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ABSTRACT 
The terahertz (THz) regime of the electromagnetic spectrum is rich because of its unique 

properties with the emerging possibilities in various applications such as wireless 

communications, imaging, non-destructive testing, security scanning and process control. The 

unique features of THz waves are non-ionizing radiation, better resolution than the 

microwave, unique spectral absorption, and an ability to propagate through dielectric 

materials. The spectroscopy with high spectral resolution at frequencies in THz range is an 

influential analytical tool for investigating the structure as well as the energy levels of 

molecules and atoms. Using THz spectroscopy, it is potentially possible to detect explosive 

and illicit drugs even though they are obscured because THz radiations can rapidly transmit 

through materials such as plastics, paper products, luggage, clothing and other non-conductive 

materials. Moreover, on comparing the measured reflectivity of the THz spectra with known 

calibration spectra, it is easier to identify the presence of these agents and distinguish them 

from benign objects.  

For the imaging applications, the continuous wave (narrowband) or pulsed wave (broadband) 

THz systems for the generation of THz radiation is used and this classification is based on the 

laser source used to generate photocurrent. Moreover, the applications such as homeland 

security, defence as well as safety of aviation industry have placed huge demands on the 

growth of advanced imaging systems. However, the visible and the infrared imagery is 

providing high image quality, but they are mired by atmospheric obscurants such as cloud 

cover, dust storms, sand, smoke, fog and rain. Therefore, the THz imaging provides an 

attractive means to diminish or eliminate the impact of low visibility conditions due to such 

atmospheric conditions. Further, in close-range sensing and imaging applications, the pulsed 

THz sources are more favourable for acquiring depth information. The advantages of pulsed 

THz time-domain spectroscopy are that broad spectral information from 0.1-3 THz can be 

obtained using a single picoseconds THz pulse and the depth information can be achieved 

from the difference in arrival times of THz short pulses.  

The potential challenges in the present THz pulsed imaging system includes size, cost, output 

power, signal-to-noise ratio (SNR), bandwidth, spatial resolution, depth penetration, water 

sensitivity  and  speed of data acquisition. Various THz applications would be benefited from 

the compact integration of THz devices and other types of functional devices. Moreover, for 

the THz imaging application there is a potential requirement of planar and compact THz 
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antenna sources with on-chip fabrication in addition to high directivity so as to attain large 

depth-of-field (DoF) for enhanced image resolution. Therefore, all the relevant literature on 

the current state-of-the-art pulsed THz imaging applications and potential challenges of THz 

antenna technology for imaging applications has been reviewed. The THz antennas which 

rely on photoconduction technique are the most common devices in THz systems. Among 

them, a photoconductive dipole antenna being simple in fabrication is the extensively utilized 

THz source for pulsed broadband system used in THz imaging and spectroscopy systems. A 

well-designed sub-wavelength (micrometer) scale photoconductive dipole antenna structure 

has the potential for high output power generation and broadband THz pulse emission which 

are useful for THz imaging system. However, the low values of gain, directivity and the low 

optical-to-THz conversion efficiency are the important limitations of basic photoconductive 

dipole antenna. Therefore, the inspiration of this research work is to theoretically ascertain the 

key modalities of improving photoconductive dipole antenna’s performance for imaging 

applications. We have presented several methods/ techniques to enhance the directivity of the 

photoconductive dipole antenna analytically and validate the proposed models by using CST 

Microwave Studio simulation software.  

Initially, a simple synthesis technique to find out the physical parameters of small-gap 

photoconductive dipole antenna is exploited. To enhance the antenna radiation efficiency 

which also contributes to the total efficiency of photoconductive dipole antenna, a thin 

superstrate below the dipole antenna is employed which also enables the antenna to withstand 

high biased voltage. Moreover, to have a diffraction limited imaging, there is a requirement to 

design an antenna of shorter wavelength. Consequently, the proposed antenna design is 

compact in size. Further the use of silicon lens with the designed antenna configuration helps 

in focusing the beam in the desired direction. In addition, the proposed photoconductive 

dipole antenna with silicon lens improves the antenna performance which is potentially 

helpful for THz sensing and imaging applications such as the detection of hidden explosives 

and some commonly used explosive related compounds whose spectral absorption peaks lies 

in 1-2THz range. By using proposed simple photoconductive dipole antenna along with thin 

superstrate and silicon lens, we have attained the directivity 10.7dBi and radiation efficiency 

of 91.59% in both E-plane and H-plane.  

Further, there are certain modalities for improving the photoconductive dipole antenna 

performance which must be identified to achieve high THz average radiated power with 
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improved total efficiency. Therefore, a thorough systematic framework to assess the physical 

phenomenon occurring across the small-gap photoconductive dipole antenna is determined 

using an analytical procedure utilizing explicit mathematical expression. A pragmatic 

description of the small-gap photoconductive dipole antenna which gives a relationship 

between the parameters of equivalent circuit model and dimensions of antenna electrodes is 

presented. The effects of biased lines on the photoconductive dipole antenna performance 

parameters are examined with the help of proposed equivalent circuit model. Moreover, the 

performance of antenna is also examined with variation in the photoconductive gap size for 

the time-dependent physical phenomenon’s like time-dependent source capacitance, source 

conductance, and radiated voltage across the antenna electrodes and THz radiated power and 

the total antenna efficiency of the photoconductive dipole antenna. The insight of distributed 

components for half-wavelength planar biased-lines helps to get better impedance matching 

efficiency of the antenna which results into an increase in the total antenna efficiency. The 

optimization of size of photoconductive gap to improve the total antenna efficiency is 

examined and its effect on radiated power is determined.  

To enhance the directivity of small-gap photoconductive dipole antenna, the frequency 

selective surface (FSS) as bandpass spatial filter is employed with the antenna. Further, to 

preserve the purity of incoming THz wave on the receiving antenna side where the 

electromagnetic interference (EMI) is the major hindrance, the use of FSS structure with 

antenna geometry in THz region is beneficial to enhance the antenna performance parameters. 

The physical parameters of proposed bandpass FSS with photoconductive dipole antenna are 

obtained using simple synthesis technique of a single square loop bandpass FSS. Further, the 

effect of unit-cell periodicity and slot-size of FSS on the resonance condition, gain, directivity 

as well as the front-to-back lobe ratio of photoconductive dipole antenna structure is 

investigated.  

In addition to this, the photoconductive dipole antenna array is also formed on a single 

photoconductive substrate to make it compact and suitable for THz imaging applications. The 

photoconductive dipole array antenna improves the gain and directivity and therefore, is 

useful to enhance the imaging capabilities to address the considerations such as limited depth-

of-field (DoF) i.e. the distance over which an object is judged in focus and size-weight-and-

power (SWaP) of THz source for imaging applications. These are important considerations 

for applications like stand-off imaging and surveillance of moving targets where the high 
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angular resolution as well as extended depth-of-field is the key parameters for successful 

detection of hidden explosives and illicit drugs. The designed antenna array configuration 

provides a radiation efficiency upto 72% for (1 × 2) and 84% for	(2 × 2) PCA array, 

respectively. A directivity enhancement technique of using FSS with photoconductive dipole 

antenna array is also proposed without using a lens-system to limit the fabrication complexity 

in array configuration of the THz radiating structure to yield high image resolution. Using the 

FSS superstrate with array configuration, the directivity is increased by 4.55dBi in E-plane 

and 4.66dBi in H-plane for (1×2) array assembly and 6.95dBi in E-plane and 6.96dBi in H-

plane for (2×2) array assembly at the resonance frequency 1.95THz. The proposed antenna 

array with FSS results into planar configuration of highly directive radiating THz source for 

the imaging applications. Moreover, by using this technique, radiation energy become 

confined to the desired frequency band rather than spreading over a wide spectrum range. The 

complete antenna array assembly with FSS is made useful to outline an image by scanning a 

single beam in both the principle planes. Further, the functioning of beam-steering 

phenomenon in planar array of photoconductive dipole antenna using progressive phase-shift 

for sensing and imaging application is a challenging issue. A highly directive (2 × 2) small-

gap photoconductive dipole phased array antenna has been realized and the beam steering 

characteristics of the small antenna array configuration at 1.95 THz operating frequency is 

presented. With progressive phase shift of 10° for the scanning range 0° ≤ ߠ ≤ 40° with 

߮ = 0° along x-axis as well as y-axis antenna elements of the array, the simulation results 

show the occurrence of beam steering by 3° in E-Plane and 1° in H-Plane, respectively 

However, for the proposed small-gap photoconductive dipole antenna, there are certain design 

techniques which can be integrated  such as using the dielectric structure with periodic LT-

GaAs strips inside the gap area and use of anti-reflection coating materials on the surface of 

photoconductive substrate for future work. These techniques will help to improve the laser-to-

electrical conversion efficiency of the antenna which contributes into the total efficiency of 

the antenna. A graphene based artificial magnetic conductor for directivity enhancement of 

photoconductive dipole antenna can be investigated for tunable antenna applications in THz 

pulsed imaging system.  
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CHAPTER 1  

INTRODUCTION 

1.1 INTRODUCTION TO TERAHERTZ (THz) RADIATIONS 

A portion of the electromagnetic spectrum which lies in-between the optical and microwave 

regime is known as terahertz (THz) gap [1]. It is named so, because earlier, in comparison to a 

well-developed technology at microwave regime and the optical domain of the 

electromagnetic spectrum, the basic research, advanced technology developments, and new 

initiatives in the THz band have been very limited and stayed relatively unexplored. As 

shown in Figure 1.1, the electronics (millimetre waves) and photonics (infrared waves) 

sandwich the THz band where the semiconductor electronics and the optical technologies find 

their applications. The unavailability of reliable, compact, temperature insensitive, and 

efficient power sources and detectors were the key obstacles in the popularity of THz band of 

the electromagnetic spectrum. However, in the last two decades, with a significant progress in 

the technology, the development of solid-state mode-locked and quantum cascade lasers, laser 

based THz time-domain spectroscopy and microelectronic fabrication of planar antennas have 

paved a way in the imaging technology at the THz frequency band. 

 

Figure 1.1: The position of terahertz (THz) region in the electromagnetic spectrum [1].  

Moreover, the advent of Er+-doped femto-second fiber lasers has replaced the costly systems 

made of titanium: sapphire lasers for THz systems [2]. With many more such technological 

come through in the field of semiconductor physics and technology, many researchers [3] are 

now exploring the utilization of the license-free THz band of the electromagnetic spectrum for 

several potential applications. Recently, for THz electromagnetic spectrum, various emerging 

applications have been introduced in the biological imaging [4], non-destructive testing [5], 
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security scanning [6, 7] and process control [8] upto the next-generation wireless 

communication systems [9]. Within THz regime of the electromagnetic spectrum, there is a 

capability of multiple interaction of the electromagnetic wave with the matter which results 

into several biological, chemical, molecular as well as physical structures to show the unique 

spectral fingerprints in addition to the rotational modes at specific frequencies of THz band. 

Moreover, the high absorption of THz radiation by oxygen molecules with polar liquids such 

as water are the main limitation for the wave to travel over a long distance in the atmosphere 

[10]. Further, the THz radiation penetrates the fabric, foam, and plastic [11], even as they are 

almost totally reflected by metals and the photon energy levels of THz rays derive an extra 

characteristic. Categorically, Figure 1.2 shows that applications of THz radiations fall within 

either of the material characterization, sensing and imaging, and the communication fields. 

However, the THz band characteristics itself interlink these application which is widening 

gradually. 

 

Figure 1.2: The potential THz application areas. 

The use of THz waves in numerous application areas become possible due to several 

advantages and salient features of THz waves relating to microwave and infrared region, as 

mentioned below: 

 In comparison to the microwave, the THz band comprises of wider bandwidth.  Moreover, 

the microwave band is already being utilized for different services and applications. On 

the other hand, the terahertz frequency range is unregulated (license-free) by regulatory 
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authorities and a 250 GHz is the maximum allocated frequency of this range, therefore, 

THz band can be used for several applications. 

 The THz wave is a non-ionizing radiation which has an advantage over the ionized 

imaging systems such as Positron emission tomography (PET), Magnetic resonance 

imaging (MRI), planar X-rays, and X-ray with computed tomography (CT) scans being 

presently used.  Therefore, the THz wave is useful for biological imaging applications. 

Moreover, with the frequency sensitivity feature of THz absorption, the THz waves can 

be used to identify differences in biological tissues without providing any harm. 

 The THz wave scatters less in comparison to the infrared frequencies and light wave 

because scattering depends on the wavelength of the wave. Moreover, due to the longer 

wavelength of THz wave, the alignment of the wave is high and this feature helps in non-

destructive testing of the materials. 

 The radiating beam of THz band of electromagnetic spectrum is highly directional which 

is advantageous for the applications such as security scanning. This is because of the low 

diffraction of the THz beam in contrast to the microwave range. 

 Under certain atmospheric conditions such as presence of fog, smoke, and dust, the 

attenuation of the THz wave is less in contrast to the infrared wave and therefore helps to 

utilize this license-free THz band of frequency of the electromagnetic spectrum useful for 

reliable sensing techniques.  

 With an increase in the frequency of THz band, better resolution can be achieved which 

is useful for the imaging applications. The THz band offers enhanced far-field spatial 

resolution of about 300µm and reduced Rayleigh scattering (because the Rayleigh 

scattering intensity, I  ∝  ,ସ ) in comparison to the millimetre-waves and infrared raysିߣ	

respectively. 

 For the spread spectrum communication, the THz regime of the electromagnetic spectrum 

provides large channel bandwidth. Moreover, the scintillation effect is more in infrared 

communication system and the use of THz communication system can minimize this 

effect. 

1.1.1 Material characterization  

Due to the unique signature ability, the THz band finds number of industrial applications in 

the material characterization. In one of the interesting application in the paper manufacturing 

industries [12], the production of the finished goods is being ingeniously controlled using the 

THz systems where it monitors the thickness as well as the moisture content of the 
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paper during the production process. Mousavi et al. [13] have demonstrated the experimental 

set-up to differentiate two different paper samples using THz wave. In addition, the THz 

systems also find its utility in the polymer manufacturing industry such as the 1) on-line 

regulation of polymeric processes such as real-time paint meter [14], 2) quality control check 

of the plastic weld joints [15], 3) conductive possessions of polyaniline films [16], 4) 

estimation of moisture level [17], 5) fiber orientation [18], and 6) glass-transition temperature 

of polymers [19]. Similarly, in the industry of manufacturing food items, it is desirous to 

detect the unwanted and harmful objects in food before its final packaging. The THz systems 

detect the possibility of both the metallic and non-metallic contamination [20] in the food 

item. Moreover, the food items having low water content such as chocolates are transparent to 

the THz waves. This enabled to differentiate metallic and non-metallic contamination in the 

chocolate bars [21]. Furthermore, for the brewery industry, the detection of corked substance 

is important.  Therefore, the significant scattering of THz radiations due to the presence of 

defects or voids, in addition to the variation in the cork-cell structure results into emergence 

of the contrasts images of the crocked substances with imperfections [22].  

1.1.2 Sensing and imaging  

Among the security applications of THz imaging, the luggage and postal mail inspection [23] 

at airports is a major concern. The molecular crystals of the matter present specific features 

when gets interacted with the THz wave, therefore, the explosives [24-26] or illicit drugs [27] 

are well localized and explicitly recognized inside an envelope, or a parcel, or a suitcase [28]. 

The packages made up of metallic sheet are opaque to the THz waves and thus, the 

spectrometers designed in the THz band are not probably an alternative to X-ray scanners. 

Though, THz waves offer additional information about the sample under test, generally for 

the low density materials and the chemical separation. For highly responsive facilities and 

public places like airports, railway platforms, compound areas of governmental offices, or 

open grounds during the festival celebrations, there is a requirement of full-body scanners for 

the security purposes. Initially, the security screening is either based on using metal-detectors, 

X-Ray backscatter, or millimetre wave passive and/or active imaging systems. However, the 

deployment of security systems based on THz radiation in such areas is comparatively much 

safe than X-rays because of the smaller photon energy of THz waves which does not create 

any harm to the human tissues all the way through ionization [29]. Therefore, THz radiation 

shows potential for its usage in the airport non-invasive full-body security scanners [30, 31]. 

The THz system also finds its application in the liquid explosives detection. This is due to the 
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reason that numerous liquids exhibit very different dielectric response in THz band 

distinguishable from the other alcoholic substances [32].  

The medical and biomedical imaging is also a promising field where the THz imaging 

technique finds several applications [33]. Due to the high degree of aligning property of the 

THz beam with respect to the microwave waves and the lesser Rayleigh scattering with 

respect to the infrared and visible beams, it finds a unique place in the biomedical imaging. 

An exposure to the THz wave with intensities of sub-hundred milli-watt per square centimetre 

or even greater, does not show any significant variation at a cellular and molecular level of the 

living substance [34]. Thus, it facilitates a safer medical imaging for the human beings [35]. 

The THz imaging has found its potential application in analyzing breast-tumours [36], skin 

hydration and skin cancer [37, 38], and liver cancer [39]. Oh et al. [40] have demonstrated the 

diagnostic images of cancerous tumours which are acquired by using THz molecular imaging 

technique (TMI). In this technique, when the near infrared (NIR) beam is allowed to irradiate 

the surface of nano-particles then a change in the THz response due to the surface plasmon 

resonance is measured which helps in the detection of tumours. The authors [40] further have 

extended the differential measurement technique wherein the NIR beam is directly modulated 

and helps to eliminate the background noise which results into an improvement in the SNR 

values. Moreover, a high sensitivity has been achieved with this technique which arises due to 

the sensitive interaction of the THz waves in the water. However, it also makes possible the 

target-specific sensing of tumours as well as helps to recognize the miniscule differences at a 

cellular level. Similarly, to show the benefits of THz radiation in the dental imaging and 

monitoring the tooth-decay,  Berry et al.[41] developed a detailed list of optical properties of 

the tissues which are exposed to THz pulsed radiation, experimentally. The pharmaceutical 

industries are also using THz radiations in the analysis of tablets and chemicals for the 

purpose of quality check during their production process [42, 43]. The crystalline structures of 

different isomers shows altering spectral fingerprints in the THz range, therefore using the 

THz imaging technique the polymorphic forms of the tablet coatings [44] can be detected in 

quality control applications. This also helps to control the discharge of the active 

pharmaceutical ingredients [45]. Like microwave radiations, the THz radiation has the 

potential to penetrate a variety of non-conducting materials such as clothing, plastic, 

ceramics, wood, paper, and cardboard. However, the infiltration depth of THz waves is 

usually not more than that of the microwave radiation, therefore, THz waves finds its 

applications to non-destructive quality control with inspection of hidden defects, surfaces with 
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non-uniformity and cracks [46]. Such salient feature of THz wave is beneficial to evade any 

catastrophic failures similar to the NASA Space Shuttle Columbia in future. As the THz 

beams are capable to detect the damage in the polymer foam tiles due to the induced heat and 

using the condition based monitoring of the thermal protection systems (TPS) a secure 

operation of the space shuttle can be monitored. Zhong et al. [47, 48] have established the 

THz time-of-flight tomographic imaging in the non-destructive recognition of foam insulation 

on space shuttle fuel tanks having pre-fabricated defects. The authors have determined the 

insulation foam defects with the help of a Gunn diode oscillator and a pyroelectric camera as 

a source of THz wave and detector, respectively. Rahani et al. [49] have investigated the 

potential of THz waves to detect heat induced damages that occurs in porous materials. The 

authors have analyzed the emergence of defects which are generated during the 

manufacturing process or in-service processes such as formation of voids, de-lamination or 

damage due to impact/ burn in the porous materials by analyzing the THz absorption 

information from the transmission-type characteristics of the image. Likewise, as the THz 

waves can infiltrate through all composite material so THz transmission images of composite 

material [50] can be obtained for security applications. Amenabar et al. [5] have reviewed the 

most significant feature of the THz technology as a tool for non-destructive testing (NDT) 

inspection of composite materials. The reflection of the THz wave (in conductive materials) 

and absorption of the THz wave (in polar liquids) show the way to a clear examination in the 

composite inspection field. However, there are certain limitations to the detection of 

composite matter using THz waves such as carbon fibres which is not penetrated by THz 

radiation and water content in air or else in the composite itself may compromise on the 

correctness of the inspection system.  

Our work has explored the pulsed THz imaging system with respect to the performance 

parameters of photoconductive dipole antenna for security applications and these are 

discussed in detail in Section 1.3 and Section 1.4, respectively.  

1.1.3 Next generation communication  

To cater the requirement of high data rate communication, there is a prerequisite to use higher 

operating frequency in the THz range of the electromagnetic spectrum [51]. However, the 

deployment of higher operating frequency of THz band in setting up a communication link, 

several design issues are required to be addressed. In wireless communication system, an 

antenna plays a vital role and at THz frequencies the design characteristics of an antenna 

needs significant consideration. Moreover, to increase the overall length of any wireless 
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communication link, the antenna performance parameters such as gain and directivity 

represents the decisive factors. Jha and Singh [52] have reviewed the technical issues of THz 

antennas with the particular consideration to the planar technologies that can contribute to the 

compact, low profile, and inexpensive future THz wireless communication system design. As, 

the signal attenuation and the power levels are high and low, respectively in THz regime of 

the electromagnetic spectrum, therefore wireless communication links with a highly directive 

system provides point-to-point communication within some short ranges. This enables the 

establishment of secure short-range links to exchange the confidential information with high 

speed. Likewise, an active research in the field of THz communication systems [53, 54] is 

going on, specifically in indoor systems which are operating at point-to-point over several 

meters [55, 56], and are largely depending on integrated circuits so as to enable these point-

to-point links for portable consumer devices [57, 58]. The THz communication systems share 

the characteristic of short-range communication and are primarily restricted by the strong 

atmospheric attenuation and scattering by building materials [59]. In case of the long-range 

outdoor point-to-point links a millimetre-wave band below 300 GHz is being reported. 

Recently, a wireless link operating at a centre frequency of 240 GHz realize a data rate of 64 

Gbit/s over a transmission distance of 850 meter by means of QPSK and 8PSK modulation in 

a single-channel approach without the use of spatial diversity concept [60] and a 120 GHz 

link achieving 10 Gbit/s at 5.8 km [61] have been established, respectively. However, it is a 

myth that the millimetre-wave and the THz bands (0.1–3 THz) are unfeasible for all but short-

range links due to rigorous attenuation caused by the atmospheric water vapour. Further, this 

myth has been contradicted with the development and usage of large-aperture telescopes by 

the researchers in the area of sub-millimetre radio astronomy for the dry high-altitude 

locations. Suen [62] has reviewed the expertise and science essential to build up a terabit-per-

second THz satellite link. The author has emphasized on benefits of developing a Satellite-

link with ubiquitous THz communications. Moreover, several technical characteristics of a 

Satellite-link which includes atmospheric attenuation, transceiver technology, aperture, and 

earth station properties for the terabit-per-second Satellite-link are discussed in his work. 

1.2 OVERVIEW OF CONTINUOUS AND PULSED TERAHERTZ (THz) IMAGING 

SYSTEMS 

The THz radiations provide higher spatial resolution in comparison to the microwave 

radiations because of the shorter wavelength. Moreover, the THz radiations do not cause any 

recognized harm to the living organisms which makes THz imaging a powerful and most 
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likely safe imaging technology.  Furthermore, the applications such as homeland security, 

defence and safety in aviation industry have put a huge demand on the expansion of advanced 

imaging systems. The types of THz sources used in imaging system is briefly discussed to 

have an idea about the availability of types of THz sources for THz continuous and pulsed 

wave imaging system. 

1.2.1 THz sources for imaging systems 

Generally, the electronic solid-state sources have limited operating bandwidth due to the 

transit time of carriers through semiconductor specimen which causes high frequency roll-off. 

This makes a limitation in the use of solid-state devices for THz frequencies. Recently, the 

development of a variety of THz sources is gradually filling the THz gap, providing 

complementary characteristics in terms of various parameters such as operating frequency, an 

average and peak power. The classification of THz sources used in THz imaging system is 

shown in Figure 1.3. Numerous systems have been developed to generate the THz radiations 

with each system offering different output powers, sensitivities and bandwidths. On the basis 

of spectroscopic techniques used in sensing and imaging applications, the THz sources have 

been broadly classified in three categories such as: 

1) Incoherent thermal THz sources,  

2) Continuous-Wave (CW) THz sources (also known as Narrowband THz source), and  

3) Pulsed THz sources (also known as Broadband THz source).  

The narrowband continuous wave sources are further, classified as photonic sources, non-

linear optical sources, photomixing in biased semiconductors, and electronic sources. 

Similarly, the broadband pulsed sources are classified as photoconductive antenna, optical 

rectification, and the pulsed photomixing. The incoherent thermal sources generate THz 

radiations through mercury arc lamp or SiC rod (Globar) in an optical interferometer. In the 

interferometer, the characteristic interference pattern of the sample is considered through 

scanning the arm length.  Using fast Fourier transform (FFT) and the numerical FFT (NFFT), 

the interferometer responds to the sample spectrum with zero-padding and aliasing [63]. 

Among the models for THz imaging, numerous non-coherent techniques like micro-

bolometer arrays are presented by researchers whereas to increase the measurement speeds 

such approaches provide only limited information due to lack of information about the phase. 

However, due to the rapid development of coherent THz sources, the trend shows the 

advancement in THz imaging systems and it presents an opportunity for high-resolution, 

potentially non-invasive imaging suitable for security or quality-control applications [64, 65]. 
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Figure 1.3: Classification of THz sources 

The photonic CW THz source operation depends on the type of the laser used. Generally, the 

main hindrance in developing a THz laser is to find an inexpensive and suitable gain medium 

which can pump more resourcefully with high gain in addition to high output power. The 

nonlinear optical materials of susceptibility χ(2) with non-linear optical coefficient act as a 

medium for the generation of THz radiation at the beat frequency of two pump sources. In 

case of pump sources which are having wavelengths offset by THz frequencies, the non-linear 

optical material can act as a source of THz radiation. In this technique, a material with 

second-order optical non-linearity such as 4-dimethylamino-Afmethyl-4-stilbazolium-tosylate 

(DAST), two continuous-wave lasers of offset resonance frequencies are combined resulting 

into difference frequency generation (DFG). With photomixing in biased semiconductors 

generation technique for CW THz radiation, the mutual interference of two laser frequencies 

with semiconductor material results into output oscillations which occur at the sum as well as 

the difference of the laser frequencies. The systems are fabricated in such a way that the 

difference term of laser frequencies lies in the THz range. For the low-power CW operation, 

the high-speed electronic devices can be used such as in case of non-contact system 

developed using complex impedance bridges to precisely characterize the dielectric constant 

of thin films between the range 30 GHz to 1 THz. 

The advancement in the generation of pulsed THz radiation with the help of ultra fast optical 

lasers offers a new way for accessing the THz frequency range. However, there are several 

mechanisms to produce pulsed THz radiation which includes the techniques such as 1) photo-
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carriers acceleration in photoconducting antennas, 2) second-order non-linear effects in 

electro-optic crystals, 3) plasma oscillations, and 4) electronic non-linear transmission lines. 

Initially, the pulsed THz techniques were originally developed for the waveguide and circuit 

characterization. In Table 1.1, the generation techniques of both continuous wave THz 

radiations and pulsed wave THz radiations are summarized for quick and easy comparison of 

each technique. 
Table 1.1: Summary of generation techniques of THz radiation. 

S.No. Continuous Wave THz Radiation Pulsed THz Radiation 

Generation 
Technique 

Generated 
Material/ 
Medium 

Generation Technique Generated Material/ 
Medium 

1 Photomixing [66] PC Switch Transient photo- 
conductive Switching 
[67] 
 

Photo-conductive 
antenna (PCA) 

2 Difference 
frequency 
generation using 
parametric 
oscillation [68] 

Non-linear crystal Optical rectification [69] Dielectrics, 
Semiconductors, Organic 
Materials 
 

3 Rotational 
transitions [70] 

Far infrared gas 
lasers 

Emission from 
periodically undulated 
electron beam [71] 
 

Electron accelerators 

4 Streaming motion 
and population 
inversion [72] 

Semiconductor 
laser 

Surge current (super 
depletion field) [73] 
 

Semiconductor surface 

5 Frequency 
multiplication of 
microwaves [74] 
 

Schottky barrier 
diode 

Tunneling of electron 
wave packet [75] 

Quantum semiconductor 
structures 

6 Transitions in 
superlattice [76] 

Quantum cascade 
lasers (QCL) 
 

Coherent longitudinal 
optical phonons [77] 

Semiconductors, 
Semimetals, 
Superconductors 

7 Electron interactive 
with a travelling 
electromagnetic 
Wave [78] 

Backward wave 
oscillator (BWO) 

Optically short-circuiting 
the switch [79] 

High temperature 
superconductor bridge 

8 Relativistic electron 
interaction with 
transverse magnetic 
field [80] 

Free electron lasers 
(FEL) 

Non-linear transmission 
line (NLTL) [81] 

Electronic circuits 
consisting NLTL 

 

The photoconductive approach to generate pulsed THz radiation uses the formation of the 

transient current due to high speed photoconductors across the radiating antenna. The optical 

rectification is another method for the generation of pulsed THz radiation, which is an 

opposite process of the electro-optic effect. The optical rectification (OR) is a second-order 

consequence which occurs in materials with a non-zero χ(2) coefficient and is also known as 
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the Pockel's effect. The pulsed photomixing is a technique used to generate THz signals in the 

photoconductive antenna, CW photomixing and CW non-linear DFG. 

1.2.2  Performance comparison between continuous (narrowband) and pulsed 

(broadband) THz imaging system  

The narrowband/ CW THz sources have a variety of applications in high-resolution 

spectroscopy, telecommunications, and high bandwidth inter-satellite links. Figure 1.4 shows 

the CW imaging system wherein the THz continuous wave generation is achieved using Gunn 

diode assembly. Initially, a Gunn diode oscillator generates a beam of 0.2THz with 12mW 

power. With the help of a parabolic mirror the beam is allowed to focus on to a 4mm spot and 

is then modulated with the help of a chopper at 1.2 kHz. A polyethylene Fresnel lens placed at 

a distance of 408mm from the parabolic mirror focused the modulated beam with a focal 

length of 204mm. The modulated beam is allowed to pass through the sample which is 

positioned at this focus. Later than passing through the sample, the beam once again gets 

focussed through a small polyethylene spherical lens and recollects at the horn of the detector 

which is an unbiased GaAs Schottky barrier diode. Then the signal received by the detector is 

read using a lock-in amplifier.  

 
Figure 1.4: Schematic illustration of a CW THz system [84]. 

However, the CW imaging system presented in the Figure 1.4 only provides intensity data and 

does not give any depth as well as the frequency-domain or the time-domain information of 

the subject while a fixed-frequency source along with a single detector are used. For many 

imaging applications [82], only the plots of transmitted energy are adequate to detect the 

sample under test. Moreover, the CW imaging system provides a compact, simple, fast and 

comparatively low-cost system at the cost of loss of depth information of the sample under 

test and frequency-domain or time-domain information of the subject. The simplicity of the 
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optics involved in the CW imaging system is due to the absence of a pump-probe system [83]. 

Therefore, there is no requirement of a time delay scan as is needed in pulsed imaging system 

and hence the image formation takes place more quickly in CW imaging system.  In the 

pulsed terahertz imaging system a photoconductive antenna [85] is illuminated with the help 

of a femtosecond laser pulse acting as a source and the generated THz electromagnetic pulse 

is detected by non-linear crystal made up of ZnTe by means of electro-optic sampling 

technique based on optical pump-probe set-up [86]. Figure 1.5 shows the pulsed imaging 

system wherein the THz pulsed wave generation is achieved using a photoconductive 

antenna.  

 
Figure 1.5: Schematic illustration of a pulsed THz imaging system [84]. 

The Coherent RegA laser used in the set-up has the characteristic features as 1) a repetition 

rate of 250 kHz, 2) pulse duration of 200 fs, and 3) an average power of 400 mW. Initially, 

the THz pulses are generated using a large aperture photoconductive antenna with a peak 

frequency 0.4 THz. Then, the generated THz beam resolute onto the target using a parabolic 

mirror which gets reflected through the sample layers as well as the aluminium substrate. The 

reflected beam is collected using another parabolic mirror which is then sends to a ZnTe 

crystal acting as THz detector where it overlies with the probe beam. Inside the ZnTe crystal, 

the probe beam gets modulated by the THz field. Such imaging technique records the 

waveform of the reflected THz pulses and therefore preserves the phase and amplitude 

information. 

With the detailed working principle of both the CW imaging system and the pulsed imaging 

system as discussed above, the strengths and limitations of both imaging systems with respect 
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to each other are now summarized in Table 1.2 for the quick and easy reference. Using more 

complicated arrangement for CW imaging system additional information can be extracted. 

Likewise, the overall weight issue of the pulsed imaging system can be abridged appreciably 

with the utilization of more compact laser such as a fiber laser for the pump-probe set-up. 
Table 1.2: Comparison of CW and pulsed THz imaging systems [84] 

 
S.no. Parameter CW imaging system Pulsed imaging system 
1. Approximate total system cost $50 000–$150 000 $300 000–$1 000 000 
2. System complexity Low High 
3. Approximate weight of  

imaging components 
Approx. 2Kg Approx. 300Kg 

4. Information provided Transmitted energy 1) Magnitude of electric field,  
2) Total transmission time (optical   

path length),  
3) Absorption spectrum, 
4) Depth of scattering centres, 
5) Information about the phase, 
6) Shape of pulse. 

5. Scanning speed 0.005 s per point 1 mm  
step size (which is limited by 
translation stage maximum 
speed of 0.2 m s−1) 

20–0.05 s per waveform 

6. Data complexity  Low High 
 

1.3 TERAHERTZ (THz) PULSED IMAGING SYSTEMS FOR DETECTION OF 

HIDDEN EXPLOSIVES 

In the imaging application, with visible light, only a photograph can be created and with X-

rays, a view within the human body through penetration at a time is performed, however it is 

beneficial to use THz waves as it can create the image as well as transmit the information 

about the spectral response of material. Moreover, in THz imaging at low values of THz 

frequency, the dielectric response of several organic and inorganic materials is responsible for 

their spectral response and at high frequencies the spectral response is subjugated by specific 

intra-molecular or inter-molecular vibrations as well as the rotations which are similar to 

those that occur with infrared radiation in case of infrared spectroscopy. The salient features 

of THz radiation which makes it a potentially influential technique in THz pulsed imaging for 

security applications [87] in detection of hidden explosives are as follows: 

 Penetration: THz radiation has the ability to pass through the non-metallic and low-

absorption materials like clothing and packaging materials. Moreover, these radiations 

can partially reflect from the interfaces between materials having different refractive 

index which enables to detect the plastic and ceramic objects containing powdered 

explosives hidden beneath the clothes.  
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 High-resolution 3-D imaging: The wavelengths which are used in pulsed imaging 

provide images with sub-millimetre resolution. Like a radar system, the use of 

extremely short pulses in pulsed THz techniques helps to take 3-D imaging. Moreover, 

in pulsed imaging system the range gating technique increase the contrast and the 

discrimination ability of the imaging system. 

 Spectroscopy: Many explosives and explosive related compounds (ERCs) show 

spectral features in the broad frequency range of 0.1- 4 THz and thus provide unique 

spectroscopic information which helps in their detection using THz radiations even 

when they are sealed inside an object [6].  

 Safety: The THz radiation is non-ionizing in nature and uses very low power levels in 

the nano-watt range because of the availability of highly sensitive coherent detection 

schemes. 

 Low Scattering: The longer wavelength of the signal from the pulsed THz imaging 

system allows for much lower scattering from the object under detection. 

 Intensity: In comparison to radio waves, the THz signals are much easier to focus and 

collimate which further helps to realize high Depth-of-field (DOF) for pulsed imaging 

system. 

In THz pulsed imaging system, there is a use of THz electromagnetic waves to 

spectroscopically detect and identify concealed explosives such as research department 

explosive RDX (having chemical name 1,3,5-Trinitroperhydro-1,3,5-triazine) and high 

melting explosive HMX (having chemical name octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine) through their characteristic transmission or reflectivity spectra which lies in the 

THz range [28]. Moreover, in THz regime of the electromagnetic spectrum, spectroscopy with 

high spectral resolution is an effective analytical tool to determine the structure as well as the 

energy levels of the molecules and atoms. The THz pulsed spectrometers are essentially 

broadband systems because of the use of ultrafast optical pulses to create the THz radiation. 

Furthermore, the THz spectroscopy has the ability to determine the far-infrared optical 

properties of the material as a function of frequency which provides the insight into material 

characteristics for a broad range of security applications. 

Related to the security threats to contemporary society, there is a requirement of scanning 

systems for screening of persons so as to identify the concealed perilous objects.  However, 

on the other side, the use of full body scanning techniques based on X-rays hoist problems 

about the human health issues therefore limiting their acceptance by the public. Another 
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significant security need such as recognizing a suicide bomber from a safe distance is not 

convened at all by the existing scanning technologies. However, the most constructive 

property of imagers which are operating in THz range has an ability to detect the small 

variation in temperature on the object’s surface and has the ability to see even through 

clothing. Besides the background of the radiating human body the reflecting and the 

absorbing objects become noticeable with THz radiations. Therefore, the objects such as 

metals (which are generally highly reflective), ceramic materials and explosives which show 

characteristic absorption spectra in the submillimeter range [88] and even if they are 

concealed beneath the clothing can be detected easily using THz radiations. Therefore, due to 

the potential features of THz radiations in imaging applications, the THz pulsed imaging 

systems on the basis of type of imagers used in the THz pulsed imaging system are classified 

as: 

 Passive imaging, and  

 Active imaging.  

The THz pulsed imagers offers salient features such as low signal-to-noise ratio, low spatial 

resolution and limited distance of imaging. However, the performance of THz pulsed imagers 

in terms of noise-equivalent temperature difference (NETD) value is lower and is in the range 

of 0.5 −  The passive THz imagers record the contrast in .[89] (degree Kelvin) ܭ5°

radiometric temperature within an object under scene and active THz imagers record the 

contrast in the scattered radiance within an object when it is illuminated with THz source. In 

active imaging, the imager makes the active image of the object wherein all the radiations are 

confined with all of its illumination to a single mode and the receiver observes the same mode 

on the other side of the object. However, the passive THz imaging systems which are 

inherently multimode has a small dynamic range in comparison to active THz imaging system 

[90].  

With the advances in THz monolithic and array compatible integrated circuits (TMICs) [91, 

92] operating at room temperature, a fully passive approach which is implemented with the 

use of heterodyne receivers. However, the active imaging system offers an advantage of 

reducing the sensitivity requirement on the THz receivers and in such case the receiver can 

improves the acquisition speed and number of image pixels (format). Friederich et al.[93] has 

presented active imaging systems to determine the pulsed imaging system potential in real-

time imaging which includes a) active electronic imaging system, b) optoelectronic THz 

imaging system, and c) THz focal plane arrays.  
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1.3.1 Potential challenges of THz pulsed imaging system 

The THz pulsed imaging is an emerging technology which finds diverse applications as 

discussed in preceding sections. Despite being influential technique based on salient features 

of THz radiations, there are many obstacles which stand in the way of large-scale industrial 

induction of THz pulsed imaging system. However, there are some key research areas which 

invite the researchers to work. Current efforts in the hardware are vital to transform the THz 

imaging systems from laboratory to the industry. The progresses in imaging architectures as 

well as algorithms are equally important for the exact and quick data processing. The THz 

imaging era has begun after Hu and Nuss developed the first scanning system in 1995 

wherein the sample under test is scanned in x-y translation [94]. They have demonstrated a 

practical THz imaging system wherein the THz transients are focused on to the diffraction-

limited spot localized on the sample. The transmitted THz waveforms are then acquired as 

well as processed in real time at each point of the sample. The authors have used THz pulses 

to stare through the packaging of a semiconductor chip, and also to find the water content of 

tree leaves. In case of conventional THz imaging system, a sample is scanned to take an 

image which poses a severe limitation on the available acquisition speed. However, a two-

dimensional (2D) electro-optic sampling is used with a charge coupled device (CCD) camera 

to enhance the imaging speed. Moreover, with the necessity of accelerating the image 

acquisition speed and high absorption of many materials, there is a requirement of significant 

advancement in terms of compactness of size, cost-effective and portability of THz systems to 

make better feasibility of real-time imaging. Along with this, other major issues and 

challenges such as 1) output power, 2) signal-to-noise ratio (SNR), 3) water sensitivity, 4) 

depth of penetration, 5) bandwidth, 6) spatial resolution, and 7) lack of a THz frequency 

knowledge base, need to be considered for pulsed THz imaging systems. The spatial 

resolution in THz pulsed imaging is principally limited by the diffraction limit that is the 

function of wavelength and numerical aperture of the optical system.  

Various applications in THz imaging rely on either single plano-convex lens of a spherical 

shape or off-axial parabolic mirrors but with increase of numerical aperture for former is 

inefficient leading to a significant rise of aberrations however later have good aberrational 

correction and high resolution although suffer from the overlapping of incident and focused 

beams [95]. The THz near-field microscopy is an alternative approach to overcome the 

diffraction limit. However, numerous disadvantages such as: 
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1) Detection of light scattered on very small diaphragms or confined at a tip apex placed at 

the object plane requires powerful emitters and highly sensitive detectors,  

2) A near-field imaging requires very short object distance, thus, the scanning probe may 

interact with the sample and even perturb its structure, and  

3) Requires a long scanning time,  

are inherent to this approach and strongly limit its reliability [96]. The signal-to-noise ratio 

(SNR) improvement is another challenge being faced by pulsed THz imaging systems. This is 

inherently tied to the average power of the THz emitter. In THz time domain spectroscopy 

systems, a high SNR can be achieved. In imaging applications, there are certain factors that 

results into the reduction of SNR to a level where it becomes a matter of concern. However, 

the use of a THz source with high power can improve the SNR as well as the dynamic range 

of sensing and imaging systems by increasing the penetration depth in the scattering or 

absorbing materials. The polar molecules interact strongly with pulsed THz wave and due to 

this property the water molecules absorb the THz waves and therefore, the depth of 

penetration of the THz wave is limited in moist substances. Moreover, in the THz imaging 

applications to yield enhanced depth-of-field (DoF) for imaging purpose radiating source with 

highly directive antenna is required. 

Several state-of-the-art THz spectroscopy systems rely on the ultrafast laser based systems 

which are bulky and therefore non-portable. In addition, such spectroscopy systems are 

complicated because of the essential mechanical parts such as a raster scan with single 

detector to obtain a two-dimensional image, and are therefore somewhat expensive to develop 

as well as to operate. Moreover, the scan process generally takes tens of minutes to produce a 

high-resolution THz picture of a scene. Thus, all the electronic based THz systems are 

required towards reducing the space, weight and power, and thus facilitate future sensing and 

imaging applications. Furthermore, the THz imaging technology faces some inherent 

problems which arise from the 1) specular reflections, 2) unwanted clothing reflections 

(clutter), 3) interference effects (speckles), and 4) angular orientation effects, that result into 

the degradation in the image quality and resolution. Moreover, in case of active imaging 

techniques there are certain threat scenarios also such as the presence of non-reflecting objects 

carried directly on the human skin. However, in case of active imaging the degradation in 

THz images due to speckle can be minimized by adding angular diversity or multimode 

mixing to the illumination THz source [97]. As the noise equivalent power (NEP) of an 

imaging array depends on the antenna efficiency, therefore, it is essential that the high-
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efficiency on-chip antennas are needed for a low system NEP. Figure 1.6 shows a broadband 

focal plane array camera with intrinsic cut-off frequency 2.5THz with antimonide based 

hetero-structure backward diodes which are monolithically integrated by means of planar THz 

antennas for each sensor pixel [98] for the real-time THz imaging application.  

 
Figure 1.6: The THz camera comprising of focal plane array pixels consisting of broadband slot–type photoconductive 

antenna with integrated sensors [98]. 
 
Therefore, considering the potential challenges of pulsed THz imaging system for security 

applications, the advancements in the area of THz antenna technology for imaging application 

will open a new avenue in the biomedical and security applications in the THz regime of the 

electromagnetic spectrum. Moreover, both wavelength-scaled feed systems that integrate 

directly with electronic components and large scale beam forming systems are required. 

Several groups of researchers are pursuing the concept of small THz antenna which is 

especially targeted for shorter wavelengths to be useful for imagers, interferometers and 

broad-bandwidth spectrometers in THz imaging systems. As at shorter wavelengths, there is a 

difficulty in coupling together the multi-function elements which are fabricated individually 

such as diodes, transistors or passive transmission lines therefore more emphasis is being laid 

down on realizing these antennas with matching fabrication process as of the sensing and 

power converting devices which are used at the antenna terminals. Such technique result into 

reduction in the losses associated with excessive mode, beam mismatch and absorption. 

However, still there are some other challenges such as recognizing specific impedance 

matching, tuning or phase scanning, high gain, broad bandwidth, which needs to be 

considered simultaneously. Moreover, to realize a diffraction limited image using focal plane 

arrays, novel compact antenna designs with areas of one half wavelengths squared or less 

need to be designed. In Table 1.3, the performance evaluation of the characteristic parameters 

related to the THz imaging system for the feasibility of real-time imaging system is briefed. 
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To make realisable pulsed THz imaging system, the techniques which can be deployed in 

THz antennas to satisfy the demand of imaging system are mentioned with the respective 

potential challenges to work upon. 
Table 1.3: The performance evaluation of various characteristic parameters associated with the feasibility of real-time 

imaging system. 
 

Characteristic 
Parameter 

Performance 
Evaluation 

Technique to 
Achieve 

Limitation 

Acquisition speed High Line-detection 
using micro-lens 
array 

High system volume with 
portability challenge 

Spatial resolution High Focal plane arrays Diffraction limit and rise 
in aberrations 

Signal-to-noise ratio 
(SNR) 

High High-power THz 
source 

Unavailability of highly 
efficient single unit of 
THz source 

Dynamic range Large Beam-steering 
technique and 
frequency scanning 
system 

Propagation losses and 
non-specular reflection on 
the object under test 

Depth-of-field High Highly directive 
THz source 

High atmospheric 
attenuation 

Noise equivalent power Low PCA which has low 
optical and thermal 
noise in comparison 
to electro-optic 
rectification method 

Low antenna efficiency 

Size-weight-and-power 
(SWaP) 

Small High-efficiency on-
chip antennas 

Critical fabrication issue  

 

1.4 RELATED WORK 

A well-designed sub-wavelength (micrometre/nanometre) radiating structure shows the 

potential for high output power generation and broadband THz pulse emission which is useful 

for THz imaging system. An antenna is a vital component in THz imaging system as it plays a 

significant role of both impedance matching in addition to a power radiating source. 

Researchers have designed several types of THz antennas having different structures. Some of 

them are 1) THz dipole antenna [99], 2) Yagi-Uda antenna [100], 3) spiral type antenna [101], 

and 4) butterfly shaped antenna [102] with lens. Moreover, the diffraction limit in imaging 

system can also be overcome by the use of metamaterial biochips and nanotechnology based 

contrast agents. The THz antennas are broadly disturbed into two distinct areas:  

 One is the use of THz antenna as wavelength scale beam forming or feed elements. In 

this form the THz antenna couples the energy acquired from the free-space into or out 
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of sub-wavelength generators/receivers such as diodes, bolometers, transistors, or 

photoconductive elements.  

 Second is the use of much larger aperture THz antenna to accumulate the signals and 

to focus the beam. This form is being used in variety of applications such as high 

resolution imaging or scanning and the light gathering power which is required by 

large radio telescopes.  

For the emission or detection of THz waves using an optical and electrical methods a THz 

photoconductive antenna (PCA) is used. However, the THz PCA lacks in harnessing the 

modern technological advancement for the high-power THz emission. Moreover, for the 

advanced imaging and sensing applications, there is a rising attention in developing high 

power THz sources and sensitive detectors. The accessibility of high power, tunable 

wavelength, as well as compact optical sources by means of pulsed and continuous-wave 

operation becomes the major driving force of the photoconductive THz sources/detector 

applications. However, the inherent trade-off amid high quantum efficiency and ultrafast 

operation is the main obstacle in developing high power source and sensitive detectors using 

conventional photoconductors. This trade-off is because of the restricted carrier transport 

velocities inside the semiconductor substrates that are bounded with the carrier scattering 

occurring within the semiconductor lattice. Moreover, for the efficient generation/ detection 

of THz radiation in photoconductive device there is a requirement of small carrier lifetime of 

the photo-generated carriers to move towards the contact electrodes of the antenna. To 

achieve this, many researchers have used the nano-plasmonic light concentrators as well as 

the photoconductive sources/ detectors designed from optical nano-antennas. Jarrahi [103] has 

shown and discussed in detail the impact of using optical nano-antennas in active area of 

photoconductive THz sources. Likewise, Berry et al. [104] have reported the performance 

comparison between a plasmonic photoconductive emitter and a photoconductive emitter 

having non-plasmonic contact electrodes. In their research work they have claimed for 50 

times higher THz radiated power from a plasmonic photoconductive emitter. Similarly, 

photoconductive detector with plasmonic effect offers, 30 times higher THz detection 

sensitivities in comparison to a similar photoconductive detector with non-plasmonic contact 

electrodes. They have also shared the future prospects of their prototype device that can be 

further improved with the deployment of the resonant cavities and antennas having higher 

radiation resistance and bandwidth. A considerable enhancement in THz radiation power and 

the detection sensitivity can be achieved by using plasmonic contact electrodes with high 
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aspect ratio. Such electrodes are embedded within photo-absorbing semiconductor material 

which results into the generation of large number of carriers in the close-proximity to the 

photoconductor contact electrodes. Therefore, the nano- and micro-fabrication can open a way 

to numerous opportunities for enhancing the emission power of THz photoconductive 

antennas. 

Park et at. [105] have demonstrated an increase in the THz emission power using the optical 

nano-antennas by tuning plasmon resonance with antenna geometry. They have designed an 

antenna for the high-power THz emission using large-area excitation with multiple inter-

digitized microelectrodes underneath the restricted optical power. Moreover, the plasmon 

resonance gets precisely controlled through variation in the width of nano-antenna. The 

designed antenna configuration features nano-rod arrays placed in-between two 

microelectrodes on the photoconductive substrate [105]. The optical nano-antennas enhance 

the light concentration near the nano-rod arrays by the side of localized surface plasmon 

resonance. Moreover, the light confinement within the photoconductive region also results 

into generation of more photocarriers which further contributes to THz emission power 

enhancement. The authors of [105] have integrated the optical nano-antennas within the 

interstitial micro-gap of a bowtie-type photoconductive antenna on SI-GaAs photoconductive 

substrate by integrating multiple techniques such as the conventional photolithography, 

electron-beam lithography, and metal lift-off technology. Zhu et al. [106] have discussed 

three linearly polarized photoconductive THz antenna designed for the THz imaging system. 

A bow-tie antenna with a finite ground plane and DC biasing lines has been used as the 

reference design. In [106], the authors compare the performance of three linearly polarized 

photoconductive THz antennas designed using artificial magnetic conductors (AMC). The use 

of AMC enhances the gain of the antennas. Nguyen et al. [107] have designed a full-

wavelength THz dipole antenna hold up by means of a GaAs membrane structure with high 

input impedance.  The radiation efficiency also gets improved which further improves the 

overall efficiency of a THz photomixer.  Further, the authors have also shown the effects of 

membrane thickness as well as the diameter of a hole inside the ground plane in a back-

excitation configuration of THz dipole antenna. Through the optimization process, they have 

observed two interesting properties. One is that a relatively thin cavity is appropriate for the 

antenna designs which demands high input impedance as in THz photomixer antennas. 

Another is the use of bulk GaAs substrates which results into enhancement in the antenna 

performance and also possesses high input impedance along with high radiation efficiency. 
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Maraghechi et al. [108] have developed a correlation between the lengths of bow-tie antenna 

(type of photoconductive antenna) with its THz spectral emission response. Moreover, the 

capability to fine tune the centre frequency of THz photoconductive switch improves the 

accuracy of detectors/ emitters of the spectroscopy, imaging and sensing systems. In [108], 

for computing the effective antenna length, three approximation methods have been used such 

as 1) quasi-static, 2) high-frequency, and 3) Brown and Woodward. Accordingly, a number of 

bow-tie antennas with different lengths have been fabricated and are analyzed [109, 110]. The 

authors have also concluded that simple quasi-static approach to approximate the effective 

permittivity of the substrate can be applicable for frequencies up to 1.5 THz.   

Beck et al. [111] have reported an impulsive THz radiator with characteristics such as 1) 36 

kV/cm vacuum electric field, 2) 250 kHz repetition rate, 3) 1.5 mW average thermal powers, 

and 4) 2×10−3 NIR-to-THz conversion efficiency. This has been obtained using photo-

excitation of biased large-area photoconductive emitter with near-infrared (NIR) femto-

second pulses having µJ energy. They investigated the THz emission due to the acceleration 

of photo-induced carriers within GaAs photoconductive substrate at high excitation densities. 

However, to achieve this specific metal-semiconductor-metal (MSM) structure 

photoconductive antenna is utilized. With the use of a specific MSM structure along with a 

large active photoconductive area of approximately 1×1 mm2, the saturation effects including 

bias screening has been successfully reduced. Moreover, this also allows ensuring a suitable 

scattering strength to keep up the eigenmodes with the desired field distribution. Furthermore, 

a peculiar scattering response can be achieved by making use of the excitation of the resonant 

eigenmodes in an aptly shaped metallic antenna. Tani et al. [112] have reported two different 

forms of photoconductive antennas: a) Schottky photoconductive antenna, and b) multi-

contacts photoconductive antenna, respectively. The Schottky photoconductive antenna has 

the ability to sense THz radiation intensity without the time-delay scans therefore it is helpful 

for applications wherein spectroscopic information is not significant like THz intensity 

imaging. Moreover, the multi-contacts photoconductive antenna finds application for the 

polarization sensitive THz spectroscopy like the THz ellipsometry. The authors have studied 

the characteristic features of these photoconductive antennas with the help of a THz time-

domain spectroscopy system. By means of a cautious design of the contacts such as a point 

contact with a metal tip on n-type GaAs, the Schottky barrier diode has the ability to detect 

THz radiation. However, an ordinary Schottky diode is not appropriate for the detection of 

pulsed THz radiation (~ 1ps) generated by the excitation of a photoconductive antenna or 
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some other THz emitting devices with femto-second laser since the authors have also detected 

the continuous thermal background radiation whose power is comparable or even higher than 

the average power of the pulsed THz waves. However, if the Schottky barrier diodes are also 

photo-activated using the same laser pulses which are used to pump the emitter then the 

problem can be solved. In other words, if a photoconductive antenna is activated using the 

laser pulses which can set right the THz signal within a limited time-window while rejecting 

the majority of the thermal radiation then they can detect the pulsed THz radiation intensity 

without time-delay scans. In multi-contact photoconductive antenna design [112], the authors 

have placed a cross-shaped photoconductive antenna on LT-GaAs photoconductive substrate 

using a standard photolithography and the method of chemical etching. On applying a bias 

voltage to the two adjacent electrodes while the other two electrodes grounded, then the bias 

electric field in the photoconductive gap is focussed to ±45˚ from the horizontal axis. When a 

short pulse light is irradiated to the biased photoconductive gap it results into the generation 

of linearly polarized THz radiation from the transient photocurrent directed towards the bias 

field. By providing a phase shift of 90˚ to the input source, the antenna's electric field 

polarizes in the orthogonal direction. This kind of polarization modulator is helpful for 

polarization sensitive THz spectroscopy like the THz ellipsometry and THz-vibrational 

circular dichroism (VCD) spectroscopy. 

Hara et al. [113] have demonstrates an enhanced THz detection using photoconductive 

antennas based on self-assembled ErAs:GaAs nano-island superlattices. The authors have 

compared three detectors each fabricated on low-temperature grown GaAs (LT-GaAs), 

radiation-damaged silicon-on-sapphire (SI-GaAs) and an ErAs:GaAs superlattice, 

respectively. The ErAs:GaAs based detector shows a strong enhancement in the THz 

detection efficiency with respect to the incident optical power. Moreover, the results show 

improved THz bandwidth and signal-to-noise ratios. To reduce the image acquisition time, an 

array arrangement supported by electronic beam steering is useful in imaging application. The 

photoconductive antenna is fairly stable against optical and thermal noises in comparison to 

the electro-optic rectification. However, the total antenna efficiency which depends on the 

multiplication of optical-laser to THz conversion efficiency, impedance matching efficiency 

and radiation efficiency is low. To increase the impedance matching efficiency as well as the 

radiation efficiency it is required to consider the physical phenomena’s contributing to the 

enhancement of efficiency in photoconductive antenna. In [114], the study of equivalent 

circuit model of photoconductive dipole antenna and its use for photomixer are described in 
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detail. The equivalent circuit is determined on the basis of source conductance developed in 

the photoconductive dipole antenna with laser excitation on the photoconductive gap. The 

authors have emphasized over modified expression for source conductance which occurs as a 

physical phenomenon across a photoconductive gap in photoconductive dipole antenna. The 

outcomes of variation of antenna parameters on the conductance are observed which 

facilitates to optimize the antenna impedance matching efficiency. Three designs of small gap 

photoconductive antennas as emitter’s are analyzed in [115] to increase the directivity and 

radiation efficiency of small gap photoconductive dipole antenna which has major limitation 

of showing low directivity values. A simple synthesis technique is presented to resolve the 

antenna parameters corresponding to 1.5 THz to detect the powdered hidden explosives such 

as RDX, HMX and PETN. The simulation results shown in the paper recommend the use of 

thin layer superstrate with silicon lens for diffraction limited imaging using THz radiation in 

the low THz frequency region. The choice of specific photoconductive materials with 

essential electro-optic characteristics is a major factor which enables the photoconductive 

antenna for its effective performance in terms of its radiation parameters. Burford et al. [116] 

have reviewed the use of different photoconductive materials for antenna fabrication. Even 

though, LT-GaAs remains the standard for photoconductive antenna, however the potential 

for all fiber-based spectroscopy systems motivates to develop other photoconductive material 

systems. In imaging system there is a requirement of high acquisition speed which can be 

achieved using array configuration of THz antenna and is discussed by Pradarutti et al.[117] 

wherein a THz line detection with sixteen channels using micro-lens array coupled 

photoconductive antenna (PCA) array is implemented to improve the acquisition speed.  

Moreover, the THz antennas based upon the photoconduction method have numerous 

advantages that they offer in comparison to the other THz sources. These antennas work in 

the room-temperature environment, compact in size and can operate both at the emission and 

detection side. Therefore, from the detailed explanation about the THz antennas for imaging 

applications, it is apparent that there are many avenues to improve the performance of THz 

photoconductive antenna technology for imaging application. Moreover, the key challenge is 

to design an optimized photoconductive antenna in terms of the radiation pattern, bandwidth 

and radiation efficiency so as to counter the problem of low radiated THz power for the 

pulsed THz imaging application.  In Table 1.4, the recently developed THz photoconductive 

antenna design with respect to the imaging applications are summarized for quick reference. 
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Table 1.4: Recent developments in THz photoconductive dipole antenna design with respect to  
the imaging applications. 

Type of THz Antenna Main Characteristic Application Area Reference 
Photoconductive nano-antennas with 
Plasmonic contact electrode gratings 

Effective in enhancing the radiation power and 
detection sensitivity of photoconductive THz 
sources and detectors. 

Time-domain and 
Frequency-domain 
THz imaging and 
spectroscopy systems. 

 Jarrahi [103] 

Photoconductive antenna with plasmonic 
contact electrodes 

Enhances the optical-to- THz conversion 
efficiency of photoconductive THz emitters 
and the detection sensitivity of 
photoconductive THz detectors. 

Material 
characterization, 
biological sensing 
andmedical imaging  

Berry et al. 
[104] 

Nanoplasmonic photoconductive antenna 
(NP-PCA) 

Enhanced THz emission power by tunning the 
plasmon resonance  

 

Emitters for 
spectroscopy, imaging 
and sensing systems. 

Park et al. 
[105] 

Bowtie-shaped photoconductive dipole 
antenna : a) With silicon-based lens and 
artificial magnetic conductor (AMC),  b) 
Capacitively loaded dipole, c) Grid 
antenna 

 

Enhanced directivity and front-to-back ratio of 
photoconductive antenna 

High resolution THz 
spectral imaging 
system. 

Zhu et al. 
[106] 

Dipole antenna with GaAs membrane 
structure 

Thin cavity provides high input resistance and 
use of bulk GaAs substrates provides high 
radiation efficiency. 

Supports applications 
that demand large 
coverage, easy 
alignment, and high 
scanning speed rather 
than high resolution. 

Nguyen et al. 
[107] 

Bow-tie THz photoconductive antenna Possesses the optimum radiation bandwidth Emitters for 
spectroscopy, imaging 
and sensing systems. 

Maraghechi et 
al. [108] 

Amplifier driven large-area 
photoconductive antenna 

Impulsive the THz radiation with high electric 
fields 

Material 
Characterisation 

Beck et al. 
[111] 

Schottky photoconductive antenna Detection of THz radiation intensity without 
the time-delay scan required for the ordinary 
PC antenna. 

THz sensing 
applications 

 

Tani et al. 
[112] 

Four contact photoconductive antenna To generate orthogonally polarized THz 
radiation 

Polarization sensitive 
THz spectroscopy 

Photoconductive antennas based on self-
assembled ErAs:GaAs nano-island 
superlattices 

Enhanced THz detection  THz sensing and 
imaging 

Hara et al. 
[113] 

THz Photoconductive dipole antenna Develop an equivalent circuit model based on 
source conductance occurring as a physical 
phenomenon across a photoconductive gap 
which is analyzed to optimize the antenna in 
terms of output power, impedance matching 
efficiency and SNR.  

Emitters for 
spectroscopy, imaging 
and sensing systems. 

Khiabani et 
al.[114] 

Photoconductive dipole antenna using 
LT-GaAs superstrate and silicon lens for 
the detection of hidden powdered 
explosives such as RDX, HMX and 
PETN. 

For directivity enhancement antenna structure 
parameters are computed using synthesis 
technique. Use of thin superstrate over the 
substrate of dipole antenna for increasing the 
radiation efficiency. For diffraction limited 
imaging, a shorter wavelength antenna with 
silicon lens is proposed. 

Sensing and Imaging 
applications 

Malhotra et 
al.[115] 
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1.5 PROBLEM FORMULATION 

The photoconductive antennas (PCAs) form the basis of many THz imaging and spectroscopy 

systems and find promising applications in various scientific fields. On the basis of the 

architecture of photoconductive antennas for THz pulsed systems, they are classified as an 

aperture antennas (large and small compared to wavelength), spiral antennas, bowtie antennas 

and dipole antennas. One advantage of using the photoconductive antenna in pulsed imaging 

system is that the photoconductive antenna can be used on both transmitter and receiver side. 

Only the difference lies in the use of biased voltage. On the transmitter side, the 

photoconductive antenna is biased with a fixed external voltage and the optical source, 

however, on the receiver side no biased voltage is required. For the imaging applications there 

is a requirement of planar and compact THz antenna sources amid on-chip fabrication along 

with high directivity in order to achieve large depth-of-field (DoF) for better image resolution. 

A small gap photoconductive dipole antenna being simple in fabrication and planar in design 

shows its easy deployment as THz source for pulsed broadband system utilized in THz 

imaging and spectroscopy systems. Moreover, a femtosecond oscillator based THz 

photoconductive dipole antenna systems can generate high signal-to-noise ratio (SNR) 

broadband THz waves and detect them with high sensitivity. However, one of the major 

restrictive factors of THz photoconductive dipole antenna technology is saturation at high 

optical pump powers. To overcome the saturation limits of PCAs, two different approaches 

can be used. 

 Implementation of large device apertures. 

 Implementation of interdigitated electrodes. 

Moreover, to increase the optical-to-THz conversion efficiency, the use of large area THz 

photoconductive antenna emitters is proposed by the researchers. However, large area 

emitters have complex fabrication as well as packaging considerations. Similarly, a plasmonic 

nanostructure THz photoconductive dipole antenna also offers high device quantum 

efficiency and the antenna design comprises of nano-structured electrodes with large area 

emitters. However, because of the lack of maturity in nano-scale lithography technology, the 

fabrication of such ordered metallic nanostructures remains more difficult. Further, to increase 

the THz photoconductive antenna bandwidth the use of broadband antennas is required. 

Therefore, the use of log spiral and log periodic antenna patterns to simple face-to-face dipole 

THz photoconductive antenna can yield broadband response. To enhance the radiation 

efficiency of THz photoconductive antenna, a log spiral antenna with nano-structured 
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electrodes can be used. However, the issues such as varying polarization and resonant / non-

resonant regions across the desired operating band need to be considered while implementing 

these complex antenna geometries into practice.  

The performance limitation of conventional small gap THz photoconductive dipole antenna in 

terms of low gain and low directivity values with small optical-to-THz conversion efficiency 

are also the major concerns in its use in security application of THz pulsed imaging systems 

for the detection of hidden explosives and illicit drugs. This indicates that the directivity 

enhancement mechanism of THz photoconducting dipole antenna needs the fair dealing. The 

radiation efficiency is also an important concern due to the reduced conductivity of the metal 

at the THz frequencies. Therefore, the key modalities of improving small gap 

photoconductive dipole antennas performance are identified for imaging applications and 

ways to improve the directivity of the photoconductive dipole antenna are discussed. 

Considering the need for an effective measure to combat the problem of low radiated THz 

power, a detailed synthesis technique to obtain the physical parameters of the small gap 

photoconductive dipole antenna is presented. The analysis also includes the key challenges 

such as how to design an optimized small gap photoconductive dipole antenna in terms of 

radiation pattern, bandwidth and radiation efficiency. The simulation results show the 

potential for further improvement of THz-TDS systems used in security applications of 

imaging systems. 

Various researchers have reported different directivity and gain enhancement techniques such 

as use of fabry-perot cavity resonator, electromagnetic band gap, left-handed metamaterial 

with antenna. Moreover, these materials have attracted significant research interest because of 

their special electromagnetic properties, which are applicable to a wide range of 

electromagnetic devices. Therefore, a novel idea based on using bandpass frequency selective 

surface (FSS) as a superstrate with photoconductive dipole antenna for the prospective 

improvement of gain and directivity of the THz antenna is investigated. The proposed antenna 

configuration having planar and compact assembly is ideal for its use as an efficient THz 

source for the detection of powdered hidden explosives in security applications of pulsed THz 

imaging system. In one such application, when an individual carrying hidden explosives is 

moving through a corridor towards an imaging system then their hidden explosives will be 

visible only for the brief moment while they are in the DoF then in such situation with the use 

of highly directive THz antenna with short-range imaging system having a narrow depth-of-

field (DoF) can detect the explosive easily. However, such scanning over an extended volume 
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could provide security such as in a public marketplace where the security is important but a 

visible display is not so much important. Therefore for such application of imaging, a 

compact array structure of THz antenna with pulsed optical beam from femto-second laser 

pulse is proposed with highly directive ability of the radiating THz source. A technique of 

using FSS with photoconductive array antenna is also presented to further enhance the 

directivity from the radiating structure to yield high image resolution. Moreover, by using this 

technique, radiation energy will be confined to the desired frequency band rather than 

spreading over a wide spectrum range. We believe that the proposed advancements in the area 

of THz antenna technology for imaging application will open a new avenue in the biomedical 

and security applications in the THz regime of the spectrum.  

1.6 THESIS ORGANIZATION 

The remainder of the thesis is organized as follows. In Chapter 2, a simple synthesis 

technique is presented to determine the physical parameters of photoconductive dipole 

antenna which shows its application for THz sensing and imaging to detect the presence of 

hidden explosives such as RDX, HMX and PETN having spectral fingerprints in the range 1- 

3 THz. To increase the antenna radiation efficiency which also contributes to the total 

efficiency of photoconductive dipole antenna, a thin superstrate over the substrate of the 

dipole antenna is used to enable antenna to withstand high biased voltage. The proposed 

antenna design is compact in size which further helps to achieve the diffraction limited 

imaging. Moreover, the use of silicon lens with the photoconductive dipole antenna helps to 

focus the beam in the desired direction with increased directivity. In Chapter 3, an analytical 

procedure making use of explicit mathematical expressions leading to the physical behaviour 

of small-gap photoconductive dipole antenna is developed and for this, a comprehensive 

systematic framework to determine the physical phenomenon occurring across the small-gap 

photoconductive dipole antenna is presented. Moreover, an optimization of size of 

photoconductive gap to improve the total antenna efficiency is discussed and its consequence 

on radiated power is determined. As the THz antenna is one of the most important 

components in a THz sensing and imaging system and there is a need to have such a 

transmitting THz source with high directivity and optimum radiation efficiency. Therefore, to 

achieve this objective to enhance the directivity of photoconductive dipole antenna, in 

Chapter 4, a numerical calculation and design of  frequency selective surface (FSS) which 

acts as a bandpass spatial filter is presented and is deployed with photoconductive dipole 

antenna. The bandpass FSS structure parameters have been computed using simple synthesis 
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technique. The effect of slot size of FSS to improve the scattering parameter at resonating 

frequency of the small-gap photoconductive dipole antenna is also presented.  

The most basic coherent imaging can be achieved by raster scanning a sample through the 

THz wave focus and generating complete spectroscopic information at each pixel 

corresponding to the antenna structure. Therefore, to speed up the measurements, there is a 

necessity of making a THz system for parallel or accelerated measurements. A potential 

approach to parallelization is the implementation of multi-antenna setup which enables a 

linear downscaling of the measurement time with the deployment of number of THz emitter 

and detector pairs. However, the compact size and planar arrays have to be used to counter the 

increase of system cost. Looking into such necessity, in Chapter 5, we have designed an array 

of small-gap photoconductive dipole antenna at THz frequency by using a frequency selective 

surface which not only provides a planar profile for THz radiating source but also offers 

enhanced gain and directivity for imaging application to detect the hidden explosives. 

Moreover, to control the transmission characteristics in a particular THz frequency band with 

the placement of array of FSS across the array of photoconductive dipole antenna is also 

discussed. The complete antenna array assembly with FSS is made useful to form an image by 

scanning a single beam in both principle planes. In Chapter 6, the beam steering 

characteristics of the small-gap photoconductive dipole phased array antenna is presented. 

With uniform distribution of optical source excitation and progressive phase shift in x-axis 

and y-axis of the antenna configuration, the beam steering phenomenon has been determined. 

Finally, Chapter 7 concludes the thesis and has presented the future directions in terms of 

certain design techniques which can be incorporated in the basic structure of our proposed 

small-gap photoconductive dipole antenna to further improve its performance parameters for 

its use in THz imaging applications. 
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CHAPTER 2  

ANALYSIS AND DESIGN OF SMALL-GAP PHOTOCONDUCTIVE 

DIPOLE ANTENNA 
2.1 INTRODUCTION 

Various proposed applications exploit the unique capabilities of THz radiation to penetrate the 

packaging materials and therefore provide their spectroscopic information. However, there are 

certain emerging issues related to THz for imaging and sensing applications such as the water 

content present inside the human body eludes transmission-type imaging [118]. Moreover, in 

comparison with optical light the THz radiations offer lesser spatial resolution of images. In 

the real-world scenario, there are nine low-attenuation windows in the range of 0.1-3 THz of 

the spectrum, 1) 0.1-0.55 THz, 2) 0.56-0.75 THz, 3) 0.76-0.98 THz, 4) 0.99-1.09 THz, 5) 

1.21-1.41 THz, 6) 1.42-1.59 THz, 7) 1.92-2.04 THz, 8) 2.05-2.15 THz,  and 9) 2.47-2.62THz, 

respectively [119] which can be considered for effective transmission-type THz imaging. 

These frequency ranges are determined by considering the measurements at 23˚C temperature 

and 26% of relative humidity. These transmission bands are important to consider because 

several commonly used solid-state explosives and related compounds (ERCs) have spectral 

fingerprints in 0.1-2.8 THz range. Such fingerprints occur from the intra-molecular and inter-

molecular vibrational modes or phonon modes of these explosive materials [120]. Therefore, 

the THz sensing and imaging in transmission /low attenuation windows is necessary for the 

detection of the hidden explosives. In THz imaging system, the electromagnetic waves are 

used to spectroscopically detect the presence of concealed explosives such as research 

department explosive (RDX) and high melting explosive (HMX) from the characteristic 

transmission or reflectivity spectra shown by these explosives in the THz range [28]. A 

detection technique to RDX pellet using THz frequency is as shown in Figure 2.1[121]. In 

this setup, a femto-second pulsed laser (Ti:Sapphire laser) is used for the generation of signal. 

The optical beam from the laser is splitted into two beams with the help of a beam splitter 

(BS). One beam is utilized for exciting photoconductive antenna which works as emitter and 

the other beam is used for measuring the THz signal at ZnTe crystal detector for modulation. 

Various beam splitters are used for the beam deflection. The parabolic optical mirror 

combination is used for the optical beam to strike the photoconductive material of the emitter 

to generate the THz beam which is focused on sample point. The sample (RDX pellet) is 

positioned at the focus point of THz wave and is perpendicular to the incident beam. The 
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transmitted THz beam after passing through the sample  is then collected and focused with the 

help of other pair of off-axis parabolic mirrors (PM) onto the ZnTe crystal where the probe 

beam from the laser detect the THz field using electro-optic sampling. When such radiations 

are allowed to pass through the sample, they get absorbed at their respective features and the 

absorption coefficients provide the information related to detection of hidden explosives at 

detector side. 

 
Figure 2.1: The THz frequency system based on the principle of photoconductivity wherein LT-GaAs emitter is used 

as a THz photoconductive antenna [121]. 
From above Figure 2.1, it is clear that the photoconductive antenna is one of the most 

important components in a THz sensing and imaging system as it plays significant role for 

both impedance matching and power source. In [121], a terahertz time-domain spectroscopy 

system has been deployed in 0.2 - 3.4 THz range of frequency. The bandwidth of a 

photoconductive antenna is generally considered as the range of frequencies over which the 

signal strength of the measured frequency domain exceeds the noise level of the system. 

However, an enlarged bandwidth is significant for the applications that make use of distinct 

spectral characteristics in materials such as in THz sensing and imaging applications for the 

detection of hidden powdered explosives and this necessitates the capability to detect narrow 

absorption peaks in the THz band. Accordingly, increasing the bandwidth of a THz 

photoconductive antenna based THz imaging system will set aside additional vibrational 

modes to be quantified [122]. Several companies such as TeraView Ltd., Picometrix LLC, 

Advantest and Menlo Systems provide absolute THz imaging and spectroscopy systems 

which employ photoconductive antennas as emitters and detectors. Some commercially 

available photoconductive antenna based THz spectroscopy systems by TeraView company 

with model numbers TPS Spectra 3000 and TeraPulse 4000 have a bandwidth (maximum 

frequency) of 4 THz and 6 THz, respectively. Similarly, Picometrix and Advantest have 
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developed the spectroscopy systems T-Ray 5000 and TAS each having a bandwidth of 4 THz. 

The company Mento Systems have developed TERA K8 and TERA K15 spectroscopy 

systems which are photoconductive antenna based system with a bandwidth of 3.5 THz and 4 

THz, respectively. 

For the imaging purpose, it is required to have a highly directive low-profile photoconductive 

antenna which generates the desired THz radiation at operating frequency with high 

directivity and optimum radiation efficiency with broad bandwidth. However, one of the key 

issues of the various reported photoconductive dipole antennas is that the antenna efficiency 

is very small, which makes the difficulty for the THz imaging system to achieve high power 

THz waves. The photoconductive dipole antenna is unable to transfer the laser source power 

to the THz power efficiently  because the highest power conversion efficiency as reported in 

literature is much less than 0.1% for THz pulsed systems[123]. Therefore, the researchers 

generally increase the illumination power as well as the applied bias to yield higher output 

power. However in such situations, the phenomena such as saturation of charges, velocity 

overshoot, field and thermal breakdown occur in the THz pulsed systems. The thermal and 

field breakdowns are required to be avoided under every condition. Furthermore, three main 

causes for low efficiency of the photoconductive dipole antennas are [124]:  

 Space-charge also known as coulomb screening effect and screening effects due to 

radiation field, 

 Spatial non-uniformities, and  

 Inadequate field strength due to the insufficient acceleration of the charges.  

Due to the space-charge field generated by the photo-excited electron-hole pairs there is an 

occurrence of coulomb screening effect. The movement of free charge carrier’s under the 

influence of the applied bias field create a static field which is responsible for moderately 

screening of the applied bias field. However, the occurrence of radiation screening effect is 

because of the THz near field radiation which is also responsible for screening of the applied 

bias field. With the use of THz photoconductive dipole antenna in continuous wave operation 

mode for high peak optical pulse intensity the effect of radiation screening gets negligible 

[124]. Further, the spatial non-uniformities occur in photoconductive dipole antenna since the 

thickness of the substrate is generally larger than the wavelength of the THz waves, which 

results into the generation of surface/substrate modes. The antenna performance is sensitive to 

the substrate thickness. If the thickness of substrate is increased, the dipole antenna couples 

the power to higher order substrate modes. Moreover, in several cases even more than 90% of 
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power gets trapped within the substrate [125]. Moreover, when a photoconductive dipole 

antenna is fabricated on a thick substrate it results into the excitation of a surface wave mode 

which depends on several characteristics such as frequency, thickness of the substrate and the 

relative dielectric constant of the substrate. It is clear that the total power radiated from the 

photoconductive dipole structure does not get directly transferred into the medium, however, 

a fraction of the radiated power get trapped within the substrate and therefore create an effect 

on the radiation pattern. 

2.2. RELATED WORK AND PROBLEM FORMULATION 

With the development of ultra-short pulse femtosecond lasers like Ti-Sapphire laser and 

quantum cascade lasers, it is possible to generate THz signals. The electro-optic (EO) 

rectification which is based on different frequency mixing technique is also used to generate 

THz radiation but it has certain limitations. This method cannot produce THz frequency 

signals of broad frequency range and is also very sensitive to optical and thermal noises. 

Moreover, for the application of sensing and imaging there is a requirement of a broadband 

short-pulse THz source for spectroscopic techniques such as Time Domain Spectroscopy 

(TDS) or THz Pulsed Imaging (TPI). Therefore, the photoconductive antenna is one of the 

simple and stable devices for THz photonics used for sensing and imaging applications at 

THz frequency. The photoconductive antenna is relatively stable against optical and thermal 

noises in comparison to the electro-optic rectification [112]. However, the total antenna 

efficiency which includes optical-laser to THz conversion efficiency, impedance matching 

efficiency and radiation efficiency is small. Various photoconductive dipole antenna 

structures are projected and are used for the THz frequency range [126]. On the basis of the 

architecture of photoconductive antennas for THz pulsed systems, they are classified as an 

aperture antennas, spiral antennas, bowtie antennas and dipole antennas. In the large aperture 

photoconductive antenna, the distance between the electrodes is much larger than the centre 

wavelength of THz wave with it is range of few hundred micrometers. However, in the small 

gap photoconductive dipole antenna, the antenna gap distance is only few micrometers. 

Moreover, in the photoconductive dipole antenna, to increase the conversion efficiency, the 

electrodes with sharp tip ends can be used and the efficiency can further be improved by 

putting them in a laterally offset format [106]. In this case, the THz emission can be improved 

with less optical power because of better overlap among the laser spot and high electric field 

point and also stronger fringing field effects between the electrodes. For small gap 

photoconductive antennas, the fabrication of such tiny sharp tips is not easy. Moreover, an 
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appropriate configuration of the electrodes may double the efficiency of the antennas, with a 

consequence in the bandwidth of the radiated pulse. However, the first photoconductive 

antenna was accounted by Mourou et al. [127] which operate in the GHz range, then the 

design is extended into the THz region by Auston et al. [128, 129]. Grischkowsky et al. [130, 

131] have reported the application of optical technique for the generation of diffraction 

limited THz beams with a relatively large size of the source. This technique was further 

developed at Bell Labs and the IBM Watson Research Centre, which is now commercially 

available as a product by Picometrix Inc, MI [132]. Moreover, it is important to determine the 

antenna’s spatial response as it is related with the power collected by the antenna. Therefore, 

the measurements of spatial response of infrared dipole and bow-tie lithographic antennas are 

discussed by Fumeauxet et al. [133]. A dipole antenna placed in a pyramidal horn cavity 

which is impressed in silicon operated at 0.8THz is reported in [134]. A stripline dipole 

antenna for a broad frequency range upto 5 THz on semi-infinite and lens substrates is 

discussed in terms of input impedance as well as radiation characteristics in [135]. 

Further, the emission efficiency of photoconductive dipole antenna is discussed by Tani et al. 

[136] wherein the authors have considered the saturation effect that occurs due to the field 

screening effect caused by the photo-generated carriers. The key features about the near-field 

patterns on the photoconductive antenna are discussed by Hughes et al. [137]. They 

introduced a finite-difference time-domain method for the pulsed laser excited vector THz 

fields from photoconductive antenna. Berry and Jarrahi [138] have evaluated the criteria to 

optimize the impedance matching in photoconductive antenna. Moreno et al. [139] presented 

the mobility model to describe the carrier dynamics for the analysis of radiating 

semiconductor photoconductive devices in the THz regime. The biased electric field analysis 

of photoconductive antenna for THz generation is reported by Yang et al. [140]. In their 

simulation results, it is illustrated that the strip-line photoconductive antenna and 

photoconductive dipole antenna cannot withstand high biased voltage because of the small 

value of breakdown electric field of the substrate material. Another exciting new technology 

for THz antennas is the idea of active surface correction for improving the beam efficiency 

[141]. However, the high directivity with high front-to-back ratio, optimum radiation 

efficiency, broad bandwidth and tuning/phase scanning are the significant challenges related 

to the design issues of photoconductive dipole antenna. 
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2.3 PARAMETRIC ESTIMATION OF PHOTOCONDUCTIVE DIPOLE ANTENNA 

In this section, using a simple synthesis technique the physical parameters of THz small gap 

photoconductive dipole antenna are determined corresponding to 1.5 THz resonance 

frequency. We are interested to design a THz photoconductive dipole antenna for sensing and 

imaging to detect the hidden explosives (like RDX and HMX) which shows their spectral 

fingerprints with absorption peak position in THz regime in the range of 1THz to 2THz as 

reported in [119-121]. Therefore, a THz photoconductive antenna is designed at 1.5THz to 

detect such explosives easily. Further, the main obstacle in THz free-space sensing and 

imaging is the atmospheric attenuation which is dominated by the absorption of THz wave 

due to the presence of the water vapour, however the choice of using 1.5 THz operating 

frequency is also supported by the transmission windows mentioned in Section 2.1. In 

addition to this, to analyze the performance of designed THz photoconductive dipole antenna, 

the frequency range 1THz to 2THz is chosen because many home-made ammonium nitrate 

bombs as well as some other improvised explosive devices have featureless THz spectra 

below 3THz which are also posing potential challenges to THz security applications. 

Therefore, this proposed simple antenna design can also be used for the detection of such 

explosives having THz spectra lower than 3THz. The basic structure of THz photoconductive 

dipole antenna is shown in Figure 2.2, which consists of a dipole antenna structure, a 

photoconductive substrate and a ground plane placed under the substrate.  

 
Figure 2.2: The basic structure of THz photoconductive dipole antenna. 

 

At the centre of the dipole antenna of effective length (le), there is a photoconductive gap (G) 

biased by a voltage source (30 volts) which is illuminated at the centre with a femtosecond 

laser pulse. 
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2.3.1 Working phenomenon of small-gap photoconductive dipole antenna 

By illuminating the photo-conductive layer of the antenna using femto-second laser pulse the 

electron-hole pairs are generated within the photoconductive gap of the antenna. This happens 

because of the higher photon energy of laser pulse in comparison with the band-gap energy of 

the photoconductive material. When a biased electric field (ܧ௕௜௔௦) is applied across the 

antenna electrodes through transmission lines then the photo-excited carriers get accelerated. 

A macroscopic electron-hole field (ܧ௘ି௛) gets created in the reverse direction because of the 

physical separation of charges. As more of electron-hole pairs are generated there is also an 

increase in the electron-hole field and after sometime the total electric field at the location of 

carriers near the dipole electrodes (defined as ܧ௙௜௘௟ௗ = ௕௜௔௦ܧ −  ௘ି௛) is screened. This resultsܧ

into the reduction of the effective electric-field across the photoconductive gap of the antenna. 

Due to the sudden change in the total electric field	ܧ௙௜௘௟ௗ	, there is a creation of the transient 

current which is responsible for the THz radiations from the photoconductive antenna [142]. 

The generated transient current decays with time constant which is determined from the 

carrier lifetime in the photoconductive substrate used for the antenna. The radiation efficiency 

of a photoconductive dipole antenna is proportional to the carrier mobility of photoconductive 

substrate as presented in [118], but doesn’t directly depend on the carrier lifetime. Though, a 

short carrier lifetime is preferred to reduce the noise generated at the detector side of the THz 

system due to the thermal motion of the carrier. Likewise, the antenna efficiency is also 

proportional to the substrate resistivity because it increases linearly with the applied biasing 

voltage. Moreover, in addition to a low carrier lifetime along with high resistivity of 

photoconductive material, there is a requirement for the 1) continuance of relatively high 

carrier mobility, 2) suitable band gap, and 3) high breakdown voltage with suppression of 

zero bias photocurrent. All these factors play an important role as they influence the antenna’s 

1) output power, 2) maximum optical pump power, 3) maximum bias voltage, 4) bandwidth, 

and 5) SNR values [143-145]. Owing to these properties, gallium arsenide (GaAs), low-

temperature- grown GaAs, bulk indium gallium arsenide (In GaAs), indium aluminium 

arsenide (InAlAs), radiation damaged silicon on sapphire, alternating nanoscale-multilayers 

of InGaAs, and amorphous silicon are the most promising substrate materials for THz 

photoconductive antennas [146]. The proposed antenna in this work usages GaAs substrate 

which has a photo-carrier lifetime ߬௖= 0.25ps, a high mobility 200 cm2/Vs, a high breakdown 

field 4 × 10ହV/cm and has a room temperature bandgap of 1.424eV (871nm) [147], and 

makes the antenna well-matched to Titanium-doped Sapphire (Ti: Sapphire) femtosecond 
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pulsed laser source generally used to excite photoconductive antennas. If, the thickness of 

substrate is kept 1µm then nearly 30 % of the light gets absorbed into the substrate therefore 

to reduce the absorption (i.e. below 5 %) in substrate at least 3 µm thickness of the substrate is 

essential. Therefore, the thickness of the substrate is taken as 10 µm in this design and its 

dimension is 300μm ×300µm×10µm. A lossy-metal Ti-Au is used as the material for the 

dipole antenna structure placed on the GaAs substrate. Due to the good Ohmic contact 

between Ti-Au and GaAs, they are used as the antenna and substrate material, respectively. 

Graphene is also a promising material for the miniaturized resonant THz antennas design 

[148, 149]. However, only few initial works considered the use of graphene in THz antennas. 

Firstly, graphene was considered as a parasitic layer below a dipole antenna made of gold 

(Au) and radiated at millimetre wave frequency of 120 GHz [150]. The scattering of an 

incident wave impinging on graphene rectangular patches was studied in [151] wherein, it has 

been concluded that the graphene patches support surface plasmonic resonances in the THz 

range. In [152], graphene has been used as an actual antenna radiator where radiation is 

attained by placing a THz continuous-wave (CW) photomixer as source in the middle of the 

graphene patch. The photomixer excites the graphene patches which are DC biased and thus 

enables its surface to radiate.  

2.3.2 Antenna physical parameter estimation technique 

The first physical parameter in the design of photoconductive dipole antenna is the 

photoconductive gap size (G) where the femto-second laser pulse strikes to generate the photo 

carriers.  

ு௭்ܧ							                                             
௣௘௔௞ = ߤ݁ ௜ܶ௡௧

(ଵିோ)
௛ణ

௉೔೙
ீ

ா್೔ೌೞ
ீ

                                             (2.1) 

where, e , ߤ, ௜ܶ௡௧ R, ℎߴ, ௜ܲ௡, G, and ܧ௕௜௔௦  are electron charge, carrier mobility,  pulse interval, 

reflection from the photoconductive substrate, photon energy, average pump laser power , 

photoconductive gap size and bias voltage, respectively. From (2.1), this is clear that the 

emission efficiency is inversely proportional to gap size of the photoconductive dipole 

antenna while the bias field (ܧ௕௜௔௦) as well as the pump-power ( ௜ܲ௡) are kept constant. 

Consequently, it is important to keep the photoconductive gap as small as possible and 

thereby focusing the laser beam (optical excitation) very closely to the small-gap. Moreover, 

when the pump laser power is small then the efficiency saturates at higher pump intensities. 

Therefore, in such condition the antenna gap needs to adjust such as to minimize the 

screening effect (the cancellation of a portion of the bias field by the transient current at the 
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surface when the near field is generated) and as a consequence improve the efficiency in THz 

photoconductive dipole antenna which persuades the initial spatial distribution of photo-

excited carriers on photoconductive substrate. The photoconductive gap is taken as 5µm for 

small gap photoconductive dipole antenna in all three antenna designed configurations and its 

value is optimized using the simulation software (CST Microwave Studio). The length of 

coplanar strip-line is generally lay-down to be long enough to evade the reflection at the line 

end. Therefore, the length of coplanar strip-line taken is 300݉ߤ, width 10µm and thickness 

 The length of the dipole is determined using the relation of resonant frequency .݉ߤ0.35

as	 ୰݂ =  where c, L, and n are the speed of light in vacuum, separation between two ,ܮ2݊/ܿ

coplanar strip-lines and refractive index of the material, respectively. For resonance, ܮ =

݉n/2	, where m=1,2,3…. , and the wavelength λ୬ in the material depends on the refractive 

index n which is given by λ୬ = 	݉	If we take . ݊/ߣ	 = 	1, then	ܮ	 =  The refractive .2݊/ߣ	

index of the semiconductor antenna material for GaAs at THz frequencies is 3.4 and for 

݂ = 1.5 THz, the value of L (length of dipole) is: ܮ =  30µm. The other equally = (ݎ݂	2݊)/ܥ	

important physical parameter of the photoconductive dipole antenna is the width (W) of 

dipole because of two reasons: 1) the directivity and 2) radiation efficiency of the 

photoconductive dipole antenna which depends on the relative dimensions of the dipole as 

both enhances appreciably by increasing the aspect ratio (ƞ ≡ ܮ ܹ)⁄ . The emission efficiency 

also get increased with increasing the aspect ratio (L/W) of THz photoconductive dipole 

antenna as reported in [153]. However, an optimum value of aspect ratio for photoconductive 

dipole antenna can be determined by considering the following factors: 

 With the decrease in the dipole length (L), the emission intensity gets decreased 

significantly.  

 The peak frequency of emission spectra shifts to lower frequency values when the 

dipole length (L) is increased. 

 With an increase in the dipole length (L), the bandwidth of antenna happens to be 

narrower. 

 The peak intensity of the antenna decreases considerably with an increase in the dipole 

width (W), which reveals that the emission efficiency of dipole antenna is proportional 

to the aspect ratio. 

From the aforementioned points, it is concluded that for the better performance of THz 

photoconductive dipole antenna, the length of dipole must be greater than the width of dipole. 

In the proposed antenna, we have also checked the performance of the antenna with different 
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values of the aspect ratio by keeping the length of dipole constant to 30 µm and varying the 

width of the dipole to set the aspect ratios as (L/W) 0.5, 1, 1.5, 2, with the values of width of 

dipole (W) as 60, 30, 20, 15 (all in µm), respectively. It is observed from the simulated results 

discussed in section V, that by keeping aspect ratio 1.5, the performance of THz 

photoconductive dipole antenna is interesting in terms of directivity in both the E- and H-

planes. Further, the other physical parameter of photoconductive dipole antenna is the 

effective length (le) and its value has been computed considering following points. 

 If the effective length of dipole is assumed to be same as the distance between 

coplanar strip lines i.e. ݈௘ = then in this case ݈௘ ,ܮ 	= 30µm  

 If the effective length of the dipole antenna is taken into the account: ݈௘ = ଶܮ	2 +  ,ܮ

and in this case ݈௘ 	= 50	µm	 with L2, the width of the strip-line which is 10 µm. 

The choice of considering the effective length will affect the resonating frequency as	 ௥݂ =

c/(2݈ୣ[(1 + ୢ) 2⁄ ]ଵ ଶ⁄ ), where ௥݂  and ∈ௗ 	are the resonating frequency and the dielectric 

permittivity of GaAs substrate, respectively. If the effective length of dipole is assumed to be 

same as the distance between the coplanar strip-lines i.e.	݈௘ = 	ܿ	then by using ,ܮ = 	3 ×

10଼	m/s, ݈௘ 	= 30	µm	 and ɛௗ = 12.9 for GaAs, the resonance frequency	 ௥݂ 	= 	1.89	THz is 

obtained. If the effective length of dipole antenna is chosen by considering the width of 

coplanar strip-lines i.e. ݈௘ = 	ଶܮ	2 + then the resonance frequency is ௥݂ ,ܮ = 1.14	THz	. Now, 

by considering the values of physical parameters determined for the THz photoconductive 

dipole antenna of Ti-Au (lossy-metal) material with conductivity σ = 1.6 × 10଻ S/m and 

thickness 0.35 µm, is designed on a photoconductive substrate GaAs (lossy) having dielectric 

permittivity	ɛ	 = 12.94, magnetic permeability µ = 1 and loss tangent		 = 	0.006	S/m. The 

antenna designed with this specifications is named as Design-A in the manuscript. However, 

we are interested to use this THz photoconductive dipole antenna for sensing and imaging 

application wherein high directivity is required, therefore for this purpose, two more designs 

are simulated. The Design-B is configured by using a superstrate which helps to enhance the 

radiation performance and efficiency of THz photoconductive dipole antenna [154]. A very 

thin superstrate of low-temperature grown GaAs (LT-GaAs) with thickness 1µm is placed in 

between the GaAs substrate and the antenna structure. In other antenna configuration that is 

Design-C, a silicon lens is used to enhance the directivity of the THz photoconductive dipole 

antenna. A small hemispherical Silicon lens is placed beneath the ground plane which is the 

direction of propagation of generated THz wave from the photoconductive dipole antenna. 
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The potential importance of using thin LT-GaAs superstrate and a silicon lens in the THz 

photoconductive dipole antenna is discussed as follows. 

2.3.2.1 Use of thin LT-GaAs superstrate 

With the illumination of the photoconductor by using a shot optical pulse from a femtosecond 

laser pulse, a current surge as shown in Figure 2.3 is noticed which results into the generation 

of the THz radiation. However, in case of long carrier lifetime of the photoconductive 

substrate the generated current keeps flowing even after the withdrawn of excitation short 

optical pulse. This results into broadening of the photocurrent pulse, which further broaden 

the output pulse and therefore, decrease the overall THz frequency bandwidth. Moreover, in 

case of arrival of next shot optical pulse before the current dies out (generated by previous 

short optical pulse) and excites the photoconductive dipole antenna, a new THz pulse is 

created, although at this time the presence of already existing background current due to 

previous short optical pulse may affect the generation of THz radiation. Therefore, to prevent 

this, photoconductors with sub-picosecond carrier lifetime such as low-temperature-grown 

gallium arsenide (LT-GaAs) having very small thickness in comparison to the GaAs 

substrate, may be used.  

 
Figure 2.3: Optical carrier generation at the photoconductive dipole gap of a LT-GaAs superstrate based THz 

photoconductive dipole antenna and the red arrows represent the flux lines of the electric field [116]. 
 

Moreover, the THz photoconductive dipole antenna with a thin layer (nearly 1µm) of short 

carrier lifetime LT-GaAs as superstrate can avoid saturation at high frequency which helps to 

achieve peak power spectral density. The LT-GaAs has the relevant features such as very high 

electric breakdown field (~ 500KV/cm), short photo-carrier lifetime (0.1 ps) along with high 
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mobility of charges (> 200 ܿ݉ଶ/Vs), therefore it is a good material for fabrication as a 

superstrate in the photoconductive antenna.  

2.3.2.2 Use of silicon hemispherical lens 

For directivity enhancement of an antenna and because of the ease of built-up, an extended 

hemispherical dielectric lens (such as silicon lens) is beneficial in its use with 

photoconductive dipole antenna. Moreover, the silicon lens reduces loss due to the reflection 

and refraction of radiation at the substrate-air interface [155]. A silicon lens which is a 

hemisphere with radius R is generally located directly on the ground plane of THz 

photoconductive dipole antenna. The directivity (D) of a lens antenna in the direction of the 

main lobe of THz radiation can be found using the formula for the directivity of a circular 

aperture having radius R and uniform distribution of the electric field [156], as	D	 =

	20	log((2π	R)/λ0	), where λ଴ is the wavelength in free-space and R is the lens radius. The 

width of the beam at -3dB of the directivity of the integrated lens antenna is estimated 

as		Ω	 = 	59˚(λ0/2R). The use of a lens with THz photoconductive dipole antenna also 

provides the electronic beam-steering capability to the antenna by switching between two 

photoconductive dipole antenna elements with common bias lines and the ground plane. In 

such a case, the photoconductive dipole antennas need to be placed on a plane focal surface of 

the lens. The electronic beam steering allows antenna to automatically adjust the beam 

direction during initial alignment of transmitting and receiving antennas [157] and thus the 

photoconductive dipole antenna array with lens may be used for THz pulsed imaging with 

scanning. 

2.4 SIMULATION MODEL 

In the small gap photoconductive dipole antenna, the gap is of only few micrometers (µm) 

and thus, there is an insufficient acceleration of the charges which results in the inadequate 

field strength to generate THz radiations in comparison to that of the large aperture 

photoconductive antenna which results low antenna efficiency.  Therefore, to increase the 

radiation efficiency of photoconductive dipole antenna, it is essential to consider the factors 

which affecting the total antenna efficiency. In the photoconductive dipole antenna, three 

types of efficiencies are considered to evaluate the total antenna efficiency (ƞ௧), which are: 

 Laser-to-electrical conversion efficiency (ƞ௅ா),  

 Impedance matching efficiency (ƞ௠) ,and  

 Radiation efficiency (ƞ௥).  



 

42 
 

The total efficiency of photoconductive dipole antenna (also known as optical-to-THz power 

conversion efficiency) represents the multiplication of these three efficiencies, is:  

                                                       	ƞ୲	 	= 	ƞ୐୉ 	∗ 		ƞ୫ 	 ∗ 	ƞ୰                                                  (2.2) 

2.4.1 Computation of laser-to-electrical conversion efficiency 

When a short-duration optical pulse incidents onto the photoconductive gap of the proposed 

antenna, the induced photocurrent is expressed as [129]: 

                                                         I	 = 	 ୣ	୉ౘ౟౗౩	µ౛	τƞై୔ై 			
୦୤ైୋమ

                                                      (2.3) 

where e, ܧ௕௜௔௦ , µ௘, ߬, ℎ, G, ௅݂ , ௅ܲ,	and ƞ௅are electron charge, the applied bias voltage, free-

carrier mobility inside the photoconductor, photocurrent decay time, Planck’s constant, gap 

length, laser frequency, laser power incident onto the photoconductive gap, and the 

illumination efficiency, respectively. Illumination efficiency takes into account of many 

issues such as a) the reflection of laser on the surface of the substrate, and b) the quantum 

efficiency. The optical-pump laser is focused onto the feeding gap wherein the photon energy 

of the laser is equal to or slightly greater than the band gap of the semiconductor substrate so 

as to ensure that free-electrons are efficiently created. Such electro–optical procedure converts 

the laser power ௅ܲ to the electrical power	 ாܲ. To determine an expression for the electrical 

power, initially it is important to obtain the associated resistance, R such as: 

                                                            R		 ≈ ୦	ୡ	୤౎		ୋమ

ƞైୣ	µ౛୔ైλై
                                                          (2.4) 

where ோ݂	is the laser repletion frequency. From (2.3) and (2.4), the induced electric power on 

the photoconductor is: 

             																																	P୉ 	= 	 Iଶ	R ≈	ቀୣ	୉ౘ౟౗౩	µ౛	τƞై୔ై 			
୦୤ైୋమ

ቁ
ଶ ୦	ୡ	୤౎		ୋమ

ƞైୣ	µ౛୔ైλై
                                 (2.5) 

Therefore, the laser-to-electrical power conversion efficiency is estimated as: 

																																																										ƞ௅ா 	= 	 ௉ಶ
௉ಽ
	≈ 	 ௘	ா್೔ೌೞ

మµ೐ఛ
మƞಽ௙ೃ

௛௙ಽீమ
                                             (2.6) 

From (2.6), it is clear that besides the laser source, the laser-to-electrical conversion efficiency 

factor also includes the bias voltage. Therefore, an electric power is not exclusively produced 

by the laser source. 

2.4.2 Calculation of impedance matching efficiency 

The impedance matching efficiency is: 

																																																																					ƞ௠ 	= 	1	– 	ቀ௓ೌି	௓ೞ
௓ೌା	௓ೞ

ቁ
ଶ
                                                      (2.7) 
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where	ܼ௔and ܼ௦are the antenna impedance and source impedance, respectively. The value of 

source impedance is determined from the time-varying source conductance. The time-varying 

source conductance ܩௌ(ݐ)  in the THz photoconductive dipole antenna depends on the values 

of length (G) and width (W) of the gap. Moreover, the inverse of ܩௌ(ݐ) of the 

photoconductive material is the time-variant resistance ܴ(ݐ) which is used to determine the 

time or frequency variant impedance matching efficiency of the photoconductive dipole 

antenna.  

2.4.3 Computation of radiation efficiency 

The radiation efficiency of photoconductive dipole antenna is the ratio of gain and directivity 

of the antenna at the chosen frequency of operation, which is determined using an 

electromagnetic simulation tool CST Microwave Studio.  

However, the low radiation efficiency is the major challenge to the present photoconductive 

dipole antenna and it occurs due to the excessive Ohmic losses at THz frequencies. Further, 

the impedance matching efficiency of antenna must be considered for proper impedance 

matching of laser source with photoconductive material of antenna. It is essential to mention 

here that the THz photoconductive dipole antenna is simulated using the CST Microwave 

Studio. It offers a simulation platform for all kind of electromagnetic field applications. We 

have used the Transient Solver which is based on the Finite Integration Technique (FIT) in 

which direct time-domain analysis is applied with broadband computation of S-parameters 

through one single calculation run on applying DFTs to the time signals. The simulation run 

for the proposed antenna is also supported by the adaptive-mesh refinement in 3D using S-

parameters supported by the Transient solver of CST Microwave Studio. In our work, we 

have determined the length (and effective lengths) of the photoconductive dipole antenna for a 

specific terahertz frequency and the corresponding resonant frequencies have been computed 

numerically. The structure parameters considered for the proposed antenna is presented in 

Table 2.1. We have used the CST Microwave Studio to obtain the S11 parameter from which, 

the resonant peaks can be determined and is compared with the values of resonant frequencies 

obtained mathematically. If we refer Figure 2.6 “The S-parameter (dB) for three proposed 

antenna design configurations” the three resonant peaks obtained for each antenna design are 

nearly same as that of the theoretical obtained values.  

However, with the help of multi-physics finite-element solver (COMSOL) the response of the 

photoconductor of the designed dipole to the incident short-optical pulse can be estimated. In 

such case, the photo-generated carrier density is derived using the drift-diffusion model from 
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the calculated optical intensity in the photo absorbing substrate along with the bias electric 

field data to compute the induced photocurrent [138]. Using Ti:Sapphire laser having 

characteristics of 800nm central wavelength, repetition rate of 76 MHz with pulse width of 

100 fsec, an optical pump beam from the laser is allowed to get tightly focused onto the 

photoconductive antenna gap and is also positioned near the anode contact electrode to 

maximize the radiated power [158]. The generated terahertz power from photoconductive 

emitter can be measured using a pyroelectric detector. 

 
Table 2.1: The structure parameters for the proposed antenna. 

 

 

Moreover, to determine the photoconductive dipole emitter characterization with the help of 

experimental setup in terms of device alignment, output power measurement and radiation 

spectral characterization, the stages which are required are mentioned in brief as follows on 

next page: 

 

Parameter Value 
Dipole Antenna (Ti-Au) and Ground 

Conductivity (S/m) 1.6 ×10଻ 
Superstrate(LT-GaAs) 

Carrier Lifetime, majority carriers 
(psec) 

0.1 

Mobility (ܿ݉ଶ/ܸݏ) Greater than 200 
Dielectric Permittivity 13.26 [34] 
Magnetic Permeability 1 
Loss tangent (S/m) 0.006 
Electric breakdown field (V/cm) Greater than 5 

× 10ହ 
Substrate (GaAs) 

Carrier lifetime, majority carriers 
(psec) 

0.25 

Mobility (ܿ݉ଶ/ܸݏ) 200 
Dielectric permittivity 12.9 
Magnetic permeability 1 
Loss tangent(S/m) 0.006 
Electric breakdown field (V/cm) Nearly 4× 10ହ 

Silicon lens 

Permittivity 11.9 
Permeability 1 
Loss tangent (S/m) 0.00025 

Voltage Source 

DC voltage (V) 30 
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Stage 1: Device alignment 

a) Initially, place the photoconductive THz emitter in the aluminium washer and using Ti: 

Sapphire mode-locked laser such as MIRA 900D V10 XW OPT 110V focus the optical 

laser pulse on the photoconductive gap of the antenna. 

b) With the help of the parametric analyser provide the bias voltage to the co-planar 

striplines of photoconductive dipole antenna to measure the induced electric current. 

c)  To modulate the optical pump from the laser focused onto the gap of photoconductive 

dipole antenna an optical chopper such as Thorlabs MC2000 can be used. 

Stage 2: Output power measurement 

a)   Using pyroelectric detector such as Spectrum Detector, Inc. SPI-A-65 THz, measure the 

output power of photoconductive dipole antenna.  

b) To pull through terahertz power data at low noise levels, connect the output of 

pyroelectric detector with lock-in amplifier such as Stanford Research Systems SR830 

along-with the reference frequency of optical chopper. 

Stage 3: Radiation spectral characterization 

a) Using a beam splitter, split the output optical beam of mode-locked Ti:Sapphire laser into 

pump beam and probe beam. 

b) To generate the THz radiations focus the pump beam of laser on the photoconductive gap 

of photoconductive dipole antenna. 

c) With the help of polyethylene spherical lens, collimate the THz beam generated from the 

photoconductive dipole antenna as emitter. 

d) Merge the collimated THz beam coming from the polyethylene spherical lens with the 

probe beam using ITO coated glass filter. 

e) At the combined focus of the optical and THz beam place a ZnTe crystal (of 1 mm 

thickness).   

f) To vary the time delay occurring between the optical beam and the THz pulse which is 

interacting with ZnTe Crystal, place-in a controllable optical delay line in the path of 

optical probe beam with the help of a motorized linear stage such as Thorlabs NRT100. 

g) With a Wollaston prism split the optical beam and using balance detectors linked to lock-

in amplifier measure the optical beam power in each branch.   

h) Join other end of motorized delay line as well as lock-in amplifier to the computer in 

which a Matlab script is encoded in such a way that iteration can be performed to move 
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the motorized delay line, pause and read the magnitude of the signal from lock-in 

amplifier.  

i) By dividing the total optical delay length with speed of light convert the stage position to 

time-domain and further, using Matlab obtain the frequency domain data from discrete 

Fourier transform.   

In the photoconductive antenna, the optical source is a femto-second laser pulse which has a 

Gaussian distribution at its output, therefore in the CST MSW simulation software, we have 

applied the Gaussian beam excitation into the substrate from the gap of photoconductive 

dipole antenna. The antenna configurations which are designed in CST Microwave studio are 

shown in Figure 2.4.  

 
Figure 2.4: Three configurations i) Design-A: Basic THz photoconductive dipole antenna, ii) Design-B: THz 

photoconductive dipole antenna with LT-GaAs superstrate, and iii) Design-C: THz photoconductive dipole antenna 
with LT-GaAs superstrate and silicon lens. 

 

2.5 SIMULATION RESULTS AND DISCUSSIONS 

Initially, the comparison of THz photoconductive dipole antenna (Design-A) with different 

aspect ratio (L/W) is performed, choose and optimize the L/W for the proposed reference 

antenna (Basic THz photoconductive dipole antenna). The length and width of the co-planar 

strip lines is assumed constant 300µm and 10 µm, respectively. The thickness of substrate and 

ground plane is 10µm and 0.35µm, respectively with the antenna thickness 0.35µm. The 

distance between striplines (L) is kept constant 30µm and the width of the gap W is varied to 

observe the effect of aspect ratio on the performance of THz photoconductive dipole antenna. 

The values of W are chosen as 60, 30, 20, 15 (all in µm), respectively with fixed L as 30µm. 
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The comparison for several aspect ratios in terms of gain and directivity is presented in Table 

2.2. The antenna efficiency is another important parameter which needs to be enhanced to use 

the antenna in the sensing and imaging applications. Therefore, the different aspect ratios, the 

radiation efficiency of the basic THz photoconductive dipole antenna is also presented in the 

Figure 2.5. 

Table 2.2: Comparison of values of gain (dB) and directivity (dBi) in both E and H plane of photoconductive dipole  
antenna for several aspect ratio at 1.5THz. 

 
Aspect ratio (L/W) 

of THz photoconductive 
dipole antenna 

Gain 
(dB) 

E-plane 

Gain 
(dB) 

H-plane 

Directivity 
(dBi) 

E-plane 

Directivity 
(dBi) 

H-plane 
0.5 3.24 8 5.18 9.94 
1.0 3.31 9.03 4.02 9.74 
1.5 3.13 8.71 4.11 9.69 
2.0 3.06 8.59 4.17 9.71 

 

 
Figure 2.5: Radiation efficiency at different values of aspect ratio of Design-A(THz photoconductive dipole antenna). 

 

From Table 2.2 and Figure 2.5 it is observed that the selection of aspect ratio is chosen either 

L/W=1 or L/W =1.5. If we choose the aspect ratio less than 1 then the gain and directivity of 

Design-A are interesting with respect to simple dipole design but the radiation efficiency is 

too small. On the other hand, if we choose the aspect ratio 2, the gain reduces. Furthermore, 

we have chosen the aspect ratio as 1.5 and for this L and W are 30µm and 20µm, respectively. 

Further the reason for this selection of aspect ratio is supported by the case wherein on 

providing adequate power from the laser beam onto the photoconductive gap the peak 

intensity get decreased considerably with an increase of the dipole width which results into 

constant total input current. Therefore, the width of dipole must be smaller than the length of 

the dipole. With the aspect ratio 1.5, the dipole length 30µm and width of dipole 20µm are 
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considered for the design of basic photoconductive dipole antenna Design-A.  The S-

parameter (in dB) for: 1) Design-A, 2) Design-B and 3) Design-C are compared for the S-

parameter (in dB) as shown in Figure 2.6. The resonant peaks observed in the results are in 

accordance with the expressions of resonance frequency discussed in section III with small 

deviations from their theoretical values. For all the three designed configurations, three bands 

are observed below -10dB as shown in Figure 2.6, and the comparison is performed 

corresponding to the highest resonant peak at f = 1.587 THz. 

 
Figure 2.6: The S-parameter (dB) for three proposed antenna design configurations, Design-A: Basic THz 

photoconductive dipole antenna, Design-B: THz photoconductive dipole antenna with LT-GaAs superstrate, and 
Design-C: THz photoconductive dipole antenna with LT-GaAs superstrate and silicon lens. 

In Design-A, the S11 parameter at 1.3 THz, 1.593 THz and 1.9 THz are -10.22 dB, -20.32 dB 

and -24.568 dB, respectively. The 10dB impedance bandwidths obtained for each centre 

frequency are 50 GHz, 39 GHz and 39 GHz, respectively. For Design-B, the S11 parameter at 

frequencies 1.301 THz, 1.587 THz and 1.868 THz are -11.65 dB, -18.37 dB and -16.30 dB, 

respectively. The 10dB impedance bandwidths obtained for each centre frequency are 14 

GHz, 36 GHz and 20 GHz, respectively. Similarly, for the Design-C, the return loss values at 

frequencies 1.301 THz, 1.587 THz and 1.868 THz are 11.55 dB, 26.47 dB and 14.09 dB, 

respectively and the 10dB impedance bandwidths are 13 GHz, 35 GHz and 20 GHz, 

respectively. The potential reasons for small deviation in resonant peaks are:  

 The resonance phenomena appear when the quality (Q) factor of the antenna is large 

enough. Moreover, the THz field does not propagate or reflect for a large distance 

along the antenna because of the significant losses associated with the antenna such as 

radiation loss and dielectric loss. Consequently, the Q-factor of the THz antenna is 
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small (no standing wave) and therefore the resonance effect is not as effective as it is 

being observed in the microwave frequencies,  

 Another reason is the slow decay time of the generated photocurrent and is 

approximately 0.5ps in case of GaAs photoconductive substrate which limits the 

generation of higher-frequency components of radiation, and  

 Moreover, the absence of resonance peaks at the position of expected frequencies 

ought to be attributed to some other factors also, such as there is broadening of the 

resonance peak because of the large antenna width or damping of the switching 

response because of the dominance of the capacitance effect across the 

photoconductive gap at high frequency. 

The performance of proposed antenna designs (Design-A, Design-B and Design-C) are also 

compared for Gain (dB) and Directivity (dBi), in the principal plane patterns. The simulated 

results are shown in Figure 2.7 and Figure 2.8, respectively. 

                 
Figure 2.7: The antenna gain characteristics of all three configurations at 1.5 THz in (a) E-plane, (b) H-plane, Design-

A: Basic THz photoconductive dipole antenna, Design-B: THz photoconductive dipole antenna with LT-GaAs 
superstrate, and Design-C: THz photoconductive dipole antenna with LT-GaAs superstrate and silicon lens. 

 

                     
Figure 2.8: The antenna directivity of all three configurations at 1.5 THz in (a) E-plane, (b) H-plane, Design-A: Basic 
THz photoconductive dipole antenna, Design-B: THz photoconductive dipole antenna with LT-GaAs superstrate, and 

Design-C: THz photoconductive dipole antenna with LT-GaAs superstrate and silicon lens. 
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For Design-A, the gain is 3.13 dB in E-plane with main lobe direction at 0o. The angular 

width (3-dB) is 34.2o and the side lobe level is -0.8 dB and in H-plane, the gain is 8.71 dB 

with its main lobe direction is 40.0o. The angular width (3-dB) is 18.2o having a side lobe 

level -5.6 dB. The directivity at E-plane is 4.11 dBi with main lobe direction at 0o. The 

angular width (3-dB) is 34.2o and the side lobe level is -0.8 dB, and for H-plane, the 

directivity is 9.69 dBi with its main lobe direction 40o. The angular width (3-dB) is 18.2o 

having a side lobe level -5.6 dB. The radiation efficiency obtained in E-plane and H-plane are 

0.76 and 0.89 with power flow 5.12 × 10ଵ଴ VA/݉ଶ. As the radiation efficiency in E-plane is 

less than 80% and to increase the radiation efficiency of the THz photoconductive dipole 

antenna, a thin superstrate is used in this reference design. The simulated results for Design-B 

show the gain of 4.85 dB in E-plane with main lobe direction at 0o. The angular width (3-dB) 

is 39.6o and the side lobe level is -3.0 dB. However, for H-plane, the gain is 7.3 dB with its 

main lobe direction 40o. The angular width (3-dB) is 18.5o having a side lobe level -2.5 dB. 

The directivity in E-plane is 5.78 dBi with main lobe direction at 0o. The angular width (3-dB) 

is 39.6o and the side lobe level is -3.0 dB and for H-plane, the directivity is 8.24 dBi with its 

main lobe direction 40o. The angular width (3-dB) is 18.5o having a side lobe level -2.5 dB. 

The radiation efficiency obtained in E-plane and H-plane are 0.84 and 0.89 with power flow 

6.24 × 10ଵ଴ VA/݉ଶ. It is clearly observed from the simulated results that the radiation 

efficiency has been increased in the E-plane from 76% to 84% along with the increase in the 

directivity from the 3.13 dBi to 5.78 dBi for the same direction of main-lobe i.e. 0o. 

Moreover, other interesting point which has been observed is that with the use of thin 

superstrate (LT-GaAs) along with the substrate (GaAs), the power flow has also been 

increased.  

For the purpose of THz sensing applications there is a need of high-directional scanning 

photoconductive antennas with inexpensive steerable integrated lens. As the proposed 

photoconductive dipole antenna is a simple configuration, thus, it allows us to use the 

focusing property of the dielectric lens to excite the directed radiation. Therefore, to increase 

the directivity of THz photoconductive dipole antenna, we have used a silicon lens placed 

beneath the ground plane that is Design-C from where the THz radiations are generated. The 

simulation results for Design-C show the value of gain 9.8 dB in E-plane with main lobe 

direction at 180.0 degree. The angular width (3-dB) is 42.8o and the side lobe level is -5.5 dB. 

For the H-plane, the gain remains same which is 9.8 dB with its main lobe direction same as 

in E- plane i.e. 180o. The angular width (3-dB) is 13.4o having a side lobe level -3.5 dB. The 
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directivity in the E- and H-planes is also having same values 10.7 dBi with main lobe 

direction at 180o for both cases. The angular width (3-dB) is 42.8o in the E-plane and the side 

lobe level is -5.5 dB. However, for H-plane, the directivity has the angular width (3-dB) as 

13.4 degree having a side lobe level -3.5 dB. The radiation efficiency obtained in E-and H-

planes are 91.59% with power flow 5.93 × 10ଵ଴ VA/݉ଶ. It is clearly observed from the 

results that the radiation efficiency has been increased and is uniform in both the E-and H-

planes. Therefore, the use of Silicon lens helps to achieve enhanced gain and directivity 

values with uniformity in both the principle planes. Moreover, according to the dipole 

approximation, the radiated electric field from a point source is proportional to the time 

derivative of the point current in the far-field. Using this relation, the electric field due to the 

distributed current is computed by taking the volume integration of time-derivative of the 

current density, J(r, t) [128]. Therefore, the THz electric field emitted from the 

photoconductive dipole antenna is expressed in terms of the current density, J(r, t) defined at 

a point r and time t, is expressed as: 

																																											E୘ୌ୸(r, t) = 	−	 ଵ
ସπɛୡమ

	∫ ቂப୎(୰,୲)
ப୲

ቃ୪౛
଴

ୱ୧୬Ɵ
|୰ି୰|

dଷx′                                        (2.8) 

where்ܧு௭(r, t) is the THz electric field at the observation point r, and the observation time t. 

ɛ is the dielectric constant of the medium, and  Ɵ represents  the angle between the direction 

of current and the direction of observation.  

 

 
Figure 2.9: The current density distribution on the planar surface of three configurations at 1.5 THz presented using 
CST Microwave Studio, (i) Design-A: Basic THz photoconductive dipole antenna, (ii) Design-B: THz photoconductive 

dipole antenna with LT-GaAs superstrate, and (iii) Design-C: THz photoconductive dipole antenna with LT-GaAs 
superstrate and silicon lens. 
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In photoconductive dipole antenna, when a biased field 	ܧ௕௜௔௦  is applied across the co-planar 

striplines then it acts as an initial driving force for the photo generated carriers to move 

towards the biased antenna electrodes. This results into the formation of time-varying 

photocurrent within the gap of the antenna and is given by:     

                                                           J୔େ(t) 	= 	 σ(୲)୉ౘ౟౗౩
ቂσ(౪)	ౖబ
భశ౤ ାଵቃ

                                                      (2.9) 

where	(ݐ)ߪis the conductivity of the photoconductive material, ܼ଴ represents characteristic 

impedance of the free-space and n is the refractive index of the substrate. The numerator of 

(2.9) corresponds to the Ohm law and the denominator corresponds to the saturation effect 

which occurs due to the field screening by the charged carriers. Using simulation software, we 

have also illustrated the current density distribution of each of proposed antenna 

configurations (Design-A, Design-B and Design-C) as shown in Figure 2.9. In the Design-A, 

a very high current density 4 × 10ହ A/m is observed because the use of thick photoconductive 

substrate (GaAs) with thickness 10µm. For the Design-B and Design-C, the value of current 

density is 1.38 × 10ହ A/m and 1.42 × 10ହ A/m, respectively. The lower values of current 

density are due to the use of thin layer of superstrate LT-GaAs placed over the GaAs 

substrate. It is also observed from the Figure 2.9 that in the Design-C, the current density is 

more at the centre of the substrate near the photoconductive gap in comparison   of the sides 

of substrate. This may be due to the use of Silicon lens which is making the THz field highly 

directive in both the principle planes patterns in the main lobe direction at 180o. 

2.6 CONCLUSION 

In this chapter, we have presented a simple synthesis technique to determine the physical 

parameters of photoconductive dipole antenna, which is used for THz sensing and imaging 

applications. For the Design-A, the choice of simple dipole antenna with small gap geometry 

has been proposed because of its simplicity in fabrication. However, the basic 

photoconductive dipole antenna illustrates low values of directivity and radiation efficiency. 

Therefore, by using thin superstrate (LT-GaAs) in the Design-B, the radiation efficiency 

increases in the E-plane from 76% to 84% along with the increase in directivity from 3.13 dBi 

to 5.78 dBi. Further, the proposed basic geometry of photoconductive dipole antenna with 

silicon lens is presented which enhances the antenna performance that is potentially useful for 

THz sensing and imaging application like the detection of hidden explosives (RDX, HMX, 

PETN, and TNT) along with some commonly used explosive related compounds. This 

proposed antenna (Design-C) shows significantly high directivity upto 10.7dBi and radiation 
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efficiency of 91.59% in both E-plane and H-plane at 1.5 THz. A THz imaging system using 

THz photoconductive dipole antenna provides relatively good signal-to-noise ratio (SNR), 

large dynamic range with optimum bandwidth, however the optical-to-THz conversion 

efficiency of the system is very low. Therefore, it is necessary to analyse the practical 

constraints on choosing the antenna parameters using equivalent circuit approach which helps 

to improve the antenna total efficiency.  
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CHAPTER 3  

ANALYTICAL FRAMEWORK OF SMALL-GAP 

PHOTOCONDUCTIVE DIPOLE ANTENNA USING EQUIVALENT 

CIRCUIT MODEL 
3.1 INTRODUCTION 

For the prospective demand to achieve large depth-of-field (DoF) so as to get a better image 

resolution in the THz imaging application there is a necessity to design a highly directive, 

compact, and planar THz antenna source with its capability of on-chip fabrication. The 

photoconductive dipole antenna has the significant use in THz imaging application because 

the antenna can be used at the emitter side as well as at the receiver side with same 

dimensions. However, the only difference is that at the receiver side no biased voltage is 

applied across the antenna electrodes. Further, the performance of the THz imaging system is 

mainly affected by photoconductive antenna as an emitter because the detected power level of 

the THz imaging system at the receiver side is mainly governed by the total radiated power of 

the emitter. Though, there are certain modalities for improving the photoconductive dipole 

antenna performance which are required to identify to achieve high THz average radiated 

power as well as improved total efficiency. Therefore, the unit-cell small-gap 

photoconductive dipole antenna radiation power enhancement techniques need to be 

optimized with respect to the antenna design parameters along with the selection of 

photoconductive material by means of theoretical simulation. Moreover, the potential 

improvement of coupling efficiency of THz wave with air in addition to femto-second laser 

incident efficiency are also important parameters to enhance the radiation power of small-gap 

photoconductive dipole antenna. Accordingly, it is crucial to have a detailed analytical 

analysis of the THz photoconductive dipole antenna as a radiating source. 

When the semiconductor gap in the middle of the photoconductor contact electrodes is 

uniformly illuminated by the optical pump then the conjugate matching (for the maximum 

power transfer) of the photoconductor impedance to the antenna impedance maximizes the 

radiated power from the photoconductive dipole antenna [138]. However, concerning the 

extension of the gap size, the photoconductive antennas are classified as:  

1)  the narrow gap photoconductive antenna (also known as small-gap)  in which the gap 

width is generally very much smaller than that of the radiation wavelength, (with gap-

size order of 5݉ߤ −  ,[159] (݉ߤ50
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2) the large gap photoconductive antennas (also known as large aperture) in which the gap 

width is kept larger than that of the radiation wavelength, (with gap-size order of 

0.5݉݉ − 5݉݉) [160], and 

3) the semi-large photoconductive antennas in which the gap width lies in-between the two 

above mentioned types, (with gap-size order of 0.1݉݉ − 2݉݉) [161]. 

The large gap photoconductive antennas are popular configurations particularly as emitters 

since higher radiated powers can be attained. Moreover, in large gap photoconductive 

antennas the decrease in effective electric field across the antenna gap (phenomenon also 

known as screening effect) occurs at later in comparison to that of the small-gap antennas. 

Further, in large-aperture antennas with constant laser power the distance among the free 

carriers increases due to the large sized photoconductive area and as a result there is a 

significant decrease in the screening field. However, these large aperture antennas require a 

higher bias voltage which is generally in the kilovolt range [162]. On the other hand, the 

design of semi-large gap photoconductive dipole antenna helps to set down antenna electrodes 

of sufficient thickness which facilitates to accommodate the skin-depth and also reduce the 

heating effects. Conversely, the achievable bandwidth in case of semi-large gap 

photoconductive antenna is narrower than that of small-gap antennas. However, for the pulsed 

THz imaging system a broad frequency spectrum is desired for scanning purpose. Therefore, 

the small-gap photoconductive antenna has the superiority over the large-gap and semi-large 

gap photoconductive antenna in terms of radiation efficiency, broad bandwidth, and stability. 

Additionally, in small-gap photoconductive dipole antenna the geometry of the antenna 

electrodes have their significance on the spectral characteristics of the antenna [163]. Further, 

with the small-gap photoconductive dipole antenna the THz radiation over the broad 

frequency spectrum can be generated wherein the antenna electrode structure acts as a filter 

and establishes the radiated frequency spectrum. In photoconductive dipole antenna, the 

resonating frequency depends on the length of the electrodes	 ௥݂ = 	 ܿ ⁄(ܮ2݊)  where	ܿ,	݊, and ܮ 

are the speed of light in vacuum, refractive index of the material and total length of antenna 

electrodes, respectively. Moreover, in comparison with other types of THz emitting devices 

for example electro-optic (EO) crystals which needs the pump power of higher magnitude of 

172.9mW, the photoconductive dipole antenna get triggered with the help of mode-locked Ti-

sapphire laser providing 10mW average incident power on the photoconductive gap [164]. 

Furthermore, the technique of photo-detection using photoconductive antenna is 

comparatively stable against optical as well as thermal noise while the electro-optic (EO) 
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sampling detection is especially sensitive to such noises. These noises occurs generally due to 

the fluctuation caused by the vibrations in the cavity length, shot noise on photon detection, 

and thermal-mechanical noise of the passive cavity components through the laser output on 

the EO crystal. Because of the increasing interest in THz systems in addition to the 

requirement for efficient imagers, interferometers, and broad bandwidth spectrometers for the 

imaging systems, various researchers are investigating the small size antenna concepts. In the 

small-gap photoconductive dipole antenna, the categorization of the multi-physical 

phenomenon which is taking place can be listed as:  

1) light-matter interaction,  

2) photo-excited carrier dynamics, and  

3) full-wave propagation of the THz radiation.  

To generate desired THz radiation from photoconductive dipole antenna, there is a 

requirement to have sufficient incoming laser power, a superior photoconductive material, an 

enough bias voltage along with a well designed antenna configuration. A biased voltage 

source in addition to the laser optical source drives the photoconductive gap acting as current 

source to produce THz radiations. However, the main issue with the photoconductive dipole 

antenna is the low THz output power as well as low antenna efficiency. To counter such issue, 

the optical illumination power and the applied bias voltage is increased in such a manner to 

yield higher output power. However, under such situations, the observable phenomenon such 

as saturation, field breakdown, velocity overshoot, and thermal breakdown happens within the 

system [165]. 

Moreover, in the material selection for photoconductive antenna there is a requirement of 1) 

maintenance of relatively high carrier mobility with suitable band gap, 2) control of zero bias 

photocurrent, 3) high breakdown voltage, and 4) low carrier lifetime with high resistivity. 

These parameters influence the performance of photoconductive antennas in terms of 1) 

output power, 2) bandwidth, 3) maximum optical pump power, and 4) signal-to-noise ratio 

(SNR), respectively [166]. For the pulse THz imaging application, to increase the SNR of 

spectroscopic system the THz radiation with high emission intensity is required which 

facilitates to perform fast scan of the object. The value of emission intensity of the THz 

radiation considerably increases with an enhancement in the dipole length [153]. Moreover, 

the emission efficiency of the THz radiation depends on the relative dimensions of the dipole. 

The efficiency increases appreciably by increasing the aspect ratio (the ratio of length and 

width of the antenna electrode, L/W). Similarly, another parameter which can be adjusted to 
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reduce the screening effect and as a consequence to improve the radiation efficiency in small-

gap photoconductive dipole antenna is through the excitation spot size which persuade the 

initial spatial distribution of the photo-excited carriers on the surface of the photoconductive 

substrate. On increasing bias voltage, higher THz output power can be achieved as under such 

situation the acceleration of the photo-excited carriers get increased. However, under such 

situation the breakdown voltage of device limits to give up maximum radiation power. To 

increase the level of breakdown voltage so that the antenna can withstand high biased 

voltages across the antenna electrodes, the properties of several photoconductive materials 

such as gallium arsenide (GaAs), low-temperature grown GaAs, alternating nanoscale 

multilayers of InGaAs, bulk indium gallium arsenide (InGaAs), indium aluminium arsenide 

(InAlAs), radiation damaged silicon on sapphire and amorphous silicon are investigated by 

numerous researchers for THz photoconductive antennas [167].  

The small-gap photoconductive dipole antenna is simple in fabrication furthermore shows its 

potential use as THz source for pulsed broadband system of THz imaging application. 

However, there are certain prospective challenges to improve the conventional THz 

photoconductive dipole antenna as discussed above. Thus considering both the optical 

excitation effects as well as the antenna geometrical effects on the performance of a 

photoconductive antenna, a systematic analysis technique and a simulation procedure is 

necessary to design so as to have the better understanding of the phenomenon such as 1) static 

electric field creation, 2) photo-exited transient current generation in the near field, and 3) the 

THz radiation in both near and far field. Therefore, an analytical framework for modelling of 

pulsed THz small-gap photoconductive dipole antenna has been proposed to find out several 

factors contributing to the antenna performance parameters like THz average radiated power 

and the total efficiency. In this chapter, a systematic procedure employing precise 

mathematical expression leading to the physical behaviour of small-gap photoconductive 

dipole antenna is projected. Moreover, the effect of biased lines on the antenna performance 

parameters is also considered and is presented in the proposed equivalent circuit model. 

Further, the effect of gap-size of proposed photoconductive dipole antennas on the THz 

radiated power as well as on total radiation efficiency has been explored. 

3.2 RELATED WORK AND PROBLEM FORMULATION 

The main disparity in analyzing THz antennas in comparison to the microwave antennas is the 

optoelectronic characteristics that arise due the optical excitation and accordingly the response 

of the photoconductive material. Therefore, it demands the development of some novel 
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simulation as well as an analysis procedure which incorporate the effects generated from both 

optical excitation and antenna geometry. In this respect, several researchers have explored 

different physical models so as to present the better understanding about the working of the 

photoconductive antenna. However, such physical models can be categorized under three 

different approaches as briefly mentioned below with each category having its own advantage 

as well as limitation. 

 Drude-Lorentz Model: In this approach, the photo-excited carrier dynamics inside the 

semiconductor is described using Drude-Lorentz model [168]. It is a useful method to 

evaluate the dependence of THz radiation on the material’s properties like doping density, 

carrier lifetime, carrier mobility, and laser source’s intensity with its pulse width [169]. 

The use of this model can compute the photo-excited current inside the semiconductor in 

the near-field.  However, the far-field radiation can only be realized in an approximate 

way. Therefore, one of the major limitations of this model is the different radiation 

properties such as radiated power, electric field strength, and efficiency of the antennas 

with various shapes cannot be distinguished. In addition, this model can hardly simulate 

the space-related phenomenon like the effect of asymmetrical illumination of the laser spot 

within the photoconductive gap. 

 Full-wave Finite-Difference Time-Domain (FDTD) Model: The FDTD model couples 

the carrier’s dynamics with the full-wave interaction along with propagation to simulate 

the phenomenon occurring in both near-field as well as far-field [170]. In this, the 

continuity equation is used to describe the carrier dynamics. Moreover, the drift-diffusion 

equation is used to depict the corresponding transient current wherein the photo-excited 

current is considered as the driving source of a photoconductive antenna [171]. However, 

the full-wave analysis is incapable to analyze the THz antenna with a large Silicon lens 

which is used to collimate the THz radiation in one particular direction. This is because the 

size of the lens is much larger than the wavelength [172]. Further, the analytical method 

such as diffraction theory also required to implement with FDTD for analyzing 

propagation behavior with large elements. 

 Equivalent Circuit Model (ECM): In this approach, the photoconductive dipole antenna 

is considered as a special lumped element which comprises of a combination of voltage or 

current source with time-varying resistance and antenna impedance [173]. The laser 

induced resistance of the source is evaluated by means of carrier dynamics. This method is 

useful as it takes up the existing antenna theory for the analysis of photoconductive 
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antenna as well as all the antenna related aspects in its simulation. Moreover, with ECM it 

is simple to determine the impedance matching efficiency amid photo-excited source and 

radiating antenna [138]. Further, the ECM helps to study the antenna related properties to 

design photoconductive antenna with better performance. This approach provides a 

realistic description of the antenna by means of direct link among the parameters of the 

equivalent circuit model, the structure of the antenna, and the photoconductive material 

properties. In this respect, there are two types of equivalent circuit models which have been 

explored and discussed by the researchers in literature are as follows:  

1) ECM obtained from electrical engineering perspective and based on large signal 

analysis: This method consider 1) the constant capacitance representing the gap- 

capacitance of the photoconductive antenna, 2) a time-dependent resistance of the 

photoconductive material, and 3) the antenna resistance [174]. In this model, the 

approach used is simple to implement because of the deployment of lumped 

element components. However, a major limitation of this model is to precisely 

envisage the local fields of photoconductive antenna.  

2) ECM based on real physical performance of antenna using carrier dynamics:  It is 

essential to consider the carrier dynamics in the generation of THz waves as it helps 

to find out the real physical behavior of the antenna. This method involves 1) the 

antenna resistance, 2) a time-varying field due to the space-charge screening effect, 

and 3) the time-varying source resistance [175]. The main benefit of this model in 

comparison to simplified lumped element model is improvement of the accuracy 

since more physical aspects are considered. However, there is a complexity in the 

derivation of equations. In addition, there are certain assumptions in its analysis 

which have been made and limit its applications. The photoconductive gap between 

the antenna electrodes is generally assumed to be fully and uniformly illuminated 

by the laser beam. Further, while calculating source resistance the exponential 

decay of the photocurrent caused due to the recombination of photo-excited carriers 

is ignored due to which the laser pulse information is lost. Moreover, it is also 

assumed that when there is no laser illumination (under the dark conditions), the 

photoconductive antenna is considered as a charged capacitor. 

Several researchers have mentioned the use of these models in the literature for the 

photoconductive antennas [176, 177]. Such as in [178], the screening contribution because of 

the Coulomb and radiation screening effects of electromagnetic field in the photoconductive 
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antenna is presented. The authors have used the Monte Carlo method to analyze the 

consequences of excitation spot-size as well as the excitation level onto the emitted THz 

radiations. Jepsen et al. [178] have anticipated a model based on the Drude-Lorentz theory of 

carrier transport to explain the details of the ultra-short carrier dynamics occurring in the 

small-gap photoconductive antenna. However, the authors have considered only the effect of 

space charge screening for carrier dynamics. Due to the statistical approach which has been 

used, the results obtained require high computational effort. Similarly, the use of semi-

classical Monte Carlo model is presented in [179] to explain fast carrier dynamics occurring 

in the photoconductive antenna due to photo-excitation. In [180], the authors have shown the 

theoretical model based on Bloch-Floquet theorem using Maxwell’s equations to analyse the 

periodic dielectric structures along with the periodic low-temperature-grown GaAs strips 

within the gap between the antenna electrodes. They have proposed this model to increase the 

THz radiation power of photoconductive antenna. Khiabani et al. [181] have presented a 

theoretical modelling for the time variant conductance. In equivalent circuit model, they have 

used the lumped element approach to retain the simplicity of the model. However, the 

accuracy has been achieved in [181] by considering each lumped element component value 

based on complex physical mechanism. The only limitation of this model is that the non-

uniformity of the applied bias field as well as the illuminated region has been ignored. In 

[182], saturation behaviour of the DC photocurrent in addition to velocity overshoot 

phenomenon has been observed. The authors discussed the hot-carriers effect using energy 

balance transport model. A characteristic equivalent electrical circuit of the plasma medium 

for photoconductive dipole antenna is shown in [183]. It includes a combination of circuits 

under dark as well as illuminated conditions of photoconductive gap with an assumption of no 

antenna losses (radiation efficiency of antenna equal to one).  

However, the realization of plasma medium for small-gap photoconductive antenna is 

difficult in real-time application scenario. Therefore in our proposed antenna the LT-GaAs 

photoconductive superstrate of 1µm thickness is used which has high mobility and high 

breakdown field. Moreover, at THz range of electromagnetic spectrum, the ohmic losses 

increase therefore the antenna losses need to be considered. Further, in the basic geometry of 

small-gap photoconductive dipole antenna there is fixed bias line connecting the biased 

voltage source and the antenna electrodes. The length of these biased lines is generally half of 

the wavelength of operating frequency of the antenna. Therefore such biased line contributes 

to the emergence of constant physical parameters in the form of distributed elements on the 
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line and need to be considered in the equivalent circuit model of small-gap photoconductive 

dipole antenna to achieve high matching efficiency. Moreover, at half of the wavelength of 

the biased lines, the phase delay as well as the interference of any reflections on the line 

becomes significant which can bring about unpredictable behaviour in the performance of the 

system. Further, the biased lines are also significant for their use to further extend beyond the 

antenna electrodes to facilitate the provision of antenna array implementation [106]. 

3.3 CIRCUIT MODELING USING NUMERICAL EQUATIONS 

The working principle of a THz small-gap photoconductive antenna is generally based on 1) 

the laser excitation, 2) the antenna structure over photoconductive material, and 3) a fixed 

bias voltage. Initially, when the antenna electrodes are externally biased using the biased lines 

then a static field gets built up inside the bulk semiconductor. The electrons and holes start 

flowing in a certain direction under the influence of a fixed DC bias voltage which results into 

the formation of the current. The generation of electron-hole pairs occurs when the input 

energy inside the photoconductive substrate becomes larger than that of its bandgap energy. 

Moreover, this input energy varies rapidly on applying a short period optical pulse on the 

photoconductive gap. It results into the variation of the carrier density across the 

photoconductive gap and due to different current intensity there is emergence of the time-

varying electric field which leads to the generation of electromagnetic waves [184]. The DC 

field presents an initial force to drive the photo-excited carriers towards the antenna 

electrodes. However, the carrier dynamics which develops initially is evaluated using the 

Poisson’s Equation as: 

∇ଶܸ = 	
ݍ
ߝ 	(݊ − ݌ − ܰ஽ + ஺ܰ) 

where	ܸ, ,ߝ ,ݍ	݌ ,݊,	ܰ஽, and ஺ܰ are voltage distribution, electric charge, permittivity of 

semiconductor, density of electrons, density of holes, impurity concentration due to donor 

ions and impurity concentration due to acceptor ions, respectively. With the photo-

illumination of small-gap photoconductive dipole antenna there is a generation of the time-

dependent carrier density ݊(ݐ) which is determined using the Equation of continuity as: 

(ݐ)݊	݀
ݐ݀ = 	

ɳ௟ ߙ	
ℎ ௟݂ீݓ	ݓ௘

	 ௔ܲ௩ −
(ݐ)݊
߬௖

 

where	ɳ୪, ௟݂,	ℎ,ߙ, (wୋ	 × wୣ), Pୟ୴, and ߬௖ are the photoconductor external quantum efficiency, 

laser frequency, Planck’s constant, optical absorption coefficient, effective optically 

illuminated area with wୋ	 width of the gap between the electrodes and wୣ is the width of the 
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photoconductor contact electrodes, average optical power, and carrier lifetime, respectively. 

The above Equation can further be simplified and can be expressed in terms of laser beam 

intensity ܫ௟ ,ݎ)	  ݎ	 ,which depends on the radial distance from the centre axis of the beam 	(ݐ

and time instant, ݐ as: 

                                                  ௗ	௡(௧)
ௗ௧

= 	− ௡(௧)
ఛ೎
	+ 	 ఈ

௛௙೗
௟ܫ ,ݎ)	  (3.1)                                              (ݐ

where ܫ௟	(ݎ, (ݐ = 	 ɳ೗	
௪೒	௪೐

	 ௔ܲ௩. The general expression of the laser intensity having electric field 

distribution of Gaussian laser pulses along the axis of propagation is: 

௟ܫ                                                     ,ݎ)	 (ݐ = 	 −௟(1ܫ ܴ)݁
ቆషమೝ

మ

ೢబ
మ ቇ
݁
ቆషమ೟

మ

ഓ೗
మ ቇ

                                  (3.2) 

where ܫ௟, ܴ, w଴, and ߬௟ are the peak laser intensity, power reflection coefficient, optical beam 

waist radius at which the field amplitude and intensity drop to (1/e ) of the axial value,  and 

laser pulse duration, respectively. Moreover, it is implicit that at z = 0, the beam waist of laser 

pulse is onto the photoconductive gap (G) of the THz antenna. On putting the value of ܫ௟ ,ݎ)	  (ݐ

from (3.2) in (3.1), an expression for time-dependent carrier density ݊(ݐ) becomes: 

(ݐ)݊	݀
ݐ݀ = 	−

(ݐ)݊
߬௖

	+ 	
ߙ
ℎ ௟݂

൭ܫ௟(1 − ܴ)݁
ቆିଶ௥

మ

௪బమ
ቇ
݁
ቆିଶ௧

మ

ఛ೗
మ ቇ

൱ 

This differential Equation for	݊(ݐ) is solved using the following integral identity. 

∫ ݁ି
௨మ

்మൗ௔
ି∞ ݑ݀	 = 	 √గ

ଶ
ܶ	(1	 + erf(ܽ))  and 		erf(ݔ) = 	 ଶ

√గ
	∫ ݁ି௧మ ௫ݐ݀	
଴   

Hence, the final expression for the time-dependent carrier density for ݎ  :଴ isݓ =

 ݊(t) = ௟ܫߙ	௟߬		ߨ2√ൣ 4h ௟݂ൗ ൧	(1− R)	e(ିଶ)eൣ൫τౢమ ଼τౙమൗ ൯ି	(୲ τౙ⁄ )൧൛݂݁ݎ	ൣ൫√2	ݐ ߬௟ൗ ൯ − ൫√2	߬௟ 4	߬௖ൗ ൯	൧ +

	1ൟ                                                                                                                                          (3.3)                                                                                                                        

The separation of electron-hole pairs as well as their accumulation near the antenna electrodes 

contribute in the generation of THz radiation. The residual space-charge pairs lying in the 

vicinity of the metal contacts which are not capable to find the opposite sign pair for the 

recombination, remain as such near the dipole antenna electrodes. This results into the 

formation of time-dependent capacitance (ݐ)ܥ and gets influenced by the generated carrier 

density ݊(ݐ)	in addition to the recombination time of photoconductive semiconductor 

material. 

                                           C(t) = 	 (τ୰ Zୟ⁄ ) ቂ1 + 	 ቀe	μୣZୟS	n(t)ቁ G⁄ ቃ                                 (3.4) 
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where τ୰, Zୟ, e, and  μୣ are the recombination lifetime, antenna impedance, electron charge 

and electron mobility in thin-layer photoconductive LT-GaAs superstrate, respectively. This 

time-varying capacitance (ݐ)ܥ and time-dependent voltage controlled source (ݐ)ߚ ஼ܸ(ݐ)  

which is controlled by the voltage across capacitance ஼ܸ(ݐ) considers the screening effect 

across the photoconductive gap of dipole antenna. However, it is essential to consider this 

parameter in the equivalent circuit model as the screening effect limits the radiated THz 

power from the photoconductive antenna. An expression of (ݐ)ߚ (described as the reverse 

voltage coefficient concerning the external bias voltage on the carrier density as well as the 

recombination lifetime) is expressed as: 

                                                             β(t) = 	 ൫e	μୣn(t)τ୰ ϵξ⁄ ൯                                          (3.5) 

where ϵ and ξ are the permittivity of LT-GaAs superstrate and geometrical factor of the 

substrate which signify the screening effect, respectively. Moreover, the expressions for time-

varying capacitance, (ݐ)ܥ and reverse voltage coefficient, (ݐ)ߚ are computed by: 1) 

comparing the first order differential equation of voltage across the antenna gap ஼ܸ(ݐ) as 

presented in [114] using the circuit analysis, and 2) the expression of electric field in the 

photoconductive gap considering the screening effect formulated in [185]. In the 

photoconductive antenna, the input signal for the antenna is generated with the illumination of 

femtosecond laser pulses and its interaction with the photoconductive material. Therefore, the 

photoconductive gap act as a current source for the antenna with its resistance operate as the 

source resistance ܴௌ	(ݐ) of the antenna. The time-dependent source conductance ܩௌ(ݐ) can be 

determined using the expression for time-dependent source resistance of the active volume as 

mentioned. 

ܴௌ	(ݐ) = 	 ଵି	(ݐ)ௌܩ = (ݐ)ߩ	
ܩ
ܵ = 	

ܩ
 ܵ	(ݐ)ߪ

where (ݐ)ߪ ,ܩ, and ܵ are the gap length between the antenna electrodes, time-dependent bulk 

conductivity of photoconductive substrate material and cross-sectional area of the active 

volume that is normal to the DC bias electric field, respectively. In view of the laser 

penetration depth into the photoconductive material, the time-dependent conductance ܩௌ(ݐ) of 

the active volume is expressed as: 

(ݐ)ௌܩ = 	න
ݖ݀	ఈ௭ܹି݁	(ݐ)ߪ

ܩ

்ಽ೅షಸೌಲೞ

଴
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where W and ௅்ܶିீ௔஺௦  are the width of dipole antenna electrodes and laser skin depth at the 

excitation region, respectively. When the integral for		ܩௌ(ݐ) is further solved, then the time-

dependent conductance of the active volume becomes: 

(ݐ)ௌܩ = 	
ܹ
ܩߙ −1ൣ(ݐ)ߪ	 ݁(ିఈ	்ಽ೅షಸೌಲೞ)൧ 

However, the time-dependent bulk conductivity (ݐ)ߪ of photoconductive substrate material is 

expressed in terms of carrier density ݊(ݐ)	across the active volume as		(ݐ)ߪ =  On .(ݐ)௘݊ߤ	݁

considering the expression of (ݐ)ߪ and		݊(ݐ), the expression for the source conductance 

becomes: 

Gୗ(t) = 	 ቀ୛
ୋ
ቁ		ൣ1− ݁(ିఈ	்ಽ೅షಸೌಲೞ)൧	e	μୣ		(1− R)	e(ିଶ)eൣ൫τౢమ ଼τౙమൗ ൯ି	(୲ τౙ⁄ )൧൛݂݁ݎ	ൣ൫√2	ݐ ߬௟ൗ ൯ −

൫√2	߬௟ 4	߬௖ൗ ൯	൧ + 	1ൟ                                                                                                                  

(3.6) 

It is significant to identify the exact source conductance Gୗ(t)	at the photoconductive gap 

because it provides a time-varying THz photo-current to the antenna electrodes. Moreover, 

the time-dependent voltage across the capacitance of the antenna electrodes also depends on 

the source conductance and is determined from the equation as shown in (3.7). 

                           ௗ௏಴	(௧)
ௗ௧

+ 	 ቂቀ ଵା	ఉ(௧)	
୞౗	×	େ(୲)

ቁ+ 	ୋ౏(୲)
େ(୲)

+ 	 ଵ
େ(୲)

ௗ஼(௧)
ௗ௧

ቃ ஼ܸ (ݐ)	 = 	 ா್೔ೌೞ
୞౗	×	େ(୲)

                       (3.7) 

where ܧ௕௜௔௦  is the constant biased voltage applied across the biased lines of photoconductive 

dipole antenna. The value of ஼ܸ  is computed from (3.7) which is a first order differential (ݐ)	

equation and is solved for ஼ܸ  using Runge-Kutta numerical analysis method. To perform a (ݐ)	

consistency and stability analysis to the ordinary differential equations, the fourth-order 

Runge-Kutta method is most commonly used method. However, one of the benefit of this 

method is that the operational analysis is identical for both types of differential equation either 

linear or non-linear. Moreover, the THz photocurrent which is induced at the photoconductive 

gap (G) is calculated using (3.8) where in the rise time of photocurrent is resolute by laser 

pulse duration and its decay time is influenced by the carrier lifetime of the photoconductive 

semiconductor material. 

                                                      ݅௉஼(ݐ) = (ݐ)௘݊ߤ݁	 ஼ܸ(ݐ) ௌ
ீ
                                                (3.8) 

Besides these time-dependent lumped elements which are playing a considerable role in the 

antenna performance, the importance of biased lines which provides the initial biased 

potential from the fixed biased voltage (ܧ௕௜௔௦)  cannot be ignored. Therefore, considering the 
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equivalent circuit model based on the detailed numerical analysis [181], the contribution of 

constant valued half-wavelength biased lines parameters in the equivalent circuit model of 

small-gap photoconductive dipole antenna has been proposed. By considering the biased line 

distributed parameters along the length of line helps to improve the impedance matching 

efficiency of photoconductive dipole antenna. Moreover, the extension of these biased lines 

beyond the antenna electrodes also facilitates the implementation of linear array of 

photoconductive dipole antennas with half-wavelength spacing between the antenna elements 

on the common biased lines.  

For THz imaging applications, there is a prospective demand of highly directive THz source 

so as to attain high depth-of-field to image the object under detection in addition to the high 

spatial resolution of imaging system. This can be realized by arranging the array configuration 

of photoconductive dipole antenna since a unit-cell photoconductive dipole antenna has a low 

directivity (5-7 dBi). However, for the array implementation of small-gap photoconductive 

dipole antenna, there is a necessity to optimize the unit-cell of small-gap photoconductive 

dipole antenna while realizing the physical phenomenon using an appropriate equivalent 

circuit model occurring across it. In Figure 3.1, a proposed unit-cell small-gap 

photoconductive dipole antenna is shown with its equivalent circuit. The physical parameters 

of the antenna configuration shown in Figure 3.1(a) are: 1) W is the width of antenna 

electrode, 2) G is photoconductive gap size, 3) L1 is width of the biased line, 4) L2 is length 

of antenna electrodes, 5) L is the separation between the biased lines, and 6) le is effective 

length of dipole antenna. In fabrication of photoconductive dipole antenna using biased lines, 

it is customary and convenient to describe the fixed length biased lines in terms of its line 

parameters such as its 1) resistance per unit length ܴ, 2) inductance per unit length ܮ௘௫௧, 3) 

conductance per unit length ܩ௖௢௡, and 4) capacitance per unit length ܥ. For each one biased 

line, the conductors are characterized by ߪ௖, ߤ௖ and ߝ௖ = 	  ଴ and the homogeneous dielectricߝ

separating the conductors is characterized by ߤ ,ߪ, and ߝ, where these are the conductivity, 

permeability and permittivity of the material, respectively. Moreover, to determine the values 

of the distributed parameters of half-wavelength biased lines, the following expressions are 

utilized. 

ܥ = 	 ߝ ′ ௅మ
௅

= 	 ଴ߝ௥ߝ
௅మ
௅

௖௢௡ܩ ;  = 	ߪ	 ௅మ
௅

௘௫௧ܮ	;  = ߤ	 ௅
௅మ

= ଴ߤ௥ߤ 	
௅
௅మ

; and ܴ = 	 ଶ
ఙ೎	ఋ௅మ	

, where ߜ =

ଵ
ඥగ	௙	ఓ	ఙ೎	

  and ݂  is the skin depth and operating frequency of the antenna, respectively. The 
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resultant equivalent circuit is designed and simulated in ORCAD PSPICE software and is 

illustrated in Figure 3.1(b). 

                           
                                                                        (a) 

 
(b) 

Figure 3.1: The small-gap photoconductive dipole antenna (a) basic structure [115] and (b) the equivalent circuit 
model with half-wavelength biased line designed in ORCAD PSPICE software where	ࡾ૜, ࡯૜, and ࢂ૛ are the source 

resistance determined from the time-dependent source conductance (࢚)ࡿࡳ, time-dependent capacitance (࢚)࡯, and  
product of reverse voltage coefficient (࢚)ࢼ and the voltage across the antenna gap (࢚)࡯ࢂ,respectively. To determine 

the maximum power radiated from an antenna, the peak values of the time-dependent lumped elements of the small-
gap photoconductive dipole antenna are taken [186]. 

  
The radiated voltage across the antenna impedance R7 (taken as		ܼ௔ = 41.65	Ω	, and the 

value is obtained from the simulation run of the antenna geometry in CST Microwave Studio) 

is attained through the PSPICE software. The voltage values at each node are also shown in 
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Figure 3.1(b). However, for the circuit analysis the peak conductance value in the 

photoconductive gap is considered for the reason that it corresponds to the maximum power 

generation in the antenna gap for maximum transformation of optical power to THz power. 

Mathematically, the time-dependent radiated voltage V୰ୟୢ	(୲)	 can be determined from (3.9) 

and the value depends on 1) antenna impedance, 2) carrier density, and 3) voltage across time-

dependent capacitor developed across the antenna electrodes.  

                                               V୰ୟୢ	(୲) = zୟeμୣn(t)Vୡ(t) ୗ
ୋ

                                                     (3.9) 

Therefore, by selecting an appropriate material and using the above discussed structural 

framework based on the mathematical expressions to design THz small-gap photoconductive 

dipole antenna results into maximun radiated power from the antenna. Moreover, this analysis 

also helps to tune the THz imaging system with significantly improved effeciency. 

3.4 RADIATED POWER AND TOTAL EFFECIENCY ANALYSIS OF SMALL-GAP 

PHOTOCONDUCTIVE DIPOLE ANTENNA 

The THz photoconductive dipole antenna efficiency is defined as the ratio of radiated THz 

power to the laser power illuminated onto the photoconductive gap of antenna. In general, 

such efficiency is also identified as optical-to-THz power conversion efficiency. One of the 

major constraints of photoconductive antenna is the low efficiency of the antenna which 

obstructs its deployment in commercial applications of THz imaging system. Therefore, in 

this section the parameters which influence the antenna efficiency are determined. From 

(3.10) and (3.11), it is observed that the antenna radiated power ்ܲு௭(ݐ)	and the total 

efficiency of antenna ɳ௧ shows their dependence on the radiated voltage V୰ୟୢ	(୲)  and optical 

laser source parameters.  

                                                               ்ܲு௭(ݐ) = 	୚౨౗ౚ	(౪)
మ

௓ೌ
                                                (3.10) 

and                                               ɳ௧ = 	௉೅ಹ೥(௧)ು೐ೌೖ	×	ఛ೗	×	௙ೝ೐೛
௉ೌ ೡ

                                               (3.11) 

where ்ܲு௭(ݐ)௉௘௔௞  and ௥݂௘௣ are the peak THz radiated power and repetition frequency of laser 

pulse, respectively. The Algorithm 1 describes the procedure to compute the radiated power 

and total efficiency for different values of average optical power of laser pulse across the gap 

of photoconductive dipole antenna. Moreover, the total antenna efficiency ɳ௧ 	of the THz 

photoconductive antenna is determined from the multiplication of three different efficiencies: 

1) the optical-to-electrical conversion efficiency (ƞ୐୉), 2) the impedance matching efficiency 

(ƞ୫), and 3) the radiation efficiency (	ƞ୰).  
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Algorithm 1: Computation of time-varying components of equivalent circuit of photoconductive dipole antenna 

Input (ߝ, ,଴ߤ,଴ߝ ௖ߪ ,ℎ, ܿ, ݁, ௘,߬௟ߤ , ௟݂ , ௥݂௘௣ , ଴ݓ,ܴ,ߙ , ߬௖ , ߬௥, ,ܹ,௕௜௔௦ܧ,ߦ ,ܩ ܵ, ௅்ܶିீ௔஺௦,ܼ௔, ,(ݐ)ܣ,݊ ௔ܲ௩,  (ܦ,ݐ

Output (I(t), n(t), ܩௌ(ݐ),	C(t), (ݐ)ߚ, ஼ܸ(ݐ), ௥ܸ௔ௗ(ݐ), ௢ܲ௣௧ି௣௘௔௞ , ɳ௧	) 

BEGIN  

{ 

Step 1: Variable declaration 

	ߝ = 	permittivity	of	thin − layer	superstrate;  

଴ߝ 	= 	permittivity	of	free	space;  

଴ߤ 	= 	permeability	of	free	space; 

௖ߪ = conductivity	of	metal; 

ℎ = ݈ܲܽ݊ܿ݇  ;ݐ݊ܽݐݏ݊݋ܿ	ݏ′

c = speed of light in free space; 

݁ =  ;݁݃ݎℎܽܿ	݊݋ݎݐ݈ܿ݁݁

	௘ߤ = ℎ݅݊ݐ	݊݅	ݕݐ݈ܾ݅݅݋݉	݊݋ݎݐ݈ܿ݁݁	 − ݁ݐܽݎݐݏݎ݁݌ݑݏ	ݎ݁ݕ݈ܽ ; 

߬௟ =  ;݊݋݅ݐܽݎݑ݀	݁ݏ݈ݑ݌	ݎ݁ݏ݈ܽ

௟݂ = ݈݅݃ℎݐ	ݕܿ݊݁ݑݍ݁ݎ݂; 

௥݂௘௣ =  	;ݕܿ݊݁ݑݍ݁ݎ݂	݊݋݅ݐ݅ݐ݁݌݁ݎ	݁ݏ݈ݑ݌	݈ܽܿ݅ݐ݌݋

ߙ =   ;ݐ݂݂݊݁݅ܿ݅݁݋ܿ	݊݋݅ݐ݌ݎ݋ݏܾܽ	݈ܽܿ݅ݐ݌݋

ܴ =  ;ݐ݂݂݊݁݅ܿ݅݁݋ܿ	݊݋݅ݐ݈݂ܿ݁݁ݎ	ݎ݁ݓ݋݌

଴ݓ =   ;ݐݏ݅ܽݓ	ܾ݉ܽ݁

߬௖ =   ;݁݉݅ݐ݂݈݁݅	ݎ݁݅ݎݎܽܿ

߬௥ =   ;݁݉݅ݐ݂݈݁݅	݊݋݅ݐܾܽ݊݅݉݋ܿ݁ݎ

ߦ =  ;ݎ݋ݐ݂ܿܽ	݃݊݅݊݁݁ݎܿݏ	ℎ݁ݐ	ݏ݁ݐ݋݊݁݀	ℎ݅ܿℎݓ	݁ݐܽݎݐݏܾݑݏ	ℎ݁ݐ	݂݋	ݎ݋ݐ݂ܿܽ	݈ܽܿ݅ݎݐ݁݉݋݁݃

	௕௜௔௦ܧ =  ;݁݃ܽݐ݈݋ݒ	݀݁ݏܾܽ݅

ܹ =   ;ݏ݁݀݋ݎݐ݈ܿ݁݁	ܽ݊݊݁ݐ݊ܽ	݂݋	ℎݐ݀݅ݓ

ܩ =  ;݌ܽ݃	݁ݒ݅ݐܿݑ݀݊݋ܿ݋ݐ݋ℎ݌

ܵ = ܽ݁ݎܽ	݌ܽ݃	݁ݒ݅ݐܿݑ݀݊݋ܿ݋ݐ݋ℎ݌ ; 

௅்ܶିீ௔஺௦ =   ;݊݋݅݃݁ݎ	݊݋݅ݐܽݐ݅ܿݔ݁	ℎ݁ݐ	ݐܽ	ℎݐ݌݁݀	݊݅݇ݏ	ݎ݁ݏ݈ܽ

ܼ௔ =   ;݁ܿ݊ܽ݀݁݌݉݅	ܽ݊݊݁ݐ݊ܽ

݊ =  	;ݎ݅ܽ	݂݋	ݔ݁݀݊݅	݁ݒ݅ݐܿܽݎ݂݁ݎ

(ݐ)ܣ =  ;ݎ݁ݏ݈ܽ	݁ݏ݈ݑ݌	݊ܽ݅ݏݏݑܽܩ	݂݋	݁݀ݑݐ݈݅݌݉ܽ	݈ܽݎ݋݌݉݁ݐ

௔ܲ௩ =  ;ݎ݁ݓ݋݌	݈ܽܿ݅ݐ݌݋	݁݃ܽݎ݁ݒܽ

I(t) = temporal intensity function; 

n(t) = time-varying carrier density; 

(ݐ)ௌܩ = ݁݉݅ݐ −  ;݁ܿ݊ܽݐܿݑ݀݊݋ܿ	݁ܿݎݑ݋ݏ	݃݊݅ݕݎܽݒ

C(t) = time-varying capacitance; 

(ݐ)ߚ =  ;ݐ݂݂݊݁݅ܿ݅݁݋ܿ	݁݃ܽݐ݈݋ݒ	݁ݏݎ݁ݒ݁ݎ

஼ܸ(ݐ) =   ;݌ܽ݃	ܽ݊݊݁ݐ݊ܽ	ℎ݁ݐ	ݐܽ	݁݃ܽݐ݈݋ݒ

௥ܸ௔ௗ(ݐ) = ݁݉݅ݐ	ℎ݁ݐ	ݏݏ݋ݎܿܽ	݁݃ܽݐ݋ݒ	ݎ݋	݌ܽ݃	ܽ݊݊݁ݐ݊ܽ	ℎ݁ݐ	ݏݏ݋ݎܿܽ	݁݃ܽݐ݈݋ݒ −  ;ݎ݋ݐ݅ܿܽ݌ܽܿ	݃݊݅ݕݎܽݒ

௢ܲ௣௧ି௣௘௔௞ =  ;ݎ݁݋݌	ݎ݁ݏ݈ܽ	݇ܽ݁݌

ɳ௧ = ݈ܽܿ݅ݐ݌݋ − ݋ݐ −  ;ݕ݂݂ܿ݊݁݅ܿ݁݁	݊݋݅ݏݎ݁ݒ݊݋ܿ	ݖܪܶ

t = varying time; 

D = diameter of the laser beam falling on the lens; 
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Step 2: Computation of I(t) and then n(t) 

 I(t) = 	 ૙ࢿ) × ࢉ ૛⁄ ࢚)	૛	ࢋࢍ࢕࢒	൫ି૛ࢋൣ( ⁄࢒࣎ )૛൯൧
૛
 

Peak of I(t) = ܫ௟; 

Compute the expression of n(t) in terms of t, by considering the peak value of I(t) for fixed value of ௔ܲ௩  

 	n(t) = 	 I୪(1− R)exp	(−2r଴/w଴)ൣ√2ߨ		߬௟	ߙ 4hf୪ൗ ൧exp[(τ୪ଶ 8τୡଶ⁄ ) −	(t τୡ⁄ )]൛݂݁ݎ	ൣ൫√2	ݐ ߬௟ൗ ൯ − ൫√2	߬௟ 4	߬௖ൗ ൯	൧ + 	1ൟ 

Step 3: Computation of C(t) and (࢚)ࢼ 

Using the expression of n(t), C(t) and (ݐ)ߚ are determined using  the following expressions, 

C(t) = 	 (τ୰ Zୟ⁄ ) ቂ1 + 	 ቀe	μୣZୟS	n(t)ቁ G⁄ ቃ , and 

β(t) = 	 ൫e	μୣn(t)τ୰ ϵξ⁄ ൯ 
 
Step 4: Calculation of source conductance (࢚)ࡿࡳ 
 

Gୗ(t) = 	 (W G⁄ )I୪e	μୣ(1
− R)exp	(−2r଴
/w଴)ൣ√2ߨ		߬௟ 	 4hf୪ൗ ൧[1− exp(−αT୐୘ିୋୟ୅ୱ)]exp[(τ୪ଶ 8τୡଶ⁄ ) −	(t τୡ⁄ )]൛݂݁ݎ	ൣ൫√2	ݐ ߬௟ൗ ൯ −	൫√2	߬௟ 4	߬௖ൗ ൯	൧ + 	1ൟ 

Step 5: Computation of voltage across the antenna gap or voltage across capacitor (࢚)ࢉࢂ 

Using Runga-kutta numerical analysis method for fourth order, the first order differential equation of ௖ܸ(ݐ) is computed to determine the 
value of ௖ܸ(ݐ). 

݀ ஼ܸ (ݐ)	
ݐ݀

+ 	 ቊቆ
1 + 	(ݐ)ߚ	
Zୟ 	× 	C(t)ቇ + 	

Gୗ(t)
C(t) + 	

1
C(t)

(ݐ)ܥ݀
ݐ݀

	ቋ ஼ܸ (ݐ)	 = 	
௕௜௔௦ܧ

Zୟ 	× 	C(t) 

 
Step 6: (࢚)ࢊࢇ࢘ࢂ	࢙࢔࢕࢏࢚ࢇ࢒࢛ࢉ࢒ࢇࢉ	࢘࢕ࢌ	ࢋ࢓࢏࢚	ࢍ࢔࢏࢟࢘ࢇ࢜	࢙࢔࢕࢏࢙࢙ࢋ࢘࢖࢞ࢋ	ࢌ࢕	(ܜ)ܖ	ࢊ࢔ࢇ	(࢚)ࢉࢂ	 

V୰ୟୢ	(୲) = zୟeμୣn(t)Vୡ(t)S/G 

Step 7: Computation of radiated power (࢚)ࢠࡴࢀࡼ 

P୘ୌ୸ = 	V୰ୟୢଶ (t)/Zୟ 

Step 8: For different values of average optical power compute peak laser power 

For defined optically illuminated area, Area= ݎߨଶ, 

Where r = ସ
ଶ஠
	× (laser	wavelength) × ቀ୪ୣ୬ୱ	୤୭ୡୟ୪	୪ୣ୬୥୲୦

ୈ
ቁ 

௔ܲ௩ = (ݐ)ܫ ×  ܽ݁ݎܣ

௢ܲ௣௧ି௣௘௔௞ = 	 ௔ܲ௩

௥݂௘௣ × 	 ߬௟
 

Step 9: Computation of optical-to-THz conversion efficiency, ɳ࢚ 

ɳ௧ = 	
P୘ୌ୸

௢ܲ௣௧ି௣௘௔௞
 

} 
END 

The laser-to-electrical power conversion efficiency [129] is determined as: 

                                                  ƞ௅ா = 	 ௉ಶ
௉ಽ
≈ ௘ா್೔ೌೞమµ೐ఛ

మƞ೗௙ೝ೐೛
௛௙೗ீమ

                                              (3.12) 

where ߬	is the photocurrent decay time and from (3.12) it is apparent that besides the laser 

source (߬, ƞ௟ , ௥݂௘௣ ,	 ௟݂) this efficiency factor has also included another source which is the bias 
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voltage (ܧ௕௜௔௦). Therefore, the electric power to the photoconductive dipole antenna is not 

exclusively provided by the laser source. However, the illumination efficiency ƞ௟ takes into 

account the reflection of laser on surface of substrate and the quantum efficiency. When the 

laser beam is focused onto the feeding gap (photoconductive gap) with the photon energy of 

laser equal to or slightly greater than that of the band gap of the semiconductor substrate then 

the free-electrons are efficiently created. This electro–optical operation converts the laser 

power ௅ܲ to the electrical power	 ாܲ. Next, the impedance matching efficiency ƞ୫ is 

determined from the antenna impedance ܼ௔	and the source impedance ܼ௦	 using the 

expression as shown in (3.13). 

                                                             	ƞ௠ 	= 	1	– 	ቀ௓ೌି௓ೞ
௓ೌା	௓ೞ

ቁ
ଶ
                                              (3.13) 

The source impedance is realized using the equivalent circuit as shown in Figure 3.1(b), 

wherein the computation of constant valued biased line components is performed by 

considering the Algorithm 2. The radiation efficiency	ƞ୰	of photoconductive dipole antenna is 

defined as the ratio of gain and directivity of antenna at the frequency of operation which is 

obtained using an electromagnetic simulation tool CST Microwave Studio. The low radiation 

efficiency is the key challenge to the present photoconductive dipole antenna. It happens 

because of the occurrence of the excessive Ohmic losses at THz frequencies. On the other 

hand, the impedance matching efficiency of antenna must be taken in account for proper 

impedance matching of laser source with photoconductive material of antenna. 

Algorithm 2: Computation of constant valued biased line parameters of equivalent circuit of photoconductive dipole antenna 

Input (ߝ௥ , ଴ߝ ௥ߤ,଴ߤ, ௖ߪ, ,݂,ߪ,  (ܮ,ଶܮ,ߜ

Output (C, G, ܮ௘௫௧,ܴ) 

BEGIN  

{ 

Step 1: Variable declaration 

௥ߝ = relative permittivity of photoconductive substrate 
଴ߝ = permittivity of free space 
଴ߤ = permeability of free space 
௥ߤ = relative permeability  
௖ߪ = conductivity of antenna  
ߪ = conductivity of photoconductive material 
݂ = operating frequency of antenna 
ߜ = skin depth or depth of penetration 
ଶܮ = width of biased line 
ܮ = separation between biase lines 
ܥ = line capacitance 
௖௢௡ܩ = line conductance 
௘௫௧ܮ = line inductance 
ܴ = line resistance 
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Step 2: Computation of C 
 

۱ = 	 ε୰ε଴
Lଶ
L

 
 
Step 3: Computation of ࢔࢕ࢉࡳ 
 

௖௢௡ܩ = 	ߪ	
ଶܮ
ܮ

 

 
Step 4: Computation of ࢚࢞ࢋࡸ 
 
௘௫௧ܮ = ଴ߤ௥ߤ 	

௅
௅మ

; 
 
Step 5: Computation of ࡾ 
 
For δ = ଵ

ඥ஠	୤	ஜ	஢ౙ	
; 

R = 	
2

σୡ	δLଶ	
 

} 
END 

3.5 SIMULATION RESULTS AND DISCUSSIONS  

In the equivalent circuit model, the photoconductive gap source components are having time-

dependent features. Therefore, by considering the parameters for (3.3) and (3.4) from Table 

3.1, the numerically computed dynamics of ݊(ݐ) and (ݐ)ܥ are shown in Figure 3.2(a) and 

Figure 3.2(b), respectively. The capacitance between the antenna electrodes which has the 

time-dependent behaviour depends on the recombination lifetime of the carriers and the 

carrier density of the generated carriers. Therefore, the nature of two graphs is analogous and 

is illustrated in Figure 3.2.  

                                                
                                               (a)                                                                                  (b) 
Figure 3.2: The response of time (ps) of optical illumination on photoconductive gap with single pulse of femto-second 
laser beam over the photoconductive dipole antenna on the (a) carrier density and (b) capacitance across the antenna 

electrodes. 
Moreover, the influence of antenna gap size on the capacitance is investigated with fixed 

value of average optical power ௔ܲ௩ = 1ܹ. Figure 3.3 demonstrates that for small gap size the 

capacitance is very large since it is inversely proportional to the gap size as shown in (3.4). 
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On the other hand, it also means that the opposing effect of the field screening is smaller in 

large gap antennas. 
Table 3.1: Physical parameters used in the proposed photoconductive dipole antenna simulation. 

Parameter Value 

Light frequency ௟݂, (THz) 375 

Laser pulse duration ߬௟ , (fs) 100 

Power Reflection coefficient, R 0.318 

Optical absorption coefficient, ߙ (/m) 6× 	10଺  

Electron mobility in LT-GaAs, ߤ௘  (݉ଶ ܸ . sec	)⁄  0.1 

Laser skin depth at the excitation region, ௅்ܶିீ௔஺௦  
(m) 

10ି଺ 

Recombination lifetime, ߬௥  (ps) 100 

Geometrical factor of the substrate, 900 ߦ 

Photoconductive area for laser illumination, S 
 (ଶ݉ߤ)

50 × 10ିଵଶ 

Laser repetition frequency, ௥݂௘௣ (MHz) 80 

 

 
Figure 3.3: The effect of change in photoconductive gap-size (G) on the time-dependent capacitance	(࢚)࡯. 

Now, the subsequent step is the calculation of gap conductance ܩௌ(ݐ)		through the behaviour 

of generated carrier density		݊(ݐ). The		ܩௌ(ݐ)	depends on parameters of 1) the optical source 

such as its power, pulse duration, and frequency, 2) the photoconductive material such as 

carrier lifetime, mobility, and 3) the antenna configuration which includes gap length and 

width of antenna electrodes. Therefore, under the peak laser power illumination the source 

resistance ܴௌ(ݐ) corresponds to the maximum source conductivity ܩௌ(ݐ)		of the 

photoconductive semiconductor material is calculated as 1.33 Ω from Figure 3.4(a) for G= 

5µm. Moreover, the change in source conductance with photoconductive gap size and width 

of antenna electrodes is illustrated in Figure 3.4. It is observed from the graphs that with the 

increase of photoconductive gap, the peak value of source conductance ܩௌ(ݐ) decreases. This 

occurs for the reason that at constant optical power, an increase in the gap size results into an 
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increase in the distance between the generated photo-carriers which further results into 

decrease in the carrier density in the photoconductive antenna gap. The decrease in carrier 

density marks significant decrease in source conductance due to decrease in time-dependent 

bulk conductivity	(ݐ)ߪ. Likewise on increasing the width of the antenna electrodes, the source 

conductance increases in view of the fact that time-dependent conductivity (ݐ)ߪ increases at 

the electrodes. 

 
                                                            (a)                                                                                     (b) 

Figure 3.4: Variation in time-dependent source conductance (࢚)ࡿࡳ	with change in (a) photoconductive gap-size (G), 
and (b) width of antenna electrodes (W), for constant average optical power ࢜ࢇࡼ = ૚ࢃ. 

In Figure 3.5, the variation in time-dependent radiated voltage ௥ܸ௔ௗ(ݐ) with change in 

photoconductive gap size is shown. Moreover, it is observed that with an increase in gap size 

there is a decrease in source conductance as well as carrier density and it results into the 

decrease in the voltage across the time-dependent capacitor. Consequently, the values of the 

radiated voltage decrease.  

 
Figure 3.5: Variation in radiated voltage of photoconductive antenna with gap size (G). 
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To support the proposed analytical analysis, it is worth to emphasize here that the value of the 

radiated voltage shown in Figure 3.5 for gap size 5	݉ߤ is almost same as the voltage value 

obtained across antenna load resistance R7 = ܼ௔ = 41.65	Ω from the equivalent circuit model 

realization using ORCAD PSPICE software as shown in Figure 3.1(b). Further, Figure 3.6 

represents the variation in the values of the radiated power and the total efficiency with 

respect to an increase in the average optical power. For small values of average optical 

power	 ௔ܲ௩, the radiated power as well as the total efficiency increases with an approximately 

linear dependence. However, for higher intensities of the laser pulse more photo-generated 

carriers are generated in the photoconductive gap due to which a screening effect emerges 

near the electrodes because of the accumulation of the majority carriers. As a outcome there is 

an inner field which opposes the incident field resulting into the saturation of the radiated 

power for high values of average optical power. Moreover, the effect of gap size on these 

antenna parameters is also shown in Figure 3.6. It is observed that smaller the gap size of 

small-gap photoconductive dipole antenna such as for	ܩ =  higher is the radiated power ݉ߤ3

as well as the total antenna efficiency. This happens because the generated electron-holes are 

nearly situated due to the smaller illuminated area.  Further, the tight focusing of optical pump 

power across the small photoconductive gap can enhance the radiated power at low average 

optical power levels by reducing the carrier transport path to anode electrode. However, in 

such case at high average optical power the carrier screening effect as well as the thermal 

breakdown severely limits the optical-to-terahertz conversion efficiency. For this reason, the 

photoconductive antennas with large values of gap size can withstand large optical power as 

well as bias voltage with smaller likelihood of saturation effect and device breakdown.  

       
                                                       (a)                                                                                   (b) 
Figure 3.6: Variation in (a) average radiated power, and (b) total antenna efficiency, w.r.t. average optical power for 

different values of photoconductive gap-size (G). 
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In real-time imaging system, the selection of THz photoconductive emitter also depends on 

the available optical source. When the laser sources with low optical powers are accessible for 

imaging system then the use of a small gap antenna marks significantly greater radiated power 

and optical-to-THz conversion efficiency in comparison to that of the large gap antennas. 

Therefore, the optimum photoconductive gap size of 5	݉ߤ for small-gap photoconductive 

dipole antenna is useful as further increase in gap size results into 1) small source 

conductance, 2) low down radiated voltage, 3) small average radiated power, and 4) low total 

efficiency of the antenna. Moreover, the investigations on gap size of the small-gap 

photoconductive antenna reveals that for the large transmitted THz signal, the antenna gap 

size as well as the antenna electrode width should be kept small and optimized. Further, by 

calculating the total efficiency based on gap size of 5݉ߤ and the antenna parameters 

mentioned in Table 3.1 and 3.2, the maximum achievable total efficiency is 0.135. The 

consideration of biased line distributed elements with time-dependent antenna elements in the 

equivalent circuit model improves the matching efficiency and so the total efficiency of 

antenna increases for the antenna impedance of 41.65Ω. 

Moreover, in free-space, from a small dipole antenna, the radiation field ܧ௥௔ௗ(ݐ) at a distance 

 :is defined as ݐ and time ,(which is much greater than the wavelength of the radiation) ݎ

(ݐ)௥௔ௗܧ                                                 = ௘ߤ݁
(ଵିோ)
௛௙೗

ఛ೗	ா್೔ೌೞ
ீమ

	 ௔ܲ௩                                            (3.14) 

From (3.14), it is also clear that the size of the photoconductive gap has its influence on the 

radiated field for constant average optical power. As the simulation technique provides a 

powerful tool to study the detailed features of THz electric transients on the antenna and in 

the space, from near-to far-field, thus enabling one to optimize the antenna geometries such as 

the design, dimension and dielectric constant of substrate. The Transient solver of CST 

Microwave Studio is used which is based on the Finite Integration Technique (FIT), and 

applies direct time-domain analysis and broadband computation of S-parameters from one 

single calculation run by applying DFTs to time signals. Therefore, the simulation software is 

used to determine the effect of gap size on the radiation characteristics of the proposed 

antenna by considering Table 3.2 in which the structure parameters for the proposed small-

gap photoconductive dipole antenna are mentioned. The effect of gap size (G) of the 

photoconductive dipole antenna on the gain and directivity values observed from the 

simulation results are listed in Table 3.3 for quick comparison.  
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Table 3.2: The structure parameters for proposed small-gap photoconductive dipole antenna considered for 
equivalent circuit realization. 

Parameter Value 
Biased Lines (Ti-Au) 

Conductivity (S/m) 1.6 ×10଻ 
Width of line, ܮଶ (݉ߤ) 10 

Length of line, (݉ߤ) 200 

Separation between the lines,	30 (݉ߤ) ܮ 
Dipole Antenna (Ti-Au) and Ground 

Conductivity (S/m) 1.6 ×10଻ 
Width of antenna, ܹ (݉ߤ) 10 

Photoconductive gap ,	5 (݉ߤ) ܩ 

Length of antenna electrodes,	ܮଵ  (݉ߤ) 12.5 

Ground Thickness, (݉ߤ) 0.35 
Superstrate(LT-GaAs) 

Carrier Lifetime, majority carriers (psec) 0.1 
Mobility (ܿ݉ଶ/ܸݏ) Greater than 200 
Dielectric Permittivity 13.26  
Magnetic Permeability 1 
Loss tangent (S/m) 0.006 
Electric breakdown field (V/cm) Greater than 5 × 10ହ 
Conductivity, ߪ (W/cm℃) 0.55 
Thickness (݉ߤ) 1 

Substrate (GaAs) 

Carrier lifetime, majority carriers (psec) 0.25 

Mobility (ܿ݉ଶ/ܸݏ) 200 
Dielectric permittivity 12.9 
Magnetic permeability 1 
Loss tangent(S/m) 0.006 
Electric breakdown field (V/cm) Nearly 4× 10ହ 
Thickness (݉ߤ) 10 

Voltage Source 

DC voltage , ܧ௕௜௔௦ 	(V) 30 

 

From Table 3.3, it is concluded that with photoconductive gap size 5µm an improved 

radiation characteristics in terms of gain and directivity are achievable in comparison to 3µm 

and 7µm gap size. Moreover, using the simulation software the computed radiation efficiency 

of photoconductive dipole antenna with photoconductive gap size 3µm, 5µm and 7µm is 

76%, 81.2% and 80% along with power flow of 0.0566 ܸ݉ߤ/ܣଶ, 0.0624 ܸ݉ߤ/ܣଶ, and 

 ଶ, respectively. In Figure 3.7, the radiation characteristics of the݉ߤ/ܣܸ 0.0651
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photoconductive dipole antenna at 1.5THz with optimized photoconductive gap size (5µm) 

are shown.  
Table 3.3: The gain (dB) and directivity (dBi) for different values of gap size (G)  

of photoconductive dipole antenna at 1.5THz. 
Principle 

plane 

Photoconductive 

gap size 

 (࢓ࣆ)

Gain 

(dB) 

Directivity 

(dBi) 

Main lobe 

magnitude 

(dB) 

Main 

lobe 

direction 

(Degree) 

3-dB 

angular 

width 

(Degree) 

Side 

lobe 

level 

(dB) 

Main lobe 

magnitude 

(dB) 

Main 

lobe 

direction 

(Degree) 

3-dB 

angular 

width 

(Degree) 

Side 

lobe 

level 

(dB) 

E 

(Phi = 0˚) 

3 4.71 0 39.6 -2.9 5.75 0 39.6 -2.9 

5 4.85 0 39.6 -3.0 5.78 0 39.6 -3.0 

7 4.78 0 40.3 -2.7 5.65 0 40.3 -2.7 

H 

(Phi =90˚) 

3 7.16 320 18.5 -2.4 8.20 320 18.5 -2.4 

5 7.40 40 18.5 -2.5 8.27 40 18.5 -2.5 

7 7.30 40 18.6 -2.6 8.24 40 18.6 -2.6 

 

 
                                                                                     (a) 

                                   
                                   (b)                                                                                                (c) 

Figure 3.7: (a) A far-field radiation pattern (3-D view) at 1.5THz, (b) the gain characteristics of the photoconductive dipole 
antenna with gap size 5࢓ࣆ in both principle planes E and H at 1.5THz, and (c) the directivity characteristics of the 

photoconductive dipole antenna with gap size 5࢓ࣆ in both principle planes E and H at 1.5THz. 
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3.6 CONCLUSION 

A pragmatic description of the small-gap photoconductive dipole antenna which includes the 

relationship among the parameters of equivalent circuit model, photoconductive material 

properties and the dimensions of the photoconductive dipole antenna electrodes is presented. 

For this, using equivalent circuit model an analytical approach is used employing both 

optoelectronic and biased-line properties of the THz photoconductive dipole antenna. The 

consequence of photoconductive gap-size on physical phenomenon such as time-dependent 

capacitance, radiated voltage, THz radiated power and total antenna efficiency across the 

antenna electrode are investigated. Moreover, the realization of distributed components for 

half-wavelength planar biased-lines assists to improve the impedance matching efficiency of 

the antenna resulting into an increase in the total antenna efficiency. The total antenna 

efficiency 0.135 is achieved for the analyzed photoconductive dipole antenna gap-size of 5µm 

which is supported by the simulation results obtained for the antenna geometry designed 

using CST Microwave Studio. Therefore, the THz antenna performance and effect of different 

parameters can be accurately examined by considering the proposed analytical approach of 

equivalent circuit model before its fabrication. Further, this analytical approach also provides 

a more precise efficiency assessment of a small-gap photoconductive dipole antenna. 
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CHAPTER 4  

DIRECTIVITY ENHANCEMENT OF TERAHERTZ 

PHOTOCONDUCTIVE DIPOLE ANTENNA USING FREQUENCY 

SELECTIVE SURFACE FOR IMAGING APPLICATION 

4.1 INTRODUCTION 

For a photoconductive antenna emitter-detector configuration of THz pulsed imaging system, 

the main demerit to antenna is its low directivity along with low gain values. This indicates 

that the directivity enhancement methods of THz photoconducting dipole antenna needs the 

fair dealing, therefore, in this chapter efforts are made for a high efficiency antenna design 

and subsequently, expecting for an increased directivity of the THz photoconductive dipole 

antenna for imaging applications keeping the antenna configuration planar and compact. In 

the photoconductive dipole antenna, the radiation efficiency is also an imperative concern 

because of the reduced conductivity of the metal at the THz frequencies and particularly, the 

resonance effects of photoconductive antenna structure [187]. However, an array 

configuration [106] can be used to increase the gain or the radiation efficiency of the antenna 

as presented in next chapter of the thesis. The large size array configuration necessitates a 

higher illumination power from several separate femto-second lasers. Moreover, the use of 

lens substrate to increase the directivity limits the number of antenna elements in a specified 

area which is required in an imaging array.  

Various researchers have accounted different directivity and gain enhancement techniques 

which are based on Fabry-perot cavity (FPC) resonator, in general, which operates as a 

partially reflecting surface (PRS) [187, 189]. Similarly, artificial electromagnetic materials 

like electromagnetic band gap (EBG), left-handed metamaterial (LHM), and frequency 

selective surface (FSS) are also explored to design high gain microwave antennas [190, 191]. 

Moreover, these materials have attracted significant research interest because of their special 

electromagnetic possessions which are applicable to a wide range of electromagnetic devices 

[192, 193]. Using Jerusalem Cross FSS structure, the radiation efficiency as well as the 

bandwidth of the microstrip patch antenna is enhanced and also results into considerable 

improvement in the microstrip patch antenna performance parameters [194]. Likewise, an 

EBG resonator antenna with strip dipole FSS array as a superstrate and tapered AMC ground 

substrate is presented in [195]. This results into an increase of gain with 2-3dB in addition to 
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2.5 times more bandwidth in comparison to an EBG resonator antenna with AMC ground 

substrate. The bandwidth improvement of the FPC resonator antenna using FSS which 

behaves as PRS is examined in [196] by changing the distance amid the FSS elements in PRS. 

Moreover, a considerable advancement in the transmission characteristics of cascaded 

configuration of two layered FSSs is revealed in [197] by introducing the resonators on one 

side of the each substrate layer which is positioned in a way that the resonators face each 

other with an air gap separating them. Such technique of using FSS with resonating antenna 

results into an improvement of the transmission response by bringing in an extra transmission 

zero at a frequency location that is lower than the resonant frequency. This helps to attain 

high roll-off rate for lower side of the stop band. Further, it also helps to suppress the 

unwanted resonances and so increasing the rejection/transmission bandwidth of the FSS filter. 

In [198], on applying metamaterials such as LHM, EBG and FSS the directivity enhancement 

of the patch antenna operating in the microwave frequency regime of electromagnetic 

spectrum is presented.  

Moreover, the use of FSS structures at THz frequencies offers numerous interesting 

applications such as in imaging systems, laser cavities, Fabry-Perot interferometer, filter 

components, sensing systems, spectroscopy and non-destructive testing and inspection. 

Furthermore, because of the simple geometry along with planar structure and compact size, 

the utilization of FSS with photoconductive dipole antenna offers an ease of deployment of 

the THz source with superior performance parameters for sensing and imaging application. 

Such antenna configuration (PCA with FSS) also provides flexibility in portability due to 

small volumetric scale. In the THz regime of electromagnetic spectrum, there are two types of 

frequency selective practices which are utilized in the design of the FSS structure, such as: 1) 

The interference of electromagnetic waves reflected from the cascaded partially transmitting 

boundaries, and 2) The resonant interaction of electromagnetic waves with the segments of 

conductor (generally periodic arrays of the conducting elements in the dielectric) or the slots 

in the conducting screens for reflection / transmission of electromagnetic wave, respectively.  

In this paper, we have explored the process of resonant interaction of wave with array of 

bandpass FSS for the gain and directivity enhancement of photoconductive dipole antenna in 

the THz frequency regime of the electromagnetic spectrum for the detection of hidden 

explosives and explosive related compounds. In the next section, more discussion on the 

related work and our problem formulation has been compiled. 
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4.2 RELATED WORK AND PROBLEM FORMULATION 

In imaging applications, researchers are working to develop different techniques to detect the 

hidden explosives and illicit drugs using THz radiations [121]. Appleby et al. [199] have 

examined different THz techniques in conjunction with atmospheric, material and component 

issues associated with the model design that provides potential applications in detection of 

weapons and contraband concealed on persons beneath clothing. Likewise, the detection of 

RDX by means of THz spectroscopic imaging using specular reflection has been established 

by Shen et al. [200]. In the real-world state of affairs, the targets generally have uneven 

surfaces moreover the surfaces are not aligned normal to the THz beam therefore the direction 

of the specular reflection is difficult to resolve. Therefore, it is more practical to detect and 

identify explosives using diffusely reflected THz waves [201]. In contrast, the transmission of 

THz wave through the object having flat spectra or the object which shows invariable 

background power spectrum helps to detect the type of object. In such THz spectroscopic 

system, the amplitude reduction in the THz wave due to the absorption of wave by the object 

facilitates to conclude the type of material. Moreover, the time shift of THz pulse also assists 

to discriminate the objects made of different explosives in powder form [118]. The angular 

frequency is an important parameter for designing a THz radiation source. If the source is 

capable of transmitting a THz pulse at the spectral fingerprint frequency of the material to be 

detected only then it would be absorbed by the material under detection, therefore the 

presence of such material is detected at the detector side using THz pulsed imaging system. 

The photoconductive antenna is a THz source which absorbs power of incident laser and 

creates a number of carriers and the applied bias voltage across the electrodes (acting as 

radiating source) accelerates the carriers and as a result a photocurrent flows through the 

radiation element. The antenna electrodes convert generated photocurrent to THz wave 

radiation. However, low efficiency in optical-to-THz conversion is an important drawback of 

photoconductive antenna. To enhance the performance parameters of photoconductive 

antenna, several methods have been adopted by researchers such as modifying the antenna 

layout [202, 203], the antenna contacts [204] or its structure and materials [180, 205, 206]. 

Singh et al. [202] have investigated the role of strip-line photoconductive THz antenna in a 

regime wherein both the direct emission of accelerated carriers in the semiconductor as well 

as the antenna-mediated emission from the strip-line is considerable. They have observed the 

effect of varying the widths of two electrodes on the THz emission efficiency because an 

enhanced efficiency of THz emission will progress the data quality for many applications 
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such as chemical identification, material characterization and imaging. For enhancing the THz 

pulse emission, Park et al. [203] have presented a nano-plasmonic photoconductive antenna 

with metal nano-islands. These metal nano-islands serve up as plasmonic nano-antennas to 

locally increase the electric field of an ultrafast pulsed pump beam for the generation of large 

photocarriers. Their reported results show higher enhancement for THz pulse emission power 

by two times in comparison to the conventional photoconductive antenna. However, the use 

of plasmonic nano-structures within the photoconductive gap of photoconductive antenna is 

constrained by the factor of high cost involved in the nano-fabrication of metal nano-

structures using the technique such as e-beam lithography. Optimization of the device 

contacts further enhances the performance of photoconductive antenna. Vieweg et al. [204] 

have shown the higher output power using a lower contact resistance of the AuGe ohmic 

metal for making contacts for photoconductive THz antenna with low temperature grown 

GaAs photoconductive substrate, which leads to increased current flow. They have also 

reported that Ti/Au ohmic metal contacts are also useful for systems with high stability 

requirement due to higher thermal stability shown by Ti/Au contacts with low temperature 

grown GaAs. The use of plasmonic structures does not carry out well in the case of laser pulse 

with short duration time and hence, its operation is limited to only transverse magnetic-

polarized incident laser. Khorshidi et al. [180] have proposed the use of periodic dielectric 

structure inside the gap between the electrodes of photoconductive antenna to enhance the 

THz radiation power. In photoconductive dipole antenna the material inhomogeneities arise 

during the growth leads to varying the emission strength.  Abdulmunem et al. [205] have 

shown the relationship between THz emission strength and the surface properties of low 

temperature grown photoconductive antenna. Such correlation also helps to establish the 

factors to enhance the antenna performance parameters. Yardimci et al. [206] have analyzed 

that the choice of the substrate composition in addition to its growth process having short 

carrier lifetimes for photoconductive antenna (which are essential in determining substrate 

resistivity, carrier drift velocity and carrier lifetime) have a direct impact on 1) optical-to-

terahertz conversion efficiency, 2) radiation power, 3) radiation bandwidth, and 4) reliability 

of photoconductive emitters. Apart from above mentioned performance parameters of 

photoconductive antenna, for THz imaging application there is a need of highly directive THz 

source with optimum radiation efficiency.  A highly directive photoconductive antenna is 

constructive to enhance the imaging capabilities of the THz imaging system to address the 

considerations such as limited depth-of-field (DoF) which is determined as the distance over 
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which an object is considered in focus. When the THz source is deployed for short-range 

imaging then a THz imaging system needs a narrow DoF so as to make the ability of the 

system to identify the hidden explosive carried by an individual moving towards the imaging 

system only for the concise moment. Moreover, such scanning over an extended volume 

possibly will provide security such as in a public-place where the security is an essential 

concern however the visible display is not so much significant. Further, the size-weight-and-

power (SWaP) of THz source for imaging application is another vital consideration. The use 

of compact and planar geometry of THz photoconductive dipole antenna with feasibility to 

have above-chip implementation supports the small SWaP values of THz source for imaging 

application.  Moreover, high front-to-back ratio of THz antenna is advantageous in such 

applications so as to have interference free detection of hidden explosives.  

Although the high directivity as required in THz imaging systems may be achieved by using 

THz photomixer as reported in [207] by using FSS, the photoconductive antenna [115, 116] in 

pulsed THz imaging system is reasonably attractive because of the system-on-chip 

compatibility, its ability to work at room temperature, relatively small size, low power 

consumption, low manufacturing cost, and availability of compact lasers. Further, to preserve 

the purity of incoming wave on the receiving antenna side where the electromagnetic 

interference (EMI) is the major obstruction [208], the use of FSS structure with antenna 

geometry in THz region is beneficial to enhance the antenna performance parameters. To 

increase the directivity of the elementary dipole as well as the planar antennas in the 

microwave frequency regime of the spectrum, highly reflective surfaces as superstrate is 

extensively used and it signifies that such type of arrangement is equally appropriate at the 

THz frequency [209]. In general, the directivity of antenna using FSS is envisaged by either 

using the transverse-equivalent-network model or the resonance-estimation ray tracing 

technique [191]. Although these techniques can only predict the peak directivity of antenna at 

resonance frequency in case of FSS array size and the ground plane size are adequately large 

or semi-infinite. When the FSS array or ground plane is curtailed, the directivity of cavity 

resonant antenna gets reduced and so in such conditions these techniques are not capable to 

predict the directivity of antenna accurately [210]. In such situations, the directivity of 

antenna array can be predicted using a comparison method at the THz frequency using FSS 

structure. In this chapter, a straightforward technique to improve the gain and directivity of 

the photoconductive dipole antenna using bandpass FSS as a superstrate at terahertz 

frequency for imaging and sensing applications is considered. Moreover, the THz absorption 
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spectra has been well thought-out to design the THz photoconductive dipole antenna for 

commonly used explosives such as RDX, HMX, PETN, TNT and other explosive related 

compounds (ERCs) which illustrates their significant spectral absorption peaks in the range of 

1-2 THz as accounted in [119, 121]. In this frequency regime of the spectrum (1-2THz), the 

RDX shows spectral fingerprints with absorption at 1.05THz, 1.30THz, 1.5THz, and 1.9THz. 

However, the HMX shows absorption at 1.58THz, 1.84THz, and 1.91THz. Further, the PETN 

and TNT also have one absorption fingerprint nearly at 2.0THz and 1.66THz, respectively. 

4.3 THEORY OF OPERATION 

The frequency selective surfaces (FSSs) are described as the resonant periodic arrangement of 

conducting materials in one- or two-dimensions which exhibit selectivity in the frequency and 

polarization [211, 212]. Several researchers have used different FSS structures such as dipole, 

tripod, cross dipole, Jerusalem cross, ring shaped, and square loop. From the literature, this 

has also been distinguished that the square loop shape of FSS presents superior performance 

in terms of bandwidth, band separation, and angular stability [213].  

4.3.1 Analysis procedure of frequency selective surface 

Various numerical techniques have been developed to analyze the frequency selective surface 

(FSS), where each one is connected with its own merits and demerits [214]. Moreover, the 

FSS structure can be designed as bandpass and bandstop spatial filter which are 

complementary to each other [215]. Among the analytical procedures to analyze the FSS, the 

equivalent circuit model is very well accepted.  This is due to its simplicity in which the 

equivalent lumped parameters of a FSS are acquired from the inductive and capacitive 

behaviour of the conductive sheet placed over a dielectric. As in the proposed antenna design, 

the FSS structure along with photoconductive dipole antenna has been used to increase the 

gain and directivity therefore, the FSS as bandpass spatial filter is utilized. The unit-cell 

design of FSS bandpass and s-parameter response of unit cell FSS are shown in Figure 4.1. 

The metallic elements symbolize inductive screens which provide rise to total reflection, 

while apertures in a metallic sheet correspond to capacitive screens and offer rise to total 

transmission [216, 217]. The analysis and design of bandpass FSS depends on the physical 

parameters such as the periodicity (P) of the unit-cell FSS, length of the slot (d), slot width (s) 

in addition to gap between two slots (g). The synthesis process of unit-cell FSS is explained in 

[215] to determine the parameters of the square shape bandpass FSS. Therefore, using the 

same synthesis technique with some more specific use of that technique in designing 

bandpass square shape FSS has been presented.  
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Further, in the proposed antenna design, the dielectric loaded FSS bandpass is used instead of 

using free standing since the use of dielectric substrate with FSS provides physical integrity 

with the FSS structure. Moreover, it also offers stable reflection and transmission 

characteristics and can also change the fundamental resonance frequency [218]. The unit-cell 

configuration of bandpass FSS is shown in Figure 4.1(a), which is created using aluminium 

for metallic patch with conductivity σ =3.5 × 107 S/m and is placed over the dielectric 

substrate which is selected as thermocol having relative dielectric permittivity ɛr = 1.05. 

Moreover, the use of dielectric material transforms the performance of the FSS structure [218, 

219]. It happens because the characteristic impedance above as well as below the FSS 

structure gets changed due to the presence of dielectric material.  

          
                                         (a)                                                                                       (b) 

Figure 4.1: The single square loop FSS (a) the unit-cell configuration with bandpass characteristics and (b) S-
parameter of unit-cell with	ࡼ = ૠ૞	ࢊ,࢓ࣆ = ૠ૝.ૡ૜	ࢍ,࢓ࣆ = ૙.૚ૠ	࢓ࣆ	ࢊ࢔ࢇ	࢙ = ૡ	࢓ࣆ. 

 
Moreover, in order to avoid the evanescent waves to propagate all the way through the FSS 

periodic structure, the thickness of the dielectric substrate must follow the relation, h < λ0/20, 

where h is the thickness of dielectric substrate of FSS and λ0 is the wavelength in free-space, 

as in thicker dielectric substrates, the evanescent waves become stronger and affect the 

performance of the periodic structure [212]. Therefore, the thickness of substrate taken for 

bandpass FSS is 5m. The equivalent circuit elements are determined for the transverse 

electric (TE) polarized wave, using [217] as: 
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In (4.1) to (4.4), ߝ௘௙௙ ,ܲ)ܩ , ,ߣ,ݏ ,ߣ,݃,ܲ)ܩ ,(	ߠ  P, d, s, g, ܼ଴, and ଴ܻ are the effective ,(	ߠ

dielectric permittivity of the media, the correction factors for the associated inductance and 

capacitance, periodicity of FSS unit-cell, length of the slot, slot width, gap between two FSS 

slots, characteristic impedance, and characteristic admittance,  respectively. 

In case, the correction factors are neglected at the cost of a minor deviation in the results, 

(4.1) and (4.3) can be re-written as: 
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With thermocol as the substrate	(ߝ௘௙௙ = 1.05), the multiplication of (4.5) and (4.6) gives, 
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In (4.7), the left-hand side of the equation indicates the condition for resonance or anti-

resonance. Therefore, for the resonance condition of the FSS, the value of left-hand side 

quantities must be 1 because	߱௥ଶ = ଵ
௅஼

 . Therefore, (4.7) can be re-written as: 
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Further (4.8) is made simpler as, 
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For ݏ ≪ 2ܲ and ݃ ≪ 2ܲ, (4.9) is inscribed as, 
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For the bandpass FSS, from the geometry it is clear that the value of g is greater than ݏ, 

therefore the ratio ଶ୔
஠ୱ

 dominates over the ratio of  	ଶ୔
஠୥

 , so (4.10) is then simplified as shown in 

(4.11). 
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Moreover, it is also recognized that for a specified FSS structure, the response changes with 

the variation in the angle of incidence of the electromagnetic wave ߠ as well as with the 

period P of the FSS. Further, to circumvent the grating lobes, the wavelength ߣ is related to P 

and ߠ by the following relation from [216] as mentioned in (4.12). 

                                                        ܲ(1 + sin (ߠ 	<  (4.12)                                                       ߣ	
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From (4.12), it is clear that for maximum incident angle (ߠ), a mathematical relationship 

between P and ߣ gets established on condition that the inequality is satisfied such as if a case 

is considered such that the structure must function satisfactorily over the angle ߠଵ. Then 

choose the value of ߠ = 	 ଶߠ	ଶ in (4.12) whereߠ 	> 	  ଵ. Therefore, the inequality of (4.12) isߠ

contented and the value of P is fixed as 

                                                                ܲ 	 =  (4.13)                                                               ߣܯ

In (4.13), ܯ is a constant and its value lies in-between 0 to 1. On substituting (4.13) in (4.11) 

the expression of (4.11) becomes 
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From (4.12) and (4.14), it is concluded that the length of the FSS loop can be determined and 

can further be optimized using 1) the known operating frequency, 2) the desired slot size as 

the fraction of wavelength ቀ௦
ఒ
ቁ , and 3) the maximum accepted angle of the incident wave. 

From Figure 4.1(b), the S-parameters of unit-cell of bandpass FSS with physical 

parameters	ܲ = ,݉ߤ	75 ݀ = ݃,݉ߤ	74.83 = ݏ	݀݊ܽ	݉ߤ	0.17 =  the magnitude of ,݉ߤ	8

reflection coefficient, | ଵܵଵ| = 0.895 and |ܵଶଵ| = 0.65	are obtained at 1.5THz using CST 

Microwave Studio and ideally at this operating frequency of designed photoconductive dipole 

antenna the value of | ଵܵଵ| should be equal to 1.0 for the lossless condition. The slight 

difference of the value of | ଵܵଵ| from the ideal value is due to the losses and the potential 

challenges which are experienced while operating the FSS structures at THz regime of 

electromagnetic spectrum. Moreover, in the lossless condition, ideally |ܵଶଵ|ଶ 	+ 	 | ଵܵଵ|ଶ =

1	and this means that where ଵܵଵ is minimum the value of ܵଶଵ reaches to maximum. Moreover, 

the flatness of the transmission property of FSS gets enlarged. The reason for having the value 

greater than 1 is due to the presence of voltage source across the biased lines of the 

photoconductive dipole antenna. In the THz regime of the electromagnetic spectrum, the 

performance of the FSSs is largely influenced by the ohmic losses [220], surface roughness 

[221], and dispersion effect [222]. The ohmic loss gets considerably increased at THz regime 

because of the compact size of FSS and in such situation the metal no longer can be 

approximated as the perfect electric conductor (PEC) [223]. Moreover, owing to the resonant 

characteristics, the FSSs exhibit more losses than that of a metallic sheet. Therefore, the 

ohmic losses which occur from the finite conductivity of the metallic elements boost 

extensively and dominate the cause of heat dissipation in the FSSs. The surface roughness or 

deformities of FSS are also accountable for scattering in the THz region which together with 
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the surface plasmons gives rise to a supplementary drop in the power reflectance [220]. 

Moreover, the effect of dispersion loss in FSS at THz frequency is because of the relative 

dielectric permittivity of the dielectric substrate which is generally a complex frequency 

dependent quantity. The real part of the relative dielectric permittivity corresponds to the 

energy stored and the imaginary part is associated to the dissipation. Therefore, for the 

dispersion less dielectric, the resonant frequency decreases as square root of the relative 

dielectric permittivity. Moreover, the dispersion becomes major concern at higher frequencies 

which results into modified reflection characteristics through contraction / expansion of 

bandwidth. In the THz regime of electromagnetic spectrum, the skin depth is much smaller 

than the conductor cross-section due to which the current flows mainly at the surface of the 

conductor and such occurrence further add to the dispersion loss and results into a substantial 

decrease in the performance of the FSSs [224]. In general, the aforementioned analysis 

procedure is equally-suitable for the TM polarized wave to determine the physical parameters 

of square shaped bandpass FSS. Since the square loop FSS is the polarization independent 

therefore, the formulae described for the TE mode are also applicable to TM mode of 

operation.  

4.3.2 Modelling of FSS Bandpass Structure 

The choice of dielectric in addition to conducting material is an imperative aspect to design 

the FSS, which also depends on the application in particular, still there are vital concerns 

related to the material selection and are required to be contemplate [225]. The material to be 

employed as a dielectric substrate must be transparent enough to demonstrate adequate 

absorption along with significant thickness so as to reduce the dielectric losses, dispersion and 

also evade the onset of the grating lobes over the frequency band of interest [221, 226]. On 

the other hand, the selection of conducting material is influenced by the value of conductivity 

of the material as well as the width of the material that considerably influenced the 

performance of FSS. Mainly metals such as aluminium or copper are utilized for the 

construction of FSS because of low conductor losses associated with such materials due to the 

high conductivity. Moreover, these metals are easily available with fiscal in use. However, 

aluminium is preferred above copper since the micro-fabrication processes are employed to 

fabricate the FSSs in terahertz region, consequently from the fabrication perspective, the 

dielectric substrate must endure the chemical reactions involved in common micro-fabrication 

processes and then again, aluminium is easy to use and provides ease in fabrication [227]. 
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To analyze the theory discussed in the previous sub-section about the FSS bandpass unit-cell, 

the physical parameters of FSS unit-cell at 1.5THz have been computed. The physical 

parameters of FSS bandpass unit-cell as shown in Figure 4.1 are calculated for the normal 

incident wave (where Ɵ = 0˚) because the Transient solver of CST Microwave Studio 

supports normal incident of the electromagnetic wave on to the structure and it is also 

presumed that THz radiations generated from PCA strikes the lower FSSs array with normal 

incidence only. Using (4.12), the relation between periodicity (P) and length of the slot (d) of 

the unit-cell of FSS at normal incidence i.e. Ɵ = 0˚of the plane wave, can be determined as 

[P(1+sin 0˚)]< λ and P < λ. The operating frequency of designed PCA is 1.5THz and the 

wavelength in free-space becomes 200µm. The periodicity of FSS unit-cell is kept below 200 

µm. The substrate size of designed PCA is 300×300 µm2 and for using FSS bandpass unit-cell 

array with the designed antenna with overall compact configuration, the size of the substrate 

for FSSs is also taken as 300×300 µm2. With this, the periodicity P for different size of arrays 

are taken as P = 150µm for 2×2 FSSs, P = 100µm for 3×3 FSSs and P = 75µm for 4×4 FSSs. 

In order to satisfy (4.13), for different values of P (150µm, 100µm, and 75 µm), the value of 

M is computed as 0.75, 0.5 and 0.375, respectively. When the value of M is set then for 

different value of s/λ, the value for the length of slot is computed using (4.14) and are 

presented in Tables 4.1, 4.2 and 4.3, for three types of array setups with photoconductive 

dipole antenna corresponding to (2×2) FSSs, (3×3) FSSs and (4×4) FSSs, respectively. The 

numerical value for gap between two slots is also computed with the help of geometry of the 

FSS bandpass unit-cell shown in Figure 4.1.    
Table 4.1: FSS bandpass unit cell physical parameters for 22 FSS array. 

s/λ s (µm) for λ=200µm P(µm) d (µm) g= P-d (µm) g/2 (µm) 
0.01 2 150 49.64 100.36 50.18 
0.02 4 150 54.77 95.23 47.62 
0.03 6 150 58.69 91.31 45.66 
0.04 8 150 61.97 88.03 44.015 

Table 4.2: FSS bandpass unit cell physical parameters for 33 FSS array. 

s/λ s (µm) for λ=200µm P(µm) d (µm) g= P-d (µm) g/2 (µm) 
0.01 2 100 53.76 46.24 23.12 
0.02 4 100 60.12 39.88 19.94 
0.03 6 100 65.07 34.93 17.47 
0.04 8 100 69.44 30.56 15.28 

Table 4.3: FSS bandpass unit cell physical parameters for 44 FSS array. 

s/λ s (µm) for λ=200µm P(µm) d (µm) g= P-d (µm) g/2 (µm) 
0.01 2 75 56.14 18.86 9.43 
0.02 4 75 63.5 11.5 5.75 
0.03 6 75 69.57 5.43 2.715 
0.04 8 75 74.83 0.17 0.085 
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However, it is observed from the simulation results presented in the section of numerical 

analysis and simulation results that for the fixed value of P and an increase in the value of s/λ, 

there is an increase in the deviation of the resonant frequency from the intended frequency. It 

is also being observed from the simulation results, that with an increase in value of the slot 

size, the capacitive effect of FSS array gets increased which causes the bandwidth 

enhancement.  

4.4 DESIGN OF FSS-PCA 

Three geometrical configurations of a photoconductive dipole antenna are presented in Figure 

4.2. The front-view and top-view of basic structure of photoconductive dipole antenna are 

shown in Figure 4.2(a) and Figure 4.2(b), respectively. It consists of an antenna structure, a 

thin layer of photoconductive superstrate (1µm thick) followed by a photoconductive 

substrate (10µm thick) and a ground plane (0.35µm thick) is placed under the substrate. The 

antenna has a photoconductive gap of 5 µm at the centre of the dipole antenna with distance 

between the coplanar striplines of 30 µm. The length, width and thickness of the antenna 

coplanar striplines are 150µm, 10µm and 0.35µm. The coplanar striplines are biased with a 

voltage source of 30 volts. In the photoconductive dipole antenna, the optical source is a 

femto-second laser pulse which has a Gaussian beam distribution at its output, therefore in the 

CST simulation software we have applied the Gaussian beam excitation with pulse duration 

less than 100fs on to the superstrate from the gap of the photoconductive dipole antenna. The 

antenna length (L) is computed at operating frequency 1.5 THz, ݂ =	c/2nL, where c is the 

speed of light in vacuum, L is the separation distance between the two coplanar striplines 

(length of the dipoles) and n is the refractive index of the material. This value of frequency 

has been chosen so that the designed antenna must show high gain and directivity at this 

frequency to sense the RDX explosive which shows its spectral fingerprint by absorbing the 

frequency at 1.5THz. For the resonance condition, L = 	mλn/2 where, m = 1, 2, 3…., and the 

wavelength λ୬ in the material depends on the refractive index n which is given by λ୬ = λ/n. If 

we take m = 1, then L = λ/2n. The refractive index (݊) of semiconductor antenna material for 

low temperature Gallium Arsenide (LT-GaAs) at THz frequencies is 3.4 and for frequency 1.5 

THz, the value of L (length of dipole) is obtained as, ܮ = 	c/(2nf୰) = 30µm and ݊ =

[(1 + (ௗߝ 2⁄ ]ଵ ଶ⁄ , where ߝௗ = 12.9 is the dielectric permittivity of GaAs substrate used for 

photoconductive dipole antenna.  

An increase of the effective refractive index of the substrate (GaAs) results into the shift of 

resonant frequency towards the lower value. Moreover, an accurate assessment of the 
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refractive index with change of the substrate in the present case is not straight forward since 

its local value depends on the local THz electric field in a nonlinear manner. Further, the use 

of material with high dielectric permittivity results into the emergence of shock wave at the 

air-substrate interface in the THz regime of the electromagnetic spectrum [131]. In addition, 

the application of thick substrate leads to surface wave loss because of the trapping of energy 

within the substrate [228], and reduction in the substrate thickness reduces the performance as 

well as mechanical strength of the antenna. In order to reduce the surface wave loss either the 

effective dielectric permittivity or thickness of material has to be trim down. However, the 

effective dielectric permittivity can be reduced by artificially transformed the property of 

material by using the periodic air-defects in the homogeneous host material which generally 

acts as photonic bandgap material. In the proposed antenna model, the thickness of 

photoconductive substrate GaAs is taken as 10µm which is small enough to minimize the 

surface wave loss while providing sufficient strength to the THz antenna structure. Figure 4.2 

(c) shows the surface current distribution on the planar surface of photoconductive dipole 

antenna when an optical beam of short duration (approximately 100fs duration) is allowed to 

excite the photoconductive gap of the antenna. From the Maxwell’s equations, the THz 

electric field in the far-field region is proportional to the time derivative of the transient 

current [161] and is expressed as: (ݐ)ܧ ∝	dJ/dt∝	ܧ௕(dn(t)/dt) where	ܧ ,ܬ௕ , and ݊ are the 

current density, applied bias field and current density, respectively. In Figure 4.2(d), the FSS 

bandpass array is placed below the PCA with air gap distance of 8.65µm from the ground 

plane of PCA. This value is computed using parameter sweep of Transient solver of CST 

Microwave Studio to optimize the height of PCA from FSS bandpass array for desired 

increase in the performance parameters of PCA. In Figure 4.2(e), an additional FSS bandpass 

array is used as superstrate (placed at 8.65µm above the structure of PCA with air gap in 

between) to PCA so as to observe its effect on the complete antenna configuration 

performance in terms of resonance frequency, bandwidth, gain, directivity, radiation 

efficiency and front-to-back ratio. 

All THz-PCA antenna configurations are designed using the CST Microwave Studio which is 

one of the simulation modules of CST Studio Suite. It provides a simulation platform for all 

types of electromagnetic field applications. Moreover, in CST Microwave Studio 

multiplicities of different solvers operating in time and frequency domains are included. The 

Transient Solver of CST Microwave Studio is used to obtain the simulation results. It works 

on Finite Integration Technique (FIT) in which DFTs to time signals are applied for the direct 
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time-domain analysis and broadband calculation of S-parameters using single calculation run. 

The adaptive mesh refinement in 3D using S-Parameters is also used in the simulation run 

which is supported by the Transient solver of CST Microwave Studio. 

 
(a) 

  
                                                           
                                                        (b)                                                                            (c) 

 
(d) 

 
 (e) 

Figure 4.2: The photoconductive dipole antenna (a) front-view, (b) top-view, (c) the surface current distribution on 
the planar surface using CST Microwave Studio (d) with 44 FSS bandpass substrate placed below the ground plane 

of photoconductive dipole antenna (PCA) at 8.65µm with air gap, and (e) with two 44 FSS bandpass substrate placed 
above and below of the photoconductive dipole antenna (PCA) at 8.65µm with air gap distance on both sides of 

antenna. 
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Table 4.4 presents the parameters in terms of material conductivity, dielectric permittivity, 

magnetic permeability and loss tangent considered in CST Microwave Studio for designing 

the three geometrical configurations of photoconductive dipole antenna as shown in Figure 

4.2. 
Table 4.4: The parameters used in simulation performed in transient solver of CST Microwave Studio. 

 
Parameter Value 
Dipole Antenna (Ti-Au) and Ground 

Conductivity (S/m) 1.6 ×10଻ 
Superstrate (LT-GaAs) 

Carrier Lifetime, majority carriers (psec) 1 

Mobility (ܿ݉ଶ/ܸݏ) Greater than 200 

Permittivity 13.26  

Permeability 1 

Loss tangent (S/m) 0.006 

Electric breakdown field (V/cm) Greater than 5 × 10ହ 
Surface recombination velocity(m/s) 5000 

Substrate (GaAs) 

Carrier Lifetime, majority carriers (psec) 20  

Mobility (ܿ݉ଶ/ܸݏ) 200 

Permittivity 12.9 

Permeability 1 

Loss tangent(S/m) 0.006 

Electric breakdown field (V/cm) Nearly 4 × 10ହ 
FSS Bandpass Unit Cell (Aluminium) 

Conductivity (S/m) 3.5×107 S/m 

FSS Substrate 

Permittivity 1.05 

Permeability 1 

 

4.5 NUMERICAL ANALYSIS AND SIMULATION RESULTS 

The designed photoconductive dipole antenna at 1.5THz frequency is simulated using CST 

Microwave Studio, and then three resonance frequencies have been observed as shown in 

Figure 4.3, at 1.3THz, 1.58THz and 1.87THz. Mathematically, these frequencies are 

computed using the expression ௥݂ = c/(2݈ୣ[(1 + ୢ) 2⁄ ]ଵ ଶ⁄ 	), where 	 ୰݂ is the resonance 

frequency, c is the speed of light in vacuum, ݈ୣ is the effective length of dipole antenna and ɛୢ 

is the dielectric permittivity of LT-GaAs superstrate of photoconductive dipole antenna. With 

the computation of effective length of dipole antenna, the width of the coplanar stripline is 
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also considered as shown in Figure 4.2(a) top-view of photoconductive dipole antenna, then  

݈௘ = L2 +L+ L2 = 50µm and for ɛୢ = 13.26 with LT-GaAs superstrate of photoconductive 

dipole antenna, the resonating frequency ௥݂  = 1.124 THz. However, if the effective length, is 

considered equal to the separation between the coplanar striplines, ݈௘ = L = 30µm the 

resonating frequency ௥݂  = 1.87 THz. However, there is a small deviation seen from the 

simulated results of return loss in the lower resonant frequency values which may be caused 

by the effect of relative dielectric permittivity of the GaAs substrate of thickness 10µm placed 

below the LT-GaAs superstrate. The return loss values at 1.3 THz, 1.58 THz and 1.87 THz 

are -11.54dB, -22.26dB, and -15dB with 10dB impedance bandwidth of 13.9GHz, 35.8GHz 

and 20.1GHz, respectively. Further, in order to achieve an antenna configuration with 

improved antenna performance, it is important to study the effect of the slot size of FSS unit-

cell and the effect of using variable size bandpass FSS array on the performance parameters of 

photoconductive dipole antenna.  

4.5.1 Effect of slot size on antenna performance parameters 

When a bandpass FSS is placed below the photoconductive dipole antenna, firstly, the effect 

of varying the slot size and s/λ ratio of FSS bandpass unit-cell with different array sizes in the 

values of S-parameters of antenna configurations are observed as mentioned in Table 4.1, 

Table 4.2 and Table 4.3, respectively. For the comparison, the simulated results for the 

smallest value of s/= 0.01 with 2m slot size and for largest value of s/= 0.04 with 8m 

slot size corresponding to 300300m2 FSS substrate area are shown in Figure 4.3.    

 
                                           (a)                                                                                     (b) 

Figure 4.3: The frequency response of S-parameter of the proposed antenna with different FSS configurations at (a) 
s/λ = 0.01 and s = 2µm and (b) s/λ = 0.04 and s = 8µm. 

 
For the small slot size, s = 2µm, at 1.3 THz, the return loss of the proposed antenna with 22 

FSSs, 33 FSSs and 44 FSSs confuguration are -11.76dB, -11.97dB, and -12.23dB, 

respectively and the corresponding 10dB impedance bandwidth are 13.8GHz, 14.2GHz and 
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14.6GHz. However, at 1.58 THz, the return loss of the proposed antenna with 22 FSSs, 33 

FSSs and 44 FSSs confuguration are -25.40dB, -24.34dB and -27.08dB with 10dB 

impedance bandwidth of 42.2GHz, 36.4GHz and 35.7GHz, respectively. Similarly, at 1.87 

THz, the values are -16.07dB, -16.13dB and -17.51dB with 10dB impedance bandwidth of 

19.4GHz, 20GHz and 21GHz, respectively. Here, it can be concluded from the observed 

results that for all the three resonant frequency values,  the return loss for photoconductive 

dipole antenna with FSS below the antenna is showing significant increase in its respective 

values in comparison to that of the photoconductive dipole antenna without FSS. With 

incresed slot size, s = 8µm, at 1.3 THz, the return loss values are -11.38dB, -10.79dB, and -

12.68dB for 22 FSSs, 33 FSSs and 44 FSSs, respectively and the corresponding 10dB 

impedance bandwidth are 13.7GHz, 10.9GHz and 16.5GHz. However, at 1.58 THz, with 

these FSS configurations, the corresponding S-parameters are -21.02 dB, -17.44dB and -

19.58dB with 10dB impedance bandwidth of 42.5GHz, 49.5GHz and 33.3GHz, respectively. 

Similarly, at 1.87THz, the values are -16.24dB, -11.65dB and -14.93dB with 10dB impedance 

bandwidth of 18.8GHz, 15GHz and 18.4GHz, respectively. For quick comparison of the 

values of return loss and 10dB bandwidth is presented in Table 4.5. It is observed from the 

obtained results that for all the three resonant frequency values, the return loss for 

photoconductive dipole antenna having 44 FSSs structure below the antenna is illustrating 

significantly improved values. Moreover, at 1.58THz 33 FSSs with slot size 8µm, a 

bandwidth with almost 50GHz is obtained.  

Table 4.5: The return loss (dB) and 10-dB impedance bandwidth (GHz) comparison of various FSS array structure 
used below the PCA. 

Frequency 
(THz) 

Parameter PCA 
without 

FSS 

FSS placed below the ground plane 
of PCA with 8.65µm air gap 

distance and slot size ࢙ = ૛	࢓ࣆ 

FSS placed below the ground plane 
of PCA with 8.65µm air gap 

distance and slot size ࢙ = ૡ	࢓ࣆ 
PCA with 
(2 × 2) 

FSS 

PCA with 
(3 × 3) 

FSS 

PCA with 
(4 × 4) 

FSS 

PCA with 
(2 × 2) 

FSS 

PCA with 
(3 × 3) 

FSS 

PCA with 
(4 × 4) 

FSS 
1.3 Return Loss (dB) -11.54 -11.76 -11.97 -12.23 -11.38 -10.79 -12.68 

 10dB Bandwidth 
(GHz) 

13.9 13.8 14.2 14.6 13.7 10.9 16.5 

1.58 Return Loss (dB) -22.26 -25.40 -24.34 -27.08 -21.02 -17.44 -19.58 

 10dB Bandwidth 
(GHz) 

35.8 42.2 36.4 35.7 42.5 49.5 33.3 

1.87 Return Loss (dB) -15 -16.07 -16.13 -17.51 -16.24 -11.65 -14.93 

 10dB Bandwidth 
(GHz) 

20.1 19.4 20 21 18.8 15 18.4 
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Furthermore, with an increase in the value of slot size, the capacitive effect of FSS array gets 

increased and this causes the increase in the width of the scattering parameter at resonating 

frequency 1.58 THz. However, the simulation results for directivity and gain values remain 

almost same at the resonant frequencies when these three types of FSS bandpass array 

structure (22, 33 and 44) is individually placed below the photoconductive dipole 

antenna, as shown in Figure 4.4 and Figure 4.5.  

 
                                              (a)                                                                                                            (b) 
Figure 4.4: The frequency response with different FSS configuration of the proposed antenna over the (a) gain and (b) 

directivity  for the chosen values of s/λ = 0.01 and s = 2µm.  

 
                                               (a)                                                                                      (b) 
Figure 4.5: The frequency response with different FSS configuration of the proposed antenna over the (a) gain and (b) 

directivity for chosen values of s/λ = 0.04 and s = 8µm. 
 

The values of gain and directivity at operating frequency of our designed photoconductive 

dipole antenna are shown in Table 4.6. 
Table 4.6: The gain (dB) and directivity (dBi) comparison of various FSS array structure used below the 

Photoconductive dipole antenna (PCA). 

Antenna Performance Parameter PCA without FSS PCA with 22 
FSS 

PCA with 33 
FSS 

PCA with 44 
FSS 

Gain (dB) at 1.5THz with s = 2µm 
 

7.29 7.34 7.08 7.07 

Gain (dB) at 1.5THz with s= 8µm 
 

7.29 7.38 7.09 7.11 

Directivity (dBi) at 1.5THz 
 with s = 2µm 

8.36 8.32 8.12 8.09 

Directivity (dBi) at 1.5THz  
with s= 8µm 

8.24 8.36 8.18 8.15 
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As duscussed in preceeding sections, for THz sensing and imaging application there is a 

requirement of highly directive photoconductive dipole antenna at THz frequencies to obtain 

a high resolution image of detected hidden explosive material. Therefore, to enhance the gain 

and directivity of photoconductive dipole antenna, an array of FSS bandpass structure is 

placed above the photoconductive dipole antenna at the air gap distance of 8.65µm from the 

Ti-Au dipole antenna structure of photoconductive dipole antenna and the observed effect on 

the antenna performance parameters is discussed below. 

4.5.2 Effect of FSS as Superstrate 

With the use of bandpass FSS above and below the photoconductive dipole antenna, the 

resonance peaks shifts to higher frequencies and their number has also been increased as 

shown in Figure 4.6. It has been observed from the simulated results that the FSS has the 

ability to enhance the performance of photoconductive dipole antenna at 1.5THz because of 

the electromagnetic wave collimation effect of the effectively low refractive indexed 

metamaterial and is prominent while using FSSs as superstrate. 

 
                                             (a)                                                                                       (b) 
Figure 4.6: The S-parameters for different configuration of FSS over (a) s/λ = 0.01 and s = 2µm and (b) s/λ = 0.04 and 

s = 8µm. 

For the small slot size, s = 2µm, at 1.3 THz, only 44 FSSs bandpass structure shows the 

resonant peak with return loss -11.66dB with 10-dB impedance bandwidth of 14.5GHz. At 

1.59 THz, 22 FSSs bandpass structure shows the resonant peak of -25dB with 27.3GHz 

impedance bandwidth alongwith two more shifted resonant peaks at 1.673 THz and 1.722 

THz having return loss values -15.41dB and -16.74dB, respectively. The 10-dB impedance 

bandwidth at these resonant peaks are 27.7GHz and 35.4GHz, respectively.  Similarly, for 

33 FSSs bandpass structure, the resonance peak is at 1.744 THz with return loss -36.45dB 

and 42.7GHz 10 dB impedance bandwidth. The 33 FSSs bandpass structure is also showing 

the a resonant peaks at 1.87 THz and 1.94 THz with return loss -17.73dB and -17.76dB with 

10dB impedance bandwidth 26GHz and 25GHz, respectively. In case of 44 FSSs bandpass 
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structure, the resonant peaks are observed at 1.24 THz, 1.3 THz, 1.61 THz and 1.785 THz 

with -12.81dB, -11.66dB, -14.46dB and -19.04dB & 9 GHz, 14.5GHz, 68 GHz and 62.8GHz 

10dB impedance bandwidth, respectiely. Moreover, at 1.87 THz, only 44 FSSs bandpass 

structure is resonating with return loss -10.57dB and 8GHz 10dB impedance bandwidth. At 

1.93 THz, there is one more resonant peak being obsered for 44 FSSs bandpass structure 

with return loss -12.15dB and 28GHz 10dB impedance bandwidth From these results, it is 

easy to say that the use of 44 FSSs structure as superstrate as well as same structure below 

the photoconductive dipole antenna, not only shows the resonant peaks at same frequency as 

shown by the photoconductive dipole antenna without FSS structure but also, more resonant 

peaks with significantly increased 10dB impedance bandwidth are observed.  

Further, to check the performance of 44 FSSs bandpass structure with photoconductive 

dipole antenna, the antenna design with FSS unit-cell slot size of 8µm has also been 

simulated. With incresed slot size, s = 8µm, at 1.3 THz, again only 44 FSSs bandpass 

structure shows the resonant peak with return loss -10.72dB and 11GHz 10-dB impedance 

bandwidth. Along with this, it also shows one more resonant peak at 1.249 THz with return 

loss -11.36dB and 7.5GHz 10-dB impedance bandwidth. The 22 FSSs bandpass structure 

shows two shifted resonant peaks at 1.6 THz and 1.72 THz having return loss values -

12.05dB and -15.99dB, respectively. The 10-dB impedance bandwidth corresponding to these 

frequencies are 17.6GHz and 31.2GHz, respectively. For 33 FSSs bandpass structure the 

resonance peak is at 1.58 THz with return loss -19.49dB and 38.4GHz 10-dB impedance 

bandwidth. Moreover, in case of 44 FSSs bandpass structure, the resonant peak is observed 

at 1.65 THz with -25.6dB and 54.2GHz 10-dB impedance bandwidth. These result can be 

used for the detection of RDX explosive which shows its absoption spectral fingerprint at this 

frequency [119]. The other resonant band shown by 44 FSSs is at 1.728 THz with return loss 

-17.19dB and 71GHz 10-dB impedance bandwidth which can be used to detect the HMX 

explosive whose spectral fingerprint of absoption is at 1.78 THz for the range 1-2 THz [119]. 

At 1.87 THz, again only 44 FSSs bandpass structure is resonating with return loss -14.16dB  

and 45.5GHz 10-dB impedance bandwidth. One more resonating band is shown by 44 FSSs, 

and it is located at 1.946 THz with return loss -14.85dB and 33.8GHz 10-dB impedance 

bandwidth. This result is again useful to detect the RDX explosive which has one more 

spectral fingerprint of absorption at 1.9 THz [119]. Further with this analysis, it is depicted 

that by varying the value of s/, the desired band of the transmission of signal is attainable. 
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Moreover, from the simulated results it is observed that when the length of slot (d) is reduced 

and the slot width (s) is increased, the transmission bandwidth of FSS also gets increased and 

with the enhancement in the length of the slot (d), the bandwidth decreased in case of 

bandpass FSS at frequency of operation 1.5THz. This means the bandwidth is inversely 

related to the length of slot and therefore, with the periodicity of FSS. In this paper, we have 

chosen two values of slot size ݏ = ݏ and ݉ߤ2 = (2	for comparison of each case for ݉ߤ8 ×

2), (3 × 3) and 	(4 × 4) FSS of Tables 4.1-4.3. From the simulation results, it is observed 

that with an increase in the value of length of the slot, the resonance frequency shifts 

downwards. This happens because of the reduction in the quality factor which gets reduced 

due to change in the capacitive value (where the capacitance is related to the slot width of 

FSS). For quick comparison of the values of return loss and 10dB bandwidth is presented in 

Table 4.7.  
Table 4.7: The return loss (dB) and 10-dB bandwidth (GHz) comparison of various FSS array structure used as superstrates 

above and below the PCA. 

Frequency 
(THz) 

Parameter PCA 
without 

FSS 

FSS placed above and below the PCA 
with 8.65µm air gap distance on both 

sides and slot size ࢙ = ૛	࢓ࣆ 

FSS placed above and below the PCA with 
8.65µm air gap distance on both sides and slot 

size ࢙ = ૡ	࢓ࣆ 
PCA with 
(2 × 2) 

FSS 

PCA with 
(3 × 3) 

FSS 

PCA with 
(4 × 4) 

FSS 

PCA with 
(2 × 2) 

FSS 

PCA with 
(3 × 3) FSS 

PCA with (4 × 4) 
FSS 

1.3 Return 
Loss (dB) 

-11.54 No 
resonant 
peak at 
1.3THz 

No 
resonant 
peak at 
1.3THz 

-11.66 No 
resonant 
peak at 
1.3THz 

No resonant 
peak at 
1.3THz 

-10.72 

 10dB 
Bandwidth 
(GHz) 

13.9 14.5 11 

1.58 Return 
Loss (dB) 

-22.26 -25 Shifted to 
1.744THz 

with -
36.45 dB 
return loss 
and  42.7 

GHz 
10dB 

bandwidth 

Shows 
multiple 

resonances 
at 

1.61THz 
and 

1.785THz 
with -

14.46dB 
and -19.04 
dB return 
loss &  68 
GHz and 
62.8 GHz 

10dB 
bandwidth 

Shifted to 
1.6THz 
with -

12.05 dB 
return loss 
and  17.6 

GHz 
10dB 

bandwidth 

-19.49 Shows multiple 
resonance at 
1.65THz and 

1.728THz 
with -25.6 dB, -

17.19 dB return loss 
and  54.2 GHz, 71 

GHz 10dB 
bandwidth, 
respectively 

 10dB 
Bandwidth 
(GHz) 

35.8 27.3 38.4 

1.87 Return 
Loss (dB) 

-15 Resonates 
at 

1.673THz  
and 

1.722THz 
with -15.41 

dB and                   
-16.74 dB 

return 
loss&  27.7 

GHz and  
35.4 GHz 

10dB 
bandwidth, 
respectively 

-17.73 -10.57 Shifted to 
1.72THz 

with -
15.99 dB 
return loss 
and  31.2 
GHz 
10dB 
bandwidth 

No resonant 
peak at 

1.87THz 

-14.16 

 10dB 
Bandwidth 
(GHz) 

20.1 26 8.0 45.5 

Also 
resonates 
at 1.94 
THz  

with -
17.76 dB 
return loss 

and  25 
GHz 
10dB 

bandwidth 

Also 
resonates 
at 1.93 
THz  

with -
12.15dB 

return loss 
and  28 

GHz 10dB 
bandwidth 

Also resonates at 
1.946 THz 

with -14.85 dB 
return loss and  33.8 

GHz 10dB 
bandwidth 
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In addition to bandwidth and return loss, the other performance parameters like gain and 

directivity are also important. Therefore, we have illustrated the effect of size of FSS array on 

the gain and directivity of the photoconductive dipole antenna. Figure 4.7 and Figure 4.8 

show the values of gain and directivity for different values of slot size of FSS unit-cell in the 

frequency range 1-2 THz. Further, with this simulation results, it is observed that there is a 

significant change in the values of gain as well as directivity of an antenna with the use of 

FSS superstrate with the photoconductive dipole antenna. By using FSS as superstrate along 

with the FSS structure of same size below the photoconductive dipole antenna, with equal air 

gaps from the antenna, results the formation of cavity-resonator-type antenna at 1.5 THz. The 

enhancement in gain and directivity at the frequency of operation of the resulting antenna 

configuration occurs because of the electromagnetic wave collimation effect of the effectively 

low refractive indexed metamaterial inside the cavity. Moreover, with the reduction in 

periodicity of FSS, the transmission bandwidth gets increased and the directivity gets 

decreased. This is the reason due to which at some values of frequency in the range 1-2 THz, 

(2 × 2) FSS shows better gain and directivity in comparison to that of (4 × 4) FSS.  

 
                                                (a)                                                                                    (b) 

Figure 4.7: The frequency response of the proposed antenna for different FSS configuration over (a) gain and (b) 
directivity for chosen value of s/λ =0.01 and s = 2µm. 

 

 
                                            (a)                                                                                       (b) 
Figure 4.8: The frequency response for different configuration of FSS over the (a) gain and (b) directivity for chosen 

values of s/λ =0.04 and s = 8µm. 
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As the proposed antenna configuration has been designed to use for detection of explosive 

particular for which has its spectral fingerprint at 1.5 THz, therefore the values of gain and 

directivity are tabulated in Table 4.8. It is clearly observed that by using 44 FSSs bandpass 

structure with slot size 8µm, the value of gain and directivity has been increased. 

Table 4.8: The gain (dB) and directivity (dBi) comparison of various FSS array structure used as superstrates with 
Photoconductive dipole antenna (PCA). 

Antenna Performance Parameter PCA with 22 
FSS 

PCA with 33 
FSS 

PCA with 44 
FSS 

Gain (dB) at 1.5THz with s = 2µm 
 

7.26 6.55 6.26 

Gain (dB)at 1.5THz with s=8µm 
 

7.41 5.56 8.38 

Directivity (dBi) at 1.5THz with s = 
2µm 
 

10.12 8.63 8.81 

Directivity (dBi)at 1.5THz with 
s=8µm 
 

10.36 9.07 10.27 

 

The other important antenna performance parameter has been considered for highly directive 

antenna is the front-to-back ratio (FBR). Therefore, a comparison of FBR for all 

configurations of photoconductive dipole antenna with different sized FSS array is shown in 

Figure 4.9. It is illustrated that at 1.5 THz the FBR ratio has also been improved significantly 

with the use of 44 FSSs bandpass structure with photoconductive dipole antenna.  

          
Figure 4.9: The frequency response over front-to-Back Ratio (FBR) for chosen values of s/λ =0.04 and s = 8µm. 

In general, with various array configurations of FSS used with photoconductive dipole 

antenna and simulated using CST Microwave Studio reveals that when the periodicity, P is 

close to the wavelength (λ = 200µm, as in proposed antenna design), multiple resonances are 

acheived. Therefore, the analysis procedure perhaps be used in the design of multi-resonance 

FSS structure [229]. It is also observed from the simulation results that for wideband selection 

smaller slot size is required. However, for the high directivity and less return loss, the 
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periodicity of FSS structure has to be very small in comparison to that of the wavelength and 

the slot size must be large enough to transmit the selected frequency. Therefore, the band of 

operation of FSS bandpass array is mainly influenced by the slot length (d) and slot size (s). 

When the slot length is reduced and slot size is increased, the transmission bandwidth of FSS 

gets increased. However, with an increase in the slot length, the bandwidth reduces with fixed 

value of periodicity (P) of FSS unit-cell. Therefore, with the use of different sized FSS 

bandpass unit-cell for array configuration, the resonance condition of the structure can be 

used to detect other explosives which shows their spectral fingerprints in the range of 1-2 

THz.  

4.6 PROPOSED PHOTOCONDUCTIVE DIPOLE ANTENNA WITH 44 FSS 

BANDPASS SUPERSTRATE 

On the basis of proposed simulated results as discussed in preceeding sections on S-

parametrs, gain and directivity are related to three types of array configurations of FSS 

bandpass structure with photoconductive dipole antenna. For the detection of explosive 

corresponding to its prominent spectral fingerprint absorption peaks, it is useful to design 

photoconductive antenna with 44 FSSs bandpass structure placed above as well as below the 

antenna. The electric field pattern in the principle planes obtained from the simulation result 

is shown in Figure 4.10. For both the principle planes, the maximum electric field is obtained 

in main lobe direction at 180˚with main lobe magnitude of 20.8 dBV/m. The 3-dB angular 

width of 47.8˚and 11.5˚ is obtained in E- and H-plane, respectively.  

 
Figure 4.10: The electric field of PCA at 1.5THz in both principle planes with 44 FSS in E-plane and H-plane. 

 
The directivity of an antenna depends on the electric field as: 

(߮,ߠ)ܦ                                                    = 	 ସగ
Ωಲ

 ଶ                                          (4.15)|(߮,ߠ)௡௢௥௠ܧ|
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where (߮,ߠ)ܦ is the directivity of the antenna configuration. 

Ω஺ = ଶ|(߮,ߠ)௡௢௥௠ܧ|∬ sinߠ	߮݀ߠ݀ is the beam solid angle and |ܧ௡௢௥௠(ߠ,߮)| is the 

normalized magnitude of the electric field pattern. The gain (G) of the antenna configuration 

is related to the directivity (D) of the antenna as ܩ = 	ɳܦ where ɳ is the radiation effeciency 

of the antenna. The radiation patterns for gain (dB) and directivity (dBi) obtained in the 

principle planes for PCA without FSS structure and with 44 FSSs structure are illustrated in 

Figure 4.11 and Figure 4.12. By means of  44 FSSs bandpass structure above as well as 

below the photoconductive dipole antenna, signicantly high gain and directivity is achieved 

which is required for the use of this antenna configuration for THz sensing and imaging of 

explosives in powder form. 

                    
                                                          (a)                                                                                       (b) 
Figure 4.11: The radiation characteristics such as gain (dB) for photoconductive dipole antenna without FSS and with 

FSS at 1.5THz in (a) E-Plane and (b) H-Plane. 
  

                             
                                                      (a)                                                                                              (b)    

Figure 4.12: The radiation characteristics such as directivity (dBi) for photoconductive dipole antenna without FSS 
and with FSS at 1.5THz in (a) E-Plane and (b) H-Plane. 
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For the antenna configuration without FSS, the gain of antenna is 4.85dB and 7.3dB in E-

plane and H-plane, respectively. However, the gain is increased upto 8.38dB in both E-plane 

and H-plane with the use of 44 FSSs bandpass structure (having slot size of unit cell 8m 

and s/ = 0.04) with photoconductive dipole antenna. Similarly, the directivity of 

photoconductive dipole antenna without FSS is 5.78dBi and 8.24dBi in E-plane and H-plane, 

respectively. With the use of 44 FSSs bandpass structure (having slot size of unit cell 8m 

and s/ = 0.04), the directivity of photoconductive dipole antenna has been increased to 

10.27dBi in both the principle planes at 1.5THz. The radiation effeciency of the proposed 

antenna configuration at 1.5THz is 81.6. 

4.7 CONCLUSION  

In this chapter, the significant improvement of gain and directivity of the photoconductive 

dipole antenna using bandpass FSSs as a superstrate at terahertz frequency for sensing and 

imaging is presented. Further, the effect of unit-cell periodicity of FSS on the resonance 

condition of antenna structure is studied. From the proposed analysis, it is illustrated that by 

varying the value of s/λ, the required band of transmission of the THz signal is acheived using 

FSS superstrate with photoconductive dipole antenna. The proposed photoconductive dipole 

antenna with 44 FSS bandpass structure is used above as well as below the antenna, which 

demonstrate significant improvement in the performance values of the return loss, gain, 

directivity and front-to-back ratio. Therefore, the proposed antenna can be used to enhance the 

imaging capabilities of THz radiating source to address the considerations such as limited 

depth-of-field (DoF) which is the distance over which an object is considered in focus. 

However, the performance of the FSS is widely affected by the ohmic losses and various 

other factors such as surface roughness, dispersion through the conductor and the skin depth, 

which become prominent in the THz regime of the electromagnetic spectrum. Further, the 

implementation of array structure of photoconductive dipole antenna with FSS bandpass 

superstrate is a challenging isuue, which is discussed in detail in the next chapter. 
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CHAPTER 5  

DESIGN OF HIGHLY DIRECTIVE LENS-LESS PHOTOCONDUCTIVE 

DIPOLE ANTENNA ARRAY WITH FREQUENCY SELECTIVE 

SURFACE FOR TERAHERTZ IMAGING APPLICATIONS  

5.1 INTRODUCTION 

Among the concepts for THz imaging, several non-coherent techniques like micro-bolometer 

arrays are presented [230] whereas to increase the measurement speeds, such approach 

provides only limited information owing to lack of information about the phase. However, the 

pulsed THz systems using coherent techniques offer potential advantage of broad spectral 

information with a single scan. However, the most basic coherent imaging can be attained by 

raster scanning a sample through the THz wave focus and creating complete spectroscopic 

information at each pixel corresponding to the antenna structure. On the other hand, based on 

the delay line concept, the required lock-in time constants to record a high-quality THz pulse 

takes a long time to trace out the full image [231] with single antenna. Therefore, to speed up 

the measurements, there is a requirement of making a THz system for parallel or accelerated 

measurements. One potential approach to such parallelization is the implementation of multi-

antenna setup which reduces the measurement time through deployment of number of THz 

emitter and detector pairs. On the other hand, the compact size arrays need to be used to 

counter the increase of system cost [232]. 

In broadband pulsed THz systems, the optical gating of photoconductive dipole antennas is 

one of the most accepted THz generation and detection techniques [179, 233-234]. Using the 

photoconductive dipole antenna sources and detectors in the imaging system, the setup 

measures a first pulse with no sample in the THz beam path and a second pulse after passing 

through the sample to be detected which allows the concurrent extraction of the refractive 

index, the absorption coefficient in addition to the thickness of sample and therefore, provides 

the detailed information about sample under investigation [235]. The visualization techniques 

for coherent THz image information comprises of 1) peak-to-peak measurement, 2) time-of-

flight measurement, 4) amplitude measurement with single frequency, 5) integrated signal 

amplitude over a specified frequency range, and 6) evaluation of the dielectric material 

properties such as the refractive index and absorption coefficient. Therefore, several images 

revealing different kinds of information can be produced from a single data set corresponding 
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to the phase and amplitude of the detected THz pulses. Likewise, the information such as 

variation in thickness, humidity, material composition, density, and inclusions of air or other 

impurities in the sample [236] are obtained. 

For the THz imaging applications, the planar THz antennas such as photoconductive antennas 

have convinced advantages such as: a) low profile, b) easy integration to other planar devices, 

and c) easy fabrication [52]. Moreover, the fabrication of planar transmission–line [237] at 

THz frequencies also proves a potential means of the fabrication of array of planar THz 

antennas. Therefore, a sub-millimeter wave highly directive photoconductive dipole array 

antenna is presented in this chapter for terahertz (THz) imaging system operating in 1.4-2.2 

THz frequency range. The array antenna is formed on a single photoconductive substrate to 

make it compact and suitable for THz imaging applications. The photoconductive dipole array 

antenna improves the gain and directivity and therefore, is useful to enhance the imaging 

capabilities to address the considerations such as limited depth-of-field (DoF) that is the 

distance over which an object is well thought-out in focus and size-weight-and-power (SWaP) 

of THz source for imaging applications. These are important considerations for applications 

like stand-off imaging and surveillance of moving targets where the high angular resolution as 

well as extended depth-of-field is the key for successful detection of hidden explosives and 

illicit drugs. A technique of using frequency selective surface with photoconductive array 

antenna is also presented to further enhance the directivity from the radiating structure to 

yield high image resolution. Moreover, by means of this technique, radiation energy gets 

confined to the desired frequency band rather than spreading over a broad spectrum range. 

5.2 RELATED WORK AND PROBLEM FORMULATION  

For imaging application, both the photoconductive antenna and photomixer techniques are 

considered as a THz sources by THz community. The THz antennas based upon the 

photoconduction method have several advantages as compared to that of the other THz pulsed 

sources such as THz antennas work in the room temperature environment and compact which 

can be used both at the emitter as well as detector of pulsed imaging system. Moreover, the 

THz generation and detection using photoconductive antenna is useful for coherent THz 

imaging since this technique has the ability to record THz waves in the time-domain together 

with both the intensity and phase information which can further be utilized to acquire more 

details of the target for example spectral and depth information. For photoconductive antenna 

emitter-detector configuration of THz pulsed imaging system, the potential efforts are made 
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for a high efficiency antenna design and consequently expecting for an increased directivity of 

a THz photoconductive dipole antenna for sensing and imaging applications. There are 

several ways to increase the directivity like the use of array configuration [238] or a lens 

substrate [239]. Earlier, to achieve high image resolution, a lens-based system is generally 

used with photoconductive dipole antenna for diffraction limited image extraction. Pradarutti 

et al. [117] have presented THz line detection with sixteen channels using micro-lens array 

coupled photoconductive antenna array. However, using a large apertures and lens-based 

systems results into volumetric scale to the THz source and also presents challenges from a 

portability perspective. On the other hand, the array configuration requires a higher 

illumination power from multiple femto-second lasers, however, the use of lens substrate 

limits the number of antenna elements in a specified area which is required in an imaging 

array. Moreover, with the advent of Er+-doped femto-second fibre lasers have replaced high 

system cost of using titanium: sapphire lasers for pulsed THz systems based on 

photoconductive array antenna. In addition, the phenomenon of scanning through array 

implementation over an extended volume could offer security such as in a public marketplace 

where the security is essential but a visible display is not so much important. Therefore for 

this specific application of imaging, a compact array structure of photoconductive dipole 

antenna with pulsed optical beam from femto-second laser pulse can be used with highly 

directive ability of the radiating THz source. Even though in THz imaging, multi-pixel 

approaches provides an acceleration of THz measurements and therefore leads to attractive 

system architectures in future however stern problems in the alignment process are still major 

shortcomings which needs to improve.  

5.3 UNIT-CELL ANTENNA MODELLING  

The designed photoconductive dipole antenna as shown in Figure 5.1 consists of a dipole 

structure of Ti-Au metal with coplanar transmission line of length λ/2 on both sides of the 

dipole antenna. The complete metal structure is placed on a thin layer of LT-GaAs superstrate 

which is stacked on GaAs photoconductive substrate. A ground plane with same material as 

of antenna is used below the substrate. The antenna has a photoconductive gap length (G) and 

width (W) at the centre of dipole antenna of effective length (L = le) also considered as the 

distance between the transmission lines, which is biased with a voltage source and is 

illuminated at the centre by means of femto-second laser pulse. The distance between the 
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transmission-lines or the effective length is determined from the relation	ܮ = ܿ 2݂݊⁄ , where c 

is the speed of light in free-space and n is the refractive index of material. 

 
Figure 5.1: The basic structure of THz photoconductive dipole antenna designed in CST Microwave Studio. 

At 1.5THz, using the value of refractive index (݊ = 3.4), for GaAs photoconductive material 

the effective length of dipole antenna ݈௘	is 30µm. The resonant frequency of the 

photoconductive dipole antenna is determined using the 

relation	 ௥݂ = c/(2݈ୣ[(1 + ୢ) 2⁄ ]ଵ ଶ⁄ 	), where ௥݂  is the resonating frequency, ߝௗ	is the 

dielectric permittivity of GaAs substrate and is taken as 12.9. By putting the values of	ܿ, ߝௗ 

and ݈ୣ , the resonant frequency of the designed photoconductive dipole antenna is 1.95 THz. 

The length of coplanar transmission line is generally set to be long enough to evade the 

reflection at the line end. In the designed photoconductive dipole antenna the length of 

transmission lines is taken as 110 µm with width and thickness 10µm and 0.35µm, 

respectively. As the emission efficiency is inversely proportional to the photoconductive 

dipole antenna gap while the bias field and pump-power are considered to be constant. For 

that reason, it is important to exploit a photoconductive gap as small as possible by focusing 

the laser beam (optical excitation) very closely to the gap. Therefore, the photoconductive gap 

is taken as 5µm for small gap photoconductive dipole antenna in all antenna designed 

configurations in this paper. Moreover, the dimensions of the superstrate, substrate and 

ground are taken as	(110 × 110)	µ݉ଶ, with thickness 1µm, 10µm and 0.35µm, respectively. 

5.4 DESIGN OF PCA ARRAY 

In THz imaging applications there is a requirement of efficient THz antennas in terms of 

losses and cost both at transmitter and receiver side. Moreover, in case of active imaging 

systems the image acquisition time is required to be small. Therefore, several types of 

illumination of the object with THz radiation under investigation are selected such as single 
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frequency, multi-frequency or ultra-wide band signals [240]. For such arrangement, highly 

directive and optimum radiation efficiency from the radiating source is essential. In THz 

imaging applications to yield enhanced depth-of-field (DoF) for imaging purpose by using 

THz source the high directivity of the radiating source is required. Various other antenna 

configurations such as spiral type, bow-tie shape are used however the photoconductive 

dipole antenna is comparatively attractive as small gap dipole antenna because of its ease of 

fabrication and are also useful for system-on-chip compatibility in spite of its poor directivity. 

One straightforward solution to overcome this problem is to design an array of 

photoconductive dipole antenna [241]. Moreover, the noise equivalent power (NEP) of an 

imaging array depends on the antenna efficiency. Therefore, it is essential to facilitate high-

efficiency on-chip antennas for low system NEP. Such on-chip antennas can be put into 

practice with different radiation phenomena like above-chip radiation, above-chip with 

focusing techniques, below-chip radiation, and below-chip with a dielectric lens as discussed 

in [242]. Here, Uzunkol et al. [242] have recommended the use of above-chip radiation from 

the THz array source due to low-cost and most robust system as it work with low-cost carrier 

substrate. Moreover, use of THz system with above-chip also supports the small size-weight-

and-power (SWaP) values of THz source for imaging applications. Therefore, the above-chip 

radiation phenomena and above-chip with focusing technique such as use of frequency 

selective surface (FSS) to further increase the directivity of the THz array antenna are 

presented in this chapter. The array designs are shown in Figure 5.2(a) and Figure 5.2(b), 

respectively. 

                    
                                            (a)                                                                                         (b) 

Figure 5.2: Photoconductive dipole antenna array (a) (૚ × ૛) photoconductive dipoles, 
                                                                      (b) (૛× ૛)	photoconductive dipoles. 
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Firstly, a (1 × 2)	photoconductive dipole linear array antenna has been designed to determine 

the radiation parameters. Then, (2 × 2) photoconductive dipole array antenna is designed to 

evaluate the radiation parameters such as gain, directivity and radiation efficiency. The 

spacing between photoconductive dipole antennas in an array arrangement is taken as λ/2 and 

for (2 × 2) photoconductive dipole array the spacing between two sets of transmission line is 

also considered as λ/2. Both types of arrays designed are further considered for directivity 

enhancement using FSS used as superstrate and is placed above the antenna array with air gap 

separation between the antenna structure and FSS structure. The detailed discussion on 

making a choice of using FSS is presented in next section. 

5.5 FREQUENCY SELECTIVE SURFACE FOR PCA ARRAY 

To increase the directivity of the elementary dipole and planar antennas in the microwave 

frequency regime of the spectrum, extremely reflective surfaces as superstrate is extensively 

used [243-245] and it signify that such type of structure is equally appropriate at the terahertz 

frequency [209, 246]. In general, the directivity of antenna using FSS is calculated by either 

using the transverse-equivalent-network model or the resonance-estimation ray tracing 

technique. However, these techniques can only predict the peak directivity of the antenna at 

the resonance frequency while the FSS array and the ground plane size are suitably large or 

semi-infinite. When the FSS array or ground plane is truncated, the directivity of the cavity 

resonant antenna is reduced, and then these techniques are unable to predict the directivity of 

the antenna correctly [210]. In such case, using a comparison method the directivity of 

antenna array can be predicted at the THz frequency using FSS structure. 

 5.5.1 Analysis of unit-cell frequency selective surface  

In the photoconductive dipole array antenna design, the FSS structure is used along with 

(1 × 2) and (2 × 2) antenna array configurations to enhance the gain and directivity, 

therefore, the FSS as bandpass spatial filter is used. The unit-cell design of FSS bandpass is 

shown in Figure 5.3. The FSS structure made of copper with thickness 0.35µm is followed by 

the polytetrafluoroethylene substrate. Moreover, in order to keep away from evanescent 

waves to propagate through the periodic structure, the thickness of dielectric substrate must 

follow the relation, h < λ0/20, where h is the thickness of dielectric substrate of FSS and λ0 is 

the wavelength in free-space. Therefore, the thickness of substrate taken for bandpass FSS is 

5m. The metallic elements signify inductive screens and give rise to total reflection, while 

apertures in a metallic sheet symbolize capacitive screens and give rise to total transmission. 
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The performance of bandpass FSS depends on the physical parameters such as the periodicity 

(P) of the unit-cell, length of the slot (d), slot width (s) and gap between two slots (g). 

 
Figure 5.3: The unit-cell configuration of bandpass FSS with FSS structure made of copper. 

The values of the physical parameters of the FSS unit cell are determined using the synthesis 

technique of single square loop bandpass FSS at resonance frequency as mentioned in [247]. 

The relation between the physical parameters of unit cell FSS is described as 

4	(݀ ⁄ߣ )ଶ	݈݊(2ߣܯ ⁄ݏߨ )ɛ௘௙௙ =  is a constant of equality which is related as 	ܯ where ,	ܥܮ௥ଶݓ	

ܲ =  is the operating wavelength, ɛ௘௙௙ is the effective dielectric permittivity of ߣ where	ߣܯ

the FSS substrate.  From the geometry of the unit-cell in Figure 5.3, it is clear that ܲ − ݀ =

݃	and for fixed value of	ܲ, the value ݀ can be evaluated for the resonance condition	ݓ௥ଶܥܮ =

1, using	4	(݀ ⁄ߣ )ଶ	݈݊(2ߣܯ ⁄ݏߨ )ɛ௘௙௙ = 1.  

5.5.2 Estimation of resonance condition using ray tracing 

The ray tracing technique [192] is used to calculate the height (ℎ) of the superstrate above the 

ground plane of the photoconductive dipole array antenna. When the unit-cell FSS surface as 

in Figure 5.3, is excited with a normal incident wave, whose electric field is aligned along the 

length of the surface, then bandpass unit-cell FSS shows the high-transmission property. Such 

surface property is achieved through simulating the unit-cell FSS in the transient solver of the 

CST microwave studio. The amplitude as well as the phase of the s-parameter at resonance 

frequency obtained are: ݉ܽ݃( ଵܵଵ) = 0.845 and ∅ிௌௌ = 16.46˚ at resonance frequency. The 

value of the ground plane phase is determined using the 

relation	∅௚ = ߨ	 − ݊ܽݐଵ(ܼௗି݊ܽݐ2 (݀ߚ) ܼ଴)⁄ , where ܼௗ and ܼ଴ are the characteristic 

impedance of the dielectric substrate and air, respectively. The value obtained is	∅௚ = 49.66˚. 

 represents the dielectric phase constant and ݀ is the dielectric substrate thickness. The ߚ

resonant air-gap length (݈) of value 118.37µm is obtained using the relation:	݈ = ߣܰ) 2⁄ ) +

ൣ൫∅ிௌௌ + 	∅௚൯ ⁄ߨ ൧(ߣ 4⁄ ) ,where ܰ is an integer number. The schematic view of the designed 
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photoconductive dipole array antennas with (2 × 2) FSS unit cell structure across each dipole 

of the photoconductive array antenna is shown in Figure 5.4.  

                
                                            (a)                                                                                          (b) 
Figure 5.4: Schematic of photoconductive dipole array antenna with (૛× ૛) array of FSS structure across each dipole 
antenna with periodicity	ࡼ = ૟૛.૝μ࢓ of unit-cell FSS across (a) (૚× ૛) photoconductive dipole linear array antenna 

and (b) (૛× ૛)  photoconductive dipole array antenna. 

Table 5.1: The parameters used in simulation performed using the transient solver of CST Microwave Studio. 
Parameter Value 

Photoconductive Dipole Antenna (Ti-Au), transmission lines and 
Ground 

Conductivity (S/m) 1.6 ×10଻ 
Superstrate (LT-GaAs) 

Carrier Lifetime, majority carriers (psec) 0.25 

Mobility (ܿ݉ଶ/ܸݏ) Greater than 200 

Permittivity 13.26  

Permeability 1 

Loss tangent (S/m) 0.006 

Electric breakdown field (V/cm) Greater than 5 × 10ହ 
Substrate (GaAs) 

Carrier Lifetime, majority carriers (psec) 0.1  

Mobility (ܿ݉ଶ/ܸݏ) 200 

Permittivity 12.9 

Permeability 1 

Loss tangent(S/m) 0.006 

Electric breakdown field (V/cm) Nearly 4 × 10ହ 
FSS Bandpass Unit Cell (Copper) 

Conductivity (S/m) 5.8×107 S/m 

FSS Substrate (Polytetrafluoroethylene) 

Permittivity 2.08 

Loss tangent(S/m) 0.0004 
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However, the Table 5.1 presents the parameters in terms of material conductivity, dielectric 

permittivity, magnetic permeability and loss-tangent considered in CST Microwave Studio for 

simulating the antenna configurations. The results of single unit, array antenna 

implementation of (1 × 2) and (2 × 2) modeling, design and simulation for photoconductive 

dipole antenna and implementation of highly-reflective bandpass FSS superstrate are 

presented in next section. 

5.6 NUMERICAL ANALYSIS AND SIMULATION RESULTS 

The designed single unit of photoconductive dipole antenna at 1.95THz frequency is 

simulated using transient solver of CST Microwave Studio, and the 10-dB impedance 

bandwidth of 317.1GHz is obtained as shown in Figure 5.5, with S-parameter magnitude of -

21.88dB.  

 
Figure 5.5: The frequency response of S-parameter for simple photoconductive dipole antenna for 1.4-2.2 THz. 

 
The radiation patterns for gain (dB) and directivity (dBi) obtained in the principle planes for 

photoconductive dipole antenna is illustrated in Figure 5.6.  

                                     
                                                (a)                                                                  (b) 
Figure 5.6: The radiation characteristics of single photoconductive dipole antenna at 1.95THz (a) gain (dB) in E- and 

H-plane, (b) directivity (dBi) in E- and H-plane. 
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The simulated results in Figure 5.6(a) shows the value of gain 5.47 dB in E-plane with main 

lobe direction at 8.0 degree. The angular width (3-dB) is 72.3 degree with the side lobe level -

16.4 dB. However, in H-plane, the gain is 5.35 dB with its main lobe direction 5.0 degree. 

The angular width (3-dB) is 82.2 degree having a side lobe level -22.3 dB. In Figure 5.6(b), 

the directivity in E-plane is 6.25 dBi with main lobe direction 8.0 degree. The angular width 

(3-dB) is 72.3 degree and the side lobe level is -16.4 dB and in H-plane, the directivity is 6.14 

dBi with its main lobe direction 5.0 degree. The angular width (3-dB) is 82.2 degree having a 

side lobe level -22.3 dB. The radiation efficiency and total efficiency obtained are 0.84 and 

0.83, respectively, with current density of	1.06 × 10଻ܣ/݉ଶ.  It is clearly observed from 

simulated results as shown in Figure 5.6 and the theory of operation discussed in previous 

section for a single photoconductive dipole antenna, the gain and directivity values are very 

small inspite of its wide band of operation. Therefore, there is a requirement to use the array 

technique to increase the values of gain and directivity so that the simple THz 

photoconductive dipole antenna can be used in imaging applications. Initially, a linear array 

implementation of photoconductive dipole antenna is proposed. In this, the photoconductive 

dipoles are constructed with common bias and ground plane and are placed at	2/ߣ spacing, 

which makes the fabrication easy. The antenna geometry is placed on a 220×110µ݉ଶ area of 

photoconductive substrate. The simulation results obtained in terms of radiation patterns for 

gain and directivity is shown in Figure 5.7. The simulated results in Figure 5.7(a) shows the 

radiation pattern of gain 5.86 dB in E-plane with main lobe direction at 1.0 degree. The 

angular width (3-dB) is 27.6 degree and the side lobe level is -3.3 dB. However, in H-plane, 

the gain is 5.83 dB with its main lobe direction 359.0 degree. The angular width (3-dB) is 

82.2 degree having a side lobe level -17 dB.  

                                            
                                                  (a)                                                                   (b) 
Figure 5.7: The radiation characteristics of (૚× ૛)	photoconductive dipole array antenna at 1.95THz (a) gain (dB) in 

E- and H-plane, (b) directivity (dBi) in E- and H-plane. 
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Likewise, the simulated results as in Figure 5.7 (b) show the directivity in E-plane of 8.14 dBi 

with main lobe direction at 1.0 degree. The angular width (3-dB) is 27.6 degree and the side 

lobe level is -3.3 dB and for H-plane, the directivity is 8.11 dBi with its main lobe direction 

359.0 degree. The angular width (3-dB) is 82.2 degree having a side lobe level -17 dB. The 

radiation efficiency and total efficiency obtained are 0.72 and 0.59, respectively, with current 

density of	2.37 × 10଻ܣ/݉ଶ. It is observed that with the increase in dipole antenna elements 

in linear form, the directivity gets increased by 2dBi but there is not much increase in the gain 

value. Moreover, the radiation efficiency of the (1 × 2) photoconductive linear dipole array 

antenna decreases and it affects the total efficiency of the array antenna. The main reason for 

the enhancement in the directivity is the increase in the current density across the two dipoles 

of linear array arrangement. 

However, for imaging application, an optimum gain and radiation efficiency values are also 

required. Therefore, the FSS structure is used as superstrate with (1 × 2) array antenna which 

is placed at a height of 118.37µm from the ground plane of the photoconductive dipole array 

antenna. The radiation patterns obtained from the simulation result are shown in Figure 5.8. 

Figure 5.8(a) shows the simulated results for gain with value 7.74 dB in E-plane and main 

lobe direction at 1.0 degree. The angular width (3-dB) is 31.1 degree and the side lobe level is 

-10.2 dB. However, in H-plane, the gain is 7.73 dB with its main lobe direction 359.0 degree. 

The angular width (3-dB) is 65.7 degree having a side lobe level -10.3 dB. The directivity in 

E-plane is 10.8 dBi with main lobe direction at 1.0 degree as shown in Figure 5.8(b). The 

angular width (3-dB) is 31.1 degree and the side lobe level is -10.2 dB and in H-plane, the 

directivity is 10.8 dBi with its main lobe direction 359.0 degree.  

                                              
                                              (a)                                                                                  (b) 

Figure 5.8: The radiation characteristics of (૚× ૛)	photoconductive dipole array antenna with FSS superstrate at 
1.95THz (a) gain (dB) in E- and H-plane, (b) directivity (dBi) in E- and H-plane. 
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The angular width (3-dB) is 65.7 degree having a side lobe level -10.3 dB. The radiation 

efficiency and total efficiency obtained are 0.72 and 0.59, respectively, with current density 

of	2.6 × 10଻ܣ/݉ଶ. The use of FSS as superstrate with photoconductive dipole array antenna 

results into a further increase in the value of directivity by 2.66 dBi and gain by 2 dB. 

Furthermore, an array of four dipole antennas is designed by using two separate set of 

transmission lines separated by λ/2 distance. The complete (2 × 2) photoconductive dipole 

array antenna is placed on (220× 220)µ݉ଶ area of photoconductive substrate. The radiation 

parameters obtained from the simulation results are shown in Figure 5.9. 

                     
                                                    (a)                                                                        (b) 
Figure 5.9: The radiation characteristics of (૛× ૛)	photoconductive dipole array antenna at 1.95THz (a) gain (dB) in 

E- and H-plane, (b) directivity (dBi) in E- and H-plane. 
  

The simulated results, Figure 5.9(a) show the value of gain 9.58 dB in E-plane with main lobe 

direction at 6.0 degree. The angular width (3-dB) is 32.2 degree with the side lobe level -8.7 

dB. However, in H-plane, the gain is 9.15 dB with its main lobe direction 0.0 degree. The 

angular width (3-dB) is 50.7 degree having a side lobe level -12.5 dB. In Figure 5.9(b), the 

directivity in E-plane is 11.4 dBi with main lobe direction at 6.0 degree. The angular width 

(3-dB) is 32.2 degree and the side lobe level is -8.7 dB and in H-plane, the directivity 10.9 

dBi with its main lobe direction 0.0 degree is obtained. The angular width (3-dB) is 50.7 

degree having a side lobe level -12.5 dB. The radiation efficiency and total efficiency are 0.84 

and 0.67, respectively, with current density of	2.7 × 10ହܣ/݉ଶ. In comparison to (1 × 2) 

photoconductive dipole array antenna, the (2 × 2) photoconductive dipole array antenna 

shows high gain and directivity values in both principle planes. Moreover, the radiation 

efficiency and the total efficiency of the array configuration are also increased. To further 

enhance the radiation parameters of array antenna, the FSS structure is placed above the array 
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configuration. The radiation patterns obtained from the simulation are shown in Figure 5.10. 

The gain with value 10.4 dB in E-plane and main lobe direction at 3.0 degree having angular 

width (3-dB) 26.5 degree and the side lobe level -6.4 dB is shown in Figure 5.10(a). However, 

in H-plane, the gain is 10.3 dB with its main lobe direction 0.0 degree. The angular width (3-

dB) is 27.0 degree having a side lobe level -9.2 dB. In Figure 5.10(b), the directivity obtained 

in E-plane is 13.2 dBi with main lobe direction at 3.0 degree. The angular width (3-dB) is 

26.5 degree and the side lobe level is -6.4 dB and in H-plane, the directivity is 13.1 dBi with 

its main lobe direction 0.0 degree. The angular width (3-dB) is 27.0 degree having a side lobe 

level -9.2 dB. The radiation efficiency and total efficiency obtained are 0.79 and 0.52, 

respectively, with current density of		2.74 × 10ହܣ/݉ଶ. Therefore, the use of FSS as 

superstrate with photoconductive dipole array antenna results into further increase in the value 

of directivity by 3dBi. 

                 
                                                (a)                                                                         (b) 

Figure 5.10: The radiation characteristics of (૛ × ૛)	photoconductive dipole array antenna with FSS superstrate at 
1.95THz (a) gain (dB) in E- and H-plane, (b) directivity (dBi) in E- and H-plane. 

 

5.7 CONCLUSION 

Because of the limitation of small gain and directivity values of single photoconductive dipole 

antenna, we have explored linear and planar array implementation of photoconductive dipole 

antennas for THz imaging application. However, for imaging applications there is a 

requirement of planar and compact THz antenna sources which provide high directivity so as 

to achieve large DoF for improved image resolution. In this paper, a technique of using 

frequency selective surface to further enhance the radiation parameters of array configuration 

of photoconductive dipole antenna is discussed. The resulting array antenna configuration 

produced a radiation efficiency of 72% for (1 × 2) and 84% for	(2 × 2) PCA array, 
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respectively. The directivity of 10.8dBi and 13.2dBi is obtained using FSS superstrate with 

(1 × 2) and (2 × 2) photoconductive dipole array antenna in comparison with 6.25dBi 

directivity of single photoconductive dipole antenna at the resonance frequency 1.95THz. The 

proposed array antenna with FSS results into planar configuration of highly directive radiating 

THz source for the imaging applications. 
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CHAPTER 6  

BEAM STEERING CHARACTERISTICS OF HIGHLY DIRECTIVE 

PHOTOCONDUCTIVE DIPOLE PHASED ARRAY ANTENNA 

6.1 INTRODUCTION 

An antenna array permits us to attain high gain with multiple radiating elements and a phased 

array additionally put forward the possibility to shape as well as steer the beam without 

varying the array geometry. Conventionally, phased arrays have been used in defence 

applications, mainly for radar, but their deployment is changing with an increase in demand 

for the commercial use, especially with the arrival of on-the-move access to high bandwidth 

data. However, the challenge lies in realizing the radiating characteristics using phased array 

antenna while keeping the undesired effects such as the mutual coupling between the 

elements because of their proximity to each other. The design of large phased arrays is 

characteristically accomplished in two steps where firstly, the element design is obtained by 

optimizing the active element impedance and active element pattern over all frequencies 

along with scan angles. Secondly, the array design is authenticated by inspecting the real 

scanning behaviour besides including the non-periodic structure effects. Each of 

aforementioned stages/steps entitles for an appropriate array design functionality which 

makes the design of phased arrays, at both the cell and full array level substantially more 

efficient and powerful. 

For commercial imaging applications, fast measurements are required when the THz imaging 

technique is applied especially to the scrutiny of large number of targets [248]. 

Conventionally, the THz images are obtained by moving the samples in the course of the 

focused beam or else by scanning the emitter and detector in the case of immobile samples. 

However, efficient methods of steering the THz beam are essential for practical applications 

as the measurement speed is primarily limited by the speed of the mechanical devices used in 

conventional imagers. Moreover, due to the lack of active system components required to 

dynamically manage free-space THz wave propagation still obstruct the broad scale 

accomplishment of THz imaging systems. The potential of dynamically controlling the 

propagation of free-space THz waves such as by steering or focusing the THz beams is the 

solution to a multiplicity of THz imaging applications [249]. For example, in THz sensing and 

imaging application, beam steering devices can be used to substitute the mechanical scanning 
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stages and therefore can results into a significant increase in the measurement speed as well as 

the level of system integration [250, 251]. Further, a high speed beam steering technique also 

provides new avenues to several THz measurement methodologies, for instance, single pixel 

THz imaging depending on compressed sensing [252], imaging of moving objects through 

tracking the targets by means of THz beams, etc. Primarily, to achieve THz beam steering, the 

simple technique is to either use mechanical scanning device or deployment of spatial phase 

modulator which generally operates as phased arrays and are extensively used in microwave 

regime of electromagnetic spectrum. In Figure 6.1, by combining the THz antenna with 

graphene THz phase shifters, a reconfigurable transmitter [253] with functionalities such as 

beam forming and beam steering is illustrated.  

 
Figure 6.1: THz phased array antenna based on graphene phase shifters [253]. 

Initially, the functioning of THz phase shifters has been realized on free carrier excitation in 

semiconductors [254-256]. In this, the dielectric characteristics of the semiconductor material 

gets modulated through the externally excited free charge carriers which results into phase 

shift in the THz wave while passing through the medium. However, according to the 

Kramers-Kronig relation, the real part as well as the imaginary part of the dielectric of the 

semiconductor material is dependent on each other, therefore the phase modulation as a 

consequence generate insertion losses which are inseparable from the amplitude modulation 

[257-259]. Similarly, structures based on resonant metamaterial phase shifters are designed 

and reported in [260-262] in addition to the phase shifters using liquid crystals [263-265] 

which operate at high voltages and low speed. Another simple approach of beam steering 

which has been explored in our proposed antenna configuration is the phase controlled optical 
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excitation of arrays of small-gap photoconductive dipole antenna. Since this approach 

necessitates ultrashort optical laser pulse excitation, therefore the number of potential 

applications is limited. However, as reported in [266-268] by using the spatial dispersion of 

ultrafast laser pulse the phenomena of beam steering from THz antenna array has been 

achieved. Moreover, in THz active imaging systems, the deployment of THz antenna array 

with beam steering capability reduces the image acquisition time [269].  

For millimetre-wave imaging systems, several measurement setups are anticipated which are 

either based on a rotary scanner with variable radius [270], or mechanically rotating mirrors 

with linear movement of the probe [271]. A THz imaging setup based on THz frequency 

scanning antenna array is shown in Figure 6.2 wherein a Vector Network Analyzer (VNA) is 

used with auxiliary circuitry [272]. The object under inspection (placed on an azimuthal 

positioned) is illuminated with the help of frequency scanning antenna array whose main 

radiating lobe is steered in the vertical plane [273]. The beam is progressively rotated to 

evaluate the response for multiple incidence angles. To receive the reflected power from the 

object under inspection which is illuminated from different vertical segments, a directive horn 

antenna is used. For the implementation of power divider as well as the phase shifting 

network, a rectangular waveguide structure is used and open ended waveguides are used as 

radiating elements.  

 

 
Figure 6.2: Terahertz frequency scanning antenna array used in imaging setup [273]. 

Therefore, considering the requirement of scanning beam for the detection of hidden 

explosives carried by some moving object, there is a need for exploring the beam steering 

characteristics of highly directive THz antenna array with features of compact size and planar 

profile. 
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6.2 RELATED WORK AND PROBLEM FORMULATION 

A phased array antenna comprises of a number of radiating elements (antennas) each with a 

phase shifter. Beams are produced by shifting the phase of the signal emitted from each 

radiating element resulting into constructive or destructive interference in order 

to steer the beams in the desired direction. Therefore, the phenomenon of beam steering is 

about varying the direction of the main lobe of a radiation pattern created from the phased 

array antenna. However, in case of radio systems the beam steering is achieved by either 

switching the antenna elements or by altering the relative phases of the RF signals which 

derives the antenna elements. A THz beam steering technique has been exemplify from strip-

line photoconductive phased array antenna using difference in frequency generation obtained 

from two spatially dispersed beams produced from an ultrafast laser [248]. Similarly, THz 

beam steering has been achieved by means of varying the angle of incidence of an ultrafast 

laser beam on to the photoconductive wide-gap area. However, such technique offers 

difficulty in quick steering of the THz beam over a wide angle [274].  By applying periodic 

bias voltages across the photoconductive antenna array, the THz beam generated from the 

antenna configuration also gets steered as reported in [275].  The only limitation to such 

technique is to control the period of the bias in addition to the period of the optical pulses in 

the train at each tuning frequency. Beam steering using micro-mechanical method [276] has 

also been reported. Using optical phase shifters [277], the microwave beam is steered through 

the control of phase of each element with high speed and wide angle.  

With electronic 2-D steering capability (i.e. covering azimuth plane and elevation plane), a 

fixed frequency Fabry-Perot antenna configuration is demonstrated in [278]. The authors of 

[278] have presented the beam steering capability of antenna by controlling the leaky-wave 

propagation constant across the antenna configuration. For THz stand-off imaging, a 

programmable THz diffraction grating is achieved using array of metallic cantilevers for a 

wide frequency band 0.15 THz to 0.9 THz [249]. The authors of [249] have used the 

switching technique between different grating patterns so as to facilitate the tailoring of 

spatio-temporal profiles of the THz wave which results into steering the THz beam. The 

beam-steering and beam-forming phenomenon have been presented using array of ultra-

wideband antenna elements [279] wherein a mode-locked laser is deployed to synchronize the 

jitter-free pulses radiated from each antenna element to create a radiated field pattern which 

gets steerable with the help of optical time delay technique. A scalable transmitter architecture 

based on distributed active radiation from the distributed active radiator (DAR) is designed at 
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THz frequency with integrated beam scanning capabilities using silicon [280]. For the desired 

electromagnetic field profiles, the DAR with self-oscillating active electromagnetic structure 

contains two loops which carry on out-of-phase currents at the fundamental frequency in 

addition to the in-phase currents at the second harmonic. The fundamental signal gets 

spatially filtered, at the same time as the second harmonic is radiated selectively. The 

simulation results presented in [280] shows that at 0.28 THz, the beam steers in 2-D over 80 

degrees in both azimuth and elevation planes. 

In this chapter, a novel and simple approach to realize terahertz (THz) dynamic two-

dimensional (2D) beam steering antenna configuration based on (2 × 2) photoconductive 

dipole phased array antenna with FSS is presented with its operation in the range 1.4 THz -

2.2THz for sensing and imaging the hidden explosives carried by some moving object.  

6.3 DESIGN OF (૛ × ૛) PHOTOCONDUCTIVE DIPOLE PHASED ARRAY 

ANTENNA WITH FSS 

The resonant frequency of the photoconductive dipole antenna is determined using the 

relation	 ௥݂ = c/(2݈ୣ[(1 + ୢ) 2⁄ ]ଵ ଶ⁄ 	), where ௥݂  is the resonating frequency, ߝௗ	is the 

dielectric permittivity of GaAs substrate and is taken as 12.9. By putting the values of	ܿ, ߝௗ 

and ݈ୣ , the resonant frequency of the designed photoconductive dipole antenna is 1.95 THz. 

Figure 6.3 shows the schematic of the four elements of photoconductive dipole antennas 

forming an array with FSS for improved directivity.  Moreover, the dimensions of the 

superstrate, substrate and ground are taken as	(110 × 110)	µ݉ଶ, with thickness 1µm, 10µm 

and 0.35µm, respectively. The spacing between photoconductive dipole antennas in an array 

arrangement is taken as λ/2 and for (2 × 2) photoconductive dipole array the spacing between 

two sets of transmission line is also considered as λ/2. In the designed photoconductive dipole 

antenna the length of transmission lines is taken as 110 µm with width and thickness 10µm 

and 0.35µm, respectively. The FSS structure made of copper with thickness 0.35µm is 

followed by the polytetrafluoroethylene substrate.  

Initially, the progressive phase shift is performed in single direction (i.e. along x-axis only), 

the beam steering occurs in E-plane, whereas only the change in magnitude is observed in H-

plane. Similarly, on performing the progressive phase shift along y-axis, the beam steering 

occurs in H-plane along with slight change in magnitude of the main lobe of radiation 

characteristics in E-plane. However, when the progressive phase shift is applied in both the 

directions (x-axis and y-axis) then the beam steering phenomenon occurs in both the principle 
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planes (E-plane and H-plane). The progressive phase shift is applied to the optical sources and 

the biased voltage sources are kept constant with 30 Volts. 

 

 
Figure 6.3: Schematic of (૛ × ૛)photoconductive dipole array antenna used for phased array implementation for 

the beam steering phenomenon operating at 1.95 THz. 

The uniform current distribution is applied individual array element and the results are 

investigated for the scan angle (	0° ≤ ߠ ≤ 40°) where ߮ = 0°. The enhancement in the 

directivity of small-gap photoconductive dipole antenna is achieved by using frequency 

selective surface (FSS). 

6.4 NUMERICAL ANALYSIS AND SIMULATION RESULTS 

Initially, (2 × 2) small-gap photoconductive dipole antenna array with operating frequency 

1.95THz is simulated using transient solver of CST Microwave Studio. The radiation patterns 

3-D as well as 2-D view for directivity (dBi) are obtained in the principle planes for the array 

configuration and is illustrated in Figure 6.4. The simulated results in Figure 6.4(b) show the 

value of directivity 14.2dBi in E-plane with main lobe direction at 354.0 degree. The angular 

width (3-dB) is 29.8 degree with the side lobe level – 9.6 dB. However, in H-plane, the 

directivity is 13.7 dBi with its main lobe direction 0 degree. The angular width (3-dB) is 26.6 

degree having a side lobe level -11.7 dB. Here, the amplitude and the phase of all the four 

optical sources are kept uniform with 1W power input and 0 Degree phase shift. However, for 

the design of phased array antenna and its simulation in CST Microwave Studio, the Transient 
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solver supports several excitation patterns such as uniform distribution, cosine distribution, 

Taylor distribution, Binomial distribution, Chebyshev distribution and Gaussian distribution. 

 
                                      (a)                                                                                             (b) 

Figure 6.4: A far-field radiation pattern (directivity) (a) 3-D view, (b) 2-D view, in both principle planes E and H. 

To determine the beam steering characteristics of the (2 × 2) small-gap photoconductive 

dipole antenna array configuration for THz imaging application, we kept the input power 

from the optical source constant for the simplicity and ease of feasibility of the antenna 

configuration for the desired application. Moreover, a uniform distribution of amplitude 

excitation is provided to each unit of photoconductive dipole array antenna. First of all, the 

progressive phase shift of 10 Degree is performed along x-axis of the optical sources across 

the respective antenna elements. Figure 6.5 shows the simulation results wherein the beam 

steering occurs in E-Plane and in H-Plane only the magnitude changes.  

 

   
                                  (a)                                                                                (b) 

Figure 6.5: The radiation characteristics (directivity, dBi) with beam steering at angle ૙°	(red), ૚૙° (green), 
૛૙°	(blue), ૜૙°	(pink), and ૝૙°	(brown) progressive phase shift along x-axis of (૛× ૛) small-gap photoconductive 

dipole array antenna in (a) E-Plane, and (b) H-Plane. 
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Moreover, it is observed that the proposed phased array antenna configuration successfully 

scans for (	0° ≤ ߠ ≤ 40°) where 	߮ = 0°. The values obtained from the progressive 10 

Degree phase shift along the x-axis for both the principle planes are listed in Table 6.1. 
Table 6.1: The beam steering of (૛× ૛) small-gap photoconductive dipole array antenna for (	૙° ≤ ࣂ ≤ ૝૙°) with 

૚૙° progressive phase shift along x-axis of the array antenna configuration. 
 

 Progressive Phase Shift  
(Degree) 

Main lobe 
directivity  

(dBi) 

Main lobe 
direction (Degree) 

Angular 
width  
(dB) 

Side-lobe 
level  
(dB) 

0 E-Plane 14.2 354 29.8 -9.6 
10 13.8 351 30.9 -8.7 
20 13.3 348 31.1 -6.8 
30 12.9 345 31.2 -5.1 
40 12.4 342 31.4 -3.9 
0 H-Plane 13.7 0 26.6 -11.7 

10 12.7 0 26.7 -11.7 
20 11.4 0 26.8 -11.4 
30 9.71 0 26.9 -9.4 
40 7.93 0 27.0 -7.3 

  

While scanning at every 10 Degree, the main beam shifts by 3 Degrees in E-Plane, however, 

only the magnitude of the main lobe reduces in the H-Plane. However, the decrease in the 

magnitude of the main lobe of the radiation characteristics is contributed by the occurrence of 

the mismatch between the antenna and the feed network with an increase in the phase shift. 

To determine the beam steering phenomenon in H-Plane, the progressive phase shift is 

applied along the y-axis of the (2 × 2) small-gap photoconductive dipole antenna array 

configuration.  

 
                            (a)                                                                                          (b) 

Figure 6.6: The radiation characteristics (directivity, dBi) with beam steering at angle ૙°	(red), ૚૙° (green), 
૛૙°	(blue), ૜૙°	(pink), and ૝૙°	(brown) progressive phase shift along y-axis of (૛× ૛) small-gap photoconductive 

dipole array antenna in (a) E-Plane, and (b) H-Plane. 
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For the scanning range (	0° ≤ ߠ ≤ 40°) with 	߮ = 0° and 10 Degree progressive phase shift 

along y-axis of the array configuration, it is observed that the beam steering occurs in H-Plane 

with very small change in the magnitude of main lobe of the radiation characteristics in E-

Plane. The simulation results are shown in Figure 6.6 and are listed in Table 6.2, respectively. 

On providing the 10 Degree progressive phase shift along y-axis of the array antenna 

elements, the main beam shifts by 1 Degrees in H-Plane, however, only the slight change in 

the magnitude of the main lobe is observed in the E-Plane. 
Table 6.2: The beam steering of (૛× ૛) small-gap photoconductive dipole array antenna for (	૙° ≤ ࣂ ≤ ૝૙°) with 

૚૙° progressive phase shift along x-axis of the array antenna configuration. 

Progressive Phase Shift 
 (Degree) 

Main lobe 
directivity  

(dBi) 

Main lobe 
direction  
(Degree) 

Angular width 
(dB) 

Side-lobe 
level  
(dB) 

0 E-Plane 14.2 354 29.8 -9.6 
10 14.2 354 29.8 -9.6 
20 14.1 354 29.9 -9.5 
30 13.9 354 30.0 -9.4 
40 13.7 354 30.1 -9.2 
0 H-Plane 13.7 0 26.6 -11.7 

10 13.6 359 26.7 -11.3 
20 13.5 358 26.8 -10.3 
30 13.4 357 26.8 -9.4 
40 13.3 356 26.9 -8.6 

For the THz imaging application to detect the hidden explosives there is a need of scanning 

the suspicious object in both the principle planes. Therefore, it is essential to make the ability 

of the highly directive small-gap photoconductive dipole array antenna to scan or to steer the 

main lobe of the radiation characteristics in both the principle planes. To achieve this, the 

progressive phase shift is applied in both directions i.e. in the X-Y-directions of the (2 × 2) 

small-gap photoconductive dipole antenna array antenna configuration.  

     
                                     (a)                                                                           (b) 

Figure 6.7: The radiation characteristics (directivity, dBi) with beam steering at angle ૙°	(red), ૚૙° (green), 
૛૙°	(blue), ૜૙°	(pink), and ૝૙°	(brown) progressive phase shift along x-y-axis of (૛× ૛) small-gap photoconductive 

dipole array antenna in (a) E-Plane, and (b) H-Plane. 
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Figure 6.7 shows the simulation results wherein the beam steering occurs in both E-Plane and 

H-Plane, respectively. The values obtained from the progressive 10 Degree phase shift along 

the X-Y-axis for both the principle planes are listed in Table 6.3. 
Table 6.3: The beam steering of (૛× ૛) small-gap photoconductive dipole array antenna for (	૙° ≤ ࣂ ≤ ૝૙°) with 

૚૙° progressive phase shift along x-y-axis of the array antenna configuration. 

Progressive Phase Shift  
(Degree) 

Main lobe 
directivity 

 (dBi) 

Main lobe 
direction 
 (Degree) 

Angular width 
(dB) 

Side-lobe 
level 
 (dB) 

0 E-Plane 14.2 354 29.8 -9.6 
10 13.8 351 30.9 -8.7 
20 13.2 348 31.1 -6.7 
30 12.6 345 31.0 -5.1 
40 11.9 342 31.5 -3.8 
0 H-Plane 13.7 0 26.6 -11.7 
10 12.9 359 26.7 -10.1 
20 12.2 358 26.9 -9.1 
30 10.7 357 27.3 -7.6 
40 9.7 356 27.7 -6.7 

 

It is observed from the simulation results that the proposed phased array antenna 

configuration successfully scans for (	0° ≤ ߠ ≤ 40°) with 	߮ = 0° and progressive phase 

shift of 10 Degree in both principle planes provides the beam steering by 3 Degrees and 1 

Degree in E-Plane and H-Plane, respectively. Therefore, the obtained beam steering 

capabilities of highly directive (2 × 2) small-gap photoconductive dipole array antenna using 

progressive phase shift at 1.95 THz operating frequency is useful to detect the hidden 

explosive such as RDX and HMX concealed in some baggage or carried by some object 

because such explosives show their absorption spectras at this frequency 

6.5 CONCLUSION 

In this chapter, highly directive (2 × 2) small-gap photoconductive dipole phased array 

antenna at 1.95 THz is presented which can be used in the detection of hidden explosives in 

THz imaging application. The scanning of the beam is primarily performed in single direction 

(x-axis), hence the beam gets steered in one plane, i.e. in E-Plane. With every 10 Degree shift 

of the scan angle, the highly directive beam gets steered by 3 Degree. However, when the 

progressive phase shift is applied in y-axis, then scanning of the beam occurs in H-Plane only. 

In this case, with every 10 Degree shift of the scan angle, the highly directive beam gets 

steered by 1 Degree in H-Plane with small reduction in the magnitude of beam in the same 

direction for E-Plane. Moreover, for the full electronic beam steering, there is a requirement 

to shift the beam in both the principle planes. Therefore, the progressive phase shift is applied 
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along both the x-axis and y-axis. For the scanning range (	0° ≤ ߠ ≤ 40°) with 	߮ = 0°, for 

every 10 Degree progressive phase shift, the main beam gets steered by 3 Degree in E-Plane 

and by 1 Degree in H-Plane, respectively.  
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CHAPTER 7  

CONCLUSION AND FUTURE SCOPE 
Recently, due to unique properties of terahertz wave which are favourable to various 

applications such as non-ionizing radiation, better resolution than a microwave, unique 

spectral absorption, and an ability to propagate through many types of materials, is attracting 

a lot of attention of the researchers and scientists. Further, with significant progress in the 

generation of pulsed terahertz radiation with its importance to THz spectroscopy for the 

diagnostics of different materials and media in medicine, biology, security and technology, 

the powerful research is taking place in the field of terahertz spectroscopy. The most relevant 

and specific features are a very wide frequency spectrum, the real possibility of generation of 

extremely short pulses, and direct detection of radiation electric-field strength within the 

framework of the pulsed THz spectroscopy.  

In this thesis, the main aim is to investigate the pulsed terahertz source particularly, the 

terahertz photoconductive antenna which is employed in pulsed terahertz spectroscopy for 

imaging applications. The choice of simple dipole antenna with small-gap geometry has been 

investigated because of its simplicity in fabrication as well as compatible with device 

integration. The performance limitation of conventional small-gap THz photoconductive 

dipole antenna with low gain and directivity in addition to the small optical-to-THz 

conversion efficiency are the major concerns for its use in security application. Therefore, the 

key modalities of improving small-gap photoconductive dipole antennas performance are 

identified for imaging applications and variants to improve the directivity of photoconductive 

dipole antenna are also investigated.  

However, the conventional photoconductive dipole antenna shows the low directivity and for 

the THz imaging applications a highly directive antenna is required. With the use of a simple 

dipole antenna with thin superstrate and silicon lens, we are able to achieve the directivity of 

10.7dBi and radiation efficiency of 91.59% in both E- and H-plane. Further, by employing the 

proposed equivalent circuit model, the performance of antenna is examined.  The effect due to 

the variation in the photoconductive gap size has been observed for the time-dependent 

physical phenomenon such as time-dependent source capacitance, source conductance and 

radiated voltage. Moreover, several techniques are used to increase the directivity of proposed 

photoconductive dipole antenna. With the use of thin superstrate of LT-GaAs, the directivity 

of photoconductive dipole antenna is increased by 1.67dBi and on further using a silicon lens 
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with this antenna configuration the directivity is increased by 6.59dBi. For the planar 

configuration, the use of frequency selective surface (FSS) results an increase in directivity of 

antenna by 6.16dBi. With the use of silicon lens or frequency selective surface with 

photoconductive dipole antenna, a uniform value of directivity in two principle plane patterns 

is achieved. The use of FSS not only keeps the planar profile of antenna array configuration 

with enhanced directivity but also limits the fabrication complexity as compared to the silicon 

lens. 

Furthermore, for parallelization of THz source in pulsed imaging system to enhance the image 

acquisition speed, there is a need of array assembly of antenna. For this purpose, the design of 

(12) and (22) photoconductive dipole antenna array is proposed. Using array configuration, 

the directivity is increased by 1.89dBi in E-plane and 2.07dBi in H-plane for (1×2) array 

assembly and 5.15dBi in E-plane and 4.76dBi in H-plane for (2×2) array assembly. Further, 

employing FSS as directivity enhancement technique for array assembly the results are also 

obtained. The directivity is increased by 4.55dBi in E-plane and 4.66dBi in H-plane for (1×2) 

array assembly with (2X2) FSS and 6.95dBi in E-plane and 6.96dBi in H-plane for (2×2) 

array assembly with (2X2) FSS. The proposed array antenna with FSS results into planar 

configuration of highly directive radiating THz source for the imaging applications. For THz 

imaging application for the detection of hidden explosives, there is a requirement of scanning 

beam in both the principle planes from the THz source. Therefore, the beam steering 

characteristics of highly directive (2 × 2) small-gap photoconductive dipole antenna with 

phased array configuration is explored. When a progressive phase shift of 10 Degree is 

provided in both x-y-axes, then the beam gets steered by 3 Degrees and 1 Degree in E-Plane 

and H-Plane, respectively. Such compact size, planar configuration of highly directive small-

gap photoconductive dipole phased array antenna is useful in THz imaging application for the 

detection of hidden/ concealed explosives in baggage or carried by some moving object from 

the security point of view. With employing this kind of photoconductive antenna, a new 

imaging scheme can be explored to achieve high imaging resolution, fast imaging speed and 

low system cost which will be an effective and acceptable terahertz imager for standoff 

personal screening. 

However, there are certain design techniques which can be incorporated in the basic structure 

of photoconductive dipole antenna to further improve its performance parameters such as the 

dielectric structure with periodic LT-GaAs strips within gap area and the use of anti-reflection 

coating materials. The use of plasmonic nano-islands in the gap area of photoconductive 
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dipole antenna can enhance the field generated within the gap due to an increase in the 

generated photocarriers. A graphene based artificial magnetic conductor for directivity 

enhancement of photoconductive dipole antenna can be investigated for tuneable antenna 

applications in THz pulsed imaging system.  

Moreover, the proposed THz antenna configurations have been designed for stand-off/ far-

field application for the detection of explosives such as RDX, HMX, and PETN carried by 

people approaching a check-point. For close-range/near-field applications such as screening 

of mail, packages and baggage there is a need of using THz impulse scanning technique. In 

such technique, the time-delayed THz signals are generally utilized to stack an image. 

Therefore, the generation of time-delayed THz beam from the proposed antenna configuration 

to obtain a fine transverse resolution of an image can further be work upon. 
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