

(4.21) 

 

The first term (A′𝑒𝑥 𝑝(𝑗𝜑𝑃𝑊)) in Equation (4.21) represents a radiated planar wave 

(PW) beam with a tilted angle of 𝜃. In the normal bifocal case, Equation  (4.20), the PD 

generating a PW is contaminated by the 𝜑𝑅𝑒𝑠𝑖𝑑𝑢𝑒 . By comparison, the angle-

multiplexed method can obtain a term to generate a pure PW. Although the residue is 

inevitable, its effect is alleviated in the angle-multiplexed case.  As for the case of 

several focal points, the angle-multiplexed method is more suitable for 2D beam-

scanning. 

When designing for a 2D beam-scanning ML, the difference between the common 

and angle-multiplexed methods increases. Fig. 4.8 (a) shows eight PDs for a single 

tilted beam, and Fig. 4.8 (b) and (c) are the combination of these PDs using the common 

and angle-multiplex methods. These PDs can be calculated by:   

 

 

Ψ𝑛 = 𝑘0(√(𝑥 − 𝑑 ∗ 𝑐𝑜𝑠𝜑𝑛)2 + (𝑦 − 𝑑 ∗ 𝑠𝑖𝑛𝜑𝑛)2 + 𝐹2 
           −𝑠𝑖𝑛𝜃 ∗ [𝑥 ∗ cos(𝜑𝑛 + 𝜋) + 𝑦 ∗ sin (𝜑𝑛 + 𝜋)]) 

𝜑𝑛 = (𝑛 − 1) 
𝜋

4
    n=1, 2, 3, … , 8 

(4.22) 

 

 Ψ𝑚𝑢𝑙𝑡𝑖−𝑓𝑜𝑐𝑎𝑙_1 =
1

8
∑ Ψ𝑛

8

𝑛=1

 (4.23) 
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Ψ𝑚𝑢𝑙𝑡𝑖−𝑓𝑜𝑐𝑎𝑙_2 = 𝑎𝑛𝑔𝑙𝑒[∑ 𝑒𝑥𝑝(𝑗Ψ𝑛)

8

𝑛=1

] (4.24)

where the parameter 𝜑𝑛 represents the angle between the focal point and the X-axis. 

The 𝜑𝑛 + 𝜋 is the direction of the ML radiation beam. The simulated radiation patterns 

and gains versus frequency are shown in Fig. 4.9. The simulated results are based on a 

lossless material to show the improvement of the proposed method. The beams for the 

direction of (φ, θ) have been coloured: red for the plane of φ = 0°, and green for the 

plane of φ = 90° . The plane of φ = 45°   (black) is omitted for clarity. They are 

correlated with the radiation patterns. In Fig. 4.9 (b) and (c), the gains of four beams by 

using the common method are 21.6 dBic for the direction of (φ = 0°, θ = 0°), 19.8 

dBic for (φ = 0°, θ = 30° ), 19.1 dBic for (φ = 90°, θ = −30° ), and 19.2 dBic for 

( φ = 45°, θ = −30° ). By comparison, the gains by using the angle-multiplexed 

method are 24.8 dBic, 23.6 dBic, 23.8 dBic and 23.6 dBic. In Fig. 4.9 (d) and (e), 

compared with the common method, about 3-4 dB gain enhancement and 1.2 dB scan 

loss are achieved by using the angle-multiplexed method.
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Fig. 4.8. Phase distributions (PDs) at 125 GHz. (a) Eight PDs for a single tilted beam. 

(b) Conventional bifocal PD, Ψ𝑚𝑢𝑙𝑡𝑖−𝑓𝑜𝑐𝑎𝑙_1. (c) Angle-multiplexed PD, Ψ𝑚𝑢𝑙𝑡𝑖−𝑓𝑜𝑐𝑎𝑙_2
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Fig. 4.9. Comparison between the angle-multiplexed and common method with a

lossless material. (a) Schematic of three beams. (b) and (c) Radiation patterns at 125 

GHz. (d) and (e) Gain versus frequency of four beams. 

4.2.3 Measurement and Comparison

The prototype is shown in Fig. 4.10. The ML is fed by the standard WR-06

waveguide probe. The measured and simulated radiation patterns at 125 GHz are 
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presented in Fig. 4.11. The beams' directions are −30°, −15°, 0°, 15°, and 30°. Seven 

beams have been marked from #1 to #7, and their related feed sources' position is 

plotted in Fig. 4.11 (d); the related coordinates of the seven points are (0,0), (3.5,0), 

(7,0), (2.47,2.47), (4.95,4.95), (0,3.5), and (0,7), with all dimensions expressed in 

millimetres (mm). The simulated gain of the ML reduces to 22.7 dBic with a scan loss 

of 1.2 dB, while the measured one is 19.6 dBic and 0.7 dB. 

FrontBack
  

1 cm

(a)                                              (b)

Coaxial 
line

LP Rx 
patch

CP Tx 
patch

(c)                                              (d)

Fig. 4.10. (a) Back and front of the prototype and the zoom-in image. (b) Transmitarray 

antenna. (c) Additively manufactured ML UC with four metal layers without showing 

the dielectric materials. Invisible coaxial lines are 3D-printed for the connection 

between the Tx and Rx patches. (d) The photo of the proposed metasurface.
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Fig. 4.11. Measured and simulated radiation patterns at 125 GHz in the plane of (a) φ =

0°, (b) φ = 45°, and (c) φ = 90°. 𝜃 is the elevation angle (measured from the z-axis), 

and 𝜑 is the azimuth angle (measured clockwise from the x-axis around the z-axis). (d) 

The position of four feed sources with marks under the ML. Solid line: simulated results. 

Dash line: measured results.  

 

The simulated and measured gain and AR curves versus frequency for various 

beams are shown in Fig. 4.12. The simulated overlapped 3-dB gain bandwidth for 

beams #1-#7 is from 114 GHz to 138 GHz (19.6%), and the AR bandwidth is from 110 

GHz to 145 GHz (27.4%). The measured overlapped 1-dB and 3-dB gain bandwidth, 

and the AR bandwidths are from 120.6 to 133.8 GHz (10.4%), from 116.2 to 136.8 GHz 

(16.3%) and 110 to 150 GHz (30.7%) for various beams. The average beam scan loss 

is about 1.7 dB. The performance comparison is given in Table 4.2.  
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The primary function of the beam-scanning metasurface is to enhance the gain and 

directivity of the feed sources. Furthermore, a higher feed source gain directly 

contributes to a higher gain of the metalens antenna (MLA). Therefore, to 

comprehensively demonstrate the performance of the proposed metalens (ML), its gain 

enhancement must be included in the evaluation. Compared with [343], the proposed 

ML achieves greater gain enhancement while maintaining a similar focal-to-diameter 

(F/D) ratio. Theoretically, a smaller F/D ratio yields stronger gain enhancement; 

however, the proposed ML demonstrates superior performance even when compared 

with [338]. Despite the higher material losses - accounting for an estimated 2-3 dB loss 

budget—the proposed MLA still achieves lower scan loss and higher gain enhancement 

than that reported in [323]. Currently, only a few designs for sub-THz CP MLAs have 

been reported, with [326] being one of the few examples, as the design and fabrication 

of sub-THz MLs remain highly challenging.  

An increase in the feed source gain directly leads to an increase in the ML antenna 

gain. Therefore, the gain enhancement relative to the feed source is discussed here to 

evaluate the intrinsic performance of the ML. The proposed ML achieves a gain 

enhancement of 16.3 dB using the angle-multiplexed multifocal method, even when 

accounting for an estimated 2-3 dB material loss. This gain improvement is achieved 

partly at the expense of the gain bandwidth and beam coverage.  

 

5  

(a)                                                    (b) 

Fig. 4.12. Measured and simulated gain and AR. (a) Beam #1 and Beam #2. (b) Beam 

#3 and Beam #4. 
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TABLE 4.2 

PERFORMANCE COMPARISON WITH OTHER METASURFACE LENSES 

Ref. 

Freq 

(GH

z) 

Pol. F/D 
Gain 

(dBi) 

Gain 

Enha

ncem

ent 

(dB) 

1dB 

Gain 

BW 

3dB 

Gain 

BW 

AR 

BW 

Beam 

Cover

age 

Scan 

Loss 

(dB) 

[343] 27 
LP-

CP 
0.44 21.5 11.5 N.G. 

33.3

% 

40.7

% 

±33° 
(1D) 

2 

[338] 26 CP 0.37 21.4 13.4 N.G. 
20.0

% 

20.0

% 

±33° 
(2D) 

1.2 

[323] 200 LP 2.47 29 7 N.G. 
19.1

%  
N.A. 

±48° 
(1D) 

2.85 

[326] 300 
LP-

CP 
2 30 7 

13.3

% 

13.3

%  

18.8

% 
N.A. N.A. 

Propo

sed 
125 

LP-

CP 
0.42 22.8 16.3 

10.4

% 

16.3

% 

30.7

% 

±30° 
(2D) 

1.7 

N.G.: Not Given;  N.A.: Not Applicable 

 

A sub-THz CP MLA for 2D beam steering is realised using the angle-multiplexed 

multifocal method. The proposed MLA achieves high gain improvement, LP-CP 

conversion, and a wide 2D beam-steering range of ±30° with a scan loss of only 1.7 

dB in the planes of 𝜑 =  0° , 𝜑 =  90° , and 𝜑 =  45° . The prototype is fabricated 

using 3D multimaterial additive manufacturing. A coaxial line is employed to connect 

the Tx and Rx antenna patches, effectively mitigating the influence of the PB phase on 

the reflection coefficients. The angle-multiplexed approach further enhances the beam-

steering performance. Overall, the proposed MLA represents a promising candidate for 

future inter-satellite communication applications. 
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4.3 Dual-Polarised Multimaterial Metasurface Lens for Beam-

Scanning Applications 

Metamaterial lenses (MLs) are believed to be an exciting technology for beam-

shaping and possibly steering using elaborately designed phase-shift unit cells. Studies 

on metasurfaces have demonstrated their strong plasticity. They can be designed with 

the functions of transmittance enhancement [344], orbital angular momentum (OAM) 

[345], 1D beam-steering [346], and near-field focusing (NFF) [347]. However, these 

complex unit cells are difficult to achieve in THz bands due to fabrication challenges.  

In this section, a multilayered ML is proposed for beam-steering applications. The 

ML consists of 22 ×  22 phase-shifting unit cells, each comprising seven metal layers 

integrated within a single substrate. The 3D-printed ML was fabricated using a 

piezoelectric printing system [348], capable of simultaneously depositing conductive 

and dielectric materials. The designed ML unit cells achieve a full 360° phase shift by 

stacking circular patches, with the interlayer spacing flexibly adjusted to fine-tune the 

phase response. The proposed ML is excited by a standard WR-06 waveguide probe 

and demonstrates beam-steering capability through rotation of the waveguide along a 

predefined trajectory of ±30°. 

 

4.3.1 Multilayered Metasurface Unit Cell 

The proposed step-shaped ML in Fig. 4.13 (a) consists of 22 ×  22 unit cells and 

operates at 120 GHz with a total dimension of 26.4 𝑚𝑚 ×  26.4 𝑚𝑚 , and a focal 

length of 27 𝑚𝑚. Fig. 4.13 (b) shows a typical ML unit cell with a period of 1.2 mm. 

It consists of multiple circular patches arranged in multiple layers, with an interlayer 

spacing of 300 𝜇𝑚. The number of patches increases with the transmission phase delay, 

and the diameter of each patch can be adjusted to match the phase step of the desired 

transmission phase. The parameter H1 is fixed at 2 mm, corresponding to the maximum 

height (H2) of the dielectric material. By adjusting the substrate height, the transmission 

phase shift of the unit cell can be tuned. The dielectric constant and loss tangent of the 
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material are 2.5 and 0.02, respectively. The schematic diagram of the beam-steering ML 

is shown in Fig. 4.13 (c), where 𝛼 denotes the rotation (incident) angle of the feed point, 

and 𝜃 represents the main beam angle. The rotation centre of the feed point is located 

behind the ML, with a separation distance of dz = 2.5 mm. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 4.13. (a) 3D model of the THz ML, (b) Proposed phase shift unit cell. (c) Schematic 

of the beam-steering setup. 
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Fig. 4.14 illustrates the transmission phase shift of the eight proposed ML unit cells. 

The thicknesses of the unit cells are categorised into four levels: 2.0 mm, 1.5 mm, 1.0 

mm, and 0.5 mm. Each unit cell can be regarded as a composite structure consisting of 

an air layer and a dielectric layer. For unit cells with the same total thickness, the 

diameter of the circular patches can be adjusted to achieve increased phase delay. 

According to the design guideline, the minimum microstrip patch width should exceed 

110 𝜇𝑚 [349]. The proposed circular patches offer greater structural robustness and are 

less sensitive to fabrication errors during 3D printing. The minimum printable layer 

thicknesses are 0.3 𝜇𝑚 for the conductive layer and 2.5 𝜇𝑚 for the dielectric layer. The 

maximum substrate thickness that can be fabricated is 3 mm, with a fabrication 

tolerance of ±5%. This tolerance may deteriorate when the printed substrate thickness 

approaches the upper fabrication limit. 

 

 

(a) 

 

(b) 

Fig. 4.14. (a) Simulation model of eight UCs. (b) The proposed phase shift unit cells 

(UCs) and their transmission phase response cover a full range of 360 degrees. 

 

Additionally, the 3D printing dielectric inks—typically acrylate-based materials—
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exhibit relatively high losses in the THz band. Reducing the thickness of the unit cells 

can effectively minimise dielectric losses and improve the transmission coefficient of 

the ML. The designed unit cells are positioned near the centre of the lens aperture by 

optimising the phase distribution of the ML, thereby enhancing the overall gain. The 

phase distribution of the proposed ML can be derived from Fermat’s principle, as 

expressed below:  

 

 𝜑(𝑥, 𝑦) =
2𝜋

𝜆0
(√𝑥2 + 𝑦2 + 𝐹2 − 𝐹) + 𝜑0 (4.25) 

 

where the original focal length F is 21 mm, 𝜆0 is the wavelength at 120 GHz and 𝜑0 

represents the initial phase. According to Equation (4.25), the feed source at the feed 

point in Fig. 4.13 (c) is regarded as an ideal point source and radiates a spherical wave 

from the phase centre of the feed source. However, the ideal phase centre is non-existent. 

Therefore, the optimisation of the focal length is needed, which is carried out by the 

full EM simulation tool - HFSS. 

4.3.2 Optimisation 

As shown in Fig. 4.15 (a), increasing the focal length (𝐹) from 21 mm to 27 mm 

results in a significant gain improvement from 16.7 dBi to 21.6 dBi at 120 GHz. The 

optimised gain across the operating frequency band ranges from 19.1 dBi to 21.6 dBi. 

Compared with the gain of the WR-06 waveguide, a gain enhancement of 

approximately 12.5 - 15.7 dB is achieved. When the feed source is rotated by 30°, the 

radiation patterns at 120 GHz for different dz values are illustrated in Fig. 4.15 (b). It 

can be observed that the main beam direction of the ML increases with dz, reaching 30° 

when dz = 2.5 mm. Therefore, the proposed ML successfully achieves beam-steering 

performance while maintaining the same incident angle (𝛼) and beam angle (𝜃). 
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(a)                                                           (b) 

Fig. 4.15. (a) Gain of WR-06 waveguide and ML with different focal length F. (b) 

Radiation patterns at 120 GHz with different dz when 𝛼 =  30°. 

4.3.3 Experimental Results 

Fig. 4.16 (a) and (b) show the 3D printed 120 GHz ML prototype. A D-band (110 

- 170 GHz) far-field scanning measurement setup is built to measure the radiation 

patterns of the ML at 120 GHz, as shown in Fig. 4.16 (c). The measured radiation 

patterns exhibit good agreement with the simulated results. The simulated results with 

different 𝛼𝛼 are 21.5 dBi at 0°, 21.3 dBi at -10°, 20.6 dBi at -20° and 18.3 dBi at -30° 

in H-plane, while the measured ones are 20.6 dBi, 21.1 dBi, 20.0 dBi and 18.0 dBi. 

Because of the symmetry of the structure, only half of the scanning angle is measured. 

The proposed ML achieves a gain enhancement of approximately 14.1 dB when 

fed by a standard WR-06 waveguide. By rotating the waveguide, the ML demonstrates 

excellent beam-steering performance within a ±30°  scanning range. These results 

confirm the potential of the proposed ML for beam-steering and multibeam applications. 

Furthermore, multibeam performance can be realised by exciting the ML with a 

waveguide array. Overall, the proposed ML represents a promising candidate for future 

THz beam-steering communication systems. 
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(a)                                         (b) 

 

(c) 

 

(d) 

Fig. 4.16. (a) Top view of the ML. (b) ML with a WR-06 waveguide on a 1D scanning 

setup. (c) Simulated and measured gain versus frequency. (d) Simulated and measured 

radiation patterns at 120 GHz. 

 

4.4 Other Multifunctional Unit Cells 

 This section investigates a range of multifunctional unit cell designs. 

Multifunctional THz metasurface unit cells offer several advantages, including flexible 

polarisation control, which enables the realisation of diverse polarisation states, such as 

linear, circular, and elliptical polarisations. This flexibility is essential for advanced 

applications, including polarisation multiplexing, THz full-aperture shared-aperture 

antennas, and compact multifunctional metasurfaces. Furthermore, integrating multiple 
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functionalities into a single metasurface can significantly reduce system size and 

complexity, presenting a promising pathway toward miniaturised and high-

performance THz systems. However, the realisation of these capabilities is 

accompanied by several technical challenges. 

4.4.1 Multilayered Unit Cell

z

x
y

UC 1

UC 2

UC 3

UC 4

UC 5

UC 6

UC 7

UC 8

(a)

  
(b)                                                            (c)

(d)

Fig. 4.17. (a) Eight unit cells designed for a 360° phase coverage. (b) Transmission 

phase of each unit cell (UC) spanning the full 360° range. (c) Simulated transmission 

coefficients of each UC. (d) Simulated reflection coefficients of each UC.

Fig. 4.17 presents eight unit cells designed to cover a full 360° phase cycle, with 

the phase delay capability increasing from left to right. The three unit cells on the left 

are dielectric-based, incorporating air holes to achieve variations in the transmission 
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phase, while the five unit cells on the right are composed of multilayered metallic 

patches. Additive manufacturing electronics (AME) technology enables the realisation 

of multilayered structures without the substrate thickness limitations inherent in printed 

circuit board (PCB) fabrication, allowing for arbitrary layer numbers and thicknesses.  

Based on the reflection coefficients, the operating frequency bandwidth of unit cell 

8 (black line) extends from 110 GHz to 135 GHz. However, for unit cell 8, the 

magnitude of the transmission coefficient decreases to below 0.67 at 130 GHz, 

primarily due to the relatively high loss tangent of 0.015. If a lossless dielectric material 

were employed, the transmission coefficient could improve to approximately -1 dB. 

Furthermore, the dielectric material used in AME is relatively brittle, and the 

incorporation of air-hole structures renders the lens fragile and challenging to fabricate.  

 To leverage the design flexibility offered by AME technology, the multilayered unit 

cell illustrated in Fig. 4.18 was investigated. The unit cell comprises both an air region 

and a dielectric cube incorporating multilayered cross-shaped patches. It was initially 

expected that increasing the number of layers would effectively enhance the phase delay. 

However, in practice, the observed delay improvement was insignificant, and a 

substantial phase shift could only be achieved by modifying the patch geometry.  

                

(a)                                (b) 

Fig. 4.18. Multilayered unit cell. (a) Unit cell with fewer layers for minimal phase delay. 

(b) Unit cell with more layers for increased phase delay. 

 

As illustrated in Fig. 4.19, a shared-aperture circularly polarised (CP) transmission 

design was proposed, in which the upper layer comprises CP unit cells operating at 300 

GHz, while the lower layer employs CP unit cells operating at 150 GHz. Because the 

two frequencies differ by a factor of two, the unit cell dimensions were designed with 
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a 2:1 ratio, allowing both lenses to theoretically share the same aperture. As shown in 

Fig. 4.20, when a left-handed circularly polarised (LHCP) wave is incident, the 

transmitted wave is predominantly right-handed circularly polarised (RHCP), and the 

transmission coefficient of the LHCP component remains below -10 dB. However, in 

practice, strong mutual coupling between the two layers severely degraded performance, 

preventing the successful realisation of dual-band functionality. As shown in Fig. 4.21, 

the dual-band CP unit cell performance at both high and low frequencies is adversely 

affected. 

               
(a)                          (b)                                     (c) 

Fig. 4.19. Dual-band circularly polarised unit cells. (a) CP unit cell 1 operating at 300 

GHz. (b) CP unit cell 2 operating at 150 GHz. (c) CP unit cell 3: the combination of the 

two CP unit cells. 

 

        
(a)                                                       (b) 

       
(c)                                                        (d) 

Fig. 4.20. Simulated performance of the two CP unit cells: (a) Transmission coefficients 

and (b) transmission phase of unit cell 1 with varying rotation angles; (c) Transmission 

coefficients and (d) transmission phase of unit cell 2 with varying rotation angles.  
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(a)                                                      (b) 

Fig. 4.21. Simulated transmission coefficients of CP unit cell 3 at (a) the lower 

frequency band and (b) the higher frequency band.  

 

4.4.2 Transmitting and Receiving Unit Cell 

 As shown in Fig. 4.22, the unit cell presented in [156] was optimised to operate at 

128 GHz. This design adopts a typical Antenna-Circuit-Antenna (ACA) configuration, 

which belongs to the transmitting and receiving (Tx-Rx) type. Although the overall 

structural concept remains the same, the fabrication precision achievable through AME 

is insufficient to meet the design requirements at 128 GHz, as the slot spacing on the 

antenna patch is only 0.05 mm. Moreover, the operating bandwidth extends from 125 

GHz to 130 GHz, but the transmission coefficient remains low (approximately -5 dB), 

primarily due to losses introduced by the meandering stripline. 

 

  

(a)                                                     (b) 

Fig. 4.22. Antenna-Circuit-Antenna (ACA) structure. (a) Unit cell in [156]. (b) 

Modified unit cell in 128 GHz.   
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As illustrated in Fig. 4.23, the perpendicular stripline unit cell operates at 115 GHz. 

The upper and lower layers consist of rectangular patch antennas, while the 

intermediate section incorporates a winding stripline positioned between two 

perpendicular ground planes on the front and back surfaces. The antenna ground is 

electrically connected to the stripline ground. The winding configuration of the stripline 

extends the electromagnetic wave path, thereby increasing the phase delay. This 

perpendicular layout fully exploits the design freedom enabled by AME technology. 

Moreover, as sub-THz unit cells are too compact to accommodate horizontal striplines, 

the vertical configuration provides a practical and effective alternative. 

 However, fabrication precision remains the primary limitation of this unit cell 

design. The smallest feature size and spacing are both 0.1 mm, which approaches the 

threshold of current manufacturing capabilities and may lead to fabrication inaccuracies. 

Owing to this constraint, the antenna structures on the upper and lower layers cannot 

be overly complex, making narrowband patch antennas the only practical option. 

Consequently, this unit cell exhibits narrowband performance, and its operating 

bandwidth varies with changes in stripline length. Additionally, the dielectric material 

used in AME introduces considerable losses in the sub-THz band. As shown in Fig. 

4.24 (a), the transmission coefficient exhibits notable variation as the stripline length 

increases. Meanwhile, the transmission phase gradually achieves full 360° coverage, as 

illustrated in Fig. 4.24 (b), although the overall transmission magnitude remains low. 

 

                          

(a)                                     (b) 

Fig. 4.23. Perpendicular stripline unit cell. (a) Unit cell with the shortest stripline for 

minimal phase delay. (b) Unit cell with the longest stripline for increased phase delay. 



UTS THESIS 

122 
 

      

(a)                                                      (b) 

Fig. 4.24. Simulated (a) transmission coefficients, and (b) transmission phases of 

perpendicular stripline unit cells with varying stripline lengths.   

 

4.4.3 Fabry-Perot Unit Cell 

 Fig. 4.25 shows the Fabry-Perot (FP) unit cell operating at 150 GHz. Conventional 

FP unit cells typically use gratings as their top and bottom surfaces. In contrast, the 

proposed design incorporates open-ring structures, while phase modulation is achieved 

by varying the V-shaped metal patch in the middle layer, as illustrated in Fig. 4.25(a). 

The unit cell has a period of one-quarter wavelength, allowing four unit cells to be 

combined into a half-wavelength sub-array, as shown in Fig. 4.25(b). The open-ring 

configuration provides rotational capability, offering both phase and rotational degrees 

of freedom. This additional flexibility creates the potential to realise the functionalities 

proposed in [350], thereby overcoming the limitations of polarisation multiplexing. 

However, as shown in Fig. 4.25(c), the nano-bar-based design enables independent 

phase modulation for dual polarisations while also supporting unit cell rotation, 

achieving multi-polarisation functionality—a feature not present in the proposed unit 

cell. This limitation arises because phase modulation of linearly polarised waves is 

extremely challenging to achieve within the restricted dimensions of a terahertz 

metasurface unit cell. 
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(a) 

          

(b)                                                    (c) 

Fig. 4.25. (a) FP unit cell at 150 GHz with varying phase delay. (b) Sub-array unit cell. 

(c) Polarisation-multiplexed metasurface unit cell (diagram in (c) is from [350]).   

 

 Fig. 4.26 (a) is the FP unit cell operating from 120 GHz to 160 GHz. By adjusting 

the opening size of the C-shaped elements, the dual-C-shaped structure enables phase 

modulation. Based on the calculated phase distribution, the metasurface can realise 

holographic imaging, wherein the electric field is spatially modulated to form a specific 

pattern - in this case, the letter “S”, as illustrated in Fig. 4.26(b). The metasurface is 

excited by a waveguide located beneath it. However, due to its relatively simple 

structure and the fact that the proposed FP unit cell differs from the conventional FP 

configuration only by incorporating the dual-C-shaped structure in the middle layer, 

this design does not introduce significant innovation. As shown in Fig. 4.27, the FP unit 

operates within the 120 - 160 GHz bandwidth; however, owing to the high material loss, 

the transmission coefficient is limited to approximately -2 dB. 
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(a)                                        (b) 

Fig. 4.26. (a) FP unit cell. (b) FP metasurface for holographic imaging.  

 

      

(a)                                         (b)                                          (c) 

Fig. 4.27. Simulated (a) transmission coefficients, (b) reflection coefficients and (c) 

transmission phases.    

 

4.5 Conclusion 

In summary, a series of conductive and dielectric metasurface lenses operating in 

the D-band has been proposed, demonstrating that low-cost additive manufacturing 

technology can be effectively applied to design sub-THz devices. Although the loss 

tangent of the dielectric material reduces the gain of the metasurface lens antenna, this 

limitation can be partially mitigated by employing a larger-aperture lens, thereby 

achieving higher gain performance. However, due to the precision constraints of 

additive manufacturing, the geometric complexity of sub-THz designs remains limited, 

which in turn restricts the flexibility and functionality of the fabricated devices. Despite 

these challenges, the proposed metasurface lenses exhibit high gain enhancement and 
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beam-scanning capabilities, making them promising candidates for next-generation 

sub-THz communication systems.  
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Chapter V Sub-THz Metasurface Sensor for Real-Time Skin 

Condition Monitoring 

5.1 Introduction 

Terahertz (THz) technology plays a pivotal role in biological imaging and sensing 

applications [351], [352]. THz radiation offers several unique features, including 

abundant spectral resources, short wavelengths, non-ionising properties [353], and 

strong sensitivity to water [354]. Previous studies [355] have reported that high-

intensity THz radiation does not induce thermal effects or oxidative stress in human 

skin fibroblasts, indicating its relative safety under such conditions. THz technology 

holds great promise for medical imaging, genetic diagnostics, security screening, and 

manufacturing quality control [356]. THz waves have been proposed for their use in 

skin screening, such as burn injury assessment [357] and skin cancer imaging [358]. 

Recent studies have demonstrated that metamaterial stickers can deliver excellent 

screening performance in the sub-THz range (100–300 GHz) for fruit ripeness 

evaluation [359], underscoring the significant potential of sub-THz metamaterials and 

metasurfaces for non-invasive sensing applications.  

 Before introducing the skin condition monitoring system, a brief overview of 

relevant skin properties is provided. For electromagnetic (EM) waves, the dielectric 

constant of biological tissues is a key parameter for detection [360], as it closely 

correlates with water content. The fundamental principle of THz-based detection 

systems relies on the difference in water content between normal and cancerous tissues, 

leading to variations in dielectric properties [361], [362], [363]. Human skin has a 

multilayered structure, comprising the stratum corneum (SC), epidermis, and dermis, 

with typical thicknesses of 10 − 30 𝜇𝑚 , 60 − 100 𝜇𝑚 , and 1.2 − 2.8 𝑚𝑚 , 

respectively [364], as illustrated in Fig. 5.1. Commonly studied abnormal skin tissues 

include melanoma (MM), basal cell carcinoma (BCC), and squamous cell carcinoma 

(SCC), with cancerous lesions typically 4 - 6 mm in diameter [365], [366] and primarily 
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originating in the epidermis [367]. The THz skin cancer detection system operates in 

the frequency range of 0.1–3 THz [368], enabling the detection of skin features within 

a depth of 1 mm. Thus, THz imaging offers sufficient resolution to visualise abnormal 

skin tissue while achieving appropriate penetration depths without interference from 

deeper skin layers, making it highly suitable for non-invasive skin condition monitoring.

Abnormal skin tissue

Epidermis

(0.06-0.1 mm)

Dermis

(1.2-2.8 mm)

Fat layer

(1.1-5.6 mm)

Fig. 5.1. Schematic of the skin. 

Various EM wave-based methods have been developed for skin detection. Near-

field detection probes, which achieve direct contact with the materials under test 

(MUTs), come in different forms, including microstrip lines [369], coaxial probes [370],

[371], and waveguides [372], [373], [374]. These probes typically measure the 

reflection coefficient at a single resonant frequency [374]. Probe-based detection 

approaches require the establishment of extensive databases encompassing skin from 

different body parts across diverse individuals, alongside complex algorithms to define 

abnormal skin conditions—such as setting thresholds based on reflection coefficients. 

In contrast, imaging-based detection is more intuitive and effective, as it only 

necessitates identifying localised differences relative to the surrounding skin tissue. In 

[375], [376], a synthetic ultra-wideband imaging system operating from 12 to 110 GHz 

was proposed for ex vivo human skin imaging, where high-resolution time-domain 

pulses were reconstructed via inverse Fourier transform (IFT). These EM imaging 

systems are typically based on vector network analysers (VNAs). An alternative 

approach is terahertz time-domain spectroscopy (THz-TDS) [377], which directly 

captures time-domain THz pulses and reconstructs broadband spectra from 0.3 to 5 THz 
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using Fast Fourier Transform (FFT). In vivo human skin characterisation has been 

reported using THz-TDS [378]. These imaging methods commonly employ focusing 

optics to detect single-pixel regions. While they require minimal amounts of MUTs, the 

reliance on raster scanning for image acquisition results in time-consuming procedures 

that hinder real-time or large-area clinical applications. 

THz metasurface (MS) sensors [379], [380] have been proposed for ex vivo cancer 

cell detection [381], [382], [383]. Cells under test are cultivated on the surface of the 

MS resonator [384], and the dielectric constant of the cells affects the transmission, 

reflection or absorption of the MS, which then can be detected by the VNA or THz-

TDS. Currently, most MS sensors require direct contact between the MUT and the 

resonator while demanding that the MUT be very thin [385], [386] and have a low loss 

[387]. This method can generate a strong resonance with a high Q factor and high 

sensitivity to changes in refractive index. However, high-loss MUTs can degrade the 

performance of these MS sensors, making the resonance less apparent and reducing the 

Q factor [388]. If MS sensors are to be used for in-vivo skin condition monitoring, the 

impact of the skin losses must be addressed, and only the reflection can be measured. 

The propagation path of the waves must be from air to the MS and then to the skin in 

the semi-infinite half-space. Therefore, traditional transmissive measurement setups 

[389], [390], [391], [392] are not suitable for in-vivo skin detection. 

In this chapter, a real-time skin condition monitoring system based on a refractive-

index-sensitive metasurface (MS) sensor is proposed, as illustrated in Fig. 5.2. Pork 

skin is considered a relatively good model for simulating human skin due to its similar 

anatomical and physiological properties [393], [394]. Therefore, porcine skin is 

employed as the experimental model in this chapter. The abnormal skin tissue refers to 

cancerous lesions, severe tissue damage (such as burns), and non-cancerous conditions, 

including mild inflammation, dehydration, and surface dryness. These abnormalities 

alter the local water content and dielectric properties of the skin, thereby affecting THz 

wave interactions and enabling their detection. The proposed MS sensor detects 

changes in the dielectric constant of high-loss MUTs by inducing shifts in the resonant 

frequency. Unlike conventional MS sensors, which suffer performance degradation in 
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high-loss environments, the proposed design leverages interference theory [395], [396]

to minimise loss effects while maintaining sensitivity to dielectric variations. Although 

MSs have been previously applied for imaging enhancement [397] and biomolecular 

detection [398], the proposed MS is specifically tailored to detect dielectric property 

changes in biological tissues. In practice, an MS sensor is applied to the skin surface. 

Abnormal tissue presence leads to measurable changes in the MS reflection coefficients, 

which are subsequently captured by a THz imager. This method enables a rapid, 

portable, and non-invasive approach to skin condition assessment and holds promise 

for future clinical applications in early skin disease screening.

Abnormal

skin tissue
MS sensor

Sub-THz 

waveReflection

Absorption

(a)

(b)

Fig. 5.2. Schematic of (a) the working principle of the MS sensor, and (b) the MS-
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based real-time skin condition monitoring system.  

5.2 Mathematical Model of the Skin 

The Debye model and Cole-Cole model [399] have been widely used to describe 

the permittivity of biological tissues. The complex permittivity can be characterised by  

εr
∗(ω) = εr

′ (ω) − 𝑖 εr
′′(𝜔) , the asterisk (*) in the superscript denotes the complex 

number. The Debye model leads to the equation: 

 

 εr
∗(ω) = εr(∞) +

εr(0) − εr(∞)

1 + 𝑖ωτ0
 (5.1) 

 

where εr(0) is the static permittivity at the lower frequency, εr(∞) is the permittivity 

as the frequency approaches infinity, τ0  is a characteristic constant called the relaxation 

time, ω  is the angular frequency and equals 2π ∙ frequency. These parameters are 

usually given in the reference papers. The Cole-Cole model can be given: 

 

 εr
∗(ω) − εr(∞) =

εr(0) − εr(∞)

1 + (𝑖ωτ0)1−α
 (5.2) 

 

where involving a disposable constant α for more accurate fitting in the wide band. In 

the EM wave field, dielectric constant and loss tangent are commonly used, while 

refractive index, absorption coefficient and conductivity are prevalent in optics. 

Therefore, the relationships between the dielectric constant and the refractive index 

[400] are given:  

 

 εr
∗(ω) = 𝑛∗(ω)2 (5.3) 

 

 𝑛∗(ω) = 𝑛(ω) − 𝑖𝑐𝑎(ω)/2ω (5.4) 

 

 𝜎(ω) = −ω𝜀0 ∙ 𝑖𝑚𝑎𝑔(εr
∗(ω)) (5.5) 

 

 𝑡𝑎𝑛𝛿(ω) = εr
′′(𝜔)/εr

′ (ω) (5.6) 
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where  𝑛(ω) and 𝑎(ω) are the real refractive index and the absorption coefficient,𝜀0 and 𝑐 

refer to the vacuum permittivity and the speed of light, and 𝜎(ω) is the conductivity. 

𝑖𝑚𝑎𝑔(∙) represents the function for extracting the imaginary part. 𝑡𝑎𝑛𝛿(ω) is the loss 

tangent.  

 

 

(a) 

 

(b) 

Fig. 5.3.  The real and imaginary parts of the biological tissues’ complex permittivity 

in reference papers. (a) GHz spectrum. (b) THz spectrum. Solid lines correspond to 

experimental measurements, whereas dashed lines represent values extrapolated or 

calculated using empirical models. 

 

According to the Debye, Cole-Cole model and the above equations, the real and 

imaginary parts of the biological tissues’ complex permittivity [400]-[406] are shown 
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in Fig. 5.3. The solid line represents the data provided in the reference papers, while the 

dashed line represents the data predicted by the mathematical model. When comparing 

the zoom-in image in Fig. 5.3 (a) with Fig. 5.3 (b), the permittivity data from 100 to 

300 GHz (0.1 to 0.3 THz) are contradictory between the GHz and THz spectra. This is 

potentially because of the edge effects of the Fast Fourier Transformation (FFT) in the 

THz-TDS. However, the predicted data from [406] in the THz spectrum is similar to 

that in the GHz spectrum, which means the data is likely to be accurate. Also, the data 

includes the permittivity of the cancerous tissue. Therefore, we adopted the data to carry 

out the simulation experiments. The extracted data in the D-band (110 to 170 GHz) are 

shown in Fig. 5.4.   

 

 

Fig. 5.4.  Predicted dielectric constant and loss tangent in D-band [406]. Dashed lines 

represent values extrapolated or calculated using empirical models. 

 

 

5.3 Metasurface Sensor Design 

As shown in Fig. 5.5 (a), conventional metasurface (MS) sensors are typically 

designed with the MUT positioned along the transmission path of the incident EM wave, 

requiring the MUT to be only a few micrometres thick. Furthermore, these sensors 

perform optimally when the MUT exhibits low dielectric loss. However, for practical 

skin detection, it is necessary to place the MS directly onto the skin surface, resulting 

in the MUT occupying the wave propagation direction with an effectively infinite 
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thickness, as shown in Fig. 5.5 (b). Additionally, biological tissues such as skin 

inherently have high dielectric losses, which severely degrade the performance of 

conventional MS designs. To overcome these limitations, we propose a novel MS 

sensor capable of operating under high-loss conditions, enabling effective skin 

condition monitoring.

     
(a)                                               (b)

Fig. 5.5. Comparison between the conventional and proposed MS sensor with MUT. 

(a) Conventional MS sensor for ex vivo sensing. (b) Proposed MS sensor for in-vivo 

skin sensing. 

5.3.1 Limitations of Conventional Metasurface Sensors in High-Loss 

Environments

Before introducing the proposed metasurface sensor, it is important to review the 

characteristics and limitations of conventional metasurface (MS) designs. Conventional

MS sensors depend on LC resonance and dipole resonance [407], which typically 

require the material under test (MUT) to be thin, low-loss, and in direct contact with 

the resonant elements. The metasurface and the MUT together form the sensing unit 

cell, where changes in the dielectric constant of the MUT are translated into variations 

in the overall reflection coefficient for detection. The thickness and the loss tangent of 

the MUT can also affect the resonance behaviour of the system. As shown in Fig. 5.6 

(a), a simple and conventional MS sensor consists of a low-loss substrate for impedance 

matching and a ground plane with a rectangular slot array for resonating when the 

electric field polarisation direction is perpendicular to the slot. With the increase of the 
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loss tangent, the resonance point of the reflection is flattened in Fig. 5.6 (b). The widely 

accepted metrics for evaluating a sensor’s performance include sensitivity (S) and 

quality factor (Q) [380]. They can be given: 

S = Δ𝑓/Δ𝑛 (5.7)

Q = 𝑓/FWHM (5.8)

where Δ𝑓 and Δ𝑛 are the variations in the resonance frequency and refractive index, 𝑓

represents the resonance frequency, and FWHM is the full width at half maximum. The 

increase in the loss tangent of the MUT leads to a reduction in the Q-factor of the sensor, 

thereby diminishing the prominence of the resonant frequency shift. As a result, sensing 

high-loss materials remains a significant challenge.

(a)                                                         (b)

Fig. 5.6. Challenge of measuring high-loss materials. (a) Conventional MS sensor with 

a rectangular slot. (b) Reflection coefficients with the increase of the MUT’s loss 

tangent from 0 to 0.5.

5.3.2 Proposed MS Sensor for Skin Tissue Characterisation 

The proposed MS in Fig. 5.7 consists of a split ring resonator (SRR) and a ground

with a rectangular slot, which is fabricated using the cyclic olefin copolymer (COC)

microfabrication techniques [408], [409]. The flexible COC MS has two gold (Au) 

layers with a thickness of 200𝑛𝑚 , and the total thickness is within 100𝜇𝑚  — the 

z

y
x
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ultrathin thickness results in a significant coupling effect between the two layers. The 

dielectric constant and the loss tangent of the COC are 2.34 and 0.0007. The skin is 

considered a half-infinite space. 

z

y
x

Air

MS

Skin

h1

h2 h3

Resonator

GND

z

y

(a)                                                (b)

W1

g

L1

g

W2

P

L2

W3

(c)                                                (d)

Fig. 5.7. Proposed COC MS sensor. (a) Oblique view in simulation. (b) Side view 

details. (c) Resonator details. (d) Ground plane (GND) details: ℎ1 = 10𝜇𝑚 , ℎ2 =

80𝜇𝑚 , ℎ3 = 5𝜇𝑚 , 𝑊1 = 600𝜇𝑚 , 𝑊2 = 60𝜇𝑚 , 𝑊3 = 70𝜇𝑚 , g = 40𝜇𝑚 , 𝐿1 =

320𝜇𝑚, 𝐿2 = 440𝜇𝑚, 𝑃 = 700𝜇𝑚, Conductor thickness= 200𝑛𝑚.

Instead of the equivalent circuit theory, the interference theory [395], [396] is used 

to analyse the COC MS, as shown in Fig. 5.7 (a). The overall reflection and 

transmission of the MS are superpositions of the multiple reflections and transmissions 

between the resonator and the ground.

S11
∗ = Sr11

∗ + Sr21
∗ Sg11

∗ Sr12
∗ 𝑒𝑖∙2𝛽 + Sr21

∗ Sg11
∗2Sr22

∗ Sr12
∗ 𝑒𝑖∙4𝛽 + ⋯

= Sr11
∗ + Sr21

∗ Sr12
∗ Sg11

∗ 𝑒𝑖∙2𝛽 ∑ Sg11
∗𝑛Sr22

∗𝑛𝑒𝑖∙2𝑛𝛽

∞

𝑛=0

(5.9)
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 S11
∗ = Sr11

∗ +
Sr21

∗ Sr12
∗ Sg11

∗ 𝑒𝑖∙2𝛽

1 − Sg11
∗ Sr22

∗ 𝑒𝑖∙2𝛽
 (5.10) 

 

 S21
∗ =

Sr21
∗ Sg21

∗ 𝑒𝑖∙𝛽

1 − Sg11
∗ Sr22

∗ 𝑒𝑖∙2𝛽
 (5.11) 

 

where Sr𝑖𝑗
∗  and Sg𝑖𝑗

∗  represents the S parameters in the interface of the resonator and 

ground, and the subscript “𝑖 𝑗” means the wave propagation from port 𝑗 to port 𝑖, as 

shown in Fig. 5.8 (c), (e) and (g). The asterisk (*) in the superscript denotes the complex 

number, S𝑖𝑗
∗ = 𝑆𝑖𝑗𝑒

𝑖𝜙𝑖𝑗  . The magnitude of 𝑆𝑟11
∗   and 𝑆𝑟22

∗   are almost identical. The 

“Deembed setting” in the simulation is set to reach the resonator’s and ground’s surface. 

In Fig. 5.8 (c), the magnitude of the Sr11
∗  is equal to that of the Sr22

∗ . For the ease of 

parameter sweeping, the dielectric constant and loss tangent of the skin are set to fixed 

values, 𝜀𝑟 = 5.8, 𝑡𝑎𝑛𝛿 = 0.8. In Fig. 5.8 (c) and (g), the effect of the dielectric constant 

on the reflection and transmission is tiny in magnitude but relatively significant in phase. 

The comparison in Fig. 5.9 shows that the magnitude and phase of the calculated 𝑆21 

are close to those of simulated 𝑆21, whereas the 𝑆11 partially aligns. This is because the 

mutual coupling effects between the resonator and ground can not be accounted for 

during the data extraction process, 𝑆𝑟∗ and 𝑆𝑔∗. And the distance between the resonator 

and the ground is small, only 80𝜇𝑚. However, the interference theory is enough to 

explain the principle of the proposed MS. The Sr𝑖𝑗
∗  and Sg𝑖𝑗

∗  are substituted into Equ. 

(5.10) and (5.11), and the calculated results in Fig. 5.10 (a) exhibit a trend of the 

resonance frequency shift. As for the S11
∗  at 152 GHz, the calculation process of the 

superpositions is presented in Fig. 5.10 (b),  which shows the addition calculation 

process of Equation (5.10) from the Sr11
∗ at the bottom left to the S11

∗  at the top right, the 

difference between various skin’s dielectric constants is accumulated. The simulated 

results in Fig. 5.11 (a) demonstrate that the resonant frequency of the proposed MS will 

shift with the increase of the high-loss skin’s dielectric constant, making the proposed 

MS suitable for high-loss materials detection applications. And the simulated 𝑆11 of the 

health and cancer tissue [406] with the proposed MS sensor are shown in Fig. 5.11 (b); 

the resonant frequency shift is apparent, which indicates that the proposed MS can be 
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used for skin dielectric detection.

SkinMSAir

Resonator Ground

Sr*
11

Sr*
21

Sr*
12

Sr*
22

Sg*
11

Sg*
21

Sg*
21

(a)

Air

Resonator

COC

Port 1

Port 2

(b)                                                          (c)

COC

GND

Skin

Port 1

Port 2

(d)                                                          (e)

(f)                                                          (g)

Fig. 5.8. (a) Schematic of the interference theory. (b) Simulation model of the resonator 

interface. (c) Magnitude and phase of the resonator interface. (d) Simulation model of 

the ground interface. (e) Magnitude and phase of the reflection in the ground interface 

with the increase of the skin’s dielectric constant. (f) Legends of the figures (e) and (g). 

(g) Magnitude and phase of the transmission in the ground interface.



UTS THESIS

138

(a)                                                     (b)

Fig. 5.9. Comparison between calculated and simulated results. (a) Magnitude. (b) 

Phase. Skin: 𝜀𝑟 = 5.8, 𝑡𝑎𝑛𝛿 = 0.8

    

(a)                                                        (b)

Fig. 5.10. (a) Calculated reflection coefficients 𝑆11  with the increase of the skin’s 

dielectric constant. (b) S parameter calculation as the iterative number increases at 152 

GHz in the complex plane (Skin: 𝑡𝑎𝑛𝛿 = 0.8).

Air

MS

Skin

(a)                                           (b)                                                (c)

Fig. 5.11. (a) Simulation models and simulated reflection coefficients 𝑆11  with (b) 

various dielectric constants of the skin tissue (Skin: 𝑡𝑎𝑛𝛿 = 0.8) and (c) the predicted 

dielectric constants and loss tangents in [406] ( Healthy tissue: 𝜀𝑟 = 4.5~4.8, 𝑡𝑎𝑛𝛿 =

0.76~0.82; Cancer tissue: 𝜀𝑟 = 5.4~5.7, 𝑡𝑎𝑛𝛿 = 0.76~0.83 ).

Because the skin is soft and the MS is flexible, it is necessary to use a hard surface 

to flatten them for a better sensing effect. In Fig. 5.12 (a), the flattening sheet is 
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characterised by 𝜀𝑟 = 2.65 and 𝑡𝑎𝑛𝛿 = 0.02. Due to the limitation of the measurement 

setup, the incident angle (𝜃 ) to the MS cannot be 0° . Thus, When ℎ𝐹 = 0.5 𝑚𝑚 , 

reflection coefficients with various incident angles have been simulated and shown in 

Fig. 5.12 (b). The incident angle is set to 30° after this, and the skin is characterised by 

𝜀𝑟 = 4.8 and 𝑡𝑎𝑛𝛿 = 0.8. When adding the flattening sheet, the resonance frequency 

in Fig. 5.12 (c) shifts with the variation of its thickness. The reflection coefficient can 

still respond to the variety of skin tissue’s dielectric constants in Fig. 5.12 (d). The 

frequency shift is partly restricted, but the amplitude variety still exists, which can be 

utilised for imaging experiments. 

   
Skin

Flattening 

Sheet

Air

MS
hF

z

y
x

Incident 

wave

θ

(a)

(b)                                                    (c)

(d)

Fig. 5.12. (a) Simulation models. Simulated reflection coefficients 𝑆11 with various (b) 

incident angles, (c) heights of the flattening sheet, and (d) dielectric constants of the 

skin (skin: 𝑡𝑎𝑛𝛿 = 0.8). 
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5.4 Experiments and Comparisons 

This section aims to validate the capability of the proposed MS sensor to detect 

variations in skin properties through imaging experiments. Pork skin is used as the skin 

under test. The experiment is conducted to characterise the functional roles and material 

properties of three key components shown in Fig. 5.12 (a): a flattening sheet, the 

proposed MS sensor, and the pork skin sample. Accordingly, the experimental 

procedure is organised into three parts: (1) optimisation of the flattening sheet 

parameters, (2) characterisation of the pork skin, and (3) measurement with the 

proposed MS sensor with the flattening sheet and pork skin. 

5.4.1 Reflection Coefficients Measurement Setup 

The measurement setup is shown in Fig. 5.13 (a). This system is capable of 

capturing the reflection coefficient resulting from planar wave incidence, allowing for 

direct comparison with simulation data. In principle, by comparing simulation and 

experimental results, the system is capable of characterising a wide range of materials. 

The sub-THz wave from the transmitting (Tx) side goes through a biconvex lens and a 

plano-convex lens to irradiate the material under test (MUT). The reflected wave then 

travels back through the same lens pair and is collected by the receiving (Rx) side. As 

shown in Fig. 5.13 (b) and (c), both the Tx and Rx sides comprise a VDI  frequency 

extension module, a WR-06 waveguide twist to ensure TM-mode incidence, a 

pyramidal rectangular square horn and a large biconvex lens. The large biconvex lens 

is used to capture as much power as possible and to generate a distant focal point, 

thereby reducing multiple reflections between the two lenses. 

As a first step, the dielectric constant of the flattening sheet is measured. The plano-

convex lens from [410] in Fig. 5.13 (d) produces a plane wave, and the MUT is a curable 

polymeric dielectric substrate (PDS) using additive manufacturing [308] and is secured 

with adhesive tape on the other side of the fixture in Fig. 5.13 (e). The plano-convex 

lens and biconvex lens are made of COC using a fused deposition modelling (FDM) 

3D printer, while the fixture is made of polylactic acid (PLA). The angles of incidence 
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and reflection of the Tx and Rx sides are 30°. By replacing the MUT with air and metal, 

the reflection from the air and ground (GND) is measured by the VNA, marked as 

S21−𝑎𝑖𝑟
∗ , S21−𝐺𝑁𝐷

∗ . The calibrated reflection coefficient of the MUT can be given: 

 

Tx

Rx

Biconvex 

Lens

Plano-

Convex 

Lens

Fixture
 

(a) 

   

(b)                                                      (c) 

Fixture

Plano-Convex Lens

MUT

   

(d)                                                      (e) 

Fig. 5.13.  (a) Reflection coefficient measurement setup with an incident angle of 30°. 

(b) Transmitting (Tx) side. (c) Receiving (Rx) side. (d) Fixture and material under test 

(MUT). (e) The other side of the fixture.  
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S11−𝑀𝑈𝑇
∗ =

S21−𝑀𝑈𝑇
∗ − S21−𝐴𝑖𝑟

∗

S21−𝐺𝑁𝐷
∗ − S21−𝐴𝑖𝑟

∗ (5.12)

where the asterisk (*) in the superscript denotes the complex number. S11−𝑀𝑈𝑇
∗

represents the complex reflection coefficient of the MUT and is the same as the 

reflection from FloquetPort1 to FloquetPort1 in the simulation. In Fig. 5.14, the 

measured and simulated results match well with each other, which verifies the 

simulation model and the permittivity of the PDS (𝜀𝑟 = 2.65, 𝑡𝑎𝑛𝛿 = 0.02). The PDS 

sheet is used to flatten the skin and MS.

h=0.5 mm h=0.8 mm h=1.11 mm
(a)

h

     
(b)                                                        (c)

Fig. 5.14. (a) MUTs in three thicknesses; ℎ = 0.5 𝑚𝑚, 0.8 𝑚𝑚  and 1.11 𝑚𝑚 . (b) 

Simulation model. (c) Comparison between measured and simulated results. (PDS: 

𝜀𝑟 = 2.65, 𝑡𝑎𝑛𝛿 = 0.02).

5.4.2 Skin Tissue Measurement

The approximate number of the dielectric constant and loss tangent of the skin can 

be obtained by comparing the simulated and measured reflection coefficient. As shown 

in Fig. 5.15 (a) and (b), the pork belly (PB) and hindquarter (HQ) skin samples are 

measured by using the reflection coefficients measurement setup. After purchase, the 
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entire PB skin was covered with plastic wrap to retain moisture and prevent evaporation. 

In contrast, the HQ skin was exposed to air, resulting in relatively less moisture. In this 

way, skin samples with different dielectric constants are obtained. The PDS sheet is 

used to flatten the skin samples. The fixture will not deform due to its structural design. 

The thickness of the PBS sheet is adjusted to 0.97𝑚𝑚  to ensure the resonance 

frequency falls within the D-band. By varying the dielectric constant and the loss 

tangent of the skin model in Fig. 5.15 (c), the measured and simulated results match 

each other in Fig. 5.15 (d). The accurate dielectric constant and the loss tangent of the 

skin samples should be a function of frequency. The parameters at each frequency point 

are slightly different. Therefore, there are slight differences between measurement and 

simulation. The comparison indicates the PB to be (𝜀𝑟 = 4.6, 𝑡𝑎𝑛𝛿 = 0.7). Then, HQ 

skin is used to represent abnormal skin, providing a skin under test with a different

dielectric constant and loss compared to PB skin. The HQ is about (𝜀𝑟 = 2.9, 𝑡𝑎𝑛𝛿 =

1.3 ). The reflections of the PDSPPB and PDSPHQ across the D-band are tiny, 

approximately less than -10 dB.

           
(a)                                                      (b)

Skin

PDS

Air

(c)                                                       (d)

Fig. 5.15. The approximate values of the dielectric constant and loss tangent. (a) Pork 

belly (PB) skin sample. (b) Hindquarter (HQ) skin sample. (c) Simulation model. (d) 

Comparison between measured and simulated results. (PB: 𝜀𝑟 = 4.6, 𝑡𝑎𝑛𝛿 = 0.7, HQ: 

𝜀𝑟 = 2.9, 𝑡𝑎𝑛𝛿 = 1.3).
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5.4.3 Metasurface Sensor Measurement with Flattening Sheet and Skin Tissue 

The PDS sheet is required to measure the MS, and the skin sample is pressed 

against both the PDS and MS to ensure there are no air gaps. Numerous experiments 

have been conducted to adjust the resonance frequency of the PDSPMSPSkin by 

changing the thickness of the PDS sheet. Finally, a 0.5 𝑚𝑚 PDS sheet with four layers 

of transparent tape (T4) is used as the flattening sheet. According to the experiments, 

the transparent tape can finely adjust the resonance frequency, as shown in Fig. 5.16 (a). 

The resonance frequency in Fig. 5.16 (b) and (c) shifts to the left with the increase in 

the number of transparent tape layers. By using the 0.5 𝑚𝑚 PDS sheet with four layers 

of transparent tape (T4), the resonance frequency of the T4PMSPPB/HQ is located at 

140 GHz, which matches the operating frequency of the imaging system. The images 

of the fabricated MS are shown in Fig. 5.17 (a) and (b). The fabrication process [408], 

[409] starts by spin-coating and curing the 5𝜇𝑚 COC layer on a silicon (Si) wafer. The 

gold layer is applied to the COC layer using deposition techniques. The slots and 

resonators are patterned using lift-off techniques. The COC layer covers the gold layer 

using polymer bonding techniques. The corresponding simulation model is shown in 

Fig. 5.17 (c) to visually display the position of the MS. Because the dielectric constant 

and loss tangent of the PB and HQ used in the simulation are not accurate, the error 

between the simulation and measurement is significant, so the simulated results are not 

presented here. In Fig. 5.17 (d), the reflection coefficient difference at 140 GHz between 

the PB and HQ becomes apparent when adding the proposed MS, and the dielectric 

constant decreases from about 4.6 to 2.9. The magnitude difference can be utilised for 

skin imaging detection. It is essential to realise the variation in the skin’s permittivity, 

as it helps mimic the abnormal skin condition under the MS sensors. 
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(a)

(b)                                                    (c)

Fig. 5.16. (a) Photo of the samples: PDS with a thickness of 0.5 𝑚𝑚. T2-4: 0.5 𝑚𝑚

PDS with two to four layers of transparent tape. (b) Measured reflection coefficients of 

PDS, T2, T3 and T4. (c) Measured reflection coefficients for various conditions.  

        

(a)                                                 (b)

PB/HQ

T4

Air

MS

(c)                                                (d)

Fig. 5.17. Fabricated metasurface; (a) Zoom-in view of the slots. (b) Zoom-in view of 

the resonators. (c) Schematic of the MS under test. (d) Measured reflection coefficients 

with different skin under test. 



UTS THESIS 

146 
 

5.5 Real-Time Imaging on Skin Tissues 

When the skin is pressed against a flattening board, the board occludes the skin, 

and the moisture from the skin’s breathing cannot evaporate, causing it to accumulate 

and increase skin hydration. This is the occlusion effect [411]. The refractive index of 

the skin increases over time, while the extinction coefficient slightly decreases. There 

is a great change in the first 3 minutes of the occlusion, and the permittivity rises by 

10% to 15% after 20 minutes. Due to the moisture variation, the occlusion effect will 

impact the detection of normal and cancerous skin, posing a challenge to the detection 

system’s accuracy. Thus, a real-time imaging system is important for skin condition 

monitoring. Based on a sub-THz camera, a reflection real-time imaging setup is used 

for skin imaging, as shown in Fig. 5.18. The transmitting (Tx) feed source generates a 

continuous wave at a single frequency of 140 GHz. The biconvex and fixture come 

from the reflection coefficient measurement setup in Fig. 5.13. The plano-convex lens 

has a larger aperture size of 90 𝑚𝑚 diameter to generate a plane wave with an incident 

angle of 30°  to the fixture, and the imaging lens operating at 140 GHz generates a 

mirror image on the camera. The THz camera is manufactured by TeraSense Group, 

Inc., which has 1024 pixels (32 × 32 array) with values ranging from 0 to 255; the size 

of its pixels is 1.5 𝑚𝑚.  

The skin imaging experiment process is presented in Fig. 5.19. A notch with a 

dimension of 4.6 mm ×4.6 mm is cut in the PB skin using a scalpel. Then, a piece of 

HQ skin is cut out and placed into the notch of the PB skin. The hybrid skin is obtained, 

which can mimic an abnormal skin with different dielectric constants. Finally, the 

hybrid skin is pressed against the proposed MS sensor and the PDS sheet with four 

layers of transparent tape, the situation of T4PMSPskin. The imaging result at 140 GHz 

is shown in Fig. 5.19 (d). The reflection coefficient of the T4PMSPHQ at 140 GHz is 

higher than that of the T4PMSPPB, as shown in Fig. 5.17 (c). Therefore, a hot spot is 

presented, and its size is about 2 to 3 pixels, which matches the size of the cut-out HQ 

skin. The imaging was performed in the x–y axes 2D imaging plane, where each pixel 

corresponds to a spatial size of approximately 1.5 mm. As illustrated in Fig. 3.21 (c), 
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the focusing effect becomes more pronounced when the feed source is a waveguide 

probe, resulting in a focal spot diameter of approximately 3 - 4.5 mm, corresponding to 

2–3 pixels, indicating an approximate imaging resolution of around 3 – 4.5 mm. To 

allow sufficient space for the incident wave to illuminate the metasurface, the focal 

ratio of the lens cannot be too small. Since a smaller focal ratio generally leads to higher 

imaging resolution, the relatively larger focal ratio in this design results in lower 

resolution. Therefore, the system is suitable for detecting the presence or absence of 

abnormal skin regions, rather than resolving detailed contours of the affected area. The 

image quality can be further refined if each component of the imaging system can be 

improved further.  

 

Biconvex 

Lens

Plano-Convex 

Lens

Imaging 

Lens Camera

Tx

 

(a) 

              

(b)                                            (c) 

Fig. 5.18. Reflection real-time imaging setup.  (a) Overall structure. (b) Imaging lens. 

(c) THz camera. 
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PB

   

HQ
 

(a)                                              (b) 

HQ PB
    

(c)                                               (d) 

Fig. 5.19. Experiment process: (a) A notch with a dimension of 4.6 𝑚𝑚 × 4.6 𝑚𝑚 is 

cut in the PB skin. (b) A piece of HQ skin is obtained by cutting it out. (c) The cut-out 

HQ skin is placed into the notch of the PB skin. (d) Imaging result of the hybrid skin.  

5.6 Discussion 

 The imaging results presented in this experiment were obtained directly from the 

built-in software of the THz camera [412], with minimal additional signal processing. 

To improve the imaging quality, several approaches can be considered, such as applying 

algorithms for filtering, denoising, and machine learning - based image enhancement 

[413]. Alternatively, higher-resolution THz cameras are needed. Conventional THz 

cameras [414] typically capture only amplitude signals, so further research is required 

to develop corresponding imaging algorithms. Another direction is to optimise the 

optical path of the imaging system using ray-tracing theory [415] to refine the design 

and surface profile of the imaging lens. 

The objective of this approach is to achieve a relatively low-cost, portable, and 

rapid imaging system. Compared with raster-scanning-based imaging [416], its inherent 

spatial resolution is lower, making multiple-spot imaging more challenging. Therefore, 

this system is mainly intended for identifying the presence or absence of abnormal skin 
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regions. 

Regarding the metasurface sensor, the proposed metasurface is specifically 

designed for the imaging system and thus exhibits a narrow bandwidth and relatively 

weak reflection signals. In the future, electromagnetically induced transparency (EIT)-

based metasurfaces [381] could potentially be explored to enhance performance. 

Moreover, further optimisation of the structural design is necessary. The current 

metasurface requires high-precision fabrication processes that are unsuitable for mass 

production. Future work should aim to adapt the structure for PCB-compatible 

fabrication, enabling low-cost metasurface sensors. 

 

5.7 Conclusion 

In this work, a metasurface sensor for skin condition monitoring has been proposed 

and analysed. To address the challenges posed by lossy biological tissues, a dual-layer 

MS design based on interference theory was introduced. Simulations demonstrate a 

clear resonant frequency shift in response to changes in the dielectric constant of the 

skin under test. To enable practical measurement, a flattening sheet was employed to 

convert the frequency shift into a detectable variation in reflection amplitude, enabling 

real-time detection through a lens-based imaging system. The feasibility of this 

approach was verified through experiments using pork skin. With further customisation 

for human skin and cancerous tissues, the proposed system holds the potential for rapid 

skin cancer detection. Moreover, by reducing the size of the THz illumination region, a 

portable and practical detection device may be developed. Overall, the proposed MS 

sensor offers potential applications in skin moisture assessment and early cancer 

diagnosis. 
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Chapter VI Conclusion and Future Work 

6.1 Conclusion 

 Sub-terahertz (sub-THz) technologies represent a promising frontier in both 

communication and biomedical applications, the key characteristics of which have been 

discussed in the preceding chapters. In this thesis, a range of metasurface designs has 

been proposed and investigated to explore and demonstrate the application potential of 

sub-THz technologies in communication and biomedical contexts.  

 Chapter I first introduces the properties of THz waves. Based on these 

characteristics, the promising applications of sub-THz waves—particularly in 

communication and biomedical fields—are discussed. To build a solid foundation for 

subsequent research, this chapter also explores a range of fundamental considerations 

that are essential for implementing THz technologies. These include evaluating the 

suitability of various antenna types for THz operation, analysing the characteristics of 

human skin relevant to THz interaction, assessing the safety of THz exposure, and 

reviewing the available measurement systems and their limitations.  

 Based on these insights, it is concluded that THz research for communication and 

skin detection is both theoretically grounded and practically feasible under current 

experimental conditions. 

 Chapter II presents a comprehensive literature review on metasurfaces and skin 

cancer detection techniques. It discusses metasurface lens unit cells designed for phase 

modulation, sensor unit cells developed for permittivity sensing, and a range of existing 

methods employed in skin cancer detection. The relevant content entitled “3D Terahertz 

Antenna Measurement: A Comparison Between Solid-State Electronics and 

Photomixing Approaches” has been accepted in IEEE Antennas and Propagation 

Magazine. 

 Chapter III focuses on the design of all-dielectric metalenses. Two beam-scanning 

metalenses and one imaging metalens are proposed, with the primary contribution 
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focusing on the calculation and design of phase distributions. The effectiveness of these 

metalenses is demonstrated through their applicability in both communication and 

imaging systems. The relevant content entitled “A 3-D Printed 140 GHz Multifocal 

Dielectric Transmitarray Antenna for 2-D Mechanical Beam Scanning” has been 

accepted in IEEE Antennas and Wireless Propagation Letters. The relevant content 

entitled “A 3D Printing 120 GHz Lens Antenna for Terahertz one-dimensional (1D) 

Beam-Scanning Applications” has been accepted in the 2022 International 

Symposium on Antennas and Propagation (ISAP). 

 Chapter IV proposes the conductive and dielectric metasurface lens designs, 

including multilayered metasurface, circularly-polarised metasurface and various 

metasurface unit cells. Different from conventional circularly-polarised metasurface 

unit cells, a 3D printed coaxial line is introduced to maintain the Pancharatnam−Berry 

(PB) phase performance and the angle-multiplexed multifocal method is proposed to 

achieve multifocal phase distribution of high gain beam scanning. A stepped metalens 

based on the AME fabrication technique is proposed for beam-scanning applications. 

The relevant content entitled “An Angle-Multiplexed Multifocal Method for D-Band 

two-dimensional (2D) Beam-Scanning Transmitarray Leveraging 3D Transmission 

Line Component” has been accepted in IEEE Antennas and Wireless Propagation 

Letters. The relevant content entitled “A 3D Printed Terahertz Metamaterial Lens for 

Beam-Steering Applications” has been accepted for the 2023 IEEE/MTT-S 

International Microwave Symposium (IMS). 

 Chapter V Chapter 5 combines key technologies from the previous chapters—

namely, all-dielectric metalens design, AME-based fabrication, and metal-dielectric 

metasurface sensor—to implement a real-time skin monitoring system. The system 

leverages a metasurface sensor capable of capturing reflection variations that arise from 

different skin tissues under test, providing a foundation for distinguishing tissue types 

based on electromagnetic responses. Meanwhile, an all-dielectric metalens is employed 

to achieve real-time mirror imaging, enabling intuitive visualisation of the detected 

signals. This work not only validates the feasibility of combining metasurface sensing 

and imaging in biomedical applications but also lays the groundwork for the future 



UTS THESIS 

152 
 

development of compact, real-time, and non-invasive diagnostic tools in the sub-

terahertz band. 

 

6.2 Future Work 

 Although this thesis has demonstrated the feasibility of metasurface-based devices 

for sub-terahertz communication and biomedical sensing applications, there remain 

several avenues for further investigation and development. The current work primarily 

focuses on proof-of-concept designs and preliminary experimental validations. To 

transition these technologies toward practical applications, future research should 

address challenges related to device performance, integration, and system-level 

implementation. 

 Currently, the all-dielectric metalens design primarily exploits the shortened 

wavelength in dielectric materials and the refraction effects at the air-dielectric interface 

to achieve basic phase modulation. However, its full potential has yet to be explored. 

By introducing total internal reflection (TIR) within the dielectric structure, it is 

possible to unlock a wider range of functionalities. This may enable the development 

of advanced optical components such as high-efficiency focusing lenses, imaging 

lenses, beam-steering lenses, and even diffraction-free lenses. Future work could 

investigate how to engineer internal light paths using TIR-based geometries, allowing 

for more compact, versatile, and functionally rich metalens systems. 

 For metasurfaces composed of metal and dielectric materials, future designs can 

benefit from the integration of more advanced microstrip circuit theories to realise more 

complex structures and diversified functionalities. By embedding transmission line 

models, impedance matching networks, or resonant unit cells, it is possible to achieve 

greater control over electromagnetic wave propagation. Additionally, introducing 

external components such as ferrite may enable the realisation of nonreciprocal 

metasurfaces, which break time-reversal symmetry and can lead to one-way wave 

transmission or isolation functionalities. These approaches will significantly broaden 
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the applicability of hybrid metasurfaces in advanced communication and sensing 

systems. 

 For future development of the skin condition monitoring system, several key 

improvements are needed to enhance sensing precision and accuracy. More sensitive 

metasurface sensors should be introduced to detect finer differences in tissue properties. 

In addition, imaging metalenses with wider fields of view is necessary to capture larger 

areas of skin. A uniform and stable plane-wave source is also essential to ensure a quiet 

zone performance across the imaging region. Furthermore, the integration of artificial 

intelligence algorithms could be employed to enhance image reconstruction, optimise 

signal processing, and reduce noise in the data received by terahertz cameras. In future 

work, the proposed metasurface-based skin condition monitoring system holds strong 

potential to be further developed into a non-invasive THz skin cancer diagnostic 

platform, featuring real-time detection, compactness for portability and wide 

deployment, reusability, and low cost.  
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