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Abstract: In this paper, the gyrotropic bi-anisotropy of the chiral medium in substrate 
constitutive parameters (ξc and ηc) of a rectangular microstrip patch antenna is introduced in 
order to observe its effects on the complex resonant frequency, half-power bandwidth and 
input impedance. Numerical calculations and analysis based on the dominant mode are 
carried out to show that the latter is directly related to the former. This paper is based on the 
Moment Method as full-wave spectral domain approach using sinusoidal basis functions. Two 
new results, namely the appearance of the difference (ξc-ηc) and sum (ξc+ηc) of the two 
magneto-electric elements are obtained in the electric transverse components and Green 
tensor expressions, respectively. These new results can be considered as a generalisation form 
of the previously published work. 
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1. Introduction
The antennas resonators first appeared in the 1950s and researchers starting work on this

technology on the 1970s [1]-[2]. Recently, a big interest was dedicated to complex materials 
(example magnetized ferrites, anisotropic dielectrics, meta-materials, chiral, .. etc.), and their 
effects on the possible realization of devises based on MIC (Microwave Integrated Circuits) 
and antenna based on APC (Antenna Printed Circuits) [1]-[5]. 

The chiral materials was first introduced in 1988 by Engheta [6], it is then used as 
substrates in the design of printed antennas, the term ‘chirostrip’ was invented later on. 
Chiroptical guides were developed in 1989, and named by Engheta and Pelet in [7]. These 
invented meterials have opened new field of theoretical studies on the properties of these 
patch antennas and chiral-based resonators: examples, new polarizations [8], coupling TE/TM 
wave generation [9], crossing polarizations, ‘slow’ resonant frequency [10], bandwidth and 
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surface wave [11]. The resolution of Maxwell's equations, in such structures, had not been 
completely finished before 2001 [12], [13]. And since then , the interaction of electromagnetic 
fields with chiral materials has been studied, in which the chiral medium is used in many 
applications relating antenna arrays [6], radome antennas, microstrip substrates [6] [8] and 
waveguides [7] [14]. 

Using chiral materials as substrate and superstrate for the propose of MIC (Microwave 
Integrated Circuits) and APC (Antenna Printed Circuits), was reported in [15]-[21]. In 
addition to, Toscano et al. [18] and Zebiri et al. [19]-[21] have lately proved that the chiral 
substrates can advantageously be used to adjust the antenna resonant frequency and  to 
increase or decrease the bandwidth, and to improve the input impedance [21], this will be 
reflected in a better adaptation. 

The effect of the chiral medium on the waveguides propagation was the subject of many 
researchers such as the electromagnetic propagation in waveguides filled with bi-
isotropic/chiral materials were reported in the literature [22]-[28]; these media were also used 
in microstrip antennas not only to improve the resonant frequency and bandwidth but also 
reduce losses due to the surface waves radiation from microstrip antenna printed on a chiral 
substrate [17] [19] [20] [27]-[31]. The propagation characteristics of the anisotropic 
transmission lines have also prompted some interesting works as in [32]-[36].  

A chiral medium could be either reciprocal [37] or nonreciprocal in accordance with this 
magneto-electric parameter [25] [38]-[41]. The general linear medium is described by bi-
anisotropic constitutive relations given in [38] [42]. The effect of this medium with these 
constitutive parameters can be considered as symmetrically or asymmetrically structures in 
electronic components parameters [43] [44].  

The research work presented in [45] focused on chiral medium, for which those reciprocal 
bi-isotropic medium whose existence was out of controversy-nonreciprocal bi-isotropic 
medium that have neither been found nor manufactured; and the possibility of their existence 
is currently under discussion in the open literature [46], [47]; in addition to the nonreciprocal 
behavior of particular classes of such materials has also been studied in [48]-[50]. In this 
work, a gyrotropic bi-anisotropy of chirality for a rectangular patch antenna is detailed and 
discussed in terms of complex resonant frequency, half-power bandwidth and input 
impedance. New results were achieved for example: a direct link between the antenna 
parameter and property of chirality were established; and the effects of non-reciprocity 
combined with reciprocity anisotropy of such a medium have been predicted.  

2. Theory 

2.1 Chiral medium 
The geometry under consideration is shown in Fig. 1, the rectangular patch with 

dimensions (a, b) along the two axes (x, y) respectively is printed on a grounded bianisotropic 
dielectric slab of thickness d1. This bianisotropic medium is characterized by four 
independent constitutive tensors. 

For bianisotropic medium, D and B are respectively related to both E and H. The 
expression of the field components will be restricted by consideration of the macroscopic 
constitutive relations in the following form [31] [33] [51] [52]: 
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Where the permeability, permittivity and magneto-electric elements are given respectively by 
[31] [33] [51]-[53]: 
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Fig. 1: Rectangular microstrip patch antenna with chiral substrate 

 
In [19] [20] a special case of the above magneto-electric elements is treated. As a 

definition the bianisotropic medium is a generalization of the anisotropic and chiral medium 
[15], where there are different types of anisotropic medium: uniaxial, biaxial, gyrotropic, etc. 
An important step in the distinction between anisotropic medium comes through splitting the 

constitutive parameter dyadic x (x= , ,  and  ) into two parts, symmetric and 
antisymmetric [50] [54]: 
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This simplified to:  
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And I is the unit dyadic. 
 

The symmetric part of the x dyadic has principal axis along the x, y, z directions, and these 
elements determine the axial, uniaxial and biaxial anisotropy. Concerning the other elements 

gx  (antisymmetric part) they present the gyrotropic anisotropy of medium. Furthermore, 

when all the constituent parameters are scalar, in this case the medium becomes bi-isotropic. 

Regarding the gyrotropic bi-anisotropy constitutive parameters  and  given by equation 
(3), it is possible to use several medium types, depending on the constitutive tensors of 
equation (3), the linear complex medium are given as follows [53] [55] [56]: 
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2.2 Green’s Tensor Evaluation  

Assuming an e i t  time variation and starting from Maxwell’s equations in the Fourier 
transform domain, one can show that the transverse magnetic (TM or E) and transverse 
electric (TE or H) counterparts of the tangential electric and magnetic fields in the Fourier 
domain for an anisotropic bounded region having anisotropy tensor type given by (3), can be 
expressed in compact matrix form as follows: 
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Where SE~ and SH~  are the transverse electric and the magnetic components according to the 
TE and TM modes.  

oo 0  (11) 
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Using Maxwell equations it is possible to express the longitudinal components of the electric 
and magnetic field in the chiral medium according to the following expressions 
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Where the spectral coefficients eA , hA , eB  and hB are functions of the variables s , e

z  and 
h
z , these are respectively the free space propagation for TE and TM modes.  

 
The proposed structure is studied and the boundary conditions have been applied after then 
the dyadic Green’s function is obtained, this is expressed as in the following tensor: 
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For an electric and non-magnetic medium having biaxial anisotropy with regard to the 
permittivity, the previous expressions are well detailed in [57], and for the case cc    we 
obtain exactly the same detailed expression in [19].  

2.3 Integral Equation Solution 
The integral equation describing the electric field on the patch is expressed with the 

application of the boundary conditions [19]-[21][58]-[59] as: 
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Galerkin's procedure of the moment method in the Fourier domain can be used, which 

enables the integral equation in (25) to be discretized into matrix equation. Where the surface 
currents J on the patch are expanded into a finite series of basis functions Jxn and Jym. We 
substitute the vector Fourier transform of the basis function into (25) [19]-[21]. Thus, the 
integral equation (25) is brought into the following matrix equation: 
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Where: NNB )( 1 , MNB )( 2 , NMB )( 3  and MMB )( 4  are the elements of the digitalized 
matrix equation. 
 
Equation (26) has a non-trivial solution only in the case where the condition below is verified. 
 

0))((det B  (27) 
 

Because the resonator is designed to operate near its resonant frequency, and all its 
characteristics are estimated around this frequency, equation (27) is called characteristic 
equation for the complex resonant frequency ir ifff  , where rf  : is the resonant frequency 
and if : expresses the losses by radiation in the case of radiating antenna, the half power 
bandwidth is defined in [19]-[21][57]-[59] as: 
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2.4 Input impedance formulation 

The input impedance of an antenna can be calculated as a combination of electric field 
dispersed with the current on the probe, according to the following expression: 
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With: xmI  and ynI  are the coefficients to be determined, and m and n define the number of 
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 zGG yxzxzx ,,  and  zGG yxzyzy ,,  are the spectral Green functions for the chiral 

substrate case, where  zJJ yxxmxm ,,~~   and  zJJ yxynyn ,,~~   are the Fourier transforms of 

the basis functions in the spectral domain. 

Attempt some algebraic calculations, the final forms can be stated as follows: 
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Where the surface currents J on the patch are expanded into a finite series of basis function Jxn 
and Jym. 

For a digital convergence of equations (32)-(34), we have followed the steps discussed in 
[21][60]-[62]. For the case cc    it is found that they are the same as in [21]. 

3. Numerical Analysis 

The effect of bianisotropic substrate provided with gyro-chirality upon the complex 
resonant frequency, the half-power bandwidth and the input impedance has been studied. It is 
assumed the relative permittivity of the medium is 1x=1z=2.32, and the dimensions of the 
rectangular patch are 1 cm×1.5 cm as shown in Fig. 1. The normalized real part of the 
resonant frequency with respect to the fundamental mode frequency fo, is given in Fig. 2.a, 3.a 
and 4.b respectively. The half-power bandwidth with respect to the substrate thickness and for 
different values of the magneto-electric element is presented in Fig. 2.b-4.b. 
 

According to the results shown in Fig. 2, 3 and 4 of the resonant frequency and the 
bandwidth; in addition to Fig. 5 and 6 of the input impedance, the following summarized 
remarks could be illustrated:  

 The effect of the chirality is remarkable only for thick layers, whereas for those 
infinitely small this effect is unperceived. 

 In the case of a positive chirality, for all of the four cases ((ξc=0, ηc=+2), (ξc=+2, ηc=0) 
in Fig. 2, (ξc=+1,25, ηc=+0,75) in Fig. 3; the real resonant frequency increases, but the 
band-width part decreases; and actually the effect of the two parameters in this case is 
added and they were in good agreement with those found in literature [19]. However for 
the negative chirality case characterized by (ξc=0, ηc=-2), (ξc=-2, ηc=0)), leads to 
opposite variations compared to the preceding ones, and also compared with the case 
(ξc=ηc=-1) that it gives the same effect as in [19]. 

 In the latter case (ξc=-ηc), it is noted that no effect of chirality was absolutely observed 
on the resonance frequency and bandwidth, though it is apparently remarkable in the 
formula of equation 3. 

 Figs. 5 and 6, show that the input impedance is directly related with the chirality, which 
leads to consider this effect for achieving a better impedance matching. The parameters 
amplitudes vary depending on the chirality, as reported in [1], whereas the case of chiral 
bi-isotropic medium was considered, these parameters are constant in amplitude, that 
proposed good advantageous for the circuit design; on the other hand, the two cases 
((ξc=0, ηc=+2), (ξc=+2, ηc=0) in Fig.5, have the same effect on the input impedance for 
(ξc=+1 , ηc=+1); however, the negative chirality case characterized by (ξc=0, ηc=-2), 
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(ξc=-2, ηc=0)) illustrated in Fig. 6 shows that the chiral medium becomes an isotropic 
dielectric.  
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Fig. 2: Chirality effect on the (a) real part of resonant frequency, (b) half-power bandwidth; 

for ( ≠ ,( ≠0,  =0) and ( =0,  ≠0)), a=1.5cm, b=1cm, r=2.35. 
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Fig. 3: Chirality effect on the (a) real part of resonant frequency, (b) half-power bandwidth; 

for ( ≠ ,  ≠0 and  ≠0), a=1.5cm, b=1cm, r=2.35. 
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Fig. 4: Chirality effect on the (a) real part of resonant frequency, (b) half-power bandwidth; 

for ( =- ), a=1.5cm, b=1cm, r=2.35. 
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Fig. 5: Chirality effect on the (a) real part of the input impedance, (b) imaginary part of the 
input impedance; for (a=7.62cm, b=11.43cm, x0=1.52cm, y0=0.385 cm, εx=εz=2.64), ( ≠

, and ( ≠0,  =0), ( =0,  ≠0)). 
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Fig. 6: Chirality effect on the (a) real part of the input impedance (b) imaginary part of the 
input impedance; for (a=7.62cm, b=11.43cm, x0=1.52cm, y0=0.385 cm, εx=εz=2.64), and (

=- ). 

4. Conclusions 
The effect of bianisotropic substrate provided with gyro-chirality on microstrip patch 

antenna has been presented. The results in terms of the complex resonant frequency, half-
power bandwidth and input impedance have been calculated and compared with earlier work. 
Two new results were concluded; the first was that the effective magneto-electric element 
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 cc 2
1  is the addition of the two elements ξc and ηc on the input impedance. The second 

effect with the gyro-chiral parameter on the transverse components was appearing in 

equations (3) and (4)), by the introducing the coefficient   zcce   2
1

0 , that expresses loss or 

gain, subject to the choice of the two constitutive parameters ξc and ηc. It can also be noted 
that it represents the asymmetric and the non-reciprocity effect that can be added to these 
parameters in the transverse components.  
 
5. References 
[1] G. A. Deschamps, Microstrip Microwave Antennas, presented at the 3rd USAF Symp. on Antennas, I953. 
[2] C. A. Balanis, Antenna Theory: Analysis and Design, 2nd Edition, John Wiley and Sons, Inc., New York, 

1997, pp. 722-783. 
[3] J. Xiang, S. He, Y. Zhang, and G. Zhu, A spectral domain approach for the calculation of the scattering of the 

stratified uniaxial electric anisotropic media under point source excitation with arbitrary orientation, 
International Journal of Applied Electromagnetics and Mechanics,2015, 48 (1), 33-46. 

[4] S. Dwivedi, V. Mishra, and Y. P. Kosta, Directivity enhancement of miniaturized microstrip patch antenna 
using metamaterial cover, International Journal of Applied Electromagnetics and Mechanics, 2015, 47(2), 
399-409. 

[5] M. A. Kenari, Printed planar patch antennas based on metamaterial, International Journal of Electronics 
Letters, 2014, 2 (1), pp. 37-42. 

[6] N. Engheta, The theory of chirostrip antennas, Proceedings of the 1988 URSI International Radio Science 
Symposium, 1988, Syracuse, New York, 213. 

[7] N. Engheta, P. Pelet, Modes in chirowaveguides, Optics Letters, 1989, 14 (11), pp. 593-595. 
[8] N. Kolmakova, S. Prikolotin, A. Kirilenko and A. Perov, Simple example of polarization plane rotation by 

the fringing fields interaction. In Microwave Conference (EuMC), 2013 European, 2013, pp. 936-938. 
IEEE. 

[9] I. Comez, M. Karaaslan, F. Dincer, F. Karadag and C. Sabah, Systematic Analysis on the Optical Properties 
of Chiral Metamaterial Slab for Microwave Polarization Control, Applied Computational Electromagnetics 
Society Journal, (2015), 30,(5), pp. 478-487. 

[10] C. T. Clack and I. Ballai, Nonlinear theory of resonant slow waves in anisotropic and dispersive plasmas, 
Physics of Plasmas, 15 (8), 082310, 2008. 

[11] N. Engheta, P. Pelet, Reduction of surface waves in chirostrip antennas, Electronics Letters, 1991, 27 (1), 
pp. 5-7. 

[12] W.-N. Herman, Polarization eccentricity of the transverse field for modes in chiral core planar waveguides, 
Journal of the Optical Society of America A: Optics, Image Science and Vision, 2001, 18, (11), pp. 2806-
2818. 

[13] E. Bahar, Mueller matrices for waves reflected and transmitted through chiral materials : waveguide modal 
solutions and applications, Journal of the Optical Society of America B, 2007, 24, (7), pp. 1610-1619. 

[14] M. Al Sharkawy, A. Z. Elsherbeni and S. F., Mahmoud, Electromagnetic scattering from parallel chiral 
cylinders of circular cross sections using an iterative procedure, Progress In Electromagnetics Research, 
2004, 47, pp. 87-110. 

[15] V. Lindell, A. H. Sihvola, S. A. Tretyskov, and A. J. Vitanen, Electromagnetic Waves in Chiral and Bi-
isotropic Media, Norwood. MA: Altech House, 1994. 

[16] D. M. Pozar, Microstrip antennas and arrays on chiral substrates, IEEE Trans. Antennas Propagat., 1992, 
40, (10), pp. 1260-1263. 

[17] C. Zebiri, F. Benabdelaziz, and D. Sayad, Surface waves investigation of a bianisotropic chiral substrate 
resonator, Progress In Electromagnetics Research B, 2012, 40, pp. 399-414 

[18] A. Toscano, and L. Vegni, A new efficient moment method formulation for the design of microstrip 
antennas over a chiral grounded slab, J. Electromag. Waves Applicat., 1997, 11 (5), pp. 567-592. 

[19] C. Zebiri, M. Lashab, and F. Benabdelaziz, Effect of anisotropic magneto-chirality on the characteristics of 
a microstrip resonator, IET Microwaves, Antennas Propagation, Apr. 2010, 4, (4), pp. 446-452. 



This Journal in press of International Journal of Applied Electromagnetics and Mechanics paper, 3rd June 2016  
 

[20] C. Zebiri, M. Lashab, and F. Benabdelaziz, Rectangular microstrip antenna with uniaxial bi-anisotropic 
chiral substrate-superstrate, IET Microwaves, Antennas Propagation, Jan. 2011, 5, (1), pp.17–29. 

[21] C. Zebiri, F. Benabdelaziz and M. Lashab, Complex media parameter effect: On the input impedance of 
rectangular microstrip antenna, International Conference on Complex Systems, ICCS'12, 5-6 November, 
2012, Agadir- Morocco, pp. 1-3, DOI: 10.1109/ICoCS.2012.6458517 

[22] P. Hillion, Harmonic plane wave propagation in anisotropic chiral media. International Journal of Applied 
Electromagnetics and Mechanics, 2008, 28(3), 337. 

[23] E. O. Kamenetskii, On the technology of making chiral and bi-anisotropic waveguides for microwave 
propagation, Microwave Opt. Technol. Lett., Feb. 1996, 11, (2), pp. 103-107. 

[24] T. C. K. Rao, Resonant frequency and Q-factor of a cylindrical cavity containing a chiral medium, 
International journal of electronics, 1992, 73, no 1, p. 183-191. 

[25] I. V. Lindell, Variational method for the analysis of lossless Bi-isotropic (nonreciprocal chiral) waveguides, 
IEEE Trans. Microwave Theory Tech. , 1992, 40, (2), pp. 402-405. 

[26] L. Zhang, Y.C. Jiao and C.H. Liang, The dominant mode in a parallel-plate chirowaveguide, IEEE Trans. 
Microwave Theory Tech. , 1994, 42 , (10), pp. 2009-2012.  

[27] H. Cary and S. Waxman, Wave propagation along a fully or partially loaded parallel plate chiro-waveguide, 
IEE Proc. Microwaves Antennas Propagat., 141, (4), pp. 209-306, 1994. 

[28] A. Toscano, and L. Vegni, Evaluation of the resonant frequencies and bandwidth in microstrip antennas 
with a chiral grounded slab, International Journal of Electronics, 1996, 81, (6), pp. 671-676. 

[29] N. Engheta and P. Pelet, Reduction of surface wave in chirostrip antennas, Electron. Lett. , 1991, 27, (1), 
pp. 5-7. 

[30] C. Zebiri, F. Benabdelaziz and M. Lashab, Bianisotropic superstrate effect on rectangular microstrip patch 
antenna parameters”. In META'12. (2012, January). 

[31] H. Cory, Chiral devices an overview of canonical problems, Journal of Electromagnetic Waves and 
Applications, 1995, 9, (5-6), pp. 805-829. 

[32] P. K. Koivisto and J. C.-E. Sten, Quasi-static image method applied to bi-isotropic microstrip geometry, 
IEEE Trans. Microwave Theory Tech. , 1995 , 43, (1), pp. 169-175.  

[33] G. Plaza, F. Mesa, and M. Horno, Study of the dispersion characteristics of planar chiral lines, IEEE Trans 
Microwave Theory Tech, 1998, 46, (22), pp. 1150–1157. 

[34]C. Eftimiu and L. A. W. Pearson, Guided electromagnetic waves in chiral media, Radio Sci., 1989, 24, (3), 
pp. 351-359. 

[35] P. Pelet and N. Engheta, The theory of chirowaveguides, IEEE Trans. Antenn. Propagat., 1990, 38, (1), pp. 
90-98. 

[36] S. F. Mahmoud, On mode bifurcation in chirowaveguides with perfect electric walls, J. Electromagn. 
Waves Appl., 1992, 6, (10), pp. 1381-1393. 

[37] X.Q. Sheng, Y. Ekn, Analysis of microstrip antennas on finite chiral substrates, International Journal Of RF 
And Microwave Computer-Aided Engineering, 2004, 14, (1), pp. 49-56. 

[38] J. A. Kong, Electromagnetic Waves Theory, EMW Publishing, Cambridge, MA, USA, 2005. 
[39] E.O. Kamenetskii, Nonreciprocal microwave bianisotropic materials: reciprocity theorem and network 

reciprocity, IEEE Transactions on Antennas and Propagat., 2001, 49, (3), pp. 361-366. 
[40] A. Serdyukov, I. Semchenko, S. Tretyakov, and A. Sihvola, Electromagnetics of bi-anisotropic materials: 

theory and applications, Taylor and Francis, 2001. 
[41] X. Cheng, J. A. Kong, and L.  Ran, Polarization of waves in reciprocal and nonreciprocal uniaxially 

bianisotropic media, Piers Online, 2008, 4, (3), pp331-335. 
[42] T.H. O'dell, The Electrodynamics of magnetoelectric Media, Amsterdam, North-Holland, 1970. 
[43] M.S. Kluskens, and E.H. Newman, A microstrip line on a chiral substrate, IEEE Trans. Microwave Theory 

Tech., 1991, 39, (11), pp. 1889-1891. 
[44] M.S. Kluskens, and E.H. Newman, Method of Moments Analysis of Scattering by Chiral Media, (Ft. 

Belvoir: Defense Technical Information Center), 1991. 
[45] G. Plaza, F. Mesa and M. Horno, Study of the dispersion characteristics of planar chiral lines, IEEE 

Transactions On Microwave Theory And Techniques, 1998, 46, (8), pp1150-1157. 



This Journal in press of International Journal of Applied Electromagnetics and Mechanics paper, 3rd June 2016  
 

[46] A. Lakhtakia, and W. Weiglhofer, Constraint on linear, spatiotemporally nonlocal, spatiotemporally 
nonhomogenous constitutive relations, International Journal of Infrared and Millimeter Waves, 1996, 17, 
(11), 1867-1878. 

[47] C. M. Krowne, Demonstration of marginal nonreciprocity in linear bi-isotropic material and comparison to 
ferrite material, in Proc. Bianisotropics’97, Int. Conf. and Workshop Electromagnetics Complex Media, 
Glasgow, Scotland, 1997, pp. 261-264. 

[48] P. L. E. Uslenghi, Theory of certain bianisotropic waveguides, in Proc. URSI Int. Symp. Electromagnetic 
Th. Proc, Sydney, Australia, 1992, pp. 293-295. 

[49] H.-Y. Yang and P. L. E. Uslenghi, Planar bianisotropic waveguides, Radio Science, 1993, 28, (5), pp. 919-
927. 

[50] C. Zebiri, M. Lashab, and F. Benabdelaziz, Asymmetrical effects of bi-anisotropic substrate-superstrate 
sandwich structure on patch resonator, Progress In Electromagnetics Research B, 2013, 49, pp. 319-337. 

[51] H. Y. Yang and L. E. Uslenghi, Radiation characteristics of Infinite Line-Currents on Cylindrical 
Bianisotropic Substrate, IEEE Trans. Antennas propagate, April 1993, 41, (5), pp. 10-15. 

[52] F. Bilotti and L. Vegni, Radiation and Scattering Features of Patch antennas With Bianisotropic Substrates, 
IEEE trans. antennas propagat. , March 2003, 51, (3), pp. 449-456. 

[53] S. A. Tretyakov and A. A. Sochava, Proposed composite material for nonreflecting shields and antenna 
radoms, Electron. Lett.,1993 , 29, (12), pp. 1048–1049. 

[54] A. Priou, A. Sihvola, S. Tretyakov and A. Vinogradov, Advances in complex electromagnetic materials 
(28), Springer Science and Business Media, 2012. 

[55] V. Dmitriev, Table of the second rank constitutive tensors for linear homogeneous media described by the 
point magnetic groups of symmetry, Prog. Electromagn. Res., PIER, 2000, 28, pp.43-95. 

[56] W.-Y. Yin, Linear Complex Media, Encyclopedia of RF and Microwave Engineering, John Wiley, New 
York, 2005, pp. 694-717. 

[57] F. Bouttout, F. Benabdelaziz, T. Fortaki and D. Khedrouche, Resonant frequency and bandwidth of a 
superstrate-loaded rectangular patch on a uniaxial anisotropic substrate, Communications in Numerical 
Methods in Engineering (John Wiley and Sons) , July 2000, 16, (7), pp. 459-473. 

[58] K.-L. Wong, J. S. Row, C. W. Kuo, and K. C. Huang, Resonance of a Rectangular Microstrip Patch on a 
Uniaxial Substrate, IEEE Trans. Microwave Theory and Techniques. , April 1993, 41,(4), pp. 698-701. 

[59] D. M. Pozar, General relations for a phased array of printed antennas derived from infinite current sheets, 
IEEE Trans. Antennas Propagat., May 1985, AP-33, (5), pp. 498-504. 

[60] G. Wang, and G. W. Pan, Full Wave Analysis of Microstrip Floating Line Structures by Wavelet Expansion 
Method, Microwave Theory and Techniques, IEEE Transactions on, 1995, MTT-43, (1), pp. 131-142. 

[61] G. W. Pan, J. Tan, and J. D. Murphy, Full Wave Analysis of Microstrip Floating-Line Discontinuities, IEEE 
Trans., 1994, EC-36, (1), pp. 49-59. 

[62] R. Garg, P. Bhartia, I. Bahl, and A. Ittipiboon, Microstrip Antenna Design Handbook, Massachusetts, 
Artech House, Inc., 2002. 

 


