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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
fulfillment of the requirement for the Degree of Doctor of Philosophy 

 
 

HIGHLY SENSITIVE METAMATERIAL BIOSENSOR OPERATING IN THE 
TERAHERTZ REGIME 

 
 

By 
 
 

NADEEM NAEEM 
 

September 2016 
 
 
Chairman : Associate Professor Alyani binti Ismail, PhD 
Faculty  : Engineering  
 
 
Four metamaterial structures are presented in this thesis, which are designed to 
operate in terahertz frequency regime. The main objective of this study is to 
design terahertz metamaterial sensors that can be used as highly sensitive 
biosensors. Since every substance or material has its dielectric characteristics; 
these biosensors are designed to sense small changes appeared at the minute 
amount of samples called analytes when they are poured on the surface of the 
metamaterial structures. There is a change in transmission appeared at 
metamaterial structures which is due to the change in surface electric field 
localized in split gap areas.  
 
The first two planar metamaterial Spiral ring resonators were designed operating 
in terahertz frequency band. These subwavelength structures were categorized 
as Type-I and Type-II (two-turn and three-turn Spiral resonators). They are 
designed for use as sensitive metamaterial terahertz sensors. The unloaded 
fundamental frequency of was observed around 3.69 THz and 3.93 THz 
respectively. The two-turn and three-turn Spiral resonators based biosensors 
exhibit very high values of unloaded Q factor of 159 and 689.  
 
The other two terahertz sensors composed of split ring resoantors are also 
demonstrated as negative index metamaterials operating in terahertz regime. The 
Square and Hexagon spilt resonators are introduced as terahertz biosensors. The 
unloaded Q factor calculated for the Hexagon and Square split ring biosensors 
were observed at the operating frequencies of 3.2 THz and 3.31 THz are 33.64 
and 42.1 respectively. There is significant shift in the transmission coeeficients 
were observed under loading conditions when the dielectric material as a 
biological sample of varrying permittivity and different material thickness were 
deposited on the surface of proposed  biosensors. Such biosensors can be used 
in label free sensing of minute biological substances like protein, bacteria without 
harming their characteristics and the valuable indformation present in the cells 
due to the non ionizing characterisitcs of terahertz frequency.   
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BIOSENSOR METAMATERIAL BERKEPEKAAN TINGGI BEROPERASI 
DALAM REJIM TERAHERTZ 

 
 

Oleh 
 
 

NADEEM NAEEM 
 

September 2016 
 
 
Pengerusi : Profesor Madya Alyani binti Ismail, PhD 
Fakulti  : Kejuruteraan 
 
 
Empat struktur metamaterial dibentangkan dalam tesis ini. Semuanya direka 
untuk beroperasi dalam rejim frekuensi terahertz. Objektif utama kajian ini adalah 
untuk mereka sensor metamaterial terahertz yang boleh digunakan sebagai 
biosensor berkepekaan tinggi. Oleh sebab semua bahan atau material 
mempunyai ciri-ciri dielektrik, biosensor ini direka untuk mengesan perubahan 
kecil dalam amaun sampel kumin yang dipanggil analit apabila ia dituang ke atas 
permukaan struktur metamaterial. Perubahan dalam penghantaran akan dilihat 
pada struktur metamaterial ini disebabkan perubahan medan elektrik permukaan 
setempat di kawasan celah terpisah.  
 
Dua alat resonan metamaterial gelang berpilin menyatah yang pertama direka 
untuk operasi dalam jalur frekuensi terahertz. Struktur sub-panjang gelombang ini 
dikategorikan sebagai Jenis-I dan Jenis-II (alat resonan berpilin dua dan tiga 
putaran). Alat resonan ini direka sebagai sensor terahertz metamaterial yang 
sensitif. Frekuensi asas tanpa beban dilihat pada 3.69 THs dan 3.93 Hz, masing-
masing. Biosensor berasaskan alat resonan berpilin dua putaran dan tiga putaran 
menunjukkan nilai faktor Q tanpa beban yang sangat tinggi (159 dan 689, masing-
masing).  
 
Dua sensor terahertz seterusnya yang terdiri daripada alat resonan gelang 
terpisah turut terbukti sebagai metamaterial indeks negatif yang beroperasi dalam 
rejim terahertz. Alat resonan Segi empat dan Heksagon terpisah turut 
diperkenalkan sebagai biosensor terahertz dalam kajian ini. Faktor Q tanpa beban 
dikira untuk biosensor gelang terpisah bentuk Heksagon dan Segi empat dan 
diperhatikan di frekuensi operasi 3.20 THz dan 3.31 THz dengan nilai 33.64 dan 
42.10, masing-masing. Anjakan signifikan dalam pekali penghantaran dapat 
dilihat dalam keadaan dengan beban apabila material dielektrik, sebuah sampel 
biologi yang mempunyai ketelusan dan ketebalan material berbeza, diletakkan 
pada permukaan biosensor yang dicadangkan dalam kajian ini. Biosensor ini 
boleh digunakan dalam pengesanan bebas-label bahan biologi kumin seperti 
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protein dan bakteria tanpa membahayakan ciri-ciri bahan dan maklumat penting 
yang terdapat dalam sel. Hal ini disebabkan oleh ciri-ciri bukan-pengion radiasi 
terahertz yang tak berbahaya. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
1.1 Background 
 
The term metamaterial, coined by Walser (2001), is defined as a 3-D periodic non-
natural composite, which is based on the combination of two or more 
electromagnetic responses. Presently, metamaterials are known as innovative 
synthetic materials that can surprisingly manipulate beams of light. The 
metamaterial structure is mainly based on sub-wavelength metallic resonators 
that remain in a dielectric. These resonating elements provide electromagnetic 
properties to metamaterials by ignoring conventional materials including atoms or 
molecules from these resonating elements (Pendry, 2006).  
 
 
Recently, interest in the research and development of new materials with 
characteristics that may not be found in nature has increased. These materials 
include metamaterials (MTMs), left-handed (LH), and negative index materials 
(NIM). These materials can be applied not only in scientific areas but also in 
industrial areas. These applications include artificial dielectrics, lens, absorbers, 
antenna structures, optical and microwave components, frequency-selective 
surfaces, sensing devices for gas, chemical- and water- based substances 
(Drexler et al. 2014; Miyamaru et al. 2014; Balamati et al. 2014), and vapor 
sensors (Salvatore, 2015). 
 
 
Metamaterial science has achieved a high degree of sophistication due to the 
continuous progress in design and fabrication on the submicron and nanometer 
scales to create novel properties of metamaterials. The interdisciplinary 
integration between metamaterial science and terahertz sensing technology has 
paved the way for new scientific and technological development including 
research into terahertz sensors based on metamaterials, which has led to the 
development of various metamaterial-based components for detecting 
information on substance and circumstance. 
 
 
The present advances in terahertz metamaterials have extended to include optical 
nanostructures and other related fields including communication, microscopy, and 
defense. Similarly, the terahertz (THz) spectrum dealing with distinctive properties 
and associated with terahertz frequencies is also known as a major research area 
involving metamaterials and favorable applications are currently associated with 
human exposure including medical diagnoses and security screening.   

 

 
Terahertz biosensors based on metamaterials, due to the non-ionizing properties 
of terahertz radiation, are suitable for biomedical sensing applications (Fitzgerald 
2002; Bogomazova 2015; Ergün and Sönmez, 2015), e.g. sensing of thin layers 
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of bio molecules without harming the cells. In metamaterials, the split ring 
resonators have shown promising potential in terms of their simple structures and 
easy implementation. Split rings exhibit left-handed properties, which are of great 
importance in constructing new types of metamaterials. 
 
 
1.2 Statement of Research Problem  
 
It is difficult for scientists to detect very thin and small amounts of biological and 
biochemical substances using conventional sensors without damaging cell 
structure. Labeling is the most common method used to detect the minute amount 
of biomolecules. Metamaterial-based sensors have been reported in the literature 
as a reliable solution for increasing the sensitivity of conventional sensors.  
 
 
In recent years, there have been reports on metamaterial sensors designed for 
sensing thin dielectric layers of biological and chemical substances but most of 
them have suffered from low quality factor values due to their shallow 
transmission characteristics (Fedotov et al. 2010; Singh et al. 2014; Yang et al. 
2014; Chowdhury et al. 2014). Low quality (Q) factors limit the sensing capabilities 
of metamaterial biosensors (Miyamaru et al. 2010; Moser et al. 2005; Chen et al. 
2008; Tao et al. 2009; O'Hara et al. 2008; Jansen et al. 2011).  
 
 
High Q factors are desirable in sensing applications. The Q factor of a sensor is 
generally determined by the energy loss per cycle as opposed to the stored 
energy. High Q metamaterial resonators for terahertz frequencies are difficult to 
design and characterize since the radiation loss in these structures increases 
inversely with resonator size. Several sensor designs have been reported to 
achieve higher Q factors and low losses particularly the design of terahertz 
metamaterials with new geometries and electrical coupling between resonating 
elements (Gu et al. 2010; Chen et al. 2010; Singh et al. 2008; Singh et al. 2010). 
However, these designs have achieved limited success in terms of sensitivity.    
 
 
1.3 Motivation  
 
Terahertz (THz) electromagnetic (EM) radiation falls between the microwave and 
infrared frequency bands and shares some common properties of each of these 
frequency bands. Materials like plastic, glass, paper, cloths, and ceramics are 
transparent to terahertz radiation (Fitzgerald et al. 2002). Such transparency 
facilitates high resolution non-invasive sensing that is useful in applications 
related to security and quality control. The low photonic energy of terahertz waves 
and their tremendous sensitivity to water absorption is the main motivation for 
research in the field of terahertz sensing, especially in the study of living 
organisms and imaging systems (Mittra et al. 1988; Pendry et al. 1996; Genet, 
2007; Yan et al. 2014).  
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The opportunities for safe and harmless direct communication are boundless with 
the use of comparatively short wavelength and broad frequency bandwidth 
(Comparatively short wavelength along with broad frequency bandwidth creates 
chances for safe and harmless direct communication). High data rates can be 
achieved with THz frequency. Recently, the detection of biological samples and 
explosives with unique spectral signatures (i.e. difference in the 
reflectance/emittance characteristics with respect to wavelengths) has become 
an emerging research area (Pendry et al. 1999; Powell et al. 2008).  
 
 
Terahertz biosensors have persistently been developed in terms of parallel 
improvement of ultrafast lasers; turnkey systems can be obtained commercially 
for overall spectroscopy and imaging (Pendry, 2000; Soukoulis et al. 2007; Dolling 
et al. 2007). These developments in terahertz systems are, however, associated 
with some design limitations.  
 
 
The sensing and categorization of actual minute amounts of biological analyte has 
stimulated a rapidly increasing branch of terahertz research. However, thin 
biological samples induce small and immeasurable changes via relatively 
inadequate interaction with terahertz waves. The main focus of this thesis, 
therefore, is to overcome this problem by suggesting the use of a novel 
metamaterial based on terahertz biosensors that could detect thin layers of 
biological analytes with different dielectric constants and layer thickness.  
 
 
1.4 Challenges in Terahertz Biosensing  
 
Terahertz biosensing systems must be specified, so as to facilitate accurate 
measurable sensing. This is because traditional THz sensing techniques have 
yielded limited success in detecting minute amounts of biological samples and 
chemicals (Withayachumnankul 2009). Developed analytes in the form of a 
dielectric layer have different terahertz properties than its bulk counterparts due 
to the size of these analytes and surface roughness, which changes during the 
fabrication process.  
 
 
Micro devices are designed with low adaptations toward planar substrates, which 
include sub-atomic implantation, chemical vapor deposition, and surface 
treatment with the help of chemicals. Moreover, biosensing techniques have 
helped develop a series of beneficial terahertz science and applications. 
 
 
Terahertz biosensing offers several practical and fundamental challenges 
involving electromagnetic sensing. In order to get measurable readouts, under-
test materials must have a strong interaction with the applied field. This interaction 
is associated with frequency-dependent constitutive material parameters and the 
amount of material to be tested. In spectroscopy devices, insufficient interaction 
between the biological samples and the applied EM field can lead to partial or 
incomplete information being obtained.  
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1.5 Research Aim and Objectives 
 
The objective of this research work is to design and analyze metamaterial 
terahertz biosensors for sensing minute and thin biological samples. These 
terahertz sensors consist of planar metamaterial designs. The proposed terahertz 
biosensors are targeted for sensing thin layers of DNA samples with different 
dielectric constants and varying thickness. In order to achieve this aim, the 
following objectives have been set: 
 

1. To design planar split rings and Spiral resonators based on metamaterial 
biosensors.  

2. To scale down the metamaterial structures so that they will be able to 
operate in a terahertz regime.  

3. To evaluate the effectiveness of the developed terahertz sensors in terms 
of their quality factors (Q) and surface electric field distributions.  

4. To evaluate the performance of the proposed metamaterial biosensors 
and analyze the effect of thin dielectric material deposition that mimics 
the bio samples, which includes different thickness and dielectric 
constants. 

 
 

1.6 Scope of Research 
 
The scope of this research is to design metamaterial-based biosensors that 
operate in the terahertz regime, so as to sense any dielectric changes that appear 
under the loading conditions of biological samples. The performance of the 
proposed design is to be tested using the commercially available CST design 
studio version 2011 software. The sensing performance of terahertz biosensors 
is evaluated by measuring external quality factor, surface electric field distribution, 
and transmission spectra. The scope of research work is outlined in Figure. 1.1.  
 

 
 

Figure 1.1 : Scope of Research 
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1.7 Research Methodology 
 
The performance of metamaterial-based terahertz biosensors is tested through 
software simulation and Scattering parameters are extracted to observe their 
resonant behavior. The effective parameters are calculated in order to observe 
the left-handedness of the proposed biosensors in the THz frequency band.  
 
 
The terahertz biosensors are modeled and simulated with depositions (loadings) 
of different thin layers of the biological sample with varying sample permittivity. 
The obtained results will then be compared with the frequency responses of 
reported biosensors to validate the novelty of the proposed metamaterial 
resonators as a terahertz biosensor. Figure 1.2 illustrates the flow chart for this 
study in which the procedural steps for the proposed design methodology are 
depicted. 
 

 
Figure 1.2 : Methodology 
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1.8 Organization of Thesis 
 
This thesis is organized into six chapters. The summary of each chapter is given 
below: 
 
 
Chapter 1 provides a general introduction to the research area and identifies the 
current problems in designing metamaterial-based terahertz sensors, which are 
the main motivation for this research. This chapter also introduces the goals, 
objectives, methodology, and scope of research as well as the organization of this 
thesis. 
 
 
Chapter 2 presents a thorough literature review and theoretical background about 
metamaterial structures, which covers sensors operating in the terahertz 
frequency band. It also provides a background and history of metamaterials 
before detailing the salient electromagnetic features of these materials as well as 
their recent applications, especially as terahertz biosensors.  
 
 
Chapter 3 provides an introduction on terahertz waves and its applications in the 
field of biosensing and imaging.  
 
 
Chapter 4 and 5 describe the design aspects of Spiral, Hexagon, and Square ring 
resonators in the terahertz frequency region.  
 
 
The testing results of the terahertz biosensors are presented in Chapter 6 and the 
conclusion to this study is presented in Chapter 7.   
 

  



© C
OPYRIG

HT U
PM

106 
 

REFERENCES 
 
 
Al-Naib, I. A. I., Jansen, C. and Koch, M. 2008a. Applying the Babinet principle to 

asymmetric resonators. Electronics Letters 44(21): 1228-1229. 
 
Al-Naib, I. A. I., Jansen, C. and Koch, M. 2008b. Thin-film sensing with planar 

asymmetric metamaterial resonators. Applied Physics Letters 93(8): 
083507. 

 
Al-Naib, I. A., Jansen, C. and Koch, M. 2009. High Q-factor metasurfaces based 

on miniaturized asymmetric single split resonators. Applied Physics 
Letters 94(15): 153505. 

 
Amiri, N., Forooraghi, K. and Atlasbaf, Z. 2013. Broadband and compact double 

negative composite metamaterials with low losses. International Journal 
of Applied Electromagnetics and Mechanics 43(3): 271-281. 

 
Alù, A. and Engheta, N. 2008. Dielectric sensing in ε -near-zero narrow waveguide 

channels. Physical Review B 78(4): 045102. 
 
Aydin, K., Guven, K., Soukoulis, C.M. and Ozbay, E. 2005. Observation of 

negative refraction and negative phase velocity in left-handed 
metamaterials.Applied Physics Letters 86(12): 124102. 

 
Ozbay, E., Aydin, K., Guven, K. and Bulu, I. 2005. Observation of negative 

refraction and negative phase velocity in true left-handed metamaterials. 
In Microtechnologies for the New Millennium. International Society for 
Optics and Photonics. 240-247 

 
Bak, P. 2008. The devil's staircase. Physics Today 39(12): 38-45. 
 
Balamati C., Bisoyi, S., Reddy, P. V., Manjula S. and Jha, R. M. 2014. Emerging 

Trends in Terahertz Metamaterial Applications. Computers, Materials & 
Continua 39(3): 179-215.  

 
Basiri, R., Abiri, H. and Yahaghi, A. 2014. Optimization of metamaterial structures 

for terahertz and microwave sensor applications. Microwave and Optical 
Technology Letters 56(3): 636-642. 

 
Baena, J. D., Marques, R., Medina, F. and Martel, J. 2004. Artificial magnetic 

metamaterial design by using spiral resonators. Physical review B 69(1): 
014402. 

 
Bahl, I. J. and Garg, R. 1977. Simple and accurate formulas for a microstrip with 

finite strip thickness. Proceedings of the IEEE 65(11): 1611-1612. 
 
Bernard, P.A. and Gautray, J. M. 1991. Measurement of dielectric constant using 

a microstrip ring resonator. IEEE Transactions on Microwave Theory and 
Techniques 39(3): 592-595. 



© C
OPYRIG

HT U
PM

107 
 

Benedek, P.E.T.E.R. and Silvester, P. 1972. Equivalent capacitances for 
microstrip gaps and steps. IEEE Transactions on Microwave Theory and 
Techniques 20(11): 729-733. 

 
Bingham, C. M., Tao, H., Liu, X., Averitt, R. D., Zhang, X. and Padilla, W. J. 2008. 

Planar  wallpaper group metamaterials for novel terahertz applications. 
Optics express 16(23): 18565-18575. 

 
Bose, J.C. 1898. On the rotation of plane of polarisation of electric waves by a 

twisted structure. Proceedings of the Royal Society of London 63(389-
400): 146-152. 

 
Bourzac, K. 2011. A practical way to make invisibility cloaks. Technology Review- 

MIT, http://www. technologyreview. com/computing/37720/page1. 
 
Bogomazova, A.N., Vassina, E.M., Goryachkovskaya, T.N., Popik, V.M., Sokolov, 

A.S., Kolchanov, N.A., Lagarkova, M.A., Kiselev, S.L. and Peltek, S.E. 
2015. No DNA damage response and negligible genome-wide 
transcriptional changes in human embryonic stem cells exposed to 
terahertz radiation. Scientific reports 5: 7749. 

 
Bray, J.R. and Roy, L. 2003. Microwave characterization of a microstrip line using 

a two-port ring resonator with an improved lumped-element model. IEEE 
transactions on microwave theory and techniques 51(5):1540-1547. 

 
Brillouin, L. 2013. Propagation of electromagnetic waves in metamaterial media. 

In Wave propagation and group velocity. Academic Press 8: 85-105. 
 
Brucherseifer, M., Nagel, M., Bolivar, P. H., Kurz, H., Bosserhoff, A. and Büttner, 

R. 2000. Label-free probing of the binding state of DNA by time-domain 
terahertz sensing. Applied Physics Letters 77(24): 4049-4051. 

 
Cai, W., Chettiar, U. K., Kildishev, A. V. and Shalaev, V. M. 2007. Optical cloaking 

with metamaterials. Nature photonics 1(4): 224-227. 
 
Caloz, C., Itoh, T. 2006. Electromagnetic metamaterials: transmission line theory 

 and microwave applications. John Wiley & Sons 1-2. 
 
Cao, W., Singh, R., Al-Naib, I. A., He, M., Taylor, A. J. and Zhang, W. 2012. Low-

loss ultra-high-Q dark mode plasmonic Fano metamaterials. Optics 
letters 37(16): 3366-3368. 

 
Chen, X., Grzegorczyk, T. M., Pacheco, J. and Kong, J. A. 2004. Robust method 

to retrieve the constitutive effective parameters of metamaterials. Phys. 
Rev. E 70: 016608.1-016608.7.  

 
Chang, K., Martin, S., Wang, F. and Klein, J. L. 1987. On the study of microstrip 

ring and varactor-tuned ring circuits. IEEE Transactions on Microwave 
Theory and Techniques 35(12): 1288-1295. 

 



© C
OPYRIG

HT U
PM

108 
 

Chen, H. T., O'Hara, J. F., Azad, A. K., Taylor, A. J., Averitt, R. D., Shrekenhamer, 
D. B. and Padilla, W. J. 2008. Experimental demonstration of frequency-
agile terahertz metamaterials. Nature Photonics 2(5): 295-298. 

 
Chen, H. T., Yang, H., Singh, R., O’Hara, J. F., Azad, A. K., Trugman, S. A., Jia, 

Q. X.  and Taylor, A. J. 2010. Tuning the resonance in high-temperature 
superconducting terahertz metamaterials. Physical review letters 
105(24): 247402. 

 
Chiam, S. Y., Singh, R., Zhang, W. and Bettiol, A. A. 2010. Controlling 

metamaterial resonances via dielectric and aspect ratio effects. Applied 
Physics Letters 97(19): 191906-191906. 

 
Chiam, S. Y., Singh, R., Gu, J., Han, J., Zhang, W. and Bettiol, A. A. 2009. 

Increased frequency shifts in high aspect ratio terahertz split ring 
resonators. Applied Physics Letters 94(6): 064102. 

 
Chowdhury, D. R., Su, X., Zeng, Y., Chen, X., Taylor, A. J. and Azad, A. 2014. 

Excitation of dark plasmonic modes in symmetry broken terahertz 
metamaterials. Optics express 22(16): 19401-19410. 

 
Cong, L. and Singh, R. 2014. Sensing with THz metamaterial absorbers. arXiv 

preprint- arXiv:1408.3711. 
 
Chang, K. and Hsieh, L.H. 2004. Microwave ring circuits and related 

structures 156: 16-90. 
 

Crnojević‐Bengin, V., Radonić, V. and Jokanović, B. 2007. Left‐handed microstrip 
lines with multiple complementary split‐ring and spiral resonators. 
Microwave and Optical Technology Letters 49(6): 1391-1395. 

 
Debus, C. and Bolivar, P. H. 2007. Frequency selective surfaces for high 

sensitivity terahertz sensing. Applied Physics Letters 91(18): 184102. 
 
Dolling, G., Wegener, M., Soukoulis, C. M. and Linden, S. 2007. Negative-index 

metamaterial at 780 nm wavelength. Optics Letters 32(1): 53-55. 
 
Drexler, C., Shishkanova, T. V., Lange, C., Danilov, S. N., Weiss, D., Ganichev, 

S. D. and Mirsky, V. M. 2014. Terahertz split-ring metamaterials as 
transducers for chemical sensors based on conducting polymers: a 
feasibility study with sensing of acidic and basic gases using polyaniline 
chemosensitive layer. Microchimica Acta 181(15-16): 1857-1862. 

 
Dresselhaus, M. S. 1999. Solid state physics part-II. Optical properties of solids. 

Course 6.732 Solid state physics Massachusetts Institute of Technology 
(MIT), 1-4.  

 
Driscoll, T., Andreev, G. O., Basov, D. N., Palit, S., Cho, S. Y., Jokerst, N. M. and 

Smith,  D. R. 2007. Tuned permeability in terahertz split-ring resonators 
for devices and sensors. Applied Physics Letters 91(6): 062511. 



© C
OPYRIG

HT U
PM

109 
 

Eleftheriades, G. V. and Balmain, K. G. 2005. Negative-refraction metamaterials: 
fundamental principles and applications. John Wiley & Sons.  

 
Elhawil, A., Stiens, J., De Tandt, C., Ranson, W. and Vounckx, R. 2011. Thin-film 

sensing using circular split-ring resonators at mm-wave 
frequencies. Applied physics A 103(3): 623-626. 

 
Emerson, D. T. 1997. The work of Jagadis Chandra Bose: 100 years of millimeter-

wave research. Microwave Theory and Techniques, IEEE Transactions 
on 45(12): 2267-2273. 

 
Engheta, N., Ziolkowski, R. W. 2006. Metamaterials: physics and engineering 

explorations. John Wiley & Sons.  
 
Ergün, S. and Sönmez, S. 2015. Terahertz technology for military 

applications. Journal of Military and Information Science 3(1):13-16. 
 
Fang, N., Zhang, X. 2003. Imaging properties of a metamaterial superlens. 

Applied Physics Letters 82(2): 161-163. 
 
Fedotov, V. A., Papasimakis, N., Plum, E., Bitzer, A., Walther, M., Kuo, P., Tsai, 

D. P. and Zheludev, N. I. 2010. Spectral collapse in ensembles of 
metamolecules. Physical review  letters 104(22): 223901. 

 
Fedotov, V. A., Rose, M., Prosvirnin, S. L., Papasimakis, N. and Zheludev, N. I. 

2007. Sharp trapped-mode resonances in planar metamaterials with a 
broken structural symmetry. Physical review letters 99(14): 147401. 

 
Fitzgerald, A.J., Berry, E., Zinovev, N.N., Walker, G.C., Smith, M.A. and 

Chamberlain, J.M. 2002. An introduction to medical imaging with 
coherent terahertz frequency radiation. Physics in Medicine and biology 
47(7): R67. 

 
Garcia, N., Nieto-Vesperinas, M. 2002. Left-handed materials do not make a 

perfect lens. Physical review letters 88(20): 207403. 
 
Garg, R. and Bahl, I.J. 1978. Microstrip discontinuities. International Journal of 

Electronics Theoretical and Experimental 45(1): 81-87. 
 
Genet, C., Ebbesen, T. W. 2007. Light in tiny holes. Nature 445(7123): 39-46. 
 
Gundogdu, T. F., Gökkavas, M., Güven, K., Kafesaki, M., Soukoulis, C. M. and 

Ozbay, E. 2007. Simulation and micro-fabrication of optically switchable 
split ring resonators. Photonics and Nanostructures-Fundamentals and 
Applications 5(2): 106-112. 

 
Gu, J., Singh, R., Tian, Z., Cao, W., Xing, Q., He, M., Zhang, J. W., Han, J., Chen, 

H. T. and Zhang, W. 2010. Terahertz superconductor metamaterial. 
Applied Physics Letters 97(7): 071102. 

 



© C
OPYRIG

HT U
PM

110 
 

Guo, W., He, L., Sun, H., Zhao, H., Li, B. and Sun, X. W. 2013. A Dual-Band 
Terahertz Metamaterial Based on a Hybrid'H'-Shaped Cell. Progress In 
Electromagnetics Research M 30: 39-50. 

 
Hammerstad, E. and Jensen, O. 1980. Accurate models for microstrip computer-

aided design. In 1980 IEEE MTT-S International Microwave Symposium 
Digest 407-409. 

 
He, S., Jin, Y., Ruan, Z. and Kuang, J. 2005. On subwavelength and open 

resonators involving metamaterials of negative refraction index. New 
Journal of Physics 7(1): 210. 

 
He, X. J., Qiu, L., Wang, Y., Geng, Z. X., Wang, J. M. and Gui, T. L. 2011. A 

compact thin-film sensor based on nested split-ring-resonator (SRR) 
metamaterials for microwave applications. Journal of Infrared, Millimeter, 
and Terahertz Waves 32(7): 902-913. 

 
Ho, C. P., Pitchappa, P., Lin, Y. S., Huang, C. Y., Kropelnicki, P. and Lee, C. 

2014. Electrothermally actuated microelectromechanical systems based 
omega-ring terahertz metamaterial with polarization dependent 
characteristics. Applied Physics Letters 104(16): 161104. 

 
Hodges, J.W., Rippen, M. and Biver, C. J. 2012. Three-dimensional 

electromagnetic metamaterials and methods of manufacture. Google 
Patents, US Patent App. 13/514, 271.  

 
Huang, M., Yang, J., Sun, J., Shi, J. and Peng, J. 2009. Modelling and analysis of 

Ω-shaped double negative material-assisted microwave sensor. Journal 
of Infrared, Millimeter and Terahertz Waves 30(11): 1131-1138. 

 
Huang, M. and Yang, J. J. 2011. Microwave sensor using metamaterials. In Wave 

Propagation, ed. A. Pertin, 13-36. Intech Publishers.  
 
Hsieh, L.H. and Chang, K. 2002. Equivalent lumped elements G, L, C, and 

unloaded Q's of closed-and open-loop ring resonators. IEEE transactions 
on microwave theory and techniques 50(2): 453-460.   

 
Ibraheem, I. A. and Koch, M. 2007. Coplanar waveguide metamaterials: The role 

of bandwidth modifying slots. Applied Physics Letters 91(11): 113517. 
 
Jakšić, Z., Vuković, S., Matovic, J. and Tanasković, D. 2010. Negative refractive 

index metasurfaces for enhanced biosensing. Materials 4(1): 1-36. 
 
Jalali, M., Sedghi, T. and Zehforoosh, Y. 2009. Miniaturization of waveguides dual 

band  antenna using TSRR-WS metamaterials. International Journal of 
Computer and Electrical Engineering  1: 1793-8163. 

 
Jansen, C., Al-Naib, I. A., Born, N. and Koch, M. 2011. Terahertz metasurfaces 

with high  Q-factors. Applied Physics Letters 98(5): 051109. 
 



© C
OPYRIG

HT U
PM

111 
 

Jen, Y.J., Lakhtakia, A., Yu, C.W. and Chan, T.Y. 2009. Multilayered structures 
for p-and s-polarized long-range surface-plasmon-polariton 
propagation. JOSA A 26(12): 2600-2606. 

 
John, W. Hodges, JR., Marc Rippen, Carl J. Biver, JR. 2012. Three dimensional 

electromagnetic metamaterials and methods of manufacture. Patent 
Application Publication, Pub. No.US 2012/0288627 A1.    

 
Jung, H., In, C., Choi, H. and Lee, H. 2014. Anisotropy Modeling of Terahertz 

Metamaterials: Polarization Dependent Resonance Manipulation by 
Meta-Atom Cluster. Scientific reports, 4. 

 
Kafesaki, M., Koschny, T., Penciu, R. S., Gundogdu, T. F., Economou, E. N. and 

Soukoulis, C. M. 2005. Left-handed metamaterials: detailed numerical 
studies of the transmission  properties. Journal of Optics A: Pure 
and Applied Optics 7(2): S12. 

 
Kawase, K., Ogawa, Y., Watanabe, Y. and Inoue, H. 2003. Non-destructive 

terahertz imaging of illicit drugs using spectral fingerprints. Optics 
express 11(20): 2549-2554. 

 
Khurgin, J. B. and Sun, G. 2011. Scaling of losses with size and wavelength in 

nanoplasmonics and metamaterials. Applied Physics Letters 99(21): 
211106. 

 
Kock, W. E. 1948. Metallic delay lenses. Bell System Technical Journal 27(1): 58-

82. 
 
Kong, J. A. 2002. Electromagnetic wave interaction with stratified negative 

isotropic media. Progress In Electromagnetics Research 35: 1-52. 
 
Lee, H. J., Lee, H. S., Yoo, K. H. and Yook, J. G. 2008. On the possibility of 

biosensors based on split ring resonators. IEEE Microwave Conference, 
EuMC 2008. 38th European, 1222-1225.  

 
Leisawitz, D. T., Danchi, W. C., DiPirro, M. J., Feinberg, L. D., Gezari, D. Y., 

Hagopian, M. and Zhang, X. 2000. Scientific motivation and technology 
requirements for the  SPIRIT and SPECS far-infrared / submillimeter 
space interferometers. Astronomical Telescopes and Instrumentation. 
International Society for Optics and Photonics, 36- 46 

 
Li, Q., Zhang, B., Xiong, W. and Shen, J. 2014. Modulation of the resonance 

frequency in double-split ring terahertz metamaterials. Optics 
Communications 323: 162-166. 

 
Luo, J., Gong, J., Zhang, X., Ji, A., Xie, C. and Zhang, T. 2014. Terahertz 

transmission properties of four metamaterials. Optik-International Journal 
for Light and Electron Optics 125(1): 386-388. 

  



© C
OPYRIG

HT U
PM

112 
 

Marqués, R., Martín, F. and Sorolla, M. 2008. Metamaterials with negative 
parameters: theory, design and microwave applications 183, John Wiley 
& Sons.  

 
Maxwell, J. C. 1865. A dynamical theory of the electromagnetic field.Philosophical 

transactions of the Royal Society of London 155(1865): 459-512. 
 
Meng, F. Y., Wu, Q., Yang, G. H. and Fu, J. H. 2008. Design and negative 

refraction investigation of a compact left‐handed metamaterial. IEEJ 
Transactions on Electrical and Electronic Engineering 3(6): 599-603. 

 
Metz, J. 2014. The geometry of Snell's law. The Physics Teacher 52: 177-177. 
 
Min‐Hua, L., He‐Lin, Y., Hai, L. and Bo‐Xun, X. 2013. Design, measurement, and 

characterization of dual‐band left‐handed metamaterials with combined 
elements. Microwave and Optical Technology Letters 55(3): 493-497. 

 
Mittra, R., Chan, C. H. and Cwik, T. 1988. Techniques for analyzing frequency 

selective surfaces-a review. Proceedings of the IEEE 76(12): 1593-1615. 
 
Miyamaru, F., Kuboda, S., Taima, K., Takano, K., Hangyo, M. and Takeda, M. W. 

2010.  Three-dimensional bulk metamaterials operating in the terahertz 
range. Applied Physics Letters 96(8): 081105. 

 
Miyamaru, F., Hattori, K., Shiraga, K., Kawashima, S., Suga, S., Nishida, T., 

Takeda, M.W. and Ogawa, Y. 2014. Highly sensitive terahertz sensing of 
glycerol-water mixtures with metamaterials. Journal of Infrared, 
Millimeter, and Terahertz Waves 35(2): 198-207. 

 
Moser, H. O., Casse, B. D. F., Wilhelmi, O. and Saw, B. T. 2005. Terahertz 

response of a microfabricated rod split-ring-resonator electromagnetic 
metamaterial. Physical review letters 94(6): 063901. 

 
Munk, B. A. 2009. Metamaterials: critique and alternatives. John Wiley & Sons. 
 
Nagel, M., Richter, F., Haring-Bolivar, P. and Kurz, H. 2003. A functionalized THz 

sensor  for marker-free DNA analysis. Physics in Medicine and Biology 
48(22): 3625. 

 
O'Hara, J. F., Singh, R., Brener, I., Smirnova, E., Han, J., Taylor, A. J. and Zhang, 

W. 2008. Thin-film sensing with planar terahertz metamaterials: 
sensitivity and limitations. Optics Express 16(3): 1786-1795. 

 
Pala, N. and Abbas, A. N. 2012. Terahertz technology for nano applications. 

Encyclopedia of Nanotechnology, 2653-2667. 
 
Parazzoli, C. G., Greegor, R. B., Li, K., Koltenbah, B. E. C. and Tanielian, M. 

2003. Experimental verification and simulation of negative index of 
refraction using Snell's law. Phys. Rev. Letters 90:107401.  

  



© C
OPYRIG

HT U
PM

113 

Park, S.J., Hong, J.T., Choi, S.J., Kim, H.S., Park, W.K., Han, S.T., Park, J.Y., 
Lee, S., Kim, D.S. and Ahn, Y.H., 2014. Detection of microorganisms 
using terahertz metamaterials. Scientific reports, 4. 

Paul, O., Imhof, C., Reinhard, B., Zengerle, R. and Beigang, R., 2008. Negative 
index bulk metamaterial at terahertz frequencies. Optics express 16(9): 
6736-6744. 

Pendry, J. B. 2006. Photonics: Metamaterials in the sunshine. Nature Materials 
5(8): 599-600. 

Pendry, J. B., Holden, A. J., Stewart, W. J. and Youngs, I. 1996. Extremely low 
frequency plasmons in metallic mesostructures. Physical review letters 
76(25): 4773. 

Pendry, J. B., Holden, A. J., Robbins, D. J. and Stewart, W. J. 1999. Magnetism 
from conductors and enhanced nonlinear phenomena. Microwave Theory 
and Techniques, IEEE Transactions on 47(11): 2075-2084. 

Pendry, J. B. 2000. Negative refraction makes a perfect lens. Physical review 
letters 85(18): 3966. 

Pendry, J. B., Holden, A. J., Robbins, D. J. and Stewart, W. J. 1999. Magnetism 
from conductors and enhanced nonlinear phenomena. Microwave Theory 
and Techniques, IEEE Transactions on 47(11): 2075-2084. 

Pendry, J. B. 2004. Negative refraction. Contemporary Physics 45(3): 191–202. 

Peralta, X.G., Wanke, M.C., Arrington, C.L., Williams, J.D., Brener, I., Strikwerda, 
A., Averitt, R.D., Padilla, W.J., Smirnova, E., Taylor, A.J. and O’Hara, J.F. 
2009. Large-area metamaterials on thin membranes for multilayer and 
curved applications at terahertz and higher frequencies.Applied Physics 
Letters 94(16): 161113. 

Planck, M. 1914. The Theory of Heat Radiation. 2nd Edition, P. Blakiston’s Sons 
and Co, 180-181. 

Powell, D. A., Shadrivov, I. V. and Kivshar, Y. S. 2008. Cut-wire-pair structures 
as two-dimensional magnetic metamaterials. Optics express 16(19): 
15185-15190. 

Poynting, J.H. 1884. On the transfer of energy in the electromagnetic field. 
Philosophical Transactions of the Royal Society of London 175: 343-361. 

Prosvirnin, S. and Zouhdi, S. 2002. Resonances of closed modes in thin arrays of 
complex particles. In Advances in electromagnetics of complex media 
and metamaterials. Springer Netherlands, 281-290. 

Pucel, R.A., Masse, D.J. and Hartwig, C.P. 1968. Losses in microstrip.IEEE 
transactions on microwave theory and techniques 16(6): 342-350. 



© C
OPYRIG

HT U
PM

114 
 

Sabah, C. 2010. Tunable metamaterial design composed of triangular split ring 
resonator and wire strip for S-and C-microwave bands. Progress In 
Electromagnetics Research B 22: 341-357. 

 
Sabah, C. and Roskos, H.G. 2012. Terahertz sensing application by using planar 

split-ring-resonator structures. Microsystem technologies 18(12): 2071-
2076. 

 
Salvatore, S. 2015. Metamaterial Sensors. In Optical Metamaterials by Block 

Copolymer Self-Assembly. Springer International Publishing, 71-76.  
 
Schurig, D., Mock, J. J., Justice, B. J., Cummer, S. A., Pendry, J. B., Starr, A. F. 

and Smith,  D. R. 2006. Metamaterial electromagnetic cloak at 
microwave frequencies. Science 314(5801): 977-980. 

 
Shelby, R. A., Smith, D. R., Nemat-Nasser, S. C. and Schultz, S. 2001a. 

Microwave transmission through a two-dimensional, isotropic, left-
handed metamaterial. Applied Physics Letters 78(4): 489-491. 

 
Shelby, R. A., Smith, D. R. and Schultz, S. 2001b. Experimental verification of a 

negative index of refraction. Science 292(5514): 77-79. 
 
Shirley, J. W. 1951. An early experimental determination of Snell's law. American 

Journal of Physics 19(9): 507-508. 
 
Shreiber, D., Gupta, M. and Cravey, R. 2011. Comparative study of 1-D and 2-D 

metamaterial lens for microwave nondestructive evaluation of dielectric 
materials. Sensors and Actuators A: Physical 165(2): 256-260. 

 
Shu, J., Gao, W., Reichel, K., Nickel, D., Dominguez, J., Brener, I. and Xu, Q. 

2014. High Q terahertz Fano resonance with extraordinary transmission 
in concentric ring apertures. Optics express 22(4): 3747-3753. 

 
Siegel, P. H. 2002. Terahertz technology. IEEE Transactions on microwave 

theory and techniques 50(3): 910-928. 
 
Sihvola, A. 2007. Metamaterials in electromagnetics. Metamaterials 1(1): 2-11. 
 
Singh, R., Azad, A. K., O'Hara, J. F., Taylor, A. J. and Zhang, W. 2008. Effect of 

metal permittivity on resonant properties of terahertz metamaterials. 
Optics letters 33(13): 1506-1508. 

 
Singh, R., Tian, Z., Han, J., Rockstuhl, C., Gu, J. and Zhang, W. 2010. Cryogenic 

temperatures as a path toward high-Q terahertz metamaterials. Applied 
Physics Letters 96(7): 071114. 

 
Singh, R., Al-Naib, I. A., Koch, M. and Zhang, W. 2011. Sharp Fano resonances 

in THz metamaterials. Optics Express 19(7): 6312-6319. 
 



© C
OPYRIG

HT U
PM

115 
 

Singh, R., Cao, W., Al-Naib, I., Cong, L., Withayachumnankul, W. and Zhang, W. 
2014.  Ultrasensitive THz sensing with high-Q Fano resonances in 
metasurfaces. arXiv:1406.7194. 

 
Smith, D. R., Padilla, W. J., Vier, D. C., Nemat-Nasser, S. C. and Schultz, S. 2000. 

Composite medium with simultaneously negative permeability and 
permittivity. Physical review letters 84(18): 4184. 

 
Smith, D. R., Vier, D. C., Koschny, T., Soukoulis, C. M. 2005. Electromagnetic 

parameter retrieval from inhomogeneous metamaterials. Physical 
Review E 71(3): 036617. 

 
Smith, D.R. and Kroll. N. 2000. Negative refractive index in left-handed materials. 

Phys.  Rev. Letters 85(14): 2933-2936. 
 
Soukoulis, C. M., Linden, S. and Wegener, M. 2007. Negative refractive index at 

optical wavelengths. Science 315(5808): 47-49. 
 
Soukoulis, C. M. and Wegener, M. 2011. Past achievements and future 

challenges in the development of three dimensional photonic 
metamaterials. Nature Photonics 5(9): 523-530. 

 
Sun, Y., Xia, X., Feng, H., Yang, H., Gu, C. and Wang, L. 2008. Modulated 

terahertz responses of split ring resonators by nanometer thick liquid 
layers. Applied Physics Letters 92(22): 221101. 

 
Tao, H., Strikwerda, A. C., Fan, K., Padilla, W. J., Zhang, X. and Averitt, R. D. 

2009. Reconfigurable terahertz metamaterials. Physical review letters 
103(14): 147401. 

 
Tao, H., Strikwerda, A. C., Fan, K., Bingham, C. M., Padilla, W. J., Zhang, X. and 

Averitt, R. D. 2008. Terahertz metamaterials on free-standing highly-
flexible polyimide substrates. arXiv:0808.0454. 

 
Tao, H., A. C. Strikwerda, M. Liu, J. P. Mondia, E. Ekmekci, K. Fan, D. L. Kaplan, 

W. J. Padilla, X. Zhang, R. D. Averitt and Omenetto, F. G. 2010. 
Performance enhancement of terahertz metamaterials on ultrathin 
substrates for sensing applications. Applied Physics Letters 97(26): 
261909. 

 
Tao, H., L. Chieffo, M. A. Brenckle, S. M. Siebert, M. Liu, A. C. Strikwerda, K. Fan, 

D. L. Kaplan, X. Zhang, R. D. Averitt and Omenetto, F. G. 2011. 
Metamaterials on paper as a sensing platform. Advanced Materials 
23(28): 3197-3201. 

 
Tripathi, V.K. and Wolff, I. 1984. Perturbation for Open Analysis and Design 

Equations and Closed-Ring Microstrip Resonators. IEEE transactions on 
microwave theory and techniques 32(4): 405-410. 

 



© C
OPYRIG

HT U
PM

116 
 

Torun, H., Top, F.C., Dundar, G. and Yalcinkaya, A.D. 2014. An antenna coupled 
split-ring resonator for biosensing. Journal of Applied Physics 116(12): 
124701.1-124701.6.  

 
Veselago, V. G. 1968. The electrodynamics of substances with simultaneously 

negative values of ε and μ. Physics-Uspekhi 10(4): 509–514. 
 
Vidyalakshmi, M. R. and Raghavan, S. 2009. A CAD model of triangular split ring 

resonator based on equivalent circuit approach. IEEE Applied 
Electromagnetics Conference (AEMC), 1-4.  

 
Walser, R. M. 2001. Electromagnetic metamaterials. In International Symposium 

on Optical Science and Technology. International Society for Optics and 
Photonics. 1-15. 

 
Watts, C. M., Liu, X. and Padilla, W. J. 2012. Metamaterial electromagnetic wave 

absorbers. Advanced Materials 24(23): OP98-OP120. 
 
Winston E. K. 1948. Metallic Delay Lenses, Bell. Sys. Tech. Journal 27: 58-82. 
 
Withayachumnankul, W. and Abbott, D. 2009. Metamaterials in the terahertz 

regime. Photonics Journal, IEEE 1(2): 99-118. 
 
Withayachumnankul, W., Lin, H., Serita, K., Shah, C.M., Sriram, S., Bhaskaran, 

M., Tonouchi, M., Fumeaux, C. and Abbott, D. 2012. Sub-diffraction thin-
film sensing with planar terahertz metamaterials. Optics express 20(3): 
3345-3352. 

 
Withayachumnankul, W., Jaruwongrungsee, K., Tuantranont, A., Fumeaux, C. 

and Abbott, D. 2013. Metamaterial-based microfluidic sensor for dielectric 
characterization. Sensors and Actuators A: Physical 189: 233-237. 

 
Withayachumnankul, W., O'Hara, J. F., Cao, W., Al-Naib, I. and Zhang, W. 2014. 

Lower  bound of sample thickness in terahertz time-domain 
spectroscopy. In Infrared, Millimeter, and Terahertz waves (IRMMW-
THz), 2014 39th International Conference on, 1-2.  

 
Woolard, D., Kaul, R., Suenram, R., Walker, A.H., Globus, T. and Samuels, A. 

1999. Terahertz electronics for chemical and biological warfare agent 
detection. IEEE MTT-S Int. Microwave Symp. Dig., Anaheim, CA, 925–
928. 

 
Wu, D., Liu, J., Han, H., Han, Z. and Hong, Z. 2015. A high Q terahertz 

asymmetrically coupled resonator and its sensing performance. Frontiers 
of Optoelectronics 8(1): 68-72. 

 
Yamashita, M., Kawase, K., Otani, C., Kiwa, T. and Tonouchi, M. 2005. Imaging 

of large-scale integrated circuits using laser terahertz emission 
microscopy. Optics Express 13(1):115-120. 

 



© C
OPYRIG

HT U
PM

117 
 

Yang, A., Yan, C.C., Tian, J.B., Wang, C., Han, Y., Zhang, D.H., Li, D.D. and Xu, 
Z.J. 2014. A sensitive sensor with a double U-shaped ring-based 
metamaterial. Applied Physics A 117(2): 537-540. 

 
Yang, Y., Kravchenko, I. I., Briggs, D. P. and Valentine, J. 2014. High Quality 

Factor Fano-Resonant All-Dielectric Metamaterials. arXiv:1405.3901. 
 
Yan, X., Zhang, X. F., Liang, L. J. and Yao, J. Q. 2014. Research Progress in the 

Application of Biosensors by Using Metamaterial in Terahertz Wave. 
Spectroscopy and Spectral Analysis 34(09): 2365-2371 

 
Yuan, B., Zhou, W. and Wang, J. 2014. Novel H-shaped plasmon nanoresonators 

for efficient dual-band SERS and optical sensing applications. Journal of 
Optics 16(10): 105013. 

 
Zheludev, N. I. 2010. The road ahead for metamaterials. Science 328(5978): 582-

583. 
 
Zhao, J., Frank, B., Neubrech, F., Zhang, C., Braun, P. V. and Giessen, H. 2014. 

Hole-mask colloidal nanolithography combined with tilted-angle-rotation 
evaporation: A versatile method for fabrication of low-cost and large-area 
complex plasmonic nanostructures and metamaterials. Beilstein Journal 
of Nanotechnology 5(1): 577-586. 

 
Ziolkowski, R.W. and Heyman, E. 2001. Wave propagation in media having 

negative permittivity and permeability. Physical review E 64(5): 056625. 
 
Zouhdi, S., Sihvola, A. and Arsalane, M. eds. 2012. Advances in electromagnetics 

of complex media and metamaterials 89. Springer Science & Business 
Media. 

 
  



© C
OPYRIG

HT U
PM

118 
 

BIODATA OF STUDENT 
 
 

 
 
 

Nadeem Naeem received his Bachelor of Engineering in Electronic Engineering 
from Mehran University in 2006 and Master of Engineering in Telecommunication 
and Control Engineering from Mehran University of engineering and technology, 
jamshoro, Pakistan in 2009.  
 
Currently, he is pursuing Doctor of Philosophy specializing in the field of Electronic 
Engineering from Universiti Putra Malaysia. His area of interest is metamaterial 
sensors, Electromagnetic devices and their applications in microwaves and 
terahertz frequency band.  
 
  



© C
OPYRIG

HT U
PM

119 
 

LIST OF PUBLICATIONS 
 
 

Naeem, N., Ismail, A., Alhawari, A.R.H. and Mahdi, M.A. 2015. Subwavelength 
negative index planar terahertz metamaterial arrays using spiral split ring 
resonators for near field sensing. International Journal of Applied 
Electromagnetics and Mechanics 47(3): 827-836. 

 
Naeem, N., Ismail, A., Alhawari, H., Reda, A. and Mahdi, M.A. 2015. Terahertz 

Dielectric Sensor Based on Novel Hexagon Meta-Atom Cluster. Applied 
Computational Electromagnetics Society Journal 30(9): 996-1002. 

 
Naeem, N., Ismail, A., Alhawari, H., Reda, A. and Mahdi, M.A. 2016. Over Layer 

Sensing Using Terhaertz Meta-Material Split Ring Resonator. Sensor 
Letters 14(4): 447-450.  

 
Naeem, N., Parveen, S., Ismail, A. and sabah Mekki, A. 2016. Planar single loop 

square spiral ring resonator for near field nano layer detection. Sci. Int. 
28(2), 1121-1124. 

 
Nadeem, N., Ismail, A., A.R.H. and Mahdi, M.A. 2014. Planar Terahertz 

Metamaterial Using Triangular Spiral Ring Resonator. The 2nd IEEE 
International Symposium on Telecommunication Technologies 
(ISTT2014), Langkawi, November 24-26. 

 
Nadeem, N., Ismail, A., A.R.H. and Mahdi, M.A. 2014. Planar Metamaterial 

Triangular Split Ring Resonator operating in THz Frequency. 6th 
AUN/SEED-NET Regional Conference on Electrical Engineering, Kuala 
Lumpur.  

 
Nadeem, N., Ismail, A., A.R.H. and Mahdi, M.A. 2014. Terahertz Metamaterial 

Sensor using Modified Square Split Ring Resonator for Dielectric 
Sensing. International Conference on Defense and Security (DSTC2014), 
Kuala Lumpur. 

 
 
 



© C
OPYRIG

HT U
PM

 
 

UNIVERSITI PUTRA MALAYSIA 
 
STATUS CONFIRMATION FOR THESIS / PROJECT REPORT AND COPYRIGHT 
 

ACADEMIC SESSION:  First Semester  2016/2017 

 
TITLE OF THESIS / PROJECT REPORT: 
    
HIGHLY SENSITIVE METAMATERIAL BIOSENSOR OPERATING IN THE TERAHERTZ 
REGIME 
 
 

NAME OF STUDENT :  NADEEM NAEEM 
 
I acknowledge that the copyright and other intellectual property in the thesis/project report 
belonged to Universiti Putra Malaysia and I agree to allow this thesis/project report to be placed at 
the library under the following terms: 
 
1. This thesis/project report is the property of Universiti Putra Malaysia. 
 
2. The library of Universiti Putra Malaysia has the right to make copies for educational 

purposes only. 
 
3. The library of Universiti Putra Malaysia is allowed to make copies of this thesis for academic 

exchange. 
 
I declare that this thesis is classified as : 
 
*Please tick (√ ) 

 
CONFIDENTIAL (Contain confidential information under Official Secret  

Act 1972). 
 

RESTRICTED (Contains restricted information as specified by the  
organization/institution where research was done). 

 
OPEN ACCESS I agree that my thesis/project report to be published  

as hard copy or online open access. 
 
This thesis is submitted for : 
 

PATENT Embargo from_____________ until ______________  
(date) (date) 

 
Approved by: 

 
 
_____________________ _________________________________________  
(Signature of Student) (Signature of Chairman of Supervisory Committee)  
New IC No/ Passport No.: Name: 
            
Date :   Date : 
 
[Note : If the thesis is CONFIDENTIAL or RESTRICTED, please attach with the letter from 
the organization/institution with period and reasons for confidentially or restricted. ] 


	HIGHLY SENSITIVE METAMATERIAL BIOSENSOR OPERATING IN THE TERAHERTZ REGIME
	Abstract
	TABLE OF CONTENTS
	CHAPTER
	REFERENCES



