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Abstract

Inspite of research and developments in the Terahertz band of frequencies of the electromag-

netic spectrum, this band has not been able to emerge as a favourable band for communication

activities mainly due to unavailability of robust and inexpensive sources and detectors capable

of working at Terahertz frequencies. Terahertz band is sandwiched between the optical and the

microwave regions of the electromagnetic spectrum. One major technical issue is that the fun-

damental working principle of the devices working in the two bands around the Terahertz band

are quite different. Therefore, the sources and detectors used in these two regions fail to perform

when simply scaled to work in the Terahertz region. This fact necessitates development of such

components whose working principle is suitable for the Terahertz frequencies. Various poten-

tially important applications have been envisioned especially in the fields of medicine, security,

defence and short-distance communication. Hence, a proper analysis and design procedure for

efficient Terahertz sources and detectors is a need of the hour. The research reported in this

thesis focuses on the various issues related to design of antenna systems, in the Terahertz band,

which is an essential component of Terahertz band sources and detectors. The work presented

in this thesis analyses in detail novel optoelectronic antenna systems which involve multiple

physical phenomena in their operations. Graphene, in recent times, is emerging as an attractive

material for various applications. This thesis also investigates application of Graphene in design

of conventional as well as Terahertz band antennas.
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1. Introduction

1.1 Introduction

The terahertz (THz) frequency band (0.3-3 THz, ITU) [1] [2] lies in between the infra-

red and millimetre wave band in the electromagnetic spectrum as shown in Figure 1.1. The

wavelength span of this band, 1 - 0.1 mm, gives it its second and well-known name as the

sub-millimetre wave band.

Figure 1.1: The electromagnetic spectrum

Although the THz band had been of interest to interferometry and spectroscopy applications

since the 1920’s [2], significant technological developments towards wireless communication in

this band had been hindered by the lack of efficient and reliable sources and detectors. In fact,

there is a lot of undetected and unnoticed THz energy pervading all universe. Several potential

physical phenomena that go on inside matter and that are detectable only by THz interactions

with the material are yet to be explored [2]. Propagation of THz through materials is expected

to reveal unique macroscopic and physical properties of the internal structure of the material

without the damage associated with ionizing radiations.

With new technical advancements in semiconductor and material science technologies [3],

there has been an increase in efforts towards realization of suitable sources and detectors at

the THz band over the last two decades. Consequently, applications of THz signals to vari-

ous important fields such as biomedical [4, 5], medicine [6, 7], defence and security [8], space

science [9, 10] etc. have also been reported.

The present research work, however, is motivated by the challenges of wireless communi-

cation in the THz band. Wireless communication in the THz band still remains a grey area

because of the lack of suitable, economic and efficient transceivers and relevant sub-systems. In

the following section we re-emphasize the potential and the factors drawing increased interest

2
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towards wireless communications in the THz band.

1.2 Potential of THz Frequencies

In accordance to Edholm’s law, the requirement for bandwidth in point-to-point communi-

cation and other multimedia links has doubled every 18 months over a period of 25 years. From

basic circuit electronics we know that:

Bandwidth =
Frequency
Q − Factor

(1.1)

A thousand fold increase in the net bandwidth requirement from 2010 to 2020 and a per user

data rate requirement of 1 Gbps has been predicted in [11]. In order to support this increasing

demand for more bandwidth and increased speeds, the carrier frequencies have to be increased

further. This pressure has led scientists and researchers to look into the unallocated frequency

bands in the electromagnetic spectrum used for communication purposes. THz frequency band

is one such portion of the EM spectrum which is considered as a no man’s land between mi-

crowave and optical bands. In a recent review [12], the THz band has been identified as the next

frontier for wireless communications with speeds in the range of tera-bits per-second (tbps)

and bandwidths in the range of terahertz. The THz band had already been put to use in appli-

cations such as THz spectroscopy. However with limited developments in the field, the THz

band is yet to be explored from a communication perspective to its full potential. The millime-

ter wave (mm-Wave) band (30-300 GHz) provides enormous bandwidths as well and hence, is

envisioned as the future of 5G mobile and multimedia communications [13].

In the field of communications, the THz frequencies present the potential of development of

nano-networks [14, 15] which seems to be a new communication paradigm. Nano-antennas for

operating in the THz band have also been studied, modelled and developed [16, 17].A concept

of ultra-broadband THz communication, based on directed non-line-of-sight (NLOS) transmis-

sions has been proposed in [18]. THz band also holds potential for applications in development

of THz Nanocells, short-range data-transfer between different devices or modules in the same

device (nano-communications), Kiosk downloading etc. A more detailed discussion about the

3
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1. Introduction

history and advantages about the THz band can be found in literature [2, 12, 19].

Though the need and potential of the THz band for wireless communications is now well un-

derstood, realizing systems at such high frequencies come with challenges which are discussed

in the next section.

1.3 Technological Challenges

As discussed in [12], several research challenges in the THz band are yet to be overcome

to explore its full potential. In the field of design of devices, there is a need to develop new

wide and narrowband transceiver architectures that can operate efficiently and reliably at THz

frequencies. The design must also be able to mitigate the high path-loss at the THz band with

additional features like high power, high intensity and high Signal-to-Noise Ratio (SNR). Sev-

eral alternative technologies have been proposed to this end. However further research is the

need of the hour.

In the area of communication networks, a major amount of research has yet to be done in

channel modelling (for line-of-sight, non line-of-sight, multi-path and noisy environments), net-

work architecture, data modulation and coding schemes (characterization of error environment

and development of efficient error detection and correcting codes), network synchronization,

performance evaluation etc.

1.3.1 Technological Challenges in THz Antenna design and analysis

The realization of the next-generation wireless communication paradigm would indispens-

ably depend on the availability of efficient transmitters and receivers operating at THz frequen-

cies. The antenna being an integral component of any transmitter-receiver system, the main

hurdle towards this objective has come from the lack of proper and efficient antennas capable

of working at THz frequencies. Some of the key technological challenges faced by communi-

cation and antenna-design engineers world-wide have been:

• Scaling of conventional microwave antennas into the THz band.

• Very different source-detector technologies in the infra-red and optical frequency bands.

4
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• High absorption of THz waves in moisture.

• Proper modelling and mathematical analysis for the individual components as well as the en-

tire system.

• Analysis and design procedure for THz antennas.

• Electromagnetic Interference/Compatibility consideration at THz band scales.

• Development of proper simulation and CAD tools.

• Availability of proper testing and experimentation platforms.

• The need of proper micro-fabrication facilities for both laboratory and commercial ends.

1.3.2 Material Science and Technology

Another aspect to add to the above list is the behaviour of materials used in existing antenna

technologies at THz frequencies. The constitutive parameters of the materials ε, µ, σ, which are

fundamentally dispersive and complex in nature, vary with frequency. These variations are rel-

atively negligible at micro-wave band frequencies, but start to matter as the wavelength reduces

from mm to sub-mm wave regions of the spectrum. Many of the contemporary commercial

EM solvers, presently, do not have enough provision of capturing some of these variations and

therefore, at the sub millimeter band of frequencies, there are question marks regarding the re-

liability of the solutions obtained. Therefore, along with an update to the EM solvers, we also

feel the need to look for materials which can be used predictably and reliably at the THz band.

A great deal of exploration and research has been invested in finding appropriate and ef-

ficient radiators, receivers, and data-processing subsystems capable of transmission, reception

and processing of THz signals. Electronic components for working at sub-millimetre wave-

lengths and the materials to fabricate such components have also been investigated. In literature,

the THz Photoconductive Antenna (PCA) [20] and the THz Photomixing Antenna (PMA) [21]

are a popular candidate of choice for THz band sources where the combination of optical and

electrical phenomena produces THz signals. In materials, Graphene [22] with its interesting

and desirable properties has emerged as a popular material of choice for THz band antennas

5
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1. Introduction

Figure 1.2: Antenna structure and operation of PCA

Figure 1.3: Antenna structure and operation of PMA

1.4 Literature Review

Photoconductive effect, in itself, is a well-known phenomenon since mid-1800 and has been

used in several significant applications thereafter. However, utilizing photoconductivity to radi-

ate THz signals was first reported by Auston in 1984 [20] wherein a photoconductive semicon-

ductor material was irradiated with femtosecond wide laser pulses to generate charge carriers

inside a photoconductive material which were accelerated by application of DC bias to give rise

to THz signals. From a perspective of wireless communication this can be marked as beginning

of THz PCA design and we carry out a survey of literature reported henceforth. The working
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principle of a THz PMA is inherently similar to that of a PCA. The differences lie in the mech-

anism of laser illumination, nature of the output signal and the dynamic control of the radiated

signal available in a PMA. That is why the review of existing literature has been carried out for

both PCA and PMA in tandem. For the sake of clarity, Figure 1.2 and 1.3 depict the PCA and

PMA structure and working.

The research work presented in [20] conceptualized the generation and reception of pulsed

THz signals by using two identical PCAs as shown in Figure 1.4 wherein, a response time of 1.6

ps was reported in experiments. The approach reported mitigation of several limitations of the

conventional transmission lines used in study of transient behaviours in materials. An approx-

imate expression of the detector current and radiated electric field was presented but study of

the influence of various geometrical and material factors in the analysis was not considered in

detail. Although, some of these factors were addressed in [23], yet a complete analytical model

was not presented. Radiation characteristics of large aperture PCAs was studied in [24] where

the authors pointed out two main advantages of using large aperture PCAs as: the scalability

of magnitude of the THz pulses with incident optical power and the steering capability of the

main beam with varying angle of optical incidence. The authors compared the generation of

THz pulses from large aperture PCAs in several substrates [25] and found that substrates with

long free carrier lifetimes tend to be more useful for directional radiations. In [26], the authors

further enhance the time resolution in [20] to 380 fs using repetitive optical excitation of the

PCA. Using the Drude model and a frequency dependent mobility model, the authors derive a

time domain material response function to the optical input. Scaling and saturation of radiated

power from large aperture PCAs at high optical fluences have been discussed in [27–29]. Gap

spacings of about 100 µm - 1 mm on the detector PCA were compared in experiments and a gap

of 0.5 mm was found to be very sensitive. Expression for radiated near and far electric fields,

derived from the first principles, have been presented. However, a thorough model of the semi-

conductor dynamics had not been addressed adequately. Effects of the spatial distributions of

the bias voltage and carrier concentrations on the performance of THz PCAs has been discussed

in [30]

7
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Figure 1.4: The Transmitter-Receiver set-up for experiments.

Use of optical heterodyning for emission of continuous wave THz emission have been re-

ported in [21, 31] wherein the authors have demonstrated the use of interdigitated photomixers

to emit continuous wave THz signals. Analytical treatment and optimization of THz PMA de-

sign have been carried out in [32]. The authors also carry out investigation of emission from

different antenna geometries and find that antenna design dominates the output only upto a fre-

quency of 0.6 THz, beyond which, the emission depends predominantly on the geometry of the

active region. Advantages of using a continuous wave THz emitter over a pulsed type have also

been highlighted. The factors that affect the optical to electrical power conversion efficiency has

been discussed. The input impedance and the resonant frequency of a PCA has been discussed

in [33, 34]. Due to the multi-physical phenomena involved in the operation of these antennas,

the analytical model for evaluating the input impedance and resonant frequency differs from that

of a conventional antenna and has to be evaluated for each antenna and its operating conditions.

A comparison of the conventional RF/Microwave antenna technology with photoconductive an-

tenna technology has been discussed in [35]. The authors have also presented expressions for

the antenna efficiency which has been expressed as a product of three distinct efficiencies viz.

laser-to-electrical power conversion, impedance matching and radiation efficiencies.

The accumulation of charge carriers near the electrodes of the antenna, sets up a screening

electric field which directed opposite to the direction of the bias electric field. Another well-

known phenomenon that occurs in accelerated motion of charged carriers is the carrier scattering

due to collisions with neighbouring carriers and phonons. The screening electric field and

8
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carrier scattering inherently limits the magnitude of current density on the antenna and therefore

at higher optical fluences, a saturation effect is seen in the radiation from the photoconductive

antenna. Investigation of the effect of screening electric filed and carrier scattering on the

performance of the antenna has been discussed in [36, 37]. These studies have, however, been

carried out for PCA and can be extended to the continuous wave PMA with some modification

in the mathematical treatment. The radiated power from the THz PCA has been well studied

as a function of the bias voltage, incident optical power, antenna geometry and other relevant

parameters [38, 39].

One of the primary bottlenecks of THz PCAs and PMAs is their low efficiency (reportedly

0-1%). Several attempts at increasing the efficiency of these structures have been reported in

literature. In [40,41], the authors present various factors that impact the overall efficiency of the

PCA. On account of the similarities in the mechanism of operation, some of these factors are

common in case of the efficiency of PMA as well. A comparison, however, of the two antenna

technologies has been discussed in [42]. In order to have a clear understanding of the efficiency,

a detailed model of the energy transformations in the PCA is necessary which can be obtained

through an analytical model of the antenna, which has been attempted in [43, 44]. However,

the model contained few inconsistencies which have been subsequently reported and improved

upon in our recent work [45,46]. In [47,48], the authors attempt to model the photoconductance

in the PCA and identify possible parameters that can be controlled in order to enhance the

optical to electrical power conversion efficiencies. In [49], an interesting technique using steady

magnetic field for increasing the amount of photocurrent and thereby the efficiency of the PCA

has been reported.

1.4.1 Simulation of Photoconduction based antennas

Simulation of PCAs and PMAs in commercially available EM solvers have been limited due

to two primary reasons. Firstly, due to the multi-physics involved in the operation of the pho-

toconductive antenna, commercial EM solvers are not able to model such antennas accurately.

Secondly, dispersive properties of a material that occur at THz frequencies cannot be specified in
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1. Introduction

most of these solvers [50] and therefore, the results produced would be unreliable. A few inter-

esting ways to identify and work around the latter limitation have been reported [51,52] wherein

the authors present intuitive boundary and constitutive parameter definitions which indirectly

account for the dispersive nature of the materials at THz frequencies. However, owing to the

internal solution subroutines of the commercial solvers, such results couldn’t always be relied

upon. The authors also present a comparative study about the prominent EM solvers used for

THz band simulations. Owing to two aforesaid limitations, researchers have attempted to resort

to the well-known and relatively easier-to-code method of solution, the Finite Domain Time Do-

main (FDTD) method for a computational solution of these novel antenna technologies [53,54].

Using the same procedure the authors have also investigated the other related aspects of the THz

PCA [55,56] such as the influence of the different geometries of the electrode-gap, as shown in

Figure 1.5 and 1.6, on the antenna performance. The ‘Interdigitated’ geometry in Figure 1.6 is,

however, used in THz PMAs. An alternate method of solution of THz PCAs has been reported

in [57] wherein the authors use the Fast-Fourier transform (FFT), of the time domain model of

the generated photocurrent, and a full-wave simulation of the same antenna in a commercial

EM solver to convolute the FFT of the photocurrent with the antenna transfer function and then

find the radiated field of the antenna for the particular photocurrent.

Figure 1.5: Basic PCA Electrode-gap geometry

1.4.2 Novel Materials for the THz band

As discussed earlier, after its discovery, Graphene [22] has shown lot of potential appli-

cations in several important areas owing to its remarkable physical, mechanical and electrical
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Figure 1.6: Other studied electrode-gap geometries

properties. Use of Graphene in antenna applications is, however, a relatively new direction [58]

with the advent of micro and nano sized antennas based on Graphene, “Graphenna” [15, 59].

Especially at the THz band, the main advantages of Graphene over metals for antenna applica-

tions are: (a) Graphene supports transverse magnetic (TM) resonant surface plasmon polariton

(SPP) modes even at lower THz frequencies unlike their metallic counterparts [60], (b) the

electron mobility in Graphene, even at nano-dimensions is about 105 times higher than that in

copper [61], (c) the current carrying capacity of Graphene is almost 2-3 orders of magnitude

higher than metals, (d) the electrical characteristics of Graphene can be varied dynamically pre-

senting potential for plethora of applications. Antennas based on Graphene are still within the

research phase and little or no measurement data, especially at the THz band, are available.

Due to the lack of efficient THz signal sources, in recent years, investigations into feeding

techniques for “Graphennas” [62] [63] have gained impetus. Literature reports the application

of THz Photoconductive antenna (PCA) mechanism to feed a Graphenna. However, to the

best of our knowledge little or no literature exists for the application of THz PMA to excite

a Graphenna. PCAs and PMAs are essentially THz sources and do not require separate THz

signal generators.
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1.5 Motivation and Problem Formulation

From the preceding discussion, it has been realised that there is still a persistent need of

efficient sources and antennas for THz band applications, especially from a perspective of wire-

less communication. The potential of the THz band of frequencies for wireless communication

is immense and can be utilized beneficially with the availability of appropriate signal sources

and channels. On the basis of the exhaustive survey of existing literature, we find that a lot of

scope exists in proper analytical modelling and investigation of radiation from photoconduc-

tivity based THz antennas, especially PMAs, which would be a popular choices for THz band

sources. Several issues related to antenna design for practical PMAs are still being investigated

in the research community. In the present research endeavour, we would direct our attention

more towards the topics related to the modelling and analysis of THz band PMAs, and also

look into study and application of Graphene in relation to antennas in the THz and the ISM

band. The following topics, which have surfaced from a voracious review of existing literature,

shall be taken up for a detailed investigation in subsequent works:

• Investigation of the issues and limitations of the conventional microstrip antenna technol-

ogy to be used for THz band applications

• Analytical modelling of carrier generation and current density in THz band PMAs .

• Analytical investigation of radiation from THz PMAs.

• Investigations on Graphene and its applications to the antenna technology.

The above list is, however, an abridged form of the actual content of the present research

work which shall be discussed in more detail in the subsequent chapters of the thesis. In the

subsequent sections, we present a gist of the contributions of this thesis and its organization.

1.6 Major Thesis Contributions

In a broad sense, the contributions of the present research endeavour can be listed as follows:
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• Investigated the issues that arise in extending microstrip antenna design-practices at THz

frequencies.

• Analytical model for carrier generation and conductance of PMAs.

• Derivation of Expressions for the current density and the radiated fields from a PMA.

• Application of Graphene to THz band and low frequency antennas and systems.

• Extraction of GNPs from Graphite and preparation of GNP based conductive ink.

• Fabrication and measurement of GNP based ISM band antenna.

1.7 Thesis Organization

The thesis is organized in six chapters. The content of individual chapters are detailed

below:

In Chapter 1 we provide a general introduction on the THz frequency band and discuss

the significance and potential applications of this frequency band. We present a review of the

relevant literature and emphasize on the motivation and the problem statement of the research

work presented in this thesis. We highlight the major contributions of this research endeavour

and, in conclusion, describe the organization and outline the individual chapters in this thesis.

In Chapter 2, we highlight the issues and limitations of the conventional microstrip antenna

technology and the contemporary commercially available materials when desired for use at THz

frequencies. We present an analysis of conductor properties at THz and the highest frequency of

reliable operation that can be designed with commercially available materials. We also discuss

some of the limitations of the commercial EM solvers in performing THz band simulations.

In Chapter 3, we introduce an alternate, simple and generalized analytical model for radia-

tion from a PMA which combines the multiphysical phenomena occurring in the operation of

the PMA. We discuss, in detail, ways to produce modulation in the output of a PMA. We also

introduce various factors that influence the efficiency of the PMA.
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In Chapter 4, we discuss Graphene, its characteristics and application to the existing antenna

technology. We propose a basic microstrip transmission line with Graphene, as a switch to con-

trol the signal flow, and a semi-circular antenna design with Graphene as a coplanar juxtaposed

element to control the radiation characteristics of the antenna. We propose antenna array de-

sign using Graphene as a switch in a hybrid coupler to cause various phase shifts between the

antenna elements and discuss it in Appendix B.

In Chapter 5, we investigate and analyse the application of Graphene in a THz PMA and

extend our earlier analysis to model this antenna and the radiated fields as well. We discuss the

advantages of using Graphene over metals at THz frequencies. We discuss techniques of ex-

traction of Graphene nano-particles (GNP) from commercially available Graphite. We present

material characterization results of the extracted GNPs and also investigate optimal techniques

of preparation of GNP based conductive inks. These inks can also be made inkjet printable

which can be used in a commercial inkjet printer to print conductive patterns on paper. How-

ever, we introduce an alternate and low cost method of forming conductive patterns on paper

which we have used to design an ISM band antenna on a paper substrate. We fabricate the

antenna and also measure it and present the return loss of this GNP based antenna Appendix C.

In Chapter 6, we conclude our investigations and highlight multiple potential directions for

future research work.
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2. Microstrip Design Issues at THz Frequencies

In this Chapter, we revisit the topic of constitutive parameters of material media and gen-

eralize the definitions of these parameters to understand the dispersion behaviour of materials

at THz frequencies and possibly identify new physical phenomena that might occur at THz fre-

quencies. With the aid of this discussion, we highlight the implicit limitations of commercial

EM solvers in dealing with assuming material parameters suitably, for THz band simulations,

which limits the reliability of results produced from such simulations. We discuss ways to

get around these limitations reported in literature. We plot the constitutive parameters at THz

frequencies for commonly used metals using the analytical model.

In the subsequent part of the chapter, we investigate the feasibility of practical implementa-

tion of a rectangular microstrip antenna (RMSA), reported in literature, at THz frequency band.

We highlight the issues with the design of RMSA at THz frequencies and also present results

of our simulations of two RMSA, one fed at the edge and the other fed inset.

2.1 Material Characterization at Terahertz Frequencies

In the general sense, matter is characterized in terms of three main parameters: permittivity

‘ε’, permeability ‘µ’ and conductivity ‘σ’. Materials with large values of σ are termed as

conductors and those with low values of σ are termed as semiconductors or insulators. For

perfect conductors, σ = ∞ and for perfect dielectrics σ = 0. The permittivity parameter ‘ε’

of a material signifies its ability to capture electric fields within itself. The ratio ε
ε0

is termed

as the relative permittivity or dielectric constant of the material; where the parameter ε0 is the

permittivity of vacuum. Although meta-materials have been engineered to have desired values

of dielectric constants, yet no naturally occurring matter having dielectric constant smaller than

unity has been discovered so far. The dielectric constant of good conductors is unity. In case of

most linear matter, the inductivity or the permeability parameter µ is approximately equal to that

of free space inductivity ‘µ0’. The ratio µ

µ0
= µr is called the relative inductivity or the relative

permeability of the material. For diamagnetic material µ

µ0
' 0.01%; for paramagnetic material

‘µr ≥ 1’. Ferromagnetic materials are non linear materials which have relative inductivity much

greater than unity. In general, materials other than ferromagnetic materials are treated as non
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2.1 Material Characterization at Terahertz Frequencies

magnetic and their relative inductivity is approximated to be equal to unity for the convenience

of analysis.

In case of general linear matter in an electromagnetic field, we can write the constitutive

relations as follows [64]:

−→
D = ε0 ·

−→
E + ε1 ·

∂

∂t
−→
E + ε2 ·

∂2

∂t2

−→
E + · · · (2.1)

−→
B = µ0 ·

−→
H + µ1 ·

∂

∂t
−→
H + µ2 ·

∂2

∂t2

−→
H + · · · (2.2)

−→
J = σ0 ·

−→
E + σ1 ·

∂

∂t
−→
E + σ2 ·

∂2

∂t2

−→
E + · · · (2.3)

where
−→
E
−→
H represent general time varying electric and magnetic fields, respectively, and εn, µn, σn

are weights of higher order terms in Equations ( 2.1),( 2.2) and ( 2.3). For time-harmonic elec-

tromagnetic fields with an angular velocity of ω rad/sec, the above equations may be written

as:

−→
D(ω) = ε0 ·

−→
E + jωε1

−→
E + ( jω)2ε2

−→
E + · · · (2.4)

−→
B(ω) = µ0 ·

−→
H + jωµ1

−→
H + ( jω)2µ2

−→
H + · · · (2.5)

−→
J (ω) = σ0 ·

−→
E + jωσ1

−→
E + ( jω)2σ2

−→
E + · · · (2.6)

We segregate the real and imaginary parts in the above equations and rewrite them as follows:

−→
D(ω) = (ε′(ω) − jε′′(ω))

−→
E (2.7)

−→
B(ω) = (µ′(ω) − jµ′′(ω))

−→
H (2.8)

−→
J (ω) = (σ′(ω) − jσ′′(ω))

−→
E (2.9)

As evident, both real and imaginary parts are functions of frequency. The value of the bulk

conductivity of a material is an important parameter that determines its behaviour in an electro-

magnetic field. In the next section, we discuss the intrinsic bulk conductivity of materials.
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2. Microstrip Design Issues at THz Frequencies

2.2 Intrinsic Bulk Conductivity Model

The bulk conductivity of a material determines the nature of the nature of EM wave prop-

agation in the material. Using Equations (2.7), (2.8) and (2.9) in Maxwell’s equation, we can

write:

∇ ×
−→
H = [(σ′(ω) + ωε′′(ω)) − j(σ′′(ω) − ωε′(ω))]

−→
E

= [σ′e f f (ω) − jσ′′e f f (ω)]
−→
E

= jω[(ε′(ω) −
σ′′(ω)
ω

) − j(ε′′(ω) +
σ′(ω)
ω

)]
−→
E

= jω[ε′e f f (ω) − jε′′e f f (ω)]
−→
E

= jωε0[ε′r,e f f (ω) − jε′′r,e f f (ω)]
−→
E

(2.10)

From the 2nd and 5th steps in the above simplifications, we can write:

σe f f (ω) = jωε0εr,e f f (ω) (2.11)

where

σe f f (ω) = σ′e f f (ω) − jσ′′e f f (ω) (2.12a)

εr,e f f (ω) = ε′r,e f f (ω) − jε′′r,e f f (ω) (2.12b)

An accurate model of the behaviour of the frequency dispersion in normal materials is given

by the Classical Relaxation Effect (CRE) model. In this model, the intrinsic bulk conductivity

of normal metals at room temperature is given by [50]:

σ(ω) =
σ(ω = 0)
1 + jωτ

= (
σ(ω = 0)
1 + ω2τ2 ) − j(

ωτσ(ω = 0)
1 + ω2τ2 )

= σ′(ω) − jσ′′(ω)

(2.13)
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2.2 Intrinsic Bulk Conductivity Model

where τ is the scattering (or, relaxation) time for free electrons in the metal (i.e. mean time

between collisions).

In commercial EM solvers such as HFSST M and CST-MWST M, two other models are em-

ployed which are indeed simplified versions of the CRE model viz.: the “simple relaxation ef-

fect model” and the “classical skin effect model”. The simple relaxation effect model does not

take into account the imaginary part σ′′(ω) of the CRE model in Equation (2.13). The classical

skin effect model takes only the DC intrinsic bulk conductivity σ(ω = 0) into consideration.

Thus using both these approximate models at higher frequencies may lead to inaccurate results.

Further, both the EM solvers do not provide means to directly provide user defined complex in-

trinsic bulk conductivity values into the solver. Although the software accepts complex values,

but during solution process the imaginary part of the values are ignored leading to inaccurate

results.

In order to incorporate the CRE model into HFSST M, [50] came up with a logical way,

termed as the “effective relaxation effect model”, in which the imaginary part of the complex

conductivity is entered along with the real part of the complex effective dielectric constant using

Equation (2.11) as follows:

ε′r,e f f (ω) = 1 −
σ′′(ω)
ωε0

(2.14)

Using Equations (2.10),(2.11) and (2.12), we can write the expressions for the effective

permittivity εe f f (ω) and the loss tangent tanδe(ω) as [52]:

εe f f (ω) = ε′e f f (ω)(1 − jtanδe(ω)) (2.15)

tanδe(ω) ≡
ε′′r,e f f (ω)

ε′r,e f f (ω)
=
σ′e f f (ω)

σ′′e f f (ω)
(2.16)
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2. Microstrip Design Issues at THz Frequencies

2.3 Surface Impedance and Skin Depth Calculations

In general, the characteristic impedance (for eg. surface impedance of a metal Zs) of a

material is defined as:

η =

√
µ(ω)
εe f f (ω)

=

√
jωµ(ω)
σe f f (ω)

=

√
jωµ(ω)

σ(ω) + jωε(ω)
≡ Zs (2.17)

where µ(ω) = µ′(ω) − jµ′′(ω) and εe f f (ω) has been defined in Equation (2.11). With normal

materials, the frequency dispersion in magnetization can be neglected such that µ′(ω) = µ0µ
′
r

and µ′′(ω) = 0. At terahertz frequencies, µ′r ∼ 1 [52]. If the conductivity of the metal is assumed

to be sufficiently high such that σe f f � σ(ω), Equation (2.17) can be written as:

Zs = Rs + jXs =

√
jωµ0µ′r
σ(ω)

(2.18)

Using the CRE model mentioned above, we calculate the surface impedance and skin depth as

follows [50]:

Zs(ω) =

√
jωµ0µ′r
σ(ω = 0)

√
1 + jωτ (2.19)

Skin Depth:

δs =
1

Attenuation Constant, αs

=

√
2

ωµ0µ′rσ(ω = 0)

√
1 + ω2τ2

√
√

1 + ω2τ2 − ωτ

(2.20)

For typical metals such as Gold, Silver, Copper and Aluminium, the value of scattering life-

time τ is of the order of 10−15 seconds. Using the above relations, we can calculate the intrinsic

bulk conductivity, effective dielectric constant and surface impedance from the CRE model

and incorporate the calculated values as user-defined inputs into the EM solvers for THz band

simulations.

2.4 Plots of THz material parameters

Below we show the variation of the effective bulk conductivity, effective dielectric constant

and loss tangent of four metals calculated on the basis of CRE model at terahertz frequencies:
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2.5 Rectangular Microstrip Antenna at Terahertz Frequency

Figure 2.1: Real and Imaginary Parts of Complex Intrinsic Bulk Conductivity

In the plots, we can clearly see the increase of the imaginary part of the conductivity with

frequency. Therefore at higher frequencies such as THz, neglecting the imaginary part of the

conductivity in simulations could yield unreliable results. The increase in the imaginary part

of the conductivity contributes to the real part of the effective dielectric constant and the loss

tangent which are shown in the figures below:

Figure 2.2: Real and Imaginary Parts of Complex Effective Dielectric Constant

One important point to note here is that practical measurements on the electromagnetic

fields, yield the effective values of the constitutive parameters from which the absolute param-

eters need to be derived using the equations presented above.

2.5 Rectangular Microstrip Antenna at Terahertz Frequency

Since the ambit of terahertz frequency overlaps with the microwave and visible-optics re-

gions, an extension of the antenna technology in the either of the two bounding regions would

a plausible idea. Intuitively, RMSA with microstrip feed, which have proved to be successful
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2. Microstrip Design Issues at THz Frequencies

Figure 2.3: Loss Tangent

radiators in the millimeter wave region, can be scaled appropriately to be used as antennas at

sub-millimeter wavelengths. Recent works [65] show the simulation results of RMSAs on com-

mercially available substrates for a frequency range of 0.7-0.85 THz. The substrate used for the

simulation is Rogers RT/Duroid 6006 substrate with a dielectric constant of 6.15 and a loss

tangent of 0.0019. Before proceeding to design considerations of RMSAs in the sub-millimeter

wave region, let us first revisit the basic structure and principle of operation of a RMSA.

2.6 Basic Structure and Operation of RMSA

A RMSA, in its most basic form, consists of a rectangular metallic patch printed onto a

dielectric substrate with a ground plane printed onto the other side of the substrate as shown

in Figure (2.4) below. ‘L’ and ‘W’ are the length and the width of the microstrip patch respec-

tively. As shown in the Figure, the height of the dielectric substrate is ‘h’ and the thickness of

Figure 2.4: Basic Structure of RMSA

22

TH-2444_126102008



2.7 Design Considerations for RMSA

the metallization is ‘t’.Several feeding techniques to excite the RMSA have already been well

discussed in literature [66]. Also, analytical modelling and standard design procedure for a

RMSA have also been formulated.

The length ‘L’ of a RMSA is determined by the desired resonant frequency for which the

RMSA is designed. The width ‘W’ of the RMSA, however, mainly determines the gain, band-

width and the input impedance of the antenna. The bandwidth of the RMSA is inversely propor-

tional to the square-root of the dielectric constant of the substrate. Therefore a thick substrate

with low dielectric constant is usually preferred to obtain a wider bandwidth. The RMSA can

be, in other terms, visualized as λ
2 section of a wide microstrip line. At a particular instant of

time the field distribution for the fundamental T M10 mode in the patch is given as shown in

the Figure (2.5) below. In the next half cycle of operation, the fringing fields will invert their

Figure 2.5: T M10 mode field configuration in the RMSA [64] [67]

direction. If the fringing fields are decomposed into their vertical and horizontal components in

a rectangular coordinate system, we observe that the vertical components are always opposite

in direction to each other and hence cancel out. However, the horizontal components are paral-

lel at all instants but only vary in magnitude. This change in the fields cause radiation from a

RMSA. Thus, in effect, the radiation from the RMSA can be visualized as due to two narrow

radiating slots/windows along its width ‘W’ as shown in the Figure (2.6).

2.7 Design Considerations for RMSA

Conventional RMSA design has been standardized for the microwave frequency range of

upto a few tens of Gigahertz where the designed RMSA performs desirably. The different
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Figure 2.6: Radiating and Non-radiating edges in RMSA

design parameters for the RMSA are discussed below.

2.7.1 Substrate selection

The first and one of the crucial steps in any microstrip antenna design is the choice of proper

antenna substrate. The substrate in any microstrip antenna is provided to offer mechanical

support to the antenna element. The presence of the substrate beneath the patch metallization

affects the radiation properties as well as the input impedance of the antenna. Thus a substrate

material which satisfies both the electrical as well as the mechanical requirement criteria has to

appropriately chosen. The dielectric constant of the substrate εr is an important parameter in

that determines the dimensions of the microstrip antenna.

Once a proper substrate is selected, the first step is to determine the effective dielectric

constant εe f f of the microstrip configuration with the selected substrate. This quantity is of

extreme importance due to the fact that the fringing fields at the microstrip edges do not entirely

lie in the dielectric substrate and a portion of these fields lie in the air medium. The effective

dielectric constant expression for the RMSA structure is an empirical relation given by [68]:

εe f f = (
εr + 1

2
) + (

εr − 1
2

)[

√
W

W + 12h
] (2.21)

Here the RMSA width ‘W’ is determined using Equation (2.22).The above equation for deter-

mination of effective dielectric constant is valid for W
h > 1.

24

TH-2444_126102008



2.8 Issues at Terahertz Frequencies

2.7.2 RMSA Dimensions

The width and length of RMSA patch element required to resonate at a frequency fr is

calculated using the following equations:

W =
c

2 fr

√
εr+1

2

(2.22)

L = Le − 2∆L (2.23)

In Equation (2.22), ’c’ is the velocity of electromagnetic waves in free space. Fringing of the

electric field lines along the edges of the patch causes the effective length of the microstrip

patch to be apparently longer than physical length of the patch on both the radiating edges.

The quantity Le is, hence, the effective length of radiating patch which determines the resonant

frequency fr and so has to be equal to half of the wavelength corresponding to fr in the substrate.

The value of the effective length is the given by:

Le =
c

2 fr
√
εe f f

(2.24)

The quantity 2∆L is the total extension in the physical length due to the fringing fields on

both the radiating edges. This extension depends on the width-to-height ratio of the substrate

and is calculated using Equation (2.25).The actual length of the designed RMSA is, hence, the

shortened by 2∆L.
∆L
h

= 0.412 ·
(εe f f + 0.3)

(εe f f − 0.258)
·

(W + 0.264h)
(W + 0.8h)

(2.25)

2.8 Issues at Terahertz Frequencies

The above standard design procedure gives RMSAs with desired performance with an error

as low as ±1.2% [66]. Although the above procedure gives desired antenna performance upto

few tens of gigahertz, as the frequency is increased to few hundreds of gigahertz, several issues

have to be further considered for a RMSA design and the design considerations become more

subtle and counter-intuitive. We discuss the different design considerations to be taken care of
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2. Microstrip Design Issues at THz Frequencies

for design of RMSAs at higher frequencies below.

2.8.1 Substrate Selection

A careful selection of substrate with appropriate dielectric constant is crucial at higher fre-

quencies of the order of THz (1012Hz). The dielectric constant of the substrate material stated

in the data-sheet of the material is often the one measured within a frequency range of 10Ghz-

40GHz at room temperature. Hence, using such a substrate for antenna design at resonance

frequencies more than 40GHz would give erroneous results in practice, although simulation re-

sults would show no effect because the validity of the value of εr is not checked in any of the

commercially available EM Solvers (HFSST M, CST-MWST M etc.). In [65], the author uses the

value of εr = 6.15 for RT/Duroid 6006 in their design at a resonant frequency of 742.15GHz.

However, this value of εr is measured at 10 GHz, 23oC as per standard data-sheets from Rogers

Corporation. As per the data-sheet of RT/Duroid 6006, the measured dielectric constant in the

range from 8 GHz-40 GHz is εr = 6.45 which is still lower than the desired resonant frequency

of the RMSA thereby bringing potential uncertainty in the simulated results.

RT/Duroid 6006 laminates are Ceramic-PTFE composites designed for electronic and mi-

crowave circuit applications requiring a high dielectric constant. In [69] [70], PTFE has been

found to have almost constant values of εr = 2.06 and tanδe = 0.0004 upto a a frequency

of about 3THz as shown in Figure(2.7). However, Rogers Co. does not provide any data

Figure 2.7: εr and tanδe of PTFE at Terahertz Frequencies [69]
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for Ceramic-PTFE composites at higher frequencies than 40GHz. So use of Ceramic-PTFE

composites for antenna design at higher frequencies are prone to uncertain practical perfor-

mance. [70], for the first time, characterizes few high frequency laminates (RO3003,RO3006

and RO3010) manufactured by Rogers Co. and reports that due to high ceramic filling and

possible void spaces in the material the dielectric constant as well as the loss tangent values of

these ceramic-PTFE composites are high at high frequencies. Figure (2.8) shows their results:

Therefore, the choice of substrate material should be such that the values of εr and tanδe are

Figure 2.8: εr and tanδe of RO3003,RO3006 and RO3010 at Terahertz Frequencies [70]

available at/around the desired design frequency of the antenna. If the values of εr and tanδe

are frequency dependent, care has to be adopted to provide these values to the EM Solver at

the time simulations. Most of the commercial EM solvers allow user defined data entries to be

adopted during simulations.

2.9 Height of the substrate of the RMSA

As the height of the substrate increases, the fringing of the fields from the edges increase.

This increase in the fringing effect increases the length extension, ∆L and the effective length

Le, which decreases the resonance frequency for the dominant TM10 mode. On the other hand,

as ‘h’ increases, the W
h ratio reduces, which reduces εe f f and hence increases the resonance

frequency. However, the effect of the increase in ∆L on the change in the resonant frequency is
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Table 2.1: Details of Rogers High Frequency Laminates

Dielectric
Materials εr tanδ

Thickness
(mm)

Highest Operating
Frequency

(THz)
RO 4730JXR 3.00 0.0033 0.780 0.1359
RO 4725JXR 2.55 0.0026 0.780 0.1442

RO 3210 10.80 0.0027 0.250 0.2468
RO 3206 6.60 0.0027 0.250 0.3076

RT/Duroid 6035HTC 3.60 0.0013 0.254 0.3891
RO 3203 3.02 0.0016 0.250 0.4229
RO 3010 11.20 0.0023 0.130 0.4669

RT/Duroid 5880LZ 1.96 0.0027 0.254 0.4851
RT/Duroid 6010.2LM 10.70 0.0023 0.127 0.4880

RO 4003C 3.55 0.0027 0.203 0.4896
RO 3006 6.50 0.0020 0.130 0.5954

RT/Duroid 6006 6.45 0.0027 0.127 0.6115
RO 3035 3.60 0.0017 0.130 0.7603
RO 3003 3.00 0.0013 0.130 0.8153

RT/Duroid 6002 2.94 0.0012 0.127 0.8409
RT/Duroid 6202 2.90 0.0015 0.127 0.8452
RT/Duroid 5870 2.33 0.0012 0.127 0.9147
RT/Duroid 5880 2.20 0.0009 0.127 0.9331

RO 4350B 3.66 0.0037 0.101 0.9723

dominant over that due to a reduction in εe f f . Therefore, an increase in ‘h’ effectively reduces

the resonant frequency of the RMSA. Using the discussion presented in [67], we can, in a way,

determine an upper bound on the operating frequency of the RMSA, whilst being good radiator,

for a given height of the substrate as follows: as mentioned earlier, Equation (2.21) is valid if

the width-to-height (W
h ) ratio is greater than unity. In the limiting case, i.e. when W

h = 1, we

obtain the maximum resonating frequency for a given substrate material using Equation (2.22)

as follows [67]:

fr,max =
c

2h
√

εr+1
2

(2.26)

Clearly, thinner substrates would offer higher resonant frequencies. We use the smallest possible

thickness given in the data-sheets of several High-Frequency laminates provided by Rogers

Co. and calculate the upper bound on the operating frequency that can be obtained using that

laminate. The results are shown in Table (2.1) below:
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2.10 Design of Coplanar Antenna Feed at Terahertz Frequencies

Table (2.1) is important because antenna designs carried out without due consideration of

the upper limit of the resonant frequency may lead to designs which are not practically valid.

For example, in [65], the author uses a 200µm thick dielectric RT/Duroid 6006 substrate with

antenna dimensions of 600µm × 400µm. The following points are worth noting:

• As per Equation (2.26), for a chosen thickness, the upper bound on the operating fre-

quency for a satisfactory operation is=0.3964 THz. However, simulation results by the

author show resonance at 742.15 GHz. This discrepancy is not addressed by the author.

• If in case we assume the antenna to show a resonance at 742.15 GHz, the half-wavelength

dimension which, in fact must be the effective length of the RMSA , is given by Equa-

tion (2.24) = 94.753µm. The physical length of the antenna, which when calculated using

Equation (2.23), must be= -55.907µm. Clearly, this does not lead to a valid design.

2.10 Design of Coplanar Antenna Feed at Terahertz Frequencies

In conventional RMSAs designed at lower GHz frequencies, the width of a feed line, on a

substrate with thickness ‘h’, with a given characteristic impedance Z0 can be calculated using

[71]:

W
h

=


8eA

e2A−2
W
h < 2

2
π
[B − 1 − ln(2B − 1) + εr−1

2εr
{ln(B − 1) + 0.39 − 0.61

εr
}] W

h > 2
(2.27)

Where the parameters A and B are given by:

A =
Z0

60

√
εr + 1

2
+
εr − 1
εr + 1

(0.23 +
0.11
εr

) (2.28)

B =
377π

2Z0
√
εr

(2.29)

Conventionally, characteristic impedance of standard transmission line sources are generally

50Ω, 75Ω, 100Ω, 150Ω etc. At high frequencies in the order of THz, conventional feed design

strategies for designing feed lines at lower characteristic impedances on commercially available

high-frequency laminates lead to a condition where the width of the feed line almost approaches

the width of the antenna or even more. For example, in order to design a standard 50Ω feed
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line on RT/Duroid 6006(εr = 6.15), the width of the line on the commercially available 127µm

substrate is 187.02µm. If we want to design a RMSA resonant at 0.6THz on this substrate, the

width of the antenna is 132.13µm. Clearly, the width of the antenna is smaller than the width

of the feed line thereby rendering the design ineffective. On the other hand, if we design a feed

line at 100Ω on the same substrate, the width of the line is 7.52µm. Thus, at high frequencies,

coplanar feeding is feasible at higher characteristic impedances. Further, a high impedance feed

line can directly be edge-fed to the RMSA as the impedance at the edges of the patch is usually

high.

Although the design of feed lines with lower characteristic impedances is difficult on com-

mercially available substrates, custom made thinner substrate could always be used which are

thinner than the commercially available ones. For example, width of a 50Ω line on a 10µm

thick RT/Duroid 6006(εr = 6.15) substrate is around 15µm, which is well acceptable for RMSA

design at 0.6THz.

2.11 Effect of Metallization Thickness

The thickness of metallization ’t’ in RMSA design is taken into consideration during cal-

culation of effective width of the radiating edge of the patch antenna. The effective width of a

patch is given by the following relations [67]:

We =
2πh

ln[ hF
W′ +

√
1 + ( 2h

W′ )
2]

(2.30)

where

F = 6 + (2π − 6) exp
−4π2

3
(

h
W ′

)
3
4 (2.31)

and

W ′ = W + (
t
π

)[1 + ln{
4√

( t
h )2 +

( 1
π )2

( W
t +1.1)2

}] (2.32)

Here W is the initial width of the patch calculated using Equation (2.22). The above equations

are ±0.2% accurate for 0.01 ≤ W/h ≤ 100 and εr ≤ 50. It can be easily predicted from

Equation (2.32) that with increasing value of ‘t’, the contribution from the second term in the
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equation increases, signifying the effect of the metallization thickness in calculation of the

effective patch width. For t
h ∼ 0, we have W ′ = W i.e. at very low values of metallization

thickness, its effect can be ignored in the calculations.

Figure 2.9: Geometry of the Edge-Fed Antenna

Figure 2.10: S-parameters and Z-parameters for the edge-fed antenna geometry

2.12 Simulation of Rectangular Microstrip Antenna

On the basic of the logical reasons forwarded in the preceding section, we try to design and

simulate a RMSA with the following specifications:

• Resonant Frequency: 742.15GHz.
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Figure 2.11: Gain Plots for the edge-fed antenna geometry

Figure 2.12: Geometry of the Inset Fed Antenna

• Substrate Material: RT/Duroid 6006.

• Substrate Dielectric Constant: 6.15.

• Width of Antenna: 106.896µm.

• Length of Antenna: 78.744µm.

• Width of substrate: 3 times antenna width.

• Length of Antenna substrate: 3 times antenna length.

• Height of Substrate: 10µm.

• Thickness of Metallization: 0.0025µm.

• Simulation Platform: HFSST M Version 15
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Figure 2.13: S-parameters and Z-parameters for the inset-fed antenna geometry

Figure 2.14: Gain Plots for the inset-fed antenna geometry

• Type of Feed: Wave Port.

We adopt two different feeding strategies: Edge feeding and Inset Feeding. The geometries

of the antennas using the two feeds are shown in Figures 2.9 and 2.12 respectively. In the next

section, we present the results of simulating these two antenna geometry and also discuss the

inferences.
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2.13 Edge and Inset Fed Antenna Simulations

From the various plots, it can be clearly seen that impedance matching at high frequencies

is quite difficult and new strategies have to be improvised for a good match. The gain of the

antenna is low although it shows resonant behaviour. From the Z11 parameter plots, it is evident

that the antenna is exhibiting a series R-L-C resonant circuit behaviour with the reactive part

crossing over from capacitive to inductive at resonance.

2.14 Conclusion

In this chapter, we have presented a revisit on the constitutive relations of matter and gener-

alize them to be suitable for extension to the THz frequency band as well. We also discuss the

issues regarding implementation of microstrip antenna technology at THz band.
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3. Terahertz Photomixing Antenna

In this chapter, we introduce and discuss an alternate and simple generalized electromag-

netic wave based model of THz radiation from PMAs combining a basic 2-ray model, semicon-

ductor device physics and EM model. We derive analytical expressions that model the current

densities set-up in the antenna and deduce expressions for radiated fields due to these currents.

Extending our analytical model, we further introduce and investigate a technique for producing

signal modulation in the PMA to make it suitable for application in wireless communications.

We compare the results obtained from our model with available measured results, reported in

literature, and find reasonably close agreements.

In the rise of novel materials, suitable for THz applications, Graphene has been identified

as a potential choice for antenna applications in the THz band. We present a basic introduction

to Graphene and its characteristics in Chapter 4. Due its preferability for THz applications,

we extend the analysis presented in this chapter and propose a novel Graphene based PMA in

Chapter 5 and present useful simulation results of the PMA therein.

3.1 Motivation

As highlighted in Chapter 1, THz PMAs are amongst the promising devices that can gen-

erate CW radiation in the THz frequency range. The popularity of PMAs, from a wireless

communication perspective, can be attributed to the two facts that no separate signal generators

are required for obtaining The working principle of these antennas has been explained in detail

in the subsequent section.

Although THz PMAs have been significantly investigated [21, 32, 72, 73], these analyses

have, predominantly, dealt with equivalent circuit models of PMAs. An analytical model of

radiated fields, incorporating the multi-physical phenomena, in the THz PMA has not been

addressed adequately. Furthermore, the feasibility of signal modulation, which is an inextri-

cable part of any communication link, on a THz PMA has not been investigated aptly. Signal

modulation on a PMA is critical for the PMA to be suitable for wireless communications.

In the subsequent sections, we shall begin with an introduction to the basic geometry and

operation of a PMA and then proceed to present its analytical model.
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3.2 Geometry of Inter-digitated THz PMA

A conventional PMA geometry consists of metallic electrodes with inter-digitated pattern

over a photoconductive substrate, most commonly Low-Temperature Grown Gallium Arsenide

(LTG-GaAs) [74], as shown in Figure 3.1 below. For the purpose of our analysis, we show the

geometry of a single finger in the inter-digitated structure of the PMA in the inset of Figure 3.1.

Figure 3.1: Geometry of a THz PMA. (Inset) Enlarged view of a portion of the active region.

The metallic electrodes are connected to a DC bias source (Vbias) which creates an electric field

within the gaps of the inter-digitated fingers of the PMA. The minimum thickness of the LTG-

GaAs substrate is determined by the maximum penetration depth of the laser wavelength in

the material of the substrate. Usually, substrate thicker than the maximum penetration depth is

used. Additionally, for collimation of the output radiation, a silicon lens is used on the rear side

of the substrate, i.e. surface opposite to the one containing the electrodes [75].

3.3 Working Principle of PMA

The operation of a PMA utilizes the phenomenon of optical heterodyning. Two laser sources

impinge onto the inter-digitated region of the PMA and give rise to electron-hole pairs, in the

substrate, at the beat frequency which is the difference between the two incident laser fre-

quencies. The region of the photoconducting substrate within the inter-digitated finger-gaps,

uncovered by the metallic electrodes, is exposed to incident optical fluence and takes part in the

carrier generation process. This region in the substrate is called the active region of the PMA.

For Ne inter-digitated electrode fingers (anode + cathode fingers), assuming a laser penetration
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depth of LLTG−GaAs (≈ 1 µm at λ ∼ 800 nm), we find the volume of the active region in the

substrate as

V = A × LLTG−GaAs = wgLLTG−GaAs(Newe + (Ne − 1)(Le + wg)) (3.1)

where A is the total surface area of the substrate which is illuminated by incident phonons.

The total area of illumination being relatively small compared to a typical laser spot size, we

assume a uniform illumination over the entire active region. The parts of the LTG-GaAs covered

by metallic electrodes at the inter-digitated region would not be exposed to the illumination and

we exclude these in the expression for A. The contributions from the corner regions, however,

have been included in Equation (3.1). In case of very wide electrodes i.e. for we/wg � 1, the

contribution from the corners can be neglected.

The optically generated charge carriers, in the active region, are then accelerated due to the

field generated by the application of Vbias. The acceleration of the charge carriers in the field

gives rise to time varying currents densities. These time varying current densities at the active

region in the PMA gives rise to the EM radiation from the PMA. Due to the presence of the

substrate, which has εr > 1 most of the radiated energy is directed into the substrate which then

gets collimated by the use of a silicon lens as discussed above.

3.4 2-Ray Model of laser incidence

As discussed in the previous subsection, two above band-gap, continuous-wave (CW) and

moderate-power laser beams, with average powers PL1 and PL2 respectively, are focused to

illuminate the active region of the LTG-GaAs substrate. The angles of incidence (AOI) of

the two beams are θ1 and θ2 respectively, as shown in Figure 3.2. The angular frequencies,

ω1 = 2π f1 and ω2 = 2π f2, of the two laser sources, are chosen appropriately to produce a beat

frequency in the THz region.

We assume the incident beams of the lasers at the point of incidence (z=0), to be plane

waves, as used in the analysis of photodetectors [76]. We analyse two distinct cases in which

we consider the beams to be linearly polarized: case (a) “normal” (s-polarized) and case (b)
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Figure 3.2: 2-Ray model for AOI of the two laser sources.

“parallel” (p-polarized) to the plane of incidence (y-z plane in Figure 3.2). Any arbitrary polar-

ization may be expressed as an apt superposition of the above cases. For the cases (a) and (b),

with respect to Figure 3.2, we obtain the following expressions for electric fields

−→
E a

i = âx|
−→
E a

i |e
j(i−1)ζe− j|

−→
k i |((−1)(i−1)ysinθi+zcosθi)e jωit; i = 1, 2 (3.2)

−→
E b

i = |
−→
E b

i |(−âycosθi + (−1)(i−1)âzsinθi)e j(i−1)ζe− j|
−→
k i |((−1)(i−1)ysinθi+zcosθi)e jωit; i = 1, 2 (3.3)

For additional generalization, in the above equations, we include a relative phase difference of

ζ between the laser beams. Also, |
−→
k 1| and |

−→
k 2|, are the wave-numbers of the two laser sources.

The z-component (with respect to Figure 3.2) of the Poynting vector determines the amount

of the instantaneous optical power incident onto the photoconductor. The component of the

Poynting vector parallel to the interface does not contribute to the carrier generation process

and hence is not a part of the present model.

In both cases (a) and (b), using equations (3.2) and (3.3), we can calculate the instantaneous

incident optical power density at the active region which results to the same expression, given

as

Pinc =PL1cosθ1+PL2cosθ2 +
√

PL1PL2(cosθ1+cosθ2)cos(ωt−y(|
−→
k1|sinθ1+|

−→
k2|sinθ2) −ζ) (3.4)
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The term ω in Equation (3.4) is the difference between the two laser angular frequencies, i.e.

ω = |ω1 − ω2|. The frequency of the term containing (ω1 + ω2), obtained in optical heterodyn-

ing [76], would be too high to effectively modulate the carrier density of the photoconductive

material and so, it has been dropped in Equation (3.4). Although the net electric and mag-

netic fields at the point of incidence would depend on the polarization of the incident beam, the

average power incident onto the photoconductor surface is independent of the polarization.

The radiated electric and magnetic fields from the PMA involves equations (3.2) and (3.3).

The and are presented in Section 3.9.

3.5 Formulation of the Carrier Concentration and Conductance

The charge carrier concentration in the active volume changes with the variations in Pinc(t).

The conductance of the active volume, which depends on the mobile charge carrier concentra-

tion, also varies with Pinc(t). At any time instant t, the average concentration of mobile charge

carriers n(t) in the active volume of the photoconducting substrate material follows the continu-

ity equation given as [45, 46],

dn(t)
dt

=
ηe(1 − |Γ|2)APinc

hνV
−

n(t)
τ

(3.5)

where ηe is the wavelength dependent external quantum efficiency (number of photo-carriers

generated per incident photon), Γ is the wavelength dependent reflectivity at the air–LTG-GaAs

interface (Γ = 0.318 [44]), τ is the average carrier lifetime in the photoconducting substrate

(τ ≈ 0.6ps [72]) of the PMA and ν is the beat frequency component i.e. ν = | f1− f2|. We neglect

the spatial variations of ηe assuming it to be uniform over the effective area of illumination.

We solve Equation (3.5) for n(t) by substituting the power density given by Equation (3.4) and

obtain:

n(t) = KP0

[
1 +

m
√

1 + ω2τ2
sin

{
ωt − φ − ζ + tan−1

(
1
ωτ

)}]
+ ninte

−t
τ (3.6)

where
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K =
ηe(1 − |Γ|2)τ
hνLLTG−GaAs

(3.7a)

φ = y(|
−→
k 1|sinθ1 + |

−→
k 2|sinθ2) (3.7b)

P0 = PL1cosθ1 + PL2cosθ2 (3.7c)

m =

√
PL1PL2(cosθ1 + cosθ2)

P0
(3.7d)

nint is the intrinsic carrier concentration of LTG-GaAs at room temperature (for GaAs, nint =

2.25× 1012 m−3 at 300K [77]). Using the expression for carrier concentration in Equation (3.6),

we express the time varying conductance of the active volume as

Gp(t) ≈ Me(µe + µh)KP0[1 +
m

√
1 + ω2τ2

sin{ωt − φ − ζ + tan−1
(

1
ωτ

)
}] (3.8)

where µe ≈ 1.6 m2/Vs and µh ≈ 0.01 m2/Vs are average electron and hole mobility in LTG-

GaAs, respectively, and M = LLTG−GaAs(Newe+Ng(Le+we))/wgThe contribution from the second

term on the right-hand-side of Equation (3.6) is negligible and decays exponentially with time

and so, we exclude it in Equation (3.8) and the remaining analysis.

Using the value of GP(t) from Equation (3.8), we can calculate the current density at the

active region in the PMA and the corresponding radiated electric fields which are proportional to

the time derivatives of the current densities on the antenna [20]. From the working principle of

the PMA, we can present a simple equivalent circuit of the THz PMA as shown in Figure 3.3 [21,

78].

Using the Kirchhoff’s Current Law (KCL) on the circuit in Figure 3.3, we obtain an expres-

sion for the circuit current Ip(t):

Ip(t) = C
dVc(t)

dt
+

Vc(t)
G−1

p (t)
(3.9)

As suggested in [21] and discussed in [78,79], we assume a broadband nature for the radiat-

ing element and so the equivalent circuit of the antenna in the PMA lacks reactive elements and

this broadband nature is represented by the load resistance RA. The resistance RA comprises of
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Figure 3.3: Equivalent Circuit of PMA.

the radiation resistance and conduction losses of the antenna.

The value of the inter-electrode capacitance C corresponding to a particular inter-digitated

configuration can be calculated from [80] and we use a value of 6.1 fF [21] in our calculations.

In order to validate our analysis, we plot the output power (IP(t)2RA), obtained using Equa-

tion (3.9), along with experimental results, reported in [21], under similar conditions, in Fig-

ure 3.4. We see a reasonably close congruence to experimental results at lower pump-powers.

The deviating trend of the analytical results, at higher pump powers, is apparently due to the

changes in the substrate properties with the heating effect of the laser irradiation, which has not

been considered in the present model. The total incident optical power or the pump power is

the sum of the average powers of the two laser sources. The low efficiency of the optical to

the electrical power conversion process is one of the factors contributing to typically low output

power levels from a THz PMA. A detailed study of the various factors influencing the efficiency

of such antennas can be found in [33, 35, 47].

We calculate the output power from the PMA as a function of the bias voltage and plot it

with experimental results reported in [31] in Figure 3.5. The analytical results follow identical

trend to the measured results for lower values of beat frequencies and approach the measured

results at higher beat frequencies.
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Figure 3.4: Output power as function of pump power at various bias voltages for RA = 50 Ω, C = 6.1
fF, at f1 − f2 =200 MHz comprised of ten 1 µm electrodes and nine 1 µm gaps, with θ1 = θ2 = ζ = 0o.
Measured Results [21]

3.6 Incorporation of Modulating Signal m(t)

As discussed in Section 3.1, modulation on a PMA has not been addressed adequately in

available literature. Signal modulation on an antenna is a critical part of any communication

link. In an attempt to incorporate modulation into a PMA, we extend our analysis to model a

scenario as shown in Figure 3.6 where we introduce a signal source m(t) along the path of any

one of the two laser beams. The signal m(t) is used as source of modulating signal intended to

produce modulation in the output of the PMA. The nature of the signal m(t) and its effect on the

output power is discussed in subsequent sections.

Incorporating m(t), as shown in Figure 3.6, into the electric field expressions in Equa-

tion (3.2) and (3.3), we obtain the following expression for the instantaneous optical power

density incident on the substrate

Pinc(t)= PL1cosθ1+|m(t)|2PL2cosθ2+
√

PL1PL2(cosθ1+cosθ2)m(t)cos(ωt−y(k1sinθ1 + k2sinθ2)−ζ)

(3.10)
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Figure 3.6: System-Model under investigation

3.6.1 Carrier Concentration and Conductance

As discussed above, the mobile charge carrier concentration in the active region depends

on the incident optical intensity. However, in this case, the nature of signal m(t) would also

influence the average carrier concentration at the active region. We obtain an expression for the

average concentration of mobile charge carriers in the active volume, in presence of m(t), by

integrating Equation (3.5) as:

n(t) = e−
t
τ

∫ t

0
Ke

t′
τ Pinc(t′)dt′ (3.11)
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3.7 Modulation of THz PMA output

The variation in the average carrier concentration in the active region of the PMA causes varia-

tions in the conductance, Gp(t), of the active region, which is expressed as

Gp(t) ≈ Me(µe + µh)e−
t
τ

∫ t

0
Ke

t′
τ Pinc(t′)dt′ (3.12)

where the remaining terms retain their meanings from Equation (3.7). The reducibility of Equa-

tion 3.11 to a closed form expression would depend on the nature of the signal m(t). In our

model, we assume a basic simple nature for signal m(t) which is discussed in a subsequent

section.

3.7 Modulation of THz PMA output

The output signal from a THz PMA is a function of several key parameters of the PMA such

as the total incident optical power, AOIs {θ1, θ2}, relative phase ζ, beat frequency ω and bias

voltage Vbias. The signal m(t), in the system, provides additional factor to modulate the output

of the PMA. A variation in these parameters would produce a change in the nature of output

either in magnitude or in phase.

In the subsequent discussions we investigate the effect of the variations in the key parameters

of the PMA on the output of the PMA. We also introduce the nature of m(t) and study its effect

on the PMA output.

3.7.1 Pump Power

The pump power incident at the active region of the photoconductive substrate in the PMA

determines the amount of photons available for carrier generation. The amount of incident op-

tical power absorbed by the photoconductive substrate is governed by the absorption efficiency

of the substrate material which is a function of the wavelength of the incident light. The quan-

tum efficiency of the material, which is also a wavelength dependent quantity, determines the

non-equilibrium charge carrier concentration at the active region. We show this dependence for

normal incidence at various bias voltages in Figure 3.7.

The ∼20 dB/decade slope of the curve suggests that the amplitude of the PMA output can be
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Figure 3.7: Output Power of the PMA as a function of Pump powers and bias voltages at θ1 = θ2 = ζ =

0o, | f1 − f2| = 1 THz

modulated by varying the incident optical power. The incident power can be varied by installing

optical intensity modulators along the way of the laser beams. A basic way of implementing

this, is the introduction of m(t) in Figure 3.6. The nature of m(t) is expressed in Equation (3.13).

The ON/OFF power ratio is determined by the amplitude of the signal m(t) and can be used for

improving the received bit error rate in the transmission link. With proper calibration, the fluc-

tuations in the output power in Figure 3.7 can be utilized in sensing as well as communication

applications.

3.7.2 Beat Frequency, ω

The charge carrier generation at the active region of the PMA depends on the beat frequency

produced in the material during the mixing of the two incident wavelengths. The output of

the PMA is dependent on the charge carrier concentration through the current Ip(t) which is

expressed in Equation (3.9). We can, therefore, vary the wavelengths of the two lasers to cause

modulations in the PMA output which is shown in Figure 3.8.

The ∼19 dB/decade decay in the output power closely resembles the roll of characteristics

of a first order low-pass filter suggesting the presence of a low pass effect in the PMA. The

carrier lifetime limits the response of the material as the frequency increases which creates this

effect. Variation in the beat frequency is, thus, another strategy for signal modulation in the

46

TH-2444_126102008



3.7 Modulation of THz PMA output

1 0 1 1 1 0 1 2 1 0 1 3- 1 6 0

- 1 4 0

- 1 2 0

- 1 0 0

- 8 0

- 6 0

 

 

Ou
tpu

t P
ow

er 
(dB

m)

B e a t  F r e q u e n c y  ( H z )

 P u m p  P o w e r =  1  m W
 P u m p  P o w e r =  1 0  m W
 P u m p  P o w e r =  1 0 0  m W
 P u m p  P o w e r =  1 7 0  m W

Figure 3.8: Output power as a function of beat frequency at Vbias = 40 V at different pump powers.

PMA, which is useful especially in frequency-hopping type wireless communication links.

3.7.3 Bias Voltage, Vbias

The net electric field in the gap, which creates the current in the PMA, depends on the bias

voltage Vbias. The current Ip(t) determines the output power of the PMA. The dependence of

PMA output on Vbias is shown in Figure 3.9.
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Figure 3.9: Variation in the PMA Output power, at | f1 − f2| = 1 THz, with Vbias (θ1 = θ2 = ζ = 0o)

The positive ∼3.52 dB/volt slope in the characteristics present the variation in the bias volt-

age as another viable option of producing modulation in the PMA output. Voltage fluctuations
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are common in sensors and can make the PMA effective as a wireless sensor node.

3.7.4 Relative Phase ζ

In time domain, a variation in ζ, as in Equation (3.4), would produce a phase shift in PMA

output. Phase modulation is another well known technique in communications. We plot the

circuit current Ip as a function of ζ in Figure 3.10.

Figure 3.10: Circuit current Ip as a function of ζ (θ1 = θ2 = 0o) for 1 THz beat frequency at Vbias=30 V
and PL1 + PL2 = 50 mW

Variations in ζ can be obtained by using an optical phase modulator and such phase differ-

ences in the output can be used in PMA arrays. PMA array is another topic where not much

investigation has been reported. A good array would enable high gain radiators which enhances

the range in wireless communications. In sensing applications, phase change of the incident

laser beam may be used as the sensed parameter with proper calibration.

3.7.5 Angle of Incidence θ1 and θ2

As seen in Equation (3.11), the charge carrier concentration in the active region is a function

of the pump power which is in-turn a function of the AOIs of the two laser beams. We plot the

temporal evolution of the carrier concentration as a function of angle of incidence in Figure 3.11.

At a given angle of incidence, the carrier concentration initially increases from its intrinsic value

and then oscillates around a saturating value which is dependent on the angle of incidence and
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3.7 Modulation of THz PMA output

other parameters.

Figure 3.11: Temporal evolution of n(t) in the active region as a function of AOIs for | f1 − f2| = 1T Hz;
PL1 + PL2 = 0.1W; φ = 0o; ζ = 0o

The change in the carrier concentration with AOI varies the circuit current Ip(t) which leads

to changes in the output power of the PMA. The output power of the PMA as a function of the

AOIs is shown in Figure 3.12.

Figure 3.12: Effect of AOI on PMA Output power at 1 THz beat with θ2 = ζ = 0o and Vbias = 30 V

From the plots, we can infer deduce that, with effective calibration, keeping one beam at a

fixed AOI and varying the AOI of the other would enable tracking of the AOI of the latter. This
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shows the utility of the PMA in detection and tracking of motion which is integral to many field

applications.

Inspite of being initially very small, as seen in Figure 5.12, the slope increases beyond 45o

to ∼ 0.15 dB per degree. Thus varying the AOIs can also be used to modulate the PMA output

to a small extent. On the contrary, we can also say that applications where the tolerance in

the output is more than ∼ 0.15 dB per degree, PMA would be a good choice for providing a

reasonably stable output.

3.7.6 Signal m(t)

In Figure 3.6, we introduced a signal m(t) into the conventional PMA model to incorporate

additional degree of freedom to modulate the PMA output. In order to demonstrate this, we

choose a basic binary nature for m(t), defined as

m(t) =


1 t ≤ αDT

0 t ≥ αDT
; m(t + T ) = m(t) (3.13)

where the duty cycle αD and the time period T (2π/ω) determine the nature of the PMA output

signal. The nature of the signal m(t) expressed in Equation (3.13) is chosen, assuming m(t) to be

a basic ON/OFF keying element. If m(t) is assumed to be a phase modulating element, the nature

of the expression in Equation (3.13) would be different. However, for a non-constant value of

m(t), analytical solution of equation (3.11) would be quite involved and perhaps analytically

intractable. We solve equations (3.11) and (3.12) numerically and obtain the output power by

applying Kirchhoff’s Voltage Law (KVL) to Figure 3.3.

3.7.7 Duty cycle αD

Assuming the pulsed nature of the signal m(t) expressed in Equation (3.13), the duty cycle

αD is indicative of the maximum data rate that can be achieved using a PMA in a wireless

communication link. The width of the pulse controls the envelope of the PMA output signal

which we show in Figure 3.13.
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3.8 PMA Current Density

Figure 3.13: Impact of αD on the PMA output at 1 THz beat with AOIs = 0o, Vbias = 30 V and 100 mW
pump power

As seen in the Figure 3.13, a change in the pulse width of m(t) would vary the level to which

the output signal decays and thereby determines the minimum time between two consecutive

pulses in a symbol in digital transmission. This indirectly sets a limit on the maximum allowable

data rate that can be achieved in a digital transmission using the PMA. Lower the value of αD,

better would be the data rate but shorter would be the sampling interval which would lead to

rise in bit error rate. A higher value of αD, would provide ample sampling interval but at the

cost of a lower data rate.

3.8 PMA Current Density

The charge carriers generated at the active region of the PMA, accelerate under the effect

of the net electric field across the electrode gap. This acceleration of charge carriers creates a

time varying current density across the active region. The components of this current density

across the active region of the PMA generated due to the net electric field
−→
E a,b

net, created by the

bias voltage, Vbias (across V+ − V− in Figure 3.1) are shown in Figure 3.14.

As per the assumed geometry (in Figure 3.2), the horizontal (x-components) components of

the current density are directed opposite to each other. The radiated fields from these compo-

nents would cancel out in the far field. Therefore, radiation from the PMA would be mostly due

to the vertical (y-component) components of the current density which add up in the far field
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Figure 3.14: Components of the current density in a PMA.

region. Using Figure 3.1, we obtain:

−→
J a,b(t) = σ(t)

−→
E a,b

net(t) = σ(t)(
−→
E bias +

−→
E a,b

1y (t) +
−→
E a,b

2y (t)) (3.14)

The indices a and b, in Equation (3.14), represent the two general cases of optical polarization

as discussed earlier. The terms
−→
E bias,

−→
E 1y and

−→
E 2y are respectively the electric field due to bias

and the tangential electric field components at the air–LTG-GaAs interface. Without significant

loss of generality for a small aperture PMA, we assume the following: (a) uniform illumination

over the active region and (b) ∂
−→
E bias/∂x ≡ 0, ∂

−→
E bias/∂y ≡ 0 over we and wg respectively.

Using Equations (3.2) and (3.3), in presence of m(t) under cases (a) & (b), we can write:

−→
E a

net = −ây
Vbias

wg
(3.15)

−→
E b

net(t) = −ây

[ √
2PL2η0m(t)cosθ2cos(ω2t + ζ + k2ysinθ2)

+
√

2PL1η0cosθ1cos(ω1t − k1ysinθ1) +
Vbias

wg

] (3.16)

As discussed earlier, THz radiation from the PMA occurs only for m(t)=1 and so, we present

the expressions for the current density at the active region for m(t)=1 only. The corresponding

expressions for the current densities in the two cases (a) and (b) (discussed in Section 3.4) are

as follows:

For m(t) = 1,

−→
J a

1(t) = −âyeKτµe
Vbias

wg
P(ω) (3.17)
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−→
J b

1(t) = −âyeKτµeP(ω)Q(ω1, ω2,Vbias) (3.18)

The expressions for P(ω) and Q(ω1, ω2,Vbias) are provided Appendix A. In order to present a
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Figure 3.15: PMA current densities for θ1 = θ2 = ζ = 0o, | f1 − f2| ≈ 1T Hz, PL1 + PL2 = 150mW and
Vbias = 36V .

qualitative feel of the nature of the current densities for m(t)=0, we plot the current densities for

both m(t)=0 and m(t)=1 in Figure 3.15. Due to the absence of beating phenomenon for m(t) = 0,

we observe almost a time independent nature of the current density because f1,2 � 1/τ. The

congruence Ja
1 ≈ Jb

1 observed in Figure 3.15 can be attributed to the predominance of the beat

frequency mode contribution over that of the modes with higher frequencies in Equation (3.18).

Intuitively, we may assume this mode to be the predominant radiated component in the PMA

output.

3.9 Radiated Fields from the PMA

Radiation from a PMA occurs from the time varying current densities expressed in Equa-

tions (3.17) and (3.18). These current densities are separated in space both horizontally as well

as vertically by the subsequent electrode widths we and gaps wg and the electrode lengths Le

respectively. If Le � λω (λω being the radiated wavelength), the spatial phase difference be-

tween the current densities would be very small and may be ignored in the far field. Otherwise,

the spatial phase has to be considered in the far field by modelling the location of individual
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current elements as that from a two-dimensional antenna array. Here, we present the radiated

fields in the first scenario and present the antenna factor expression for the second scenario. The

radiated fields in the latter scenario can be derived from the product of the antenna factor and

the radiated field of a single radiating element.

To obtain the radiated fields from the PMA, we assume the current densities to be along the

air–LTG-GaAs interface such that they can be treated as interfacial currents. If we solve the

Helmholtz’s equation appropriately for the Hertz potentials [81], we can derive the correspond-

ing electric and magnetic field expressions.

In the present case, we have two distinct regions in space. The air region (on the side of

incident beams) is termed as Region 1 and the semiconductor region is termed as Region 2.

As pointed out earlier, we only present expressions for m(t)=1 in both cases (a) and (b). The

contribution from the multiple frequency components in the current density expressions are

assumed to be superimposed in the far field. In the subsequent equations we use the spherical

coordinate (r, θ, φ) and the geometry shown in Figure 3.1 to express the far fields of the PMA.

In Region 1, i.e. for π/2 ≤ θ ≤ π, components
−→
J a

1 and
−→
J b

1 generate the following expressions

of the radiated fields :

Ea
1θ =

jkη0Vbias

2πwg
KeτµeP(ω)

e jkr

r
F1θ(θ, φ) (3.19)

Ea
1φ = −

jkη0Vbias

2πwg
KeτµeP(ω)

e jkr

r
F1φ(θ, φ) (3.20)

Ha
1θ= −

1
η0

Ea
1φ (3.21)

Ha
1φ=

1
η0

Ea
1θ (3.22)

Eb
1θ =

jkη0

2π
KeτµeP(ω)Q(ω1, ω2,Vbias)

e jkr

r
F1θ(θ, φ) (3.23)

Eb
1φ = −

jkη0

2π
KeτµeP(ω)Q(ω1, ω2,Vbias)

e jkr

r
F1φ(θ, φ) (3.24)

Hb
1θ =

1
η0

Eb
1θ (3.25)

Hb
1φ = −

1
η0

Eb
1φ (3.26)
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Here, k and n are respectively the free-space wavenumber and the refractive index of the

PMA substrate. For Region 2, i.e. 0 ≤ θπ/2, we have two subranges separated by the critical

angle of the substrate material: 0 ≤ θ ≤ θc and θc < θ ≤ π/2. The expressions for the fields in

the two subranges differ by the pattern factor term. For subrange-1, i.e. 0 ≤ θ ≤ θc, we have:

Ea,1
2θ =

jµskη0Vbias

2πwg
KeτµeP(ω)

e jµskr

r
F1

2θ(θ, φ) (3.27)

Ea,1
2φ =

jµskη0Vbias

2πwg
KeτµeP(ω)

e jµskr

r
F1

2φ(θ, φ) (3.28)

Ha,1
2θ = −

µs

η0
Ea,1

2φ (3.29)

Ha,1
2φ =

µs

η0
Ea,1

2θ (3.30)

Eb,1
2θ =

jµskη0

2π
KeτµeP(ω)Q(ω1, ω2,Vbias)

e jµskr

r
F1

2θ(θ, φ) (3.31)

Eb,1
2φ =

jµskη0

2π
KeτµeP(ω)Q(ω1, ω2,Vbias)

e jµskr

r
F1

2φ(θ, φ) (3.32)

Hb,1
2θ =

µs

η0
Eb,1

2θ (3.33)

Hb,1
2φ = −

µs

η0
Eb,1

2φ (3.34)

For subrange-2, i.e. θc ≤ θ ≤ π/2, we have:

Ea,2
2θ =

jµskη0Vbias

2πwg
KeτµeP(ω)

e jµskr

r
F2

2θ(θ, φ) (3.35)

Ea,2
2φ =

jµskη0Vbias

2πwg
KeτµeP(ω)

e jµskr

r
F2

2φ(θ, φ) (3.36)

Ha,2
2θ = −

µs

η0
Ea,2

2φ (3.37)

Ha,2
2φ =

µs

η0
Ea,2

2θ (3.38)
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Eb,2
2θ =

jµskη0

2π
KeτµeP(ω)Q(ω1, ω2,Vbias)

e jµskr

r
F2

2θ(θ, φ) (3.39)

Eb,2
2φ =

jµskη0

2π
KeτµeP(ω)Q(ω1, ω2,Vbias)

e jµskr

r
F2

2φ(θ, φ) (3.40)

Hb,2
2θ =

µs

η0
Eb,2

2θ (3.41)

Hb,2
2φ = −

µs

η0
Eb,2

2φ (3.42)

The expressions for P(ω), Q(ω1, ω2,Vbias) and the pattern factor terms in the above expressions

are presented in Appendix A.

3.9.1 Poynting Vector

From the above expressions, we can derive the expressions for the Poynting vector, in all

regions, for both cases ((a) and (b)). For the Region 1, we obtain:

−→
S a

1 = âr
k2η0V2

bias

8π2w2
gr2 K2e2τ2µ2

eP(ω)2
[
{F1θ(θ, φ)}2 +

{
F1φ(θ, φ)

}2
]

(3.43)

−→
S b

1 = âr
k2η0K2e2τ2µ2

e

8π2r2 P(ω)2Q(ω1, ω2,Vbias)2[
{F1θ(θ, φ)}2 +

{
F1φ(θ, φ)

}2
] (3.44)

For 0 ≤ θ ≤ θc in Region 2, we have:

−→
S a,1

2 = âr
n2k2η0V2

bias

8π2w2
gr2 K2e2τ2µ2

eP(ω)2

[{
F1

2θ(θ, φ)
}2

+
{
F1

2φ(θ, φ)
}2
] (3.45)

−→
S b,1

2 = âr
n2k2η0K2e2τ2µ2

e

8π2r2 P(ω)2Q(ω1, ω2,Vbias)2[{
F1

2θ(θ, φ)
}2

+
{
F1

2φ(θ, φ)
}2
] (3.46)

The Poynting vector expression for the subrange 2 in Region 2 can be derived similarly.

For the case when Le is comparable to λω, the individual elements would behave as a part
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of a spatially distributed 2-dimensional array of elemental radiators. We have derived the array

factor (A.F.) for such a distribution of antenna elements which is given as:

|A.F.| = |
sin(Neu/2)sin((u + 2v)/2)

sin(u/2)sin((u + 2v)/4)
| (3.47)

Here, u = 2nk(wg + we)sinθcosφ and v = Leknsinθsinφ. The array factor multiplied with the

pattern of a single element gives the pattern of the array. The product of this array factor with

the radiation of a single radiating element provides the radiation due to the array of the radiating

elements.

3.10 Efficiency of PMAs

Due to the multi-physics involved in the operation of a PMA, the efficiency of a PMA is

a function of several intermediate efficiencies. Figure 3.16 describes the different efficiencies

involved in the total antenna efficiency of the PMA.

Figure 3.16: Various efficiencies in a PMA

The overall antenna efficiency η can hence be written as the product ηaηeηcηr of the inter-

mediate efficiencies in the PMA. The material of the semiconductor and the angle of incidence

determines the reflection coefficient at the air semiconductor interface. The reflection of light

for oblique incidence can be reduced further by application of anti-reflecting material layer at

the active region of the PMA. The above figure presents qualitatively the various factors that
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can be controlled to enhance the efficiency of the PMA.

3.11 Conclusion

In this Chapter, we have presented a simple, preliminary yet generalized analytical model

for the carrier generation and conductance in a THz PMA under two distinct cases on incident

beam polarization along with the presence of an binary state signal source along one of the

laser beams. We found reasonably close agreement between analytical and measured results

in literature. Strategies of modulating the PMA output have been proposed and the effect of

these techniques have been studied. Analytical expressions for radiated fields from the PMA

have been derived for the generalized cases of beam polarization. A qualitative discussion

on the efficiency of PMA and the various factors involved has been discussed. The present

analysis reasonably models the multi-physical scenarios in the PMA operation and is surely a

preliminary step towards design of such antennas.
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4. An Introduction to Microwave Applications of Graphene

In this chapter, we begin with a brief introduction to Graphene and its basic electrical char-

acteristics. We implicitly emphasize the preference of Graphene for THz band applications by

proposing novel voltage controlled transmission line and antenna designs for the THz band em-

ploying Graphene. These designs produce interesting as well as important results. In order to

comprehend the scope of applicability of Graphene, we also propose and discuss a 2-element

antenna array design at the Ka-band employing Graphene in the Appendix B.

4.1 Introduction

Graphene [22] is a mono-atomic lattice of tessellated hexagonal rings of sp2- hybridized

carbon atoms, as shown in Figure 4.1. Its quasi-2D structure endows Graphene with unique

and remarkable electronic properties such as ballistic electronic transport, negative differential

resistance etc., which can be put to applications in various important fields such as medicine,

biology and defence. Because of its interesting and useful propeties and potential applications,

Graphene has even been claimed to be “the silicon of the 21st century” [12].

Figure 4.1: Structure of Graphene

One of the interesting properties of Graphene is the change in its conductivity due to ap-

plication of a transverse electric field [82]. This property of Graphene nano-ribbons has been

utilized in design and operations of Graphene Field effect transistors and related devices such

as LNAs, mixers, frequency multipliers etc. Its high conductivity and ability to support surface

plasmon polariton (SPP) waves at lower Terahertz (THz) frequencies makes it a good choice for
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4.2 Surface Conductivity of Graphene

coplanar waveguides, Nano Ribbons [83], Nano-patch antennas [82, 84], beam re-configurable

antennas [85] etc. Research and development of novel devices employing Graphene are at a

rapid progress with the impetus coming from the potential of Graphene for high frequency

electromagnetic applications.

4.2 Surface Conductivity of Graphene

Graphene, being a one-atom thick layer of carbon rings, has a thickness of about 0.345 nm.

However, for most practical purposes it has been modelled as quasi 2D surface with a surface

conductivity expressed as [60]:

σ(ω, µc,Γ,T)=
je2(ω− j2Γ)

π~2

[
1

(ω− j2Γ)2

∫ ∞

0
ε

(
∂ fd(ε)
∂ε

−
∂ fd(−ε)
∂ε

)
dε −

∫ ∞

0

fd(−ε) − fd(ε)
(ω− j2Γ)2 − 4(ε/~)2 dε

]
(4.1)

where ω is the angular frequency (rad/s), µc is the chemical potential, Γ is the phenomeno-

logical scattering rate which has been assumed to be independent of energy ε, −e is the charge

of an electron, ~ = h/2π is the reduced Planck’s constant, fd(ε) = (e(ε−µc)/kBT +1)−1 is the Fermi-

Dirac distribution, kB is the Boltzmann’s constant and T is the absolute temperature. The above

expression assumes an absence of any external magnetic field.

Equation (4.1) contains contributions from inter-band and intra-band transitions,σ(ω, µc,Γ,T) =

σintra + σinter. In the absence of any external magnetic field, σintra and σinter can be expresses

as [60]:

Intra-Band Contribution

σintra(ω, µc,Γ,T ) = −
je2kBT

π~2(ω − j2Γ)

(
µc

kBT
+ 2ln(1 + e−

µc
kBT )

)
(4.2)

Inter-Band Contribution

σinter(ω, µc,Γ,T ) ' −
je2

4π~
ln

(
2|µc| − (ω − j2Γ)~
2|µc| + (ω − j2Γ)~

)
(4.3)

At microwave and millimetre waves, the intra-band contribution to the conductivity is predom-

inant. Instances of the typical inter-band and intra-band complex conductivity of Graphene as a
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4. An Introduction to Microwave Applications of Graphene

function of frequency at different values of µc are shown in Figure 4.2 and 4.3 respectively.

Figure 4.2: Real and Imaginary parts of Inter-band conductivity

Figure 4.3: Real and Imaginary parts of Intra-band conductivity

The surface conductivity of Graphene as a function of frequency at different chemical po-

tentials is shown in Figure 4.4

The predominance of the intra-band term can be clearly seen in the behaviour of the curves

in Figure 4.4. However, at even higher THz frequencies, the inter-band contribution dominates

which is shown in Figure 4.5.

The surface resistivity of Graphene as a function of frequency is shown in Figure 4.6. As

seen in the figure, the Graphene in the simulations can be modelled as a finite conductivity (or
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Figure 4.4: Surface conductivity of Graphene as function of frequency at various chemical potentials

Figure 4.5: Surface conductivity of Graphene as function of higher THz frequency at µc= 0.5 eV

resistivity) surface in the PMA geometry.

The chemical potential µc for an isolated Graphene sheet is determined by the carrier density

ns which is derived as [60]:

ns =
2

π~2v2
F

∫ ∞

0
ε[ fd(ε) − fd(ε + 2µc)]dε (4.4)

where, vF ' 9.5×105m/s is the Fermi velocity. The carrier density function can be controlled by

the application of a bias voltage and/or chemical doping which, in turn, changes the conductivity

of the Graphene layer. The conductivity of Graphene is about 666.67 S/m at 0V (OFF state)

and about 107S/m at 15V (ON state), as demonstrated in [82]. To provide transverse electric
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Figure 4.6: Surface resistivity of Graphene as function of frequency at different chemical potential.

bias fields to the Graphene layer, electrodes on methyl methacrylate (100nm thick) layer above

the Graphene layer [82] and grounded polysilicon gating pads may be embedded beneath the

Graphene layer in the substrate [85]. The controllable dynamic change in the conductivity of

Graphene makes it suitable for potential applications in the field of electromagnetic waves and

antennas as well. In the subsequent discussions, we introduce and discuss few such potential

applications. For the purpose of our simulations, the two states of Graphene, ‘ON’ and ‘OFF’,

are accounted for by defining two separate materials with the corresponding conductivity values.

The simulations have been performed using Ansys HFSST M Version 15.

4.3 Voltage controlled transmission line employing Graphene

A voltage controlled transmission line, in principle, is one in which the the power transfer

characteristics from source to destination can be controlled by application of a control voltage

signal. These transfer characteristics can be magnitude, phase, polarization etc. Based on

the type of variation produced, voltage controlled transmission lines may be identified with

different nomenclatures. A voltage-controlled transmission line geometry can be viewed as

a very basic, simple and fundamental microwave structure or component that forms a part of

more complex switching components or systems, one of which is presented in Appendix B.

Therefore, as a start, it would be worthwhile to investigate this basic structure before moving

on to its applications.

64

TH-2444_126102008
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Table 4.1: Microstrip Transmission Line Geometry
λ 114.4 µm B L
d 0.5λ h 5µm
s 0.25λ t 0.06 µm
L 2d+s w 4.72 µm

4.3.1 Transmission Line Geometry

In our application, a gap discontinuity is created on a 50Ω conventional microstrip transmis-

sion line of width ‘w’ is printed on a Arlon AR1000 substrate (εr = 10) of thickness ‘h’. The

choice of the substrate comes from the discussions in Chapter 2 The ‘s × w’ gap in the line is

filled in with Graphene. The geometry of the transmission line is given in Figure 4.7.

Figure 4.7: Geometry of Microstrip Line with Graphene

The thickness ‘t’ of the metal and the Graphene layer are kept equal for convergence and

optimal results. The geometrical dimensions of the transmission line structure in Figure 4.7 are

given in the Table 4.1.

4.3.2 Operation of the Line

The transmission line is fed at Port 1 and the conductivity value of the Graphene layer is

toggled between ON and OFF states. In the OFF state, the conductivity of the Graphene layer

is low and little or no power from the energization at port is detected at at Port 2. For the ON

state, the conductivity of the Graphene layer is high and it conducts the signal across to Port 2.
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This operation can be observed in Figure 4.8 where we show the current distribution along the

transmission line in the ON and OFF states.

Figure 4.8: Current Distribution on the Microstrip Line in the ON and OFF states of the Graphene

4.3.3 Results

The Graphene layer, essentially, acts as voltage-controlled switch in the transmission line

structure. The insertion and return loss of the Graphene layer can be determined from Figure 4.9

where we plot the S 11 and S 21 parameters of the transmission line geometry in the ON and OFF

states.

Figure 4.9: S-Parameters of the Microstrip Line in the ON and OFF states of the Graphene

Figure 4.9 shows a good isolation between the two ports during the OFF state and a good

power coupling to the output, in the ON state.
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4.4 Beam Switching Beam Employing Graphene

4.4.1 Antenna Geometry

In this application of Graphene to antenna technology, we place a 60 nm thick ‘+’ (plus)

shaped layer of Graphene coplanarly next to a semicircular microstrip antenna as shown in

Figure 4.10. The semicircular antenna is printed on a grounded Silicon Dioxide (S iO2, εr = 4)

substrate. For additional strength of the structure a silicon backing may also be used. However,

for the purpose of our investigation, the silicon backing has been excluded from the geometry.

Figure 4.10: Geometry of the Semicircular Disk Antenna (a) Top-view (b) Cross-sectional View

The values of the various geometrical parameters have been tabulated in Table 4.2.

Table 4.2: Dimension of Antenna Geometry
L 400 µm t 0.2 µm a 120.77 µm
B 500 µm th Graphene 60 nm b 60 µm
h 43 µm d 150 µm g 5 µm
s 180 µm r d/2

4.4.2 Antenna Operation

A 50Ω microstrip line feeds into the semicircular antenna which is designed at 0.80 THz.

As discussed in the case of the microstrip line, the Graphene layer is toggled between the ON

and OFF states by application of transverse bias. Figure 4.11 shows the current distribution on

the patch antenna in the ON and OFF states of the Graphene.
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Figure 4.11: Current Distribution on the Antenna in both OFF and ON states of Graphene layer

In the ON state, the conductivity of the Graphene layer is high and the Graphene layer

behaves as a neighbouring parasitic patch. Electromagnetic coupling takes place between the

main patch and the Graphene layer an sets up a current distribution in the Graphene layer which

can be seen in Fig 4.11. This influences the radiation characteristics of the semicircular patch.

In the OFF state, there is relatively little or no coupling of energy into the Graphene layer as

visible in Figure 4.11. The radiation in the OFF state can, hence, be considered only due to the

main antenna.

4.4.3 Results

The variation in the surface current distribution on the antenna due to the coupling in the ON

state causes a shift in the principal antenna beam from θ = 40o(OFF) to θ = −40o in the φ = 90o

plane pattern of the antenna. Moreover, an enhancement of gain by ∼ 4dB along θ = ±50o

direction, in the ON state occurs in the φ = 0o plane pattern. These variations in the antenna

gain can be seen in the plot of the gain patterns in the φ = 0o and φ = 90o planes in figure 4.

With proper design of parasitic elements and patches, such antenna configurations can be

used for beam-forming applications [85], sensor networks and also in medical applications such

as in-vivo imaging. Antenna directivity is an important parameter aimed at in 5th Generation

(5G) Multiple Input Multiple Output (MIMO) Communication networks. With proper design

and placement of parasitic Graphene patches, antenna directivity and beam-control may be
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Figure 4.12: Plot of Antenna Gains in the φ = 90o and φ = 0o planes

achieved as required for a specific application.

4.5 Application of Graphene to Antenna Arrays

Graphene layer as a switch can also find application in antenna arrays. They can be used

to create configurable phase shifts in antenna arrays which can be used to control the radiation

characteristics of the array. Once such application is a novel 2-element RF level switched beam

antenna array system realized through the application of Graphene. The proposed antenna

system is designed to operate at 30 GHz. In this design, using Graphene, we try to realize

an enhanced, 2x2 Butler matrix based switch beam antenna where the beam switching can be

controlled through applied DC voltages. The various issues related to design of such antennas

are investigated. The proposed antenna system may find applications in emerging 5G millimeter

wave communication technologies such as beam-spaced MIMO and also in wireless sensor

networks. A detailed description on the geometry and operation of the 2-element antenna array

employing Graphene has been provided in the Appendix B

4.6 Graphene as an RF Switch

Our work utilises the voltage controlled variable conductivity property of Graphene for ap-

plication as a RF switch. To get an understanding of how voltage controlled Graphene switch
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Table 4.3: Insertion Loss and Isolation of Graphene and commercially available switches
Switch Type /

Model Number
IL

(dB)
Iso.
(dB)

Graphene Patch (here)
(30 GHz) 0.087 44.55

Pasternack Enterprises Inc.
PE71S2020 [86]

(2 GHz - 40 GHz)

5
(Typ.)

30
(Typ.)

Macom-MA4AGSW1A [87]
AlGaAs PIN Diode
(18 GHz - 50 GHz)

1.2
(Typ.)

∼40
(Typ.)

RF-MEMS
Metal-Contact Switch [88]

(1 GHz - 110 GHz)

0.1-1
(Typ.)

20-56
(Typ.)

RF-MEMS
Capacitive Switch [88]

(1 GHz - 60 GHz)

0.01-3.1
(Typ.)

5.2-36
(Typ.)

performs as compared to the RF switches used in practice, in Table 4.3, the insertion loss and

isolation provided by the Graphene switch are presented along with the values of same param-

eters as reported in the Data-sheets of PIN diodes used commercially.

Another class of RF switches which are expected to be popular choices for 5G Applications

are the RF microelectromechanical system (RF-MEMS) based switches [88]. Broadly, there

are two main categories of RF-MEMS switches, metal contact and capacitive. Both of these

types have been further sub-divided into series and shunt types. Several interesting structures

and geometries of both kinds of RF MEMS switches have been reported in literature. There are

a lot of research efforts going on in the area of RF-MEMS switches. A detailed study of the

performance and suitability of the state-of-the art RF-MEMS switches for 5G applications has

been reported in [88]. In order to understand the performance of the Graphene based switch in

comparison to the RF MEMS switches, typical range of values of the isolation and the insertion

loss of several of these switches in the specified frequency ranges are presented in Table 4.3.

As seen in the table, Graphene based series switch employed in our application offers good

and comparable insertion loss (IL) and isolation values. The Graphene based RF switch does not

have the flow of any bias currents due to its voltage controlled nature thereby requiring lower

operating power consumptions. It must be pointed out here that the values of the isolation
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and insertion loss of Graphene have been calculated based on the present dimensions of the

patch used in the present application. Also, additional RF choke elements might be required to

protect the DC bias source from spurious RF signals which might get generated during operation

of the Graphene switch. The effect of these chokes have not been included in the calculation

of isolation and insertion loss values of the Graphene switch. However, Table 4.3 presents

the designer with a preliminary qualitative estimate, which would facilitate the choice of such

Graphene based RF switches over other options for appropriate applications.

4.7 Conclusion

In this chapter, we presented a brief introductions to Graphene and its important properties

in connection to its applications to the field of antennas and electromagnetic waves. Using

the dynamic variation in the surface conductivity property of Graphene, we proposed designs

for voltage controlled microstrip transmission line and novel antenna designs with desirable

characteristics for practical applications.
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In this chapter we propose a novel Graphene based design of a PMA for THz band appli-

cations. The analytical model for this Graphene based PMA is similar to that of a conven-

tional PMA, presented in Chapter 3 with the physical parameters of metal replaced by those

of Graphene. We use Ansys HFSST M Version 15 to simulate the proposed antenna and present

some important results. We compare the radiation pattern of the PMA, obtained from simu-

lations, with that obtained from the analytical model and find reasonably close agreements in

the trend of the radiation patterns. We also simulate variations in the geometrical parameters

of the antenna and present the results here. We investigate the effect of electrode shape on the

performance of our proposed antenna.

In this chapter, we also look into the aspect of fabrication of Graphene based antennas and

present in detail a cost-effective and simple procedure of extracting Graphene nano-particles for

use in fabrication of Graphene based antennas. For the purpose of illustration of our proposed

technique, we fabricate and measure an ISM band antenna which we present in Appendix C.

5.1 Introduction

Graphene [22], as highlighted in Sections 1.3.2 and 1.4.2, is one of the popular choices in

RF and antenna applications at the THz frequency band. Owing to its important and desirable

mechanical, physical and electrical properties and the limitations of metallic antennas for THz

applications, several new THz band applications employing Graphene have been investigated

[89]. Due to the lack of efficient THz signal sources, in recent years, investigations into feeding

techniques for “Graphennas” [62] [63] have gained impetus. Literature reports the application

of phenomenon of photoconductivity to excite tunable Graphennas for THz band applications

[90] which provide a pulsed output. However, to the best of our knowledge little or no literature

exists for the application of the phenomenon of optical heterodyning to excite a Graphenna

which would provide a more useful continuous wave output. PCAs and PMAs are essentially

THz sources and do not require separate THz signal generators.

The proposed design in this work, functions as a basic PMA at the THz band, wherein the

Graphene electrodes have been employed to work as tunable voltage-controlled antenna arms
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by application of suitable DC bias normal to the Graphene layer [22]. The width, the edge

geometry and the doping of the Graphene may be chosen appropriately to avail its variable

bandgap property. The dynamic conductivity property of Graphene can be availed to transform

the typical PMA into a voltage controlled antenna. Additionally, since Graphene is transpar-

ent to the incident laser wavelengths, the overall efficiency of the antenna would be increased

when compared with that using copper or other metallic electrodes which are opaque to visible

spectrum.

5.2 Antenna Geometry

The geometry of our proposed Graphene based THz PMA, is shown in Figure 5.1. The pho-

toconductive substrate used in the antenna is the LTG-GaAs which has average carrier lifetimes

of the order of picoseconds. The LTG-GaAs substrate is typically backed by a normal-GaAs

or Silicon layer for additional mechanical strength. To collimate the output beam a silicon lens

may be used on the rear side of the substrate i.e. the side without the electrodes, as shown in

Figure 5.2. Two inter-digitated Graphene electrodes are considered to be deposited onto the

LTG-GaAs layer as shown in Figure 5.1. We show a portion of the inter-digitated finger pattern

of the proposed antenna in Figure 5.3.

Figure 5.1: Geometry of PMA employing Graphene electrodes

In order to minimize remote phonon scattering in the Graphene layer, in our proposed de-

sign, we may use Graphene electrodes deposited over geometrically identical, very thin hexag-

onal Boron Nitride (h-BN) layer [91]. We show the geometry of the antenna with the h-BN

layer in Figure 5.4. Remote phonon scattering is a limiting mechanism which occurs when the

dynamics of mobile carriers in Graphene are influenced by the phonons in the substrate [92,93].
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Figure 5.2: Geometry of the PMA with silicon lens

Figure 5.3: Geometry of a single finger in the Graphene PMA

The presence of h-BN enhances the electronic conductivity of Graphene by reducing the remote

phonon scattering.

Figure 5.4: Geometry of PMA employing Graphene electrodes over h-BN

It is important to note here that, unlike the conventional metallic PMA, the Graphene inter-

digitated electrode fingers are not completely opaque to the incident laser beams. The regions

covered by the Graphene, at the inter-digitated electrodes, could also potentially contribute in

the photogeneration of carriers and increase the number of charge carriers and the current in the
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active region. The increased current results in enhanced efficiency of the antenna.

5.3 Operation of the Antenna

The proposed Graphene based PMA uses the phenomenon of optical heterodyning for its

operation. Electron-hole pairs in the LTG-GaAs substrate at the active region are formed as a

result of incidence of laser beams from two above-bandgap, moderate power laser sources. The

DC bias applied to the Graphene electrodes accelerates these charge carriers in the substrate

and gives rise to a time varying current density at the active region. This time varying current

density results in radiation from the antenna. We present a pictorial description of the system in

Figure 5.5 to depict the operation of the PMA.

Figure 5.5: Graphene based PMA system Operation

5.4 Analytical model of the antenna

The structure and the operation of our proposed antenna, as described above, is similar to

that of a typical PMA with metal electrodes. Owing to this similarity, the analytical model of

the metallic PMA can be extended to model the Graphene based antenna. We use the basic

2-ray optical model for the laser incidence, with the basic ‘s’ and ‘p’ polarized beams, and

basic semiconductor device physics to model the carrier generation in the photoconductive sub-

strate. Using the equivalent circuit of the PMA we calculate the output power and investigate

its relation to its various geometrical and system parameters shown in Figure 5.5. We derive
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the the expressions for the current density and corresponding radiated fields of the Graphene

based PMA. Since we have already addressed the analytical model for the conventional PMA

in Chapter 3, we shall only present the results for the Graphene based PMA in this chapter.

5.5 Effect of system parameters on output

The output power of a THz PMA is a function of several system parameters such as the total

pump power, the beat frequency, {θ1, θ2}, ζ and the bias voltage Vbias. In similarity to the con-

ventional PMA, described in Chapter 3, the signal source m(t), in Figure 5.5, introduces addi-

tional degree of modulation to the output of our proposed design. In Figures 5.6,5.7,5.8,5.9,5.10

and 5.13, we present the influence of these system parameters on the modulation of the output

signal of the PMA.

Figure 5.6: Output Power of the PMA at different Pump powers for different bias voltages and θ1 =θ2 =

ζ=0o, | f1− f2|=1 THz

However, for the purpose of modulation of output, we can say that variation in the beat

frequency is another significant strategy especially in frequency-hopping type wireless commu-

nication links. As seen in the figure, the output power shows significant difference in values

for different bias voltages. The plot being at 1 THz beat frequency, the variation of the output

with ζ are not discernible as indicated in Figure 5.9. Additionally, we plot the variations in the

PMA versus ζ at different pump powers for a beat frequency of 1 THz in Figure 5.11.
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Figure 5.7: Output power as a function of beat frequency at Vbias = 35 V at different pump powers.

Figure 5.8: Output power as a function of Vbias (θ1 = θ2 = ζ = 0o) for different pump powers at |f1− f2|=
1 THz

5.6 Simulation of PMA employing Graphene

In order to validate our analytical model of our proposed Graphene based PMA, we simulate

the antenna geometry shown in Figure 5.1 using Ansys HFSS Version 15 at a beat frequency

of 1 THz. As highlighted in Chapter 4, the Graphene is modelled as a 2-sided conductive

surface. The conductivity of the surface can be varied between high (ON state) and low(OFF

state) values by application of a transverse DC bias. In the simulations, however, two separate

instances of Graphene, with the corresponding values of conductivity, were used to emulate the

ON and the OFF states. Graphene in its OFF state would not be sufficiently conductive for
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Figure 5.9: Output power as a function of ζ (θ1 = θ2 = 0o) for different beat frequencies at Vbias=30 V
and PL1+PL2 =100 mW

Figure 5.10: Output power as a function of ζ (θ1 = θ2 = 0o) for different bias voltages at 1 THz with
PL1+PL2 =100 mW

application as an effective antenna and so all the presented simulation results are for the ON

state of Graphene. We model the photomixing element to be a current source in the simulation

and use the value of Graphene conductivity as given in [94].

5.6.1 Antenna geometry used in simulations

We consider a 10-finger and 9-gap [21] inter-digitated pattern of Graphene deposited over

the LTG-GaAs grown over gallium arsenide (GaAs). The dimensions of the structure are pro-

vided in Table 5.1 The thickness of the LTG-GaAs substrate is taken to be 1µm throughout the

study which is reasonably more than the skin depth of LTG-GaAs at 1 THz.
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Figure 5.11: Output power as a function of ζ (θ1 = 0o, θ2 = 0o) for different pump powers at 1 THz with
Vbias = 30V

Figure 5.12: Output power as a function of θ1 at | f1 − f2| = 1 THz with θ2 = ζ = 0o and Vbias = 30 V

5.6.2 Radiation Pattern of the PMA

Calculating the radiated fields, using the analytical model, we plot the normalized radia-

tion patterns, in the principal planes, obtained from simulation and the analytical model, in

Figure 5.14 and 5.15

The asymmetry in the shape of the φ-plane pattern, is due to the presence of the photocon-

ducting substrate (εr > 1) beneath the Graphene electrode. The 3dB beamwidth for the above

PMA is ∼ 100o. We can obtain similar patterns for the “parallel” (p-polarized) polarized laser

beams. The phase of the current density and the radiation would depend on the phase of the
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Figure 5.13: Output power as a function of time for different α at |f1−f2|=1 THz with θ1=θ2=ζ=0o and
Vbias=30 V and PL1+PL2=100 mW

Table 5.1: Dimensions of the simulated PMA geometry
Dimension Value (µm)

Length of Electrode 19
Width of Electrode 36
Length of finger in
inter-digitated geometry 20

Width of finger in
inter-digitated geometry 1

Gap between fingers in
inter-digitated geometry 1

incident beams.

5.6.3 Effect of ‘wg’ and ‘we’

The width of the electrodes and the gap between the electrodes in the active region are key

parameters which determine the amount of unobstructed light entering into the substrate and

thus influences the performance of the antenna. Figure 5.16 and 5.17 show the return loss of

the PMA as a function of the finger gap and finger width respectively.

From the similarity in the trend of variation in the return loss it is obvious that the perfor-

mance of the PMA is a function of the ratio of ‘we’ and ‘wg’ rather than the absolute values

of the quantities. This inference can be also intuitively drawn from the operating mechanism

of the PMA. It can be seen that for higher we/wg ratios, the return loss decreased towards the

lower THz frequencies. That is, for a fixed gap, wider electrodes show better matching towards
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Figure 5.14: Radiation Pattern of THz
PMA on φ = 90o plane for laser light
polarized “normal” (s-polarized) to the
plane of incidence

Figure 5.15: Radiation Pattern of THz
PMA on θ = 90o plane for laser light
polarized “normal” (s-polarized) to the
plane of incidence

the lower THz frequencies. Similarly, for a fixed electrode width, larger gaps improve matching

towards the lower THz frequencies.

5.6.4 Effect of the length of the antenna arms ‘L’

The purpose of the arm of length ‘L’ is to provide the bias voltage across the active region

of the PMA. The length of this arm plays a role in the performance of the antenna. The return

loss of the PMA has been plotted in Figure 5.18 as a function of the ratio L/le.

Figure 5.19 shows the radiation efficiency of the antenna as a function of the arm length.

From the figures, it is observed that for very long arm lengths, the matching improves but at

the cost of significantly low radiation efficiency. Additionally, the PMA shows a wideband

behaviour at lower THz frequencies for longer lengths.

These two contradicting scenarios indicate that a trade-off between L and the radiation effi-

ciency has to be ascertained by the designer to achieve the requirements of the desired applica-

tion.
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Figure 5.16: S11 parameter of the PMA
as a function of finger gap wg

Figure 5.17: S11 parameter of the PMA
as a function of finger width we

5.6.5 Shape of electrodes in the PMA

We investigate the influence of the shape of the electrode in the PMA on the performance

of the antenna. The geometries of the PMA assumed for the purpose of the present study

are shown in Figure 5.20. The different shapes of the Graphene electrodes are considered to

be deposited on the surface of the substrate. The present study being about the influence of

electrode shape, we keep the geometry of the inter-digitated region and the substrate dimensions

constant throughout the study. Additionally, we also keep the same total length of the PMA for

ease of analysis. In these simulations, we use lumped port across the inter-digitated region on

the surface of the substrate to extract return loss and input impedance characteristics. However,

due to the obvious differences in a conventional antenna and a PMA, the return loss and input

impedance need to be redefined for the PMA. Therefore the return loss and input impedance

obtained from simulations would provide a qualitative picture rather than a quantitative.

In the circular geometry, the diameter of the circle is equal to the electrode length in the

rectangular geometry as given in Table 5.1. Similarly, in the triangular and the trapezoidal

geometries, the height is equal to the electrode length in the rectangular geometry.

The dimensions of the substrate considered throughout the study are 110 x 50 x 1 µm and

the dimensions of the inter-digitated fingers as in [21]. We perform the simulations for the
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Figure 5.18: S11 of the PMA as a function of L
le

geometries, shown in Figure 5.20 at 1 THz.

5.6.5.1 Return Loss

Since the operation of PMA includes optical excitation in presence of DC bias, scattering

parameters may not be a true measure of impedance matching in the PMA. However, assuming a

given electrical power to have been available to the antenna, a plot of the S11 would be indicative

of the performance of the antenna. The return loss characteristics of the various geometries can

be determined from Figure 5.21. Slight variations in S11 is observed for the different electrode

shapes.

The impedance bandwidth of all the structures are almost comparable with the circular ge-

ometry showing a slight higher bandwidth.

5.6.5.2 Input Impedance

As in case of the return loss, the true input impedance of a PMA must incorporate the multi-

physical scenario in the PMA operation. However, assuming the given electrical input power

to be available at the resonant frequency, a plot of the real and imaginary parts of the different

geometries would provide a qualitative evaluation of performance of the PMA geometry. A plot
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Figure 5.19: Radiation Efficiency of the PMA as a function of the arm length L

Rectangular Circular

Triangular Trapezoidal
Figure 5.20: Antenna geometries of the different shape of PMA electrodes considered for investigation.

of Z11 for the various PMA electrode geometries are shown in Figure 5.22.

The effective length of the path of current increases in case of the trapezoidal and circular

geometries than that in rectangular geometry. Therefore, a slight decrease in the resonant fre-

quency can be observed for the trapezoidal and the circular geometries. The resonance condition

for the triangular geometry occurs at higher frequency indicating a shorter current path.

5.6.5.3 Directivity

We tabulate the directivity values of the different geometries in Table 5.2. We observe that

the directivity values are very close to each other which indicates that variations in the antenna

geometry has low influence on the directivity of the antennas.
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Figure 5.21: S11 parameters for various antenna geometries

5.6.5.4 Radiation Efficiency

We show the antenna radiation efficiencies of the PMA geometries in Table 5.2. The trape-

zoidal geometry shows the highest radiation efficiency. The trapezoidal geometry has the lower

resonant frequency and higher resistance at resonance than the other geometries as can be seen

from Figure 5.22.

Table 5.2: Radiation efficiencies of the different PMA geometries

Geometry Directivity (dB) Radiation Efficiency
(%)

Rectangular 2.43 70.27
Circular 2.37 69.82
Trapezoidal 2.29 82.48
Triangular 2.40 59.40

5.6.5.5 Principal Plane Patterns

The co-polarized and cross-polarized components in the radiation pattern of the antenna

geometries in the E and H planes are shown in Figure 5.23.

From the figure it can be observed that the radiation pattern remains unchanged for the

different antenna geometries which reiterates the fact that radiation occurs from the variation

in current density at the inter-digitated region of the PMA and that the electrode geometry

contributes predominantly towards impedance matching. This is also obvious in the different

amplitude levels in the principal plane patterns. Also, it is observed that the triangular geometry
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(a)

(b)
Figure 5.22: Input Impedance of the various geometries.

shows a higher cross-polarized component in the radiation which can be attributed to the asym-

metrically assumed electrode geometry. Simulations were carried out to verify this fact and it

was found that cross-polarization levels reduced by a factor of ≥ 2 for symmetrical triangular

electrode geometry.

5.6.5.6 Influence of Electrode Width

An investigation on the influence of the width of the electrode was also carried out. Different

widths of the electrode were considered and analysed. These widths were increased by a factor

of ‘r’ ( 0≤r≤1.2) times the basic electrode width which is equal to the total width of 10 fingers

and 9 gaps of the inter-digitated electrode structure of the PMA. The return loss and input

impedance characteristics for different widths are shown in Figure 5.24
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E-Plane

H-Plane
Figure 5.23: Principal plane patterns of the Co-Pol. and Cross-Pol. components of the various geome-
tries.

It can be observed from the figure that increasing the width of the electrode improves the

matching at the resonant frequency of the dominant mode. However, the resonant frequency of

the next higher order mode is decreased with increasing width.

The radiation efficiency of the PMA is a direct function of the radiation resistance which is

dependent on the antenna geometry [34]. Any change in the antenna geometry therefore, influ-

ences the radiation efficiency of the antenna. The co-polarized and cross-polarized components

of the radiation in the principal planes at various electrode widths are shown in Figure 5.25.

Increase in the electrode width improves the directivity and gain of the antenna. This fact if

also observed in the values of the directivity and radiation efficiency presented in Table 5.3.

For the purpose of fabrication, Graphene has to be extracted from Graphite using any one

of the several reported methods such as mechanical exfoliation, electrochemical exfoliation,
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S11 Re{Z11} Im{Z11}
Figure 5.24: Return Loss and Input impedance of the PMA for different widths

E-Plane H-Plane
Figure 5.25: Principal plane patterns of the Co-Pol. and Cross-Pol. components at various widths.

Hummer’s method, liquid phase exfoliation etc. The electrode geometry for the different shapes

has to be fabricated either using Graphene printing or direct deposition using chemical vapour

deposition (CVD). However, CVD allows limited control on the thickness of the deposition.

Biasing connections have to be made and the Lasers have to be positioned as per Figure 5.5

before the measurements. Additionally, proper cooling arrangements for the substrate have

to be made using efficient heat sinks since irradiation with two laser sources would generate

considerable heat in the substrate.

In the preceding discussions and results, we present the analytical modelling and simulation

of a proposed Graphene based PMA. In the following part of the chapter, we shall investigate

and present various discussions on the methodologies for obtaining and Graphene and fabrica-

tion of antennas using Graphene.
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Table 5.3: Directivity and Efficiency variation with PMA electrode width

Factor (r) Directivity
(dB)

Radiation Efficiency
(%)

0 2.43 70.27
0.2 2.41 73.46
0.4 2.42 75.79
0.6 2.44 76.95
0.8 2.46 77.87
1 2.45 77.62

1.2 2.41 78.31

5.7 Extraction of Graphene from Graphite

Graphene, in its pristine form, has several potential applications in different fields and,

with respect to the electronics industry, it has been claimed to be “the silicon of the 21st cen-

tury” [12]. However, single-layer Graphene (SLG) is of limited advantage to antenna applica-

tions due to two main reasons: (a) the SPP modes on SLG are tightly bound to the Graphene

layer [60] and (b) SLG antennas have very low gain. Due to these reasons, we would carry out

our investigations with multi-layer Graphene (MLG). Also, almost all practical reported appli-

cations have been reported with MLG as the preferred material rather than SLG. Actually, it is

inappropriate to call it multi-layer Graphene because Graphene has, conventionally, been de-

fined to be a single layer of Graphite. Therefore we shall refer to the MLG as few layer graphite

(FLG) which seems more appropriate.

FLG based antennas are still in the nascent stages of research. The most popular form of

FLG used for these applications is a conductive ink which contains FLG flakes in suspensions.

These inks can also be used in commercial ink-jet printers to directly print out circuits and com-

ponents. Such capabilities of these kind of inks have given rise to a new paradigm, “ink-jet”

printed electronics [95, 96] based on FLG. We present a discussion on low-cost and effective

methodology of extraction of FLG from bulk Graphite. We also propose cost-effective tech-

niques of fabrication of FLG based antennas. To validate our proposal, we fabricate an ISM

band microstrip patch antenna on paper substrate using FLG conductive ink and measure its

return loss and present the results in Appendix C.
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5.8 Methodology

In this section, we highlight the adopted methodology in obtaining the FLG from Graphite

and also its characterization using Raman spectroscopy and Field emission-Scanning elec-

tron Microscopy (FE-SEM) on Gemini 300 Electron Microscope. A flow-chart outlining the

methodology is shown in Figure 5.26.

Figure 5.26: Flow Chart showing the methodology adopted in obtaining the FLG based ink from
Graphite

In the subsequent sections, we shall discuss the different blocks in flowchart. In Figure 5.26,

we have also indicated alternate methods of obtaining the FLG from Graphite. Out of these, we

have adopted the electrochemical exfoliation method [97] for our purpose because primarily due

to the cost and availability of materials and equipment required for the extraction. A comparison

of the cost of different methods for mass production and their quality has been well depicted

in [98] as seen in Fig. 5.27.

In the present thesis, we have further tried to minimize on the cost wherever possible in an

attempt to make our procedure a cost-effective one as will be evident in the subsequent sections.
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Figure 5.27: Comparison of Different methods in terms of cost versus quality [98]

5.9 Electrochemical Exfoliation of Graphite

In electrochemical exfoliation of FLG from Graphite, we used Graphite of two different

forms: Graphite in a plate form and HOPG Graphite in a rod form. An alternate source of

Graphite is the carbon rod from a used Zinc-Carbon battery [99]. The various forms were

exfoliated and post-processed separately. Both electrodes in our experiments were of Graphite.

The Graphite to be exfoliated was connected to the anode. The electrolyte used in all the

cases was a 1 M solution of Sodium Sulphate (Na2S O4) in water [98]. The DC voltage was

obtained by bridge-rectifying the output of the secondary of a 220V/12V rated transformer. In

both the cases, the electrochemical exfoliation was carried out in a 500 ml glass beaker and the

subsequent sonication was performed in an ultrosonic bath.

The precipitate after sonication was filtered out using filter paper placed over a glass funnel.

The wet sample on the filter paper was then dried overnight using a Hot-Air Oven at 65oC. A

few images of the experiments have been shown in Figure 5.28.The characterization of the FLG

samples obtained from the above exfoliations is discussed in the next section.
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(a)

(b)
Figure 5.28: Electrochemical Exfoliation of Graphite in our Laboratory, at IIT Guwahati (a) Plate form
(b) HOPG rod

5.10 Characterization of FLG

The dried sample was characterized using Raman Spectroscopy(514nm) and Field Emission

Scanning Electron Microscope (FE-SEM, Gemini 300) as shown in Figure 5.29, 5.30, 5.31

and 5.32. These characterizations were obtained at the Central Instruments Facility (CIF), IIT

Guwahati.
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Figure 5.29: Raman Spectrum of FLG sample at 488 nm, obtained at CIF, IIT Guwahati, from 6B
pencils

From a review of literature [100, 101], the low I2D/IG ratio indicates that the FLG sample

obtained is quite low in the percentage of SLG flakes due to insufficient exfoliation and therefore

needs to sonicated for more time to increase the percentage of SLG flakes. This fact is also

noticeable in the SEM images of the samples. Also, the trend of the Raman spectra does not

indicate the presence of any impurity in the sample. The FLG sample from 6B pencils was,
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Figure 5.30: Raman Spectra of FLG samples at 514 nm, obtained at CIF-IIT Guwahati, from (a)6B
pencils (b) Graphite Plate (c) HOPG

however, a trial experiment and would not be used for further analysis.

(a) (b)
Figure 5.31: FE-SEM images of FLG sample from Graphite plate obtained at CIF, IIT Guwahati

(a) (b)
Figure 5.32: FE-SEM images of FLG sample from HOPG rod obtained at CIF, IIT Guwahati

5.11 Preparation of FLG based ink

The FLG based ink can be prepared with suitable solvents and printed on a suitable material

or deposited onto an appropriate substrate depending on the requirement and constraints of the

application. Based on the viscosity of the ink as well as the size of the FLG, it can be also used
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in a commercial inkjet printer to fabricate circuits and antennas. Such capabilities enable quick

and easy fabrication of low cost electronic circuits and related systems as well as antennas.

Inkjet printable Graphene inks have already been commercialized with potential applica-

tions. Several solvents or mixtures of solvents have been reported to disperse the FLGs to make

conductive inks with different electrical and thermal properties. However, such commercial

inks are inexplicably quite expensive. We have prepared a FLG based ink wherein we have

dispersed the FLGs in a mixture of 70%(by wt.) of ethanol and 30%(by wt.) of water with a

FLG concentration of 5 mg/mL [102]. However, it has been observed that increasing the water

proportion in the solvent leads to a longer dispersion and thereby a better shelf-life of the ink.

The presence of alcohol provides and advantage of a fast drying deposition due to the inher-

ent volatility of the alcohol. Therefore, a trade-off has to ascertained prior to dispersion of the

FLGs.

5.12 Methods of Depositions of FLG flakes

The FLG based ink can be prepared with suitable solvents and printed on a suitable material

or deposited onto an appropriate substrate depending on the requirement and constraints of the

application. Based on the viscosity of the ink as well as the size of the FLG, it can be also used

in a commercial inkjet printer to fabricate circuits and antennas. Such capabilities enable quick

and easy fabrication of low cost electronic circuits and related systems as well as antennas.

As mentioned earlier, inkjet printable Graphene inks have already been commercialized

with potential applications. Several solvents or mixtures of solvents have been reported to

disperse the FLGs to make conductive inks with different electrical and thermal properties.

However, such commercial inks are inexplicably quite expensive. We have prepared our own

FLG based ink wherein we have dispersed the FLGs in a mixture of 70%(by wt.) of ethanol and

30%(by wt.) of water with a FLG concentration of 5mg/mL. However, it has been observed that

increasing the water proportion in the solvent leads to a longer dispersion and thereby a better

shelf-life of the ink. The presence of alcohol provides and advantage of a fast drying deposition

due to the inherent volatility of the alcohol. Therefore, a trade-off has to ascertained prior to
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dispersion of the FLGs.

5.12.1 Mechanical Deposition

An alternate method of deposition of FLGs, which is popular for large area depositions, is

the mechanical method. In the mechanical method of deposition, dry FLG powder is spread

on the desired area and mechanical sander is used for even distribution of the thickness of the

layer. For small area depositions, we replicate the sanding motion with the finger of the hand

and a piece of adhesive tape or paper. The area to be deposited is clearly bounded with masks

to avoid spillage. A small amount of FLG powder is dropped onto the tape or onto the desired

area and in a circular motion of the fingers, the FLG powder is rubbed on to the area with a mild

pressure on the tape or paper as illustrated in Fig 5.33.

Figure 5.33: Mechanical deposition technique for FLGs

We have tried the above technique and produced a small-area deposition of the FLGs on

paper. The deposition has been imaged with Field Emission-Scanning Electron Microscope

(SEM), Gemini 300. The images of the edge and the bulk of the deposition are shown in Fig-

ure 5.34. The main advantage of this method is that it is simple and cost effective. The drawback

(a) Edge (b) Bulk
Figure 5.34: SEM images of the (a) Edge and (b) Bulk of the mechanically deposited FLGs on paper.

of this technique is the inability to control the thickness of the deposition with sufficient pre-
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cision. Especially, for small area depositions, using hand motions might produce thickness

variations over the area of deposition. The images in Figure 5.33 show the uneven distribution

of the FLG flakes in the bulk region of the deposition. This flaw can be reasonably rectified

using our proposed method which is discussed next.

5.12.2 Deposition using atomizer

We propose an alternate and simple method of deposition of FLG based inked onto a desired

material. In this method, the FLGs are first dispersed in a mixture of Acetone/Ethanol and Water

using ultrasonication and the dispersion is then poured into an atomizer. The atomizer used, is a

readily available commercial and low cost plastic bottle. It works on the similar mechanism as a

spray-painting system, a deodorant or a perfume bottle. The method is illustrated in Figure 5.35:

Figure 5.35: Deposition of FLGs using Atomizer

Using this method a sample of deposited FLGs was prepared and imaged using FE-SEM

and the images are shown in Figure 5.36:

(a) Edge (b) Bulk
Figure 5.36: SEM images of the (a) Edge and (b) Bulk of the deposited FLGs on paper using an atomizer.

As evident in the SEM images, the bulk region is relatively smooth compared to mechanical

deposition. The edge region shows undulations which can be rectified using appropriate mask-
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ing and clipping techniques. In Appendix C, we present an ISM band antenna fabricated on a

paper substrate using the atomizer technique.

5.13 Conclusion

In this Chapter, we proposed a novel Graphene based PMA for THz band applications.

Extending the model for a conventional PMA, we presented important results for the Graphene

based PMA. Using Ansys HFSST M we simulated our proposed antenna geometry and presented

investigations on the influence of geometrical parameters of the antenna on its characteristic.

Subsequently, we also presented a discussion on a low-cost and effective method of extracting

FLG flakes from bulk Graphite. We also proposed a cos-effective technique of deposition of

FLG based conductive ink on desired substrate for fabrication of FLG based antennas.
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6. Conclusion and Future Works

In this thesis, we focus on the various issues related to the design of antenna systems in

the THz band which is an essential component in THz sources and detectors from a wireless

communication stand point. We also discuss a relatively new material, Graphene, and investi-

gate its application to the conventional antenna technology. We also discuss the methodologies

of obtaining Graphene and propose techniques of fabrication of Graphene based antennas. We

summarize the contributions of the thesis in Section 6.1 and also highlight possible future di-

rection of research endeavours in the Section 6.2.

6.1 Summary of Contributions

I Analytical model of radiation from THz PMAs: We propose an alternate, simple and

generalized analytical model of the radiation from a THz PMA which combines the mul-

tiphysical scenarios involved in the operation of the PMA.

I Signal Modulations in the THz PMA: We investigate possible strategies to incorporate

modulation in the PMA output which crucial for the PMA to be suitable for applications

in wireless communications. We introduce novel technique of modulating the output

of the PMA by incorporating an additional modulating signal component into the PMA

system.

I Application of Graphene to conventional antenna systems: We proposed novel mi-

crostrip transmission line, antenna and antenna array designs employing Graphene which

enables dynamic variation and control in their performance characteristics of these de-

signs. Use of Graphene endows voltage controlled operation which has potential applica-

tions in several fields.

I Extraction of GNPs and fabrication of GNP based antennas: We discuss simple and

cost-effect methodology of extracting GNPs from bulk graphite and preparation of GNP

based conducting inks which are very useful in the electronics industry. We characterize

these GNP samples with sophisticated imaging and spectroscopic techniques to ensure

sample purity. We also introduce an alternate and low cost methodology of deposition of
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GNP based inks on desired substrates for fabrication of GNP based antennas.

6.2 Scopes of Future Research Endeavours

In this thesis, broadly, we have attempted investigate two major directions towards realiza-

tion of wireless communications in the THz frequency band.

The first direction is the investigation of continuous-wave sources in the THz band within

which we proposed the analytical model for the PMA. However, the main prevalent bottle-neck

of PMAs and PCAs are the low efficiency of these photoconductivity based sources. Although

there are several advantages of using PCAs and PMAs, the popularity of these sources depend

on their capability to efficiently convert the optical power to electrical radiated power. We have

highlighted several factors that can influence the efficiency of the PMA in Section 3.10. A

detailed investigation involving optics as well as device physics is an area which needs further

probe to yield more efficient PCAs and PMAs suitable for application in varied fields. From

an antenna stand-point, a frequency domain analysis of the PMA is very important part of an

antenna analysis. However, due to the multi-physics involved in the operation of the PMA, a

proper domain definition of several conventional antenna parameters are not available and need

to be investigated. Influence of thermal effects in the substrate on the output of the antenna also

has not been adequately addressed.

The second direction is the search of novel materials for antenna applications at the THz

frequency band wherein we discuss the characteristics and applications of Graphene. We have

proposed Graphene employed antenna designs which provide dynamic control over their per-

formance characteristics by application of DC bias. Investigations on the other such designs

employing Graphene can also be carried out for potentially important results. However, as

discussed earlier, a detailed frequency domain analysis of Graphene employed antennas and a

proper design procedure for such antennas would be a potentially significant direction of future

research. Additionally, investigations on other candidate materials for THz band applications

such as High Resistivity Silicon, which has a low loss tangent and high effective dielectric con-

stant, would be worthwhile and useful topic for a future research to the work presented in this
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thesis.
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A
Appendix A

A.1 Radiated Fields from PMA

The expressions for some of the terms used in the Chapter 3 are given below:

P(ω) =

[
PL1cosθ1 + PL2cosθ2

+

√
PL1PL2

√
1 + ω2τ2

(cosθ1 + cosθ2)cos(ωt − y(k1sinθ1

+k2sinθ2) − ζ − tan−1(ωτ))
] (A.1)

Q(ω1,ω2,Vbias) =

[ √
2PL1η0cosθ1cos(ω1t − k1ysinθ1)

+
√

2PL2η0cosθ2cos(ω2t + ζ + k2ysinθ2) +
Vbias

wg

] (A.2)

F1θ(θ, φ) = −

{
cos2θ

−cosθ + (n2 − sin2θ)
1
2

+sin2θcosθ
−cosθ − (n2 − sin2θ)1/2

−n2cosθ + (n2 − sin2θ)1/2

}
sinφ

(A.3)

F1φ(θ, φ) =
cosθcosφ

cosθ − (n2 − sin2θ)
1
2

(A.4)
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F1
2θ(θ, φ) =

sin2θcosθ
(1 − n2sin2θ)

1
2 − ncosθ

n(1 − n2sin2θ)
1
2 + cosθ

+
cos2θ

(1 − n2sin2θ)
1
2 + ncosθ

}
sinφ

(A.5)

F1
2φ(θ, φ) = −

cosθcosφ

(1 − n2sin2θ)
1
2 + ncosθ

(A.6)

F2
2θ(θ, φ) =

sin2θcosθ
(n2sin2θ − 1)

1
2 + jncosθ

n(n2sin2θ − 1)
1
2 − jcosθ

− j
cos2θ

(n2sin2θ − 1)
1
2 − jncosθ

}
sinφ

(A.7)

F2
2φ(θ, φ) = −

cosθcosφ

(n2sin2θ − 1)
1
2 − jncosθ

(A.8)
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B.1 2-element Antenna Array Employing Graphene

In this work, we propose a radio-frequency (RF) level switched beam antenna array sys-

tem with digital phase shifting realized through application of Graphene. The proposed system

alleviates the limitation of a conventional Butler matrix technique by providing a wider beam

switching capability with a relatively lower number of elements. Although, the proposed tech-

nique compromises on the orthogonality of transmitted and received signals available with a

conventional technique, a proper isolation and time-division between transmission and recep-

tion can be employed at the system level to solve the above problem. Such an arrangement

would be excluded from the antenna structure and hence would not compromise on the space

The simulations in this work have been performed using Ansys HFSST M Version 15.

B.2 Geometry of Proposed Antenna Array

A L ×W 2-element antenna array is designed on a grounded silicon dioxide (S iO2, εr = 4)

substrate fed by a coplanar branch line coupler ( as used in design of Butler matrix) through

four coplanar patches of Graphene (S 1, S 2, S 3, S 4) as shown in Figure B.1. The values of the
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Table B.1: Dimensions of the Antenna Array Geometry
Antenna parameter Value
Length of Patch(L) 2.641 mm
Width of Patch (W) 3.162 mm
Height of Substrate (h) 0.381 mm
Width of microstrip line (m) 0.838 mm
Inset length (d) 0.997 mm
Notch Width (g) 0.083 mm
Length of Substrate (Ls) 14 mm
Width of Substrate (Ws) 14 mm
Length of Ground plane (Ls) 14 mm
Width of Ground Plane (Ws) 14 mm
Thickness of Patch (t) 60 nm
Thickness of Graphene layers (gr) 60 nm

various geometrical dimensions in Figure B.1 have been presented in Table B.1.

Two wave-ports P1 and P2 are used as input to the antenna array. All the widths of the

feed, the transmission lines, the inset feed to the antenna element and the input ports have been

calculated according to 50Ω reference. The values of the geometrical parameters mentioned in

Table B.1 have been optimized as per tolerances to produce optimal results. The distance be-

tween two antenna elements is chosen such that mutual coupling between the antenna elements

is very small.

B.3 Antenna Operation

The excitation at any input port Pi; i = 1, 2 feeds the two antenna elements through the

coupler which divides the power equally and provides a phase shift of π
2 between the output

ports. The conductivities of the Graphene patches are changed by application of transverse DC

bias voltages of 0V and 15V, so that the the Graphene patches switch between the ON and OFF

state as discussed in Chapter 4.

The two quadrature phase signals from the output of the branch line coupler is inset-fed into

the two antenna elements through appropriate Graphene (ON state) patches, thereby producing

additional path difference and a corresponding phase difference between the antenna inputs.

More number of such Graphene patches can be introduced adjacently to produce multiple path
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Figure B.1: 2 element array using Graphene and coplanar branch line coupler

differences thereby increasing the number of phase shifts possible among the inputs to the

antenna elements. Such arrangements increase scanning precision as well as dynamic capability

of the design while also increasing the complexity of detection and an associated increase in

detection error.

B.4 Results and Discussion

24 × 2 combinations of ON/OFF states (OFF⇒0, ON⇒1) among S 1 − S 4 are possible,

thereby providing total number of 32 phase shift possibilities for this 2-element antenna array.

The angles of maximum radiation for all the combinations of S 1 − S 4 and for inputs at ports 1

and 2 have been tabulated in Table B.2.

Clearly, from the Table , we can see that the number of angles of maximum radiation are

indeed several times higher than than that a conventional 2-element beamforming antenna array

fed through a 2x2 Butler Matrix. The return loss characteristics of the 2-element antenna array

structure for excitations at Port 1 and 2 are presented in figures B.2 and B.3 respectively.

All possible combinations for excitations on both ports have been simulated and a few of

the beam switching behaviours of the antenna array structure is shown in figures B.4,B.5 and
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Table B.2: Angles of Maximum Radiation in φ = 90o plane
Excitation at Port 1 Excitation at Port 2

Comb.
Max.
Gain
(dB)

Angle
(Deg.) Comb.

Max.
Gain
(dB)

Angle
(Deg.)

0000 2.027 19 0000 1.949 -19
0001 3.394 18 0001 3.638 -20
0010 2.823 20 0010 2.634 -20
0011 3.109 -39 0011 3.171 -20
0100 2.609 20 0100 2.857 -20
0101 3.874 20 0101 4.352 -21
0110 3.420 20 0110 3.435 -21
0111 3.228 -39 0111 4.147 -21
1000 3.717 19 1000 3.514 -19
1001 4.442 18 1001 4.414 -18
1010 4.347 20 1010 3.897 -20
1011 4.189 14 1011 3.873 -23
1100 3.274 21 1100 2.723 39
1101 3.875 22 1101 4.293 -14
1110 4.050 21 1110 3.297 40
1111 2.780 11 1111 2.937 -10

B.6 below.

As can been seen from Table B.2, the beam covers a span from∼ −39o to ∼ +40o. This

can be seen in Figure B.7 where we plot the antenna gain pattern in the φ = 90o plane for

corresponding excitations as presented in the Table B.2.

Some of the salient observations made while investigating the antenna system are discussed

below:

Firstly, the resonant frequency for certain combinations deviates from 30 GHz. This is pri-

marily because of the presence of Graphene in the transmission line path which also determines

the quality of power coupling into the antenna inset feed line.

Secondly, with two radiating elements the main lobe beamwidth is quite wide and would

result in lower detection efficiency in the detection mode of the antenna. A narrower beam

would mitigate such malefics and we are investigating this issue.

Thirdly, in the detection mode, when signal from a particular direction is received, it would

be difficult to decide as to which combinations of S 1 − S 4 to be used. A reasonable solution
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Figure B.2: S 11 Parameters for all com-
binations corresponding to excitation at
Port 1.

Figure B.3: S 11 Parameters for all com-
binations corresponding to excitation at
Port 2.

would be to run a maximum likelihood algorithm to detect the correct combination and the

subsequent detection of the received signal.

Lastly, although all the combinations of S 1 − S 4 do not produce beam shifts, they increase

the gain in certain directions which may be helpful in improving the received Signal-to-Noise

Ratio (SNR) during detection from those directions.

Besides Table 4.3, comparative simulations of return loss characteristics, of the hybrid cou-

pled antenna array, have also been performed in order to study the antenna characteristics using

the various types of switches listed in Table 4.3. Owing to absence of specific data on the re-

spective data-sheets, these simulations have been carried out assuming resistive models for the

commercially available. These resistive models have been reverse calculated using the insertion

loss and isolation values given in Table 4.3. The simulation results would vary if a complex

modelling of the commercial devices is incorporated in the simulations. Due to space con-

straints, results for only a few combinations have been presented here in Figures B.8, B.9 and

B.10.
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Figure B.4: Plot of Antenna Gain on
φ = 90o plane for combination 0001 cor-
responding to excitations at Port 1 and 2

Figure B.5: Plot of Antenna Gain on
φ = 90o plane for combination 1011 cor-
responding to excitations at Port 1 and 2

Figure B.6: Plot of Antenna Gain on
φ = 90o plane for combination 1100 cor-
responding to excitations at Port 1 and 2

Figure B.7: Plot of Antenna Gain in φ =

90o plane showing the angular coverage
range of the 2-element beamforming ar-
ray.
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Figure B.8: S 11 corresponding to combi-
nation 0000 and excitation at Port 1.

Figure B.9: S 11 corresponding to combi-
nation 0001 and excitation at Port 1.

Figure B.10: S 11 corresponding to combination 1111 and excitation at Port 1.
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C.1 Design and Analysis of FLG based ISM band Antenna

The design of a conventional microstrip antenna includes several important steps such as

selection of appropriate material and size for the substrate, calculation of the patch dimensions

and design of the feed. Accordingly, we present the procedure adopted in design of the FLG

based antenna in the subsequent sections.

C.2 Preparation of Antenna Substrate

The material for fabricating the antenna being a conductive ink and paper being readily

available and also low cost, we selected a paper substrate. The dimensions of the substrate are

100 x 100 x 2 mm. To achieve the required substrate thickness, we glued several A4 sheets

together and cut out the lateral dimensions from this glued stack of papers using a scale and

an exacto knife. The dielectric constant of paper is 2.7 which also makes it a good choice for

substrate of microstrip antennas. The presence of layers of glue and minute inter-layer air-

gaps within a substrate thickness of 2 mm(�λ ≈ 122.45mm) would contribute very less to an

effective dielectric constant. Therefore, we assume the bulk substrate dielectric constant to be
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equal to that of paper.

C.2.1 Fabrication of the Ground plane

The ground plane in the antenna was made by sticking copper tape onto the back of the

paper substrate. The copper tape was 10 mm wide. A total of 10 strips covered the area of the

ground plane. The continuity among the strips was ensured using a multimeter.

Front Back
Figure C.1: Microstrip antenna fabricated using GNP based ink and an atomizer.

C.3 Deposition of Antenna Geometry

After ascertaining the dimensions of the patch (33 x 45 mm) and the feed for the antenna

to resonate at the ISM band, we printed a mask on a paper and the portions of the antenna and

feed were cut out. The mask was then covered with household adhesive tape and then glued

to the top of the substrate. The adhesive tape cover makes the unmasking process easier. The

FLG based ink was poured into an atomizer bottle and sprayed. For quick drying we used a

commercial hair-dryer. This process was repeated several times until a sufficiently thick layer

of the material was formed on the substrate at the patch and the feed line regions. The mask

was then gently lifted off leaving being the deposited antenna and the feed line. However, to

achieve a stable contact of the deposited feed-line and the flat-flange SMA connector, we laid

a copper strip of identical width over the feed-line which is seen in Figure C.1. The width of

the feed line is 5.4 mm. The analysis of the power transfer characteristics between the copper

and the deposited multi-layer Graphene is a topic of future investigation and would be reported

later.

The discrepancy in Fig. C.2 between the simulated and the measured results can be attributed
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Figure C.2: Simulated and Measured S11
of the antenna

Figure C.3: Real and Imaginary parts of
the input impedance of the antenna

to several contributing factors:

• Conductivity of the substrate:The actual value of the substrate conductivity was not

practically measured and was assumed from reported literature. Since the bandwidth

depends on the conductivity, this could be one of the factors of mismatch.

• Antenna Structure:Although the dimensions in the fabricated prototype and the simula-

tions were made as identical as possible, edge imperfections resulting from spraying the

ink from the atomizer could not be taken care in the simulation.

• Substrate Parameters:The substrate was prepared by stacking sheets of A4 size papers

glued together and then cutting out the required dimension piece from the stack. However,

in simulations we assumed a bulk paper substrate with identical dimensions. The actual

values of the fabricated substrate dielectric constant and loss tangent values could not be

measured and hence, could not be included into the simulations.

C.4 Simulation Results of the Antenna

It must be noted that the present antenna has been fabricated merely with purpose of a proof

of concept and more practical antennas would be fabricated subsequently. With a backdrop of

this notion, the fabricated antenna is being put through measurements and the measured results

would be communicated subsequently. However, results from simulation of the design have

been presented below.
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The scattering parameters at the input port of the antenna and the input impedance of the

antenna are shown in Figure C.2 and C.3 respectively. The radiation pattern of the antenna is

shown in Figure C.4 which shows a maximum gain of ≈ 6.4 dB. The total, co-pol and cross-pol

gain patterns of the antenna in the φ = 0o and φ = 90o planes are shown in Figure C.5.

Figure C.4: Radiation pattern the An-
tenna Figure C.5: Gain Function, G(θ, φ) plot

of the Antenna
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