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Message from the Editor-in-Chief

Banmali S. Rawat

It gives me great pleasure to bring out the 2nd issue of the International
Journal of Microwave and Optical Technology (IJMOT) for the year
2013. Once again [ would like to apologize to you all for publishing this issue
late due to backlog problem. We hope to be upto date by next issue. This
issue contains good mixture of papers in the areas of: various types of
microstrip antennas, microstrip bandstop filters, slot loaded antenna, diode
dipole rectenna, split ring resonator antenna and analysis of metal PBG
waveguide.

If your current research paper submitted to IJMOT or any other journal is
in similar area as published previously in IJMOT, please make sure to cite
the reference of IJMOT. This would help in improving the impact factor of
1JMOT.

As you all know that now we collect flat fee $100 per published paper up
to 8 pages. For additional pages beyond 8 pages we would charge $30 per
page. Once the paper is accepted for publication, the authors would be
asked to pay publication/page charges as per invoice before the paper is
published. If the page charges are not paid until the date of next issue,
the paper would be removed from IJMOT data base. However, in order
to help the authors, we have also decided that if the authors’
organization/university/institution is an annual subscriber of IJMOT
during that period, the publication fee up to 8 pages would be waived off.
It means, if the authors would like to have publication fee waived off (up
to 8 pages), they should request their organization/university/institution
to subscribe IJMOT without any delay.

You can also present your papers in the ISMOT conferences and get
published in IJMOT as a full length papers if selected by the technical
program committee. All these papers also go through normal review process
before being finally accepted for publication. The 14™ ISMOT is going to be
organized in Kuala Lumpur, Malaysia from October 28-31, 2013 under
the leadership of Profs. Le-Wei Li of Monash University and Chuah
Hean Teik of Universiti Tunku Abdul Rahman, Malaysia. For details
please visit the ISMOT-2013 website at: www.utar.edu.my/ismot2013.
Other future conferences are tentatively scheduled as: ISMOT-2015-
Guadalajara, Mexico and ISMOT-2017 — Dresden, Germany. We hope to
see many of you participating ISMOT-2013 and future ISMOT conferences.

I am very pleased to inform our authors/subscribers that [JIMOT is now
indexed by SCOPUS, Google, EI-Compendex, EBSCO, ISI and Media
Finder. We are contacting other indexing agencies also in this regard.

I would like to thank all the editorial board members and reviewers for their
continued help and support for IJMOT. My special thanks to our web
manager Mr. Syam Challa for improving the IMOT website and helping in
the publication of every issue since 2007.
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Abstract-Full-wave analysis of metamaterial
based microwave circuit is performed using two
different FDTD formulations for dispersive
medium. Both Mobius-transform technique and
hybrid Mobius-ADE algorithm are employed to
model media characterized by negative
permittivity (Drude Model) and negative
permeability (Lorenz Model) over a certain
frequency range. The formulations are used to
determine the effect of a homogeneous isotropic
metamaterial slab sandwiched between two
coupled microstrip lines on forward and backward
coupling. Similar observations are obtained for
both full-wave analysis techniques, which indicate
reduction in forward coupling over the range
where the slab behaves as a Double Negative
(DNG) media. A parallel version of the developed
algorithm is also tested with reduction in
computational effort.

Index Terms- Dispersive FDTD, metamaterial,
effective medium approach, Mobius Transform,
ADE, and coupled microstrip lines.

I. INTRODUCTION

Metamaterials and its application to microwave
circuits is a rigorously researched area for little
over a decade with the ignition coming from
initial work by Smith et al. [1]. It was shown by
Pendry et al [2] that, artificially negative
effective permeability can be realized using
conglomeration of periodically spaced sub-
wavelength structures like split ring resonators

(SRR). Likewise an array of wires can effectively
produce negative permittivity. A unit cell as well
as an array of SRR and wire in planar domain is
illustrated in Fig. 1. With the development of
metamaterials the design of coupled lines in
conjunction with metamaterials saw renewed
interest among microwave engineers. Enhanced
coupling was reported by Itoh et al.[3] for
couplers. Some design aspects of metamaterial
inclusion focused on improved coupling for
mode splitting hence resulting in dual band
coupler design [4]. Though most of the initial
application was easily analyzed using equivalent
circuit models but full-wave analysis of complex
array of these sub-wavelength structures in
conjunction with microwave circuit and antenna
posed a computation challenge. The obvious
reason behind this is that the mesh size of the
minute metamaterial particles resulted in huge
meshing in the entire problem domain that often
includes few wavelengths size circuits. However
in the FDTD method, wave propagation in
dispersive materials have been solved using
recursive convolution [5], auxiliary differential
equations (ADE) [5], z-transform [5] and Mobius
transform [6] methods as applied to the Drude
and Lorentz model. Incorporating piecewise
linear recursive convolution (PLRC) for Lorenz
media and simple treatment using auxiliary
variables of Drude media, effective medium
simulation of wave propagation in metamaterials
was reported in [7]. It is discussed in[7] that
PLRC could not be applied to Drude model
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because of the difficulty to obtain inverse Fourier
transform due to presence of poles in the
susceptibility of the effective permittivity
function on the imaginary axis. This problem was
removed in [8] and PLRC was applied to model
both the effective media. A unified FDTD
approach was proposed in [9] for general
dispersive media where coordinate stretched
Maxwell's curl equation in time domain was first
deduced and then FDTD update formulas were
combined with the semi-analytical recursive
convolution (SARC) wusing Digital Signal
Processing (DSP) technique. A higher order
recursive  convolution scheme based on
trapezoidal rule was reported in [10].

In this work dispersive medium property of left-
handed material is modeled using Mobius FDTD
and a hybrid of Mobius as well as auxiliary
differential equation (ADE) FDTD. These two
different dispersive FDTD strategies improve
computational efficiency and  removes
complexity in use of PLRC technique in
modeling bulk effective metamaterial medium in
conjunction with microwave circuits. The
formulation is tested for the case of a DNG
metamaterial slab is sandwiched between a pair
of coupled microstrip lines as illustrated in Fig. 2.
The Drude model for negative permittivity is
formulated by Mobius transform method and
Lorenz model for negative permeability is
implemented by ADE as well as Mobius
transform technique. Apart from the use of the
hybrid-model for metamaterials, this work
introduces vectorized-FDTD algorithm which
gives considerable speed-up compared to the
serial FDTD code. The full wave analysis shows
enhancement of forward coupling and reduction
of backward coupling between coupled
microstrip  lines due to inclusion of
metamaterials.

The rest of the paper is organized as follows.
Section-II  deals with the mathematical
formulation of the Mobius-FDTD algorithm for
analysis of DNG media. Section-III presents the
results which illustrate the effect of a DNG
metamaterial slab on forward and backward
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(a)

()

Fig. 1. Illustration of unit cell of SRR and wire and
a block of DNG media formed by an array of these
sub-wavelength structures. (a) 2d view (b) 3D
isometric view

Fig. 2. A parallel coupled microstrip line separated
by a DNG metamaterial slab.

mutual coupling between adjacent microstrip
lines. A comparison between both computer
simulation statistics for both formulations namely
Mobius-FDTD algorithm and hybrid (Mobius-
ADE) FDTD algorithm is also given. In Section-
IV, a parallel version of the code is reported and
much computational effort is discussed. This is
followed by concluding remarks in Section V.

II. MATHEMATICAL FORMULATION OF
MOBIUS-FDTD AND MOBIUS-ADE-FDTD
ALGORITHM

The Maxwell’s curl equations in Laplace domain
(s-domain) normalized by Gaussian unit
convention are given by:

sD(7 ,5)= %(VXFI( 7.5)) (D)
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sB(7 )= %(VXE( 7.5)) (2)

The normalized s-domain constitutive
relationships interconnecting the electric and
magnetic field and flux densities in a general
dispersive media are given by:

D(7 5)=¢ ()E(F 5) (3)

B(F )=, ()H(F 5) “4)

Drude and Lorentz models respectively are
considered for characterizing the dispersive
permittivity and permeability functions of a
homogeneous double negative (DNG)
metamaterial media as illustrated in the equations
below [11]:

2
0]

s,,(s)=soo+;%% 5)

2
(us—uoo)mgm
H )=kt ) 6
o +sots
pm

In Drude model Eq (5) for permittivity, De and

Vee denote the electric plasma frequency

(angular) and electric damping frequency
respectively and ¢__ is the high frequency limit of

permittivity. In the Lorenz model Eq (6) for
permeability, there is magnetic radial resonant
angular frequency (o)pm), magnetic damping

frequency (8) along with the high and low
frequency limits for permeability (n,, and M

respectively).

The analysis of the curl equations (1) and (2) can
be done by using standard FDTD update
equations [5], but formulation of suitable
difference equations for calculation of fields (E,H
) from flux densities (D,B) needs some efficient
mathematical treatment. It is observed that ur(s)

and ¢ r(s) can be treated as s-domain transfer

functions, which are indeed invertible. So one
can construct their respective inverse functions
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denoted by Gu(s)=[ur(s)]_1 and G 8(s)=[8r(s)]_1.

Following this, z-domain equivalent transfer
functions GH(Z) and GS(Z) are obtained by

applying standard z-transform or Mobius
transform on the inverse functions GM(S) and

Gg(s). The conversion from s-domain to z-

domain is crucial because it allows us to utilize
the digital filter theory on these transfer functions
to obtain the corresponding time-domain
equations. The Lorenzian permeability function
as shown in (6) cannot be converted to z-domain

. . . 1 At
using standard z-domain mapping (E_) _1),

1—=
and so Auxiliary Differential Equation (ADE)
method can be applied to get time domain update
equations [12].

A. Mobius-FDTD Method

In this section the Mobius transform formulation
of FDTD-update equations for both the
constitutive relations (3) and (4) are given. It is
well-known  that Mobius transform  is
mathematically similar to the bilinear transform,
where the well-known mapping equation [6] is
given in (7).

— (7)

Hence the equations (3) and (4) can be rewritten
in the z-domain as:

E(F,z)ng(z)E(F,z) 3
I:I(F,Z)=GM(Z)E(F,Z) ©)
where
-1 -2
b b iz +b Az
Gg (2= el el_1 62_2 (10)
1+a o1? +a o?

-1 -2
bhO-l-bhlz +bh22
G (2= (11)
H 1+ _l+ —2
ahlz ah22
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The quantities bei’bhi’aej’ahj (i=0, 1, 2; j=1, 2)
along with new variables d eO’dhO can be

calculated for the DNG medium parameters

£ Oper VeeHarts Ppm and o using the

equations below.

2
4e  2v 0
0 ce _pe
d_n=( + + ) (12)
e0 AR M )
1 2 2
o= 7, (alVee 27 (13)
1 -4
b =7 (%) (14)
el deO At
1 =2
by 7 (aVee ) (15)
2
1 —8e 2oape
Q1™ d + € (16)
0 NG 0
2
1 4800_ 2vce mpe) -
9e2™ do AR M )
2 Moo6 o
dhO_“smper A AP (18)
2 26 4
b= dho( o a2 (19)
2 2
b ) (20)
hl~ dhO pm At2
1 2 28 4
b0~ dyCom™ a2 21
4p
2 2 00
22
ap~ dhO(MS om A ) (22)
2u o 4p
1 2 00 00 (23)

= —_ _l’_ _—
2 dho(usmpm At A2 )

Now (10) and (11) can be interpreted as infinite-
impulse response digital filters which can be
implemented by using the transposed direct form
as given in [13]. New fictitious vectors

w el’W e2’Wh1 and th are introduced for this

purpose. The resulting time-update equations for
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1
E"7 and FI"H are shown in the following
equations.

1 1 1
" 2=b D" 22 (24)
el
T (IO S
W' 2=b, D" 2-a, BT 22 (25)
el e2
I S
W' 2=b D" 2-a,, B2 (26)
e2
A" =p, B 27)
7 antl sl
Wy =byy B ay AT (28)
~pn+1 -+ ~n+
Wy =byy B ay . " (29)

Since a particular problem space comprising of
homogeneous DNG MTM media as well as
standard double positive (DPS) materials like
dielectrics, conductors and free-space is to be
analyzed, so it is desirable to compute the values
of the parameters bei’b hiTej Uy (i=0,1,2; j=1,2)

for DPS medium also. In this way one can treat
equations (24) to (29) as generalized update
equations, compatible for both DNG and DPS
media. It is known that standard lossy dielectrics
can be considered that has the relative
permittivity and permeability functions of the
form.

£ (s)=c + é (30)
w(s)=1 (1)

For free space we haves=0,e, =1. For

simulation of conducting patches we make the
tangential component of electric field zero by
making G, % (where m=x, y or z) at the

necessary planes. Following similar procedure as
for dispersive metamaterials, we get the
following parameter-expressions for
characterizing DPS media in Mobius formulation
scheme.
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2
bep™ oA (32)
et —
€0
b,;==bug (33)
A
oty
o - »
Yl” oAt (34)
=+2¢
€0
byg=1 (35)
ber=a,r=bp1=bpr=ay =a;,=0 (36)

B. Mobius-ADE-FDTD Method

Next the hybrid algorithm that deals with Drude
model Eq (5) using Mobius transform method
and Lorentz model Eq (6) using ADE method is
discussed here. The ADE formulation technique
(introducing a fictitious vector-quantity Sm) as

explained in [12] is used for obtaining Hnﬂ

from B, The final update equations and new
parameter-set (CI’CZ’C3) are shown in (37) to

(Il)'

Chi= 0.564t+1 (37
2—m2mm2
Cha™"0.56A111 (38)
0.58A7—1
h3" 0.58A1+1 (39)
~n+l_ o ~n - n—1
Sm —Chl.Hn+Ch2.Sm +Cp3.Sm (40)
- 1 - -
Al = gntl_gmtly (41)
o0
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Equations (24) to (26) and corresponding
parameters (b eO’b b 291 and a el) calculate

1 1
and update values of £ *7 from D" 2 as in the
complete Mobius-FDTD method.

el’

III. RESULTS AND DISCUSSION

The dispersive FDTD  formulation for
metamaterial media was tested for parallel
coupled microstrip lines separated by a
metamaterial slab as indicated in Fig.2. Parallel
coupled microstrip lines are indispensable
elements in many microwave circuits like
couplers and filters [14, 15] and also in printed
circuit boards (PCBs). The coupling between two
identical parallel microstrip lines mounted on the
same dielectric substrate is dependent of their
relative spacing that has to be pre-specified for
any problem of compact system design. The
degree of forward mutual coupling between two
microstrip lines as shown in Fig.2 can be
quantitatively determined by the scattering
parameter S3 ](dB), since S3 ] is the measure of

the power coupled to port-3 (receiving port for
adjacent line) from port-1 (transmitting port for
main line). In general, when the relative line
spacing is fixed, S3 I(dB) increases as the

frequency of operation is increased. This can
yield serious problems of cross-talk if the parallel
lines are used as independent information-
channels of signals at microwave frequencies.
Analysis shows that a DNG medium slab of
suitable parameter specifications can be placed in
between the adjacent lines for crosstalk
elimination at a particular frequency.
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Fig. 3. Variation of real and imaginary parts of €,
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In the coupled microstrip line system as shown in
Fig. 2, each line having length L g of 36 mm,

width WS of 2.334 mm and characteristic

impedance of 50Q. The spacing between the
lines is d=3.89 mm. The substrate used is of
height £ b 35 0.795 mm and dielectric constant

asub=2.2. The ports 1, 2, 3 and 4 are numbered

accordingly as illustrated in Fig.2. A DNG
metamaterial slab having height and length same
as the substrate and width 1.556 mm is
sandwiched between the two adjacent microstrip
lines. The metamaterial slab is considered to
possess material properties specified by the
equivalent extracted parameters in [11]. The
metamaterial ~ slab is  characterized by
(x)pe=2n><14.63 GHz, vce=30.69 MHz,

copm=2n><9.67 GHz, 6=1.24 GHz, ¢ =1.62,
n=1.26 and p =1.12. With the given

specifications, the value of relative permittivity
remains negative over the frequency range 5-11
GHz as illustrated in Fig.3, whereas the
permeability is negative for a smaller range 9.69-
10.24 GHz as shown in Fig.4. So the slab acts as
a proper DNG medium within that narrow range,
as enclosed by dashed lines.

The problem space is analyzed first by Mobius-
FDTD and then the hybrid Mobius-ADE-FDTD
method. The grid sizes taken are Ax=0.389 mm,
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Ay=0.4 mm and Az=0.265 mm. The sampling
time Ar is 0.441 ps. After discretizing the
geometry a first derivative Gaussian pulse is
launched in port one to extract time domain
information. The time-domain samples of the z-
component of the electric field are calculated at
all the port terminal planes. The scattering
matricesSH, SZ]’ S3] and S41 in dB are

computed using Fourier transform of the time
domain samples. The variation of S;; and S,;, not
shown here, indicate that the input port 1 is
matched and that forward transmission to port 2
is possible without losses. It is seen from the
plots of S3 ](dB) versus frequency (GHz), as

given in Fig 5, the mutual coupling without the
DNG slabs exhibit a smooth variation. A sharp

[=—— Real part
Imaginary part |

Relative Permeability

5 10 15
Frequency(GHz)
Fig. 4. Variation of real and imaginary parts of

u, with frequency.

= = = Without DNG slab
10 = With DNG Slab

S31(dB)
S

10 15
Frequency(GHz)

Fig. 5. Variation of forward mutual coupling with
frequency; A dip in the frequency range where the
slab acts as perfect DNG slab is observed.
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reduction of mutual coupling just above the
frequency range where the metamaterial slab
behaves as perfect DNG media is observed. In
equivalent circuit theoretic terms it can be
interpreted that resonant notch filter-type
characteristics have been incorporated in the
coupled microstripline system by introduction of
DNG slab. The DNG material parameters can be
tuned for manipulating the cross-talk rejection
frequency.

| = = = Without DNG slab
i — With DNG Slab

l-‘requu;zy{(i Hz)
Fig.6. Variation of backward coupling with
frequency.

From full-wave analysis it is observed that there
is no drastic change in the backward coupling
S4;(dB) when DNG medium is used, although

the levels of coupling gets reduced by 3-5 dB at
the characteristic frequencies as indicated in
Fig.6. This phenomenon is mainly due to the
absorption induced by the DNG metamaterial
slab. Finally it is to be noted that simulation-
results for pure Mobius-FDTD codes and hybrid
FDTD codes come out to be the same, although
the time taken for execution is lesser for the pure
Mobius-FDTD code by 20 secs. The reason
behind this is presence of fewer numbers of
intermediate matrices that are updated during the
execution of main FDTD iterative loop.

IV.NOTE ON COMPUTATIONAL EFFORT

The serial FDTD code, with the algorithm as
prescribed in [5] was implemented using
MATLAB™ for analysis purpose. For the FDTD
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mesh size pertaining to the problem formulation,
as illustrated in Fig. 2, took a computational time
(starting from initialization of different parameter
values to storage of calculated time-domain E
and H-field data for further computation in
frequency domain) of 4000 seconds. The large
computational time was mainly due to the fact
that the pseudo-code description of the FDTD
algorithm in [5] involves the sequential repetition
of nested for loops, especially during the
calculation of field matrices.

To overcome this difficulty, a vectorized version
of the code was developed which is much concise
and utilizes the advantage of MATLAB™
optimization for vector and matrix operations,
hence ensures faster execution. The same code
was run in machines of different processor
configurations and the run-time was observed. It
was seen that Pentium-IV processor took 2500
secs (approx.) of run-time, whereas dual-core and
quad-core processors exhibited considerable
speed-up with simulation time of 1500 secs and
845 secs respectively.

V. CONCLUSIONS

In this work Mobius-transform technique and a
hybrid Mobius-ADE FDTD algorithm to model
electromagnetic wave propagation in
metamaterial is presented. The negative effective
permittivity and negative effective permeability
is modeled as Drude and Lorentz medium
respectively. The formulation is tested by full
wave analysis of a metamaterial embedded
parallel coupled microstrip line. The effect on
coupling are studied which reveals reduction in
forward coupling over the range where the slab
behaves as a Double Negative (DNG) media. A
parallel version of the full wave FDTD
formulation for metamaterial is also developed
which exhibits reduced run-time.
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Abstract- In this paper, a comparative performance
of microstrip filters loaded with various dumbbell-
shaped defected ground structures (DB-DGS) has
been studied in terms of their bandstop
characteristics. During this course, a new dumbbell
shaped DGS having transmetal slit in the
connecting slot of the square head in the ground
plane has been proposed. This proposed design
provides an improved bandstop response. For
comparative analysis, all the filter characteristics
have been simulated and studied at a fixed cutoff
frequency using HFSS and co-simulation has been
carried out with ADS-EM. In addition, a
microstrip bandstop filter with the proposed DGS
has been fabricated and tested. Measurements are
in close agreement with the simulated results.

Index Terms- DB-DGS, Transmetal slit, Bandstop
filter.

I. INTRODUCTION

In the modern era of wireless communications,
various technologies are available in RF and
microwave/millimeter ~ wave  circuits  for
compactness, low cost and high performance.
These techniques are low-temperature co-fired
ceramic technology (LTCC) [1], low-temperature
co-fired ferrite (LTCF) [1], photonic band gap
structures (PBG) or electromagnetic band gap
structures (EBG) [2], ground plane aperture
(GPA) [3-4], defected ground structure (DGS),
defected microstrip structure (DMS) [5-6],
substrate integrated waveguide (SIW) [7] and
metamaterials or CSRR structures [8-9]. These
new techniques have been applied in the
designing of microwave circuits/components
such as filters, couplers, antennas , etc. Due to

low weight, compact size and low cost, these
types of technologies are used in the aircrafts,
spacecrafts, satellites and missiles [10]. Some
techniques, namely, DGS, DMS, PBG and CSRR
are very much popular in size reduction or
enhancing the performance of the microwave
components in microstrip technology. A lot of
research work has been done on the DGS as
bandstop filters; and still some scope is there to
improve the bandstop characteristics. The DGS
technique is playing a key role in reducing the
size of the component, suppressing the harmonics
and enhancing the bandwidth in designing of
various microwave components such as tunable
filters [11], power dividers [12], amplifiers [13-
14], oscillators [15], frequency doublers [16],
directional couplers [17], dual-band filters [18-
21], UWB bandpass filters [22-27] and tri-band
filters [28-29]. Enough literature is available
based on DGS techniques for reducing the size of
filters [30-33].

In this paper, the bandstop characteristics of
various dumbbell-shaped defected ground
structure (DB-DGS) are studied with the effect of
DB-DGS structures in terms of inductance,
capacitance and their sharpness factor. All the
different DGS shapes are etched in the ground
plane of 50Q microstrip line. In this paper,
conventional dumbbell shaped DGS structures
are compared and a new dumbbell-shaped DGS
is proposed with metal strip in the connecting slot
of DGS. All the structures are simulated in the
HFSS EM simulator while keeping the cutoff
frequency constant for all structure. The width
(W) of the microstrip line is 3.6 mm to achieve
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50Q line impedance. Design goals and
specifications are given in the Table 1.

Table-1: Design Goals and Specifications

Cutoff frequency 4 GHz
Insertion Loss (S;)) <-0.3dB
Reflection coefficient (S;) <-10dB

¢ Neltec NH9332 32

Height of the Substrate 1.524 mm
Thickness of the conducting strip 0.07 mm
Loss tangent 0.0024

II. VARIUOS DESIGN CONFIGURATION OF
DB-DGS

Various conventional DB-DGS configurations
are shown in Fig.1 with the proposed metal strip
loaded DB-DGS. The corresponding geometrical
parameters have been computed taking a cutoff
frequency of 4 GHz which are listed in Table 2.
For all DB-DGS topologies, a 50Q microstrip
line is considered with the same width (W = 3.6
mm) and length (L = 19.5 mm) of the conducting
strip. In these topologies, Fig. 1 (b) -1 (d) are the
variants of Fig. 1 (a), whereas Fig. 1 (f) -Fig.1 (h)
are the variants of Fig. 1 (e) and these DB-DGS
structures are well reported in [34-36].
Conversely, we have proposed a modified square
transmetal slit DB-DGS bandstop filter at 4 GHz
cutoff frequency with enhanced sharpness shown
in Fig. 1 (1).

III. L-C MODELLING OF DB-DGS

The DB-DGS can be modeled in L-C equivalent
circuits in parallel combination, also can be seen
in [10]. The value of effective inductance (L),
effective capacitance (C) and sharpness of the

filter can be computed by using formulas [34-
36]:

S

C=— e 1
ﬂ[ff—ff]pf (1)
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Where f, is the cutoff frequency and f, is the
resonant frequency. The cutoff frequency and
resonant frequency can be extracted from the
simulated S-parameter of the designs.

IV. STUDY OF BANDSTOP
CHARACTERSITICS OF DB-DGS

Fig.2 shows the simulated S-parameter (S,;) of
all the DB-DGS structures that are shown in
Fig.1. The performance of all the type of DB-
DGS including proposed transmetal shape DB-
DGS are shown in Table 3. In all the cases the
cutoff frequency is kept constant by the
optimization of dimensions of the DB-DGS. The
square, circular, triangular and hexagonal DB-
DGS structures have less sharpness as compared
to the transmetal shape structure. The sharpness
of filters depends on the effective capacitance
which is responsible for enhancing the sharpness
of the microstrip filter. In the case of transmetal
DB-DGS, the effective capacitance is more as
compared to other DB-DGS which can be seen in
Table 3. Further, to improve the sharpness of the
bandstop filter, the modified square transmetal
DB-DGS are proposed as shown in Fig. 1(i).
Using this proposed design configuration the
highest sharpness factor close to 0.93 is achieved
among all the type of DB-DGS structure. The
effective inductance, capacitance and sharpness
of the proposed microstrip filter can be computed
using the formulas given in equations (1) and (2).
In the some research papers [34-36], the
researchers proposed that if the area of the head
in dumbbell shaped DGS is modified, the
effective inductance can be controlled which is
responsible for the cutoff frequency shifting and
if the connecting head slot gap is modified then
the effective capacitance can be controlled which

IJMOT-2012-10-358 © 2013 IAMOT
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is responsible for sharpness or resonance effective capacitance or sharpness of the
frequency [1]. But there is limitation to modify bandstop filter.

the slot gap to enhance sharpness, so the

transmetal slit is indeed helpful to enhance the

'@: aId—d_b
$ 1

(b) (©) (d)

\%%
<+

(e)

=I d ='d :I d gIol
® (2 (h) (1)

Fig. 1: Design configuration of DB-DGS: (a) Triangular DB-DGS[34,35] (b) Square DB-DGS [34,36] (c) Circular
DB-DGS[36] (d) Hexagonal DB-DGS[36] (e) Square transmetal slit DB-DGS (f) Circular transmetal slit DB-DGS
(g) Triangular transmetal slit DB-DGS (h) Hexagonal transmetal slit DB-DGS[36] (i) modified square transmetal
slit DB-DGS.
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Table 2: Dimensions of various DB-DGS structures at 4 GHz cutoff frequency

Design d el K M T w t1 t2
S.No. | configuration of | a(mm
DgB-DGS (mm) (mm) | (mm) (mm) (mm) (mm) (mm) | (mm) | (mm) | (mm)
1 Circular - 0.8 12 3.0 - - - - - -
2 Hexagonal - 1.0 12 3.1 - - - - - -
3 Triangular 4 1.1 12 - - - - - - -
4 Square 3.2 0.3 11 - - - - - - N
5 Circular - 1.0 12 2.3 0.1 0.2 0.1 0.3 - -
Transmetal
6 Hexagonal - 1.0 12 23 0.1 0.2 0.1 0.3 - -
Transmetal
7 Triangular 3.6 1.3 12 - 0.3 0.2 0.2 0.3 - -
Transmetal
8 Square 3.5 1.0 11 - 0.05 0.2 0.1 0.3 - -
Transmetal
9 Modified Square 2.8 1.2 11 - 0.2 0.2 0.2 0.3 1.3 1.3
Transmetal

In the Table 3, it has been clearly shown that if
the resonant frequency of the filter is near or
equal to the cutoff frequency, the sharpness of
filter is more. The cutoff frequency depends upon
the size of DB-DGS heads due to which

capacitance vary. To enhance the capacitance or
to enhance the sharpness. Two the metal slit has
been added in the connecting slot of DB-DGS, in
result, there is an increment in the capacitance. In
Table 3, the cutoff frequency for all design

inductance varies and resonant frequency configurations has been kept constant.
depends upon the slot gap due to which the
Table 3: Performance table of all DB-DGS structure including transmetal DB-DGS
Design configuration fc 3-dB f, resonant Inductance (L) Capacitance (C) Sharpness
S-No. of DB-DGS cutoff frequency in nH in pF factor
(GHz) (GHz)

1 Circular 4 6 2.211 0.318 0.66

2 Hexagonal 4 5.7 2.02 0.386 0.7

3 Triangular 4 5.6 1.949 0.414 0.71

4 Triangular Transmetal 4 5.5 1.875 0.446 0.72

5 Circular Transmetal 4 5.18 1.607 0.587 0.77

6 Hexagonal Transmetal 4 5 1.433 0.707 0.8

7 Square 4 4.92 1.349 0.776 0.81

8 Square Transmetal 4 4.91 1.338 0.785 0.81

9 Modified Square 4 4.3 0.536 2.55 0.93

Transmetal
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Fig. 2: Simulated S-Parameter (S,;) of DB-DGS

V. FABRICATION, MEASUREMENT AND
CO-SIMULATION IN ADS

In Fig.3, the modified square transmetal DB-
DGS has been fabricated to the dimensions
which have been shown in Table 2. After the
fabrication, the dimensions of the fabricated
microstrip filter are: a=2.9 mm, g=1.3 mm, M
=03mm K=03mm, T=03 mm, w=0.3
mm, t1 = 1.3 mm, t2 = 1.3 mm. This fabricated
filter has been tested in 1127.8500.60 Vector
Network Analyzer of Rohde & Schwarz. Fig. 3
(c) shows the simulated as well as measured S-
parameter. The resonant frequency and cutoff
frequency of both the simulated and measured S-
parameters are almost same. The resonant
frequency is 4.3 GHz and 3-dB cutoff frequency
is 4.0 in the simulation. And the measure
resonant frequency is also 4.3 GHz and the 3-dB

cutoff is 4.0 GHz. The measured results are
almost same as simulated one.

(a)
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Fig. 3: Modified square transmetal DB-DGS (a) Bottom view (b) Top view (c) Measured and simulated S-parameter
of proposed DB-DGS

For more verification of results, the circuit
simulation also has been done as shown in Fig. 4.
For the proposed filter can be modeled as LC
resonator circuit. The values of these L and C can
be extracted by using the formulas given in
equations (1) and (2). The extracted value of L
and C has been shown in Table 3. These
extracted values are used for designing L-C
model prototype terminated with 50 ohm source
and load as shown in Fig.4. This L-C model is
co-simulated in ADS2006A. The simulated
results have been shown in Fig.4 (b) which is the
good in agreement with simulated results in
HFSS V10 in Fig. 2 for the modified square
transmetal DB-DGS.

|f;_i;1 SPARAMETERS I
5 -Param

SP1

Start=1.0 GHz

Stop=10.0 GHz

Step=100 kHz

+3  Tem Pert
Term2 P2
MNum=2 Num=2
Z=50 Ohm

-20
-25
-30
f_f -35
-
@ 40
LD 454
50
-55
-60 m2 ] T
eq=4.305GHz 1
-65- dB(S5(2.1))=-76.746 4.000GHz
70 Min B(S(2.1))=-2.95
75 ¥

Fig. 4: (a) L-C equivalent circuit (b) Simulated S-
parameters of modified square transmetal DB-DGS

VI. CONCLUSION

In this paper, Various DB-DGS configurations
have been designed and simulated with a
comparison of their bandstop characteristics. The
modified square transmetal DB-DGS have been
proposed and fabricated. After the fabrication,
simulated results and measured results in terms
of S-parameters are almost same. In measured
and simulated results, the 3-dB cutoff frequency
is 4.0 GHz and the resonant frequency is 4.3
GHz. In both cases the sharpness factors are
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nearly equal. In the measured result the sharpness
factor is 0.93 which is close to the simulated
results as shown in Table 3. The sharpness factor
is calculated by the formula given in
equation (3). The simulated result has been
verified by  co-simulation results. The
measurement results are in close agreement with
simulation results with acceptable tolerance in
error. All the simulations are carried out in EM
full wave simulator HFSS V10 and Agilent
ADS2006A.
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Abstract- This article deals with analysis, design,
modeling and simulation of a metal photonic band
gap (MPBG) waveguide for 7E mode of operation.
The finite difference time domain (FDTD)
technique has been used to analyze and obtain the
global band gap regions of the MPBG structures
having 2-D triangular array. A mode map diagram
has been developed for the MPBG waveguide in
order to study the propagation characteristics of
the guide. The designed waveguide structure has
been cold characterized wuwsing a 3-D
electromagnetic code for the desired TE,; mode.
This study shows that nearby competing modes,
like, TE,; and TE; have been suppressed and
ensures that the MPBG is been preponderant for
waveguide applications and also it addresses the
mode competition, miniaturization and the power
handling issues which generally appears at the
short wavelengths. The transmission loss over the
guide has been estimated through its scattering
coefficients as 1.01 dB /cm at the operating
frequency.

Index Terms- Waveguide, Mode competition,
Photonic band gap structure, Transmission loss,
FDTD.

[. INTRODUCTION

The waveguide transverse dimension is
proportional to its cutoff wavelength and at
millimeter and sub-millimeter waves frequencies
waveguide dimension becomes so small that they
are not capable of handling very high powers. To
vercome this problem, overmoded waveguides
are used for high power  millimeter/sub-
millimeter waves systems and devices. This leads
to mode competition followed by higher structure
ohmic losses [1]. There is also practical

limitation in fabricating such tiny structures with
precision tolerance.

To acheive the frequency selective operation
without mode competion, the transmission line
must be selective with respect to the operating
mode. The photonic band gap (PBG) structures
have proved very promising to meet such
requirements and have drawn extensive attention
of researchers for its used in passive and active
devices both [2]. The PBG structures are lattices
of periodic arrangement of dielectric, metal or
complex inclusions. Such structures can assist the
propagation of EM waves in certain frequency
band, called as the pass band and no waves exist
in the forbidden band is referred as stop band [3].
The dielectric PBG structures have been
successfully used in microwave devices for
copious applications. Nevertheless, the metal
photonic band gap (MPBGQG) structures have been
also finding vast applications due to their higher
power handling capability over its dielectric
counterpart. The problem of breakdown and
charging of dielectric materials restrict its
applications. Conversely, these phenomena do
not happen with metallic PBG (MPBG)
structures due to their distinction in
conductibility and act as a nearly perfect reflector
at high frequency which also minimizes the
problems of absorption [4-5]. Moreover, in the
vacuum electronic devices, operating temperature
is very high which necessitates the interaction
structure's material to sustain this temperature
with sufficient mechanical strength [6]. Photonic
crystal linear waveguide has been studied by
Johnson et al. [7] and the analysis MPBG
rectangular waveguide for THz application has
been demonstrated by Degirmenci et al. [8].
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More recently, the millimeter wave MPBG
cylindrical waveguide has been developed at
MIT by Nanni et al. [9], however its analysis and
design procedure are not reported. In this paper,
we extend work for the analysis and realization
of cylindrical waveguide using MPBG structures
for Ka-band applications.

The remainder of this article is organized as
follows. In Section 1II, the dispersion
characteristics of a 2-D MPBG structure having
triangular lattice operating in the TE mode of
propagation using FDTD method is discussed. In
Section III, the global band gap diagram which is
required for the design of waveguides is
described and then a detailed design procedure
for the MPBG waveguide is presented. In section
IV, the cold (electron beam absent)
electromagnetic characterization of the designed
MPBG waveguide 1is performed using a
commercial code “CST Microwave Studio” and
the transmission loss and cutoff frequency are
also observed. The conclusion is drawn based on
the work performed here in Section V.

II. NUMERICAL ANALYSIS OF MPBG
STRUCTURES WITH FDTD TECHNIQUE

A. Modeling of MPBG structures

The unit cell of triangular/rhombic lattice has
been considered here in TE polarization for
calculating the band structure. Since, the
triangular lattice structure is azimuthally
symmetric and provides more global band gaps
compared to the square lattice. Dispersion
diagram, i. e., band structure is required to
determine the forbidden and pass bands of the
PBG structures. The triangular lattice PBG
structure using cylindrical metal rods is shown in
Fig. 1(a). The Brillouin zone shown in Fig. 1(b),

where the wave vector k. =k e +k e atl X,

and J is read as (0, 0), 2n/a (0, 1/\/3), and 2m/a
(173, 1N3), respectively [10]. The EM boundary
conditions for the TE mode is given by 0%¥/0n is
zero at the surface of the metal rods and »’ is a
vector normal to the metallic surface. In order to
obtain solution in the region of interest has to be
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discretized in accordance with Courant stability
condition [6]. The considered modified unit cell
for calculating the band structure is discretized
into uniform rectangular grids with the length of
unit cell along y-axis is V3 /2 times the length
along the x-axis in the unit cell. Hence, if the
number of grid points along x-axis (N,) is 100,
then the number of grid points along y-axis (V)
would be 87, i. e., N, = (\/3/2)Nx, as shown in
Fig. 1 (c).
v
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Fig.1.  (a) Cross section of a 2-D MPBG triangular
lattice in real space (b) in reciprocal space the dashed
lines illustrate the unit cell and the shaded region is
Brillouin zone and (c) discretized MPBG unit cell
with N, =100 and N, =87.

The uniform Yee’s cell based discretization has
been used for a skew lattice computational
domain and each grid point is specified by
appropriate material property. In Fig. 1(c), where
half metal cylinders is at middle of one side
along x-direction and two quarter portion of
metal cylinder on the other side of opposite
corners. The unit cell element is metallic rods
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and in the modeling, rods material is taken as
copper with relative permittivity ¢, = 1 and
conductivity ¢ = 5.8x 107 S/m. The background
has been considered as vacuum which has
relative permittivity and permeability as unity
and conductivity as zero [6].

B. Field equations in FDTD analysis

At  millimeter and sub-millimeter wave
frequencies, current is well confined within a
small depth of the metal rods. Therefore, we can
consider that the electric filed inside the metallic
rods as zero i.e. E = 0. So in the unit cell region,
Maxwell’s equations for time varying fields are
written as

VXE=-u— 1
H % (D

vxH=e2E )
ot

Here, TE modes of propagation are considered
for the potential application in gyro devices
where the energy exchange is mainly
concentrated on the transverse component of
electric field. Based on 2-D Yee’s mesh and
central difference algorithm, equations (1) and
(2) are discretized in both time and space
domains as

OF(i,j) _ F'{i+1/2,j)~F"(i~1/2,j)
ox o

3)

oF"{i, j} _ F™2 {0, jy = F""{i, j}
ot At

Electric (E,, E,) and Magnetic (/) fields
components for TE mode are given in equation
(5), (6), and (7), respectively [6]
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where, ¢ and u are the permittivity and
permeability of the medium. Here, the fields are
sampled at discrete points by Courant-Friedrichs-
Lewy (CFL) condition to maintain accuracy [6]

1

[(ax)”+(ay) " ?

c

At<At =

®)

where, c is the velocity of light. Ax and Ay are the
controlling factor to have maximum allowed time
step. The time step must always be smaller than
the maximum time step.

C. Dispersion curves and global band gap
diagrams of MPBG structures

The EM fields at every half space steps are
monitored and the temporal results have been
processed using the Fourier transform and each
‘k>  vector values for the corresponding
frequencies are recorded and plotted against the
‘k’ vector. This is shown in Fig. 2(a) for #/a =
0.39 (first seven lower order modes) and in
which each line represents the mode. For #/a
=0.39, there are two band gaps occurring. The
lower one between 0.94 and 1.02 times the
normalized frequency (fa/c) and the centre
frequency and the width of the gap is 0.98 and
0.08 times (c/a), respectively.
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Fig.2.  (a) Dispersion curves of MPBG structure in
TE modes using triangular lattice (r/a=0.39) and (b)
global band gap diagram.

The upper band gap is much broader and has
more number of modes than the lower band gap.
Further, it is observed that the FDTD results for
r/a = 0.39 is in close agreement with the results
of Liu et al. [11]. The /a = 0.39 value is chosen
because the global band gaps occurring for r/a >
0.2 only in the TE modes [3] and also there is no
zeroth order band gap exists. The calculated
dispersion characteristics is further interpreted
for a range of ‘r/a’ values and thereby the global
band gap is obtained as shown in Fig. 2(b) in
which no global band gap is seen for r/a <0.2.
For the present design, the global band gaps
between higher order modes (with fa/c > 2) are
being considered in order to operate the device
without any mode competitions. This global band
gap diagram is identical with that obtained by
Smirnova et al. [10].
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III. DESIGN OF MPBG WAVEGUIDE

For the single mode operation of the cylindrical
MPBG waveguide structure, the dimension is
chosen in such a way that the operating
frequency of the desired mode must lie in the
pass band and all other modes in the stop band, i.
e., the waveguide is opaque for those frequencies
lie inside the global band gap and is transparent
for frequencies that fall out of the gap [9]. Here, a
2-D MPBG structure of triangular lattice is used
to realize the cylindrical waveguide, because,
triangular lattice has better azimuthal symmetry
than other lattices. The radius of the defect region
in the MPBG cylindrical waveguide as shown in
Fig.3 (a) would be equivalent to a conventional
cylindrical waveguide of radius ‘R.,,’ [12],

R = Pm® 9)
2rf,

cnm

where, foun 1 cutoff frequency of guide and is
equivalent to the normalized frequency (wa/2nc),

p,. is the m™ root of n'™ order first derivative of

the Bessel function J,(x), R,,, is radius of circular
waveguide. The Fig. 3 (b) shows the
crosssectional view of MPBG waveguide. The
effective radius of the PBG waveguide by
removal of the seven metal rods from the lattice,
to have an equivalent radius of the conventional
cylindrical waveguide, given by

R =\3a-r (10)

Therefore, the normalized cut-off frequency of
the waveguide, using equation (9) and (10) for
TE,, operating mode can be written as

fom@ _ P
c _27r(\/§—r/a) (b

From equation (11), the normalized frequency
can be obtained for a known value of 'v/a’ and
desired Eigenvalue. Thus, the calculated
normalized frequency determines whether the

IIMOT-2012-11-368 © 2013 IAMOT

64



operating mode lies in the stop band or pass band
and which has been interpreted in Fig. 3 (c).
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Fig.3. (a) Mode map plot (b) front view of the
MPBG waveguide with a defect radius of ‘R,’and
(c) cross sectional view of the waveguide
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Table 1: Design parameters of MPBG waveguide

Parameter PBG- Conventif)nal

waveguide waveguide

Operating frequency (f) 35 GHz 35 GHz

Operating mode TEo; TEy;

Cut off frequency (f) 33.27 GHz 33.27 GHz

Lattice constant (a) 3.85 mm

Rod radius (r) 1.1 mm

Waveguide radius (Re) 5.5 mm 5.5 mm

Transverse dimension 32.34 mm 11 mm

IV. ELECTROMAGNETIC STUDY

The salient feature of the MPBG waveguide is its
mode selectivity and also to provide strong
coupling between electron beam and EM wave
which leads to the higher interaction efficiency
when it is used as an interaction circuit in the
gyro-devices. Moreover, the MPBG actively
suppresses the lower order modes, therefore the
single mode operation is quite easily acheivable.
In this design, the required normalized frequency
has been selected as 0.427 and the value of 'r/a’
as 0.286. This is typically the operating point (red
dot shown in Fig. 2(b)) of the cylindrical
waverguide and which in turn gives the radius
of the rod and lattice constant as 1.1 mm and 3.85
mm, respectively. Further, at 35 GHz the
effective MPBG waveguide radius (R,) has been
calculated as 5.53 mm for the desired TE,); mode
of operation with the cutoff frequency of 33.27
GHz.

In order to make a defect region, starting with the
central location seven metal rods have been
removed from a periodic triangular lattice
whereby a mode can be confined and which is
confirmed further through EM simulation using
Eigenmode solver of ‘CST Microwave studio’.
As a result, the TE); mode was found confined
around the defect and which has been similar to
the pattern obtained using the conventional lossy
cylindrical waveguide as shown in Fig. 4(b).
Therefore, the MPBG waveguide provides the
appropriate amount of confinement of TE,); mode
and also suppressing or not supporting other
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modes, like, TE3;, TE, and TE,;. The radius of
the MPBG guide is approximately equal to as
same as the conventional waveguide and also the
strength of the field can be matched by having
the MPBG volume as 8.6 times of the
conventional guide volume as shown in Fig. 4 (a)
and 4 (b). This feature relaxes the fabrication
difficulties of the interaction structure which
arises at milliliter wave operation of the high
power devices. The advantage of the expanded
transverse dimension of the MPBG waveguide
over a conventional metal cylindrical waveguide
is to lower the Ohmic loss and hence improved
power handling capability. The Fig. 4 (c) shows
the propagation of desired TE,; mode through the
axial direction of the MPBG waveguide.

3234 mm N

(©

Fig.4.  Comparison of the magnitude of the E-field
for TEy; mode confined in (a) conventional waveguide
(b) MPBG waveguide (c) TE,; mode propagation
inside the PBG waveguide
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V. RESULTS AND DISCUSSION

A. Scattering parameters

The transient analysis of MPBG waveguide has
been also performed using ‘CST Microwave
studio’ in order to observe the pass band and stop
band properties by plotting its scattering
parameters. Fig. 5(a) shows the transmission and
reflection properties of metal PBG guide and in
which the transmission coefficient (S,;) has been
observed maximum over the frequency range of
3 GHz and the reflection parameter (S;;) is
minimum beyond the cut-off frequency which is
an essential characteristics of a waveguide. This
confirms that the existence of a propagating
mode at the desired operating frequency.

Transmission and Reflection Coefficient (dB)

o

8

21,(d8)

(]

g8 & &

. Trangmission Coefficient, S

8

-140
32

Frequency, f(GHz)

(b)

Fig.5. (a) Scattering parameters (b) comparison of
transmission coefficient of various modes in MPBG
waveguide
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The Fig. 5(b) shows transmission coefficient of
the desired mode and its nearby competing
modes as the wave propagating down the MPBG
guide and it is observed that the transmission
characteristics of the desired TE,;; mode has
maximum than all other spurious (TE,;, TE3,
TE,;, and TE;;) modes. Unlike the traditional
waveguides, the MPBG waveguide provides high
attenuation (diffraction losses) for the spurious
modes due to its structure and hence the desired
mode always been well separated from other
unwanted modes.

B. Transmission loss in an MPBG waveguide

The MPBG waveguide has been tested for the
transmission properties at 35 GHz with the
circuit length of 50 mm for the desired TEy,;
mode of operation. Unlike the conventional
waveguide, transmission losses in an MPBG
waveguide are due to the diffractive radiation
through the tiny nature of the elements in the
lattice. Therefore in MPBG waveguide, amount
of ohmic heating on the metallic rods is
significantly reduced. The cold simulated
parameters have been utilized to calculate the
transmission loss and which has been observed at
35 GHz as 1.01dB /cm as shown in Fig. 6.
0
-0.5 n
-1
1.5
2
25
3
35
-4
-4.5
-5
-5.5

Transmission Loss, a. (dB/cm)

-6
33 335 34 345 35 355 36 365 37 375 38
Frequency, f(GHz)

Fig.6.  Calculated transmission loss in a 35 GHz
MPBG waveguide
C. Cut-off frequency of an MPBG waveguide

The radius of waveguide interaction structure has
been obtained by equation (8) for desired cutoff
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frequency and mode of operation. The cutoff
frequency of the guide has been calculated by
varying the ‘r/a’ ratio for TE;, mode using
equation (10) as shown in Fig. 7. Theoretical and
simulation results have been compared and found
that they are in close agreement and it is also
observed that the field pattern (TE,; mode) of
MPBG waveguide (as shown in Fig. 4), near the
metal posts, EM fields are not perfectly confined
in the defect and slightly penetrates into the rods
region and hence, the waveguide radius is being
considered theoretically smaller than effective
guide radius. Consequently, the simulated cutoff
frequencies is always less than the theoretical
values.
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Fig.7.  Cutoff frequency variation with the ratio of
rod radius to lattice constant

VI. CONCLUSION

Overmoded waveguides are often used for high
power millimeter/sub-millimeter waves devices
and systems. Overmoded structures are plagued
with mode competition and high losses problems.
The photonic band gap (PBG) structures are very
promising for freqeuency selective operation.
Metal PBG structures are capable of handling
higher power compared to its dielectric
counterpart.

A defect in photonic crystals making a
cylindrical waveguide and which would provide
an effective pass band characteristic as like in a
conventional waveguides. This has been
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investigated, designed and simulated by
considering a 2-D metal PBG structure
comprising of triangular lattice. The analysis of
MPBG structure was made using the Yee’s
FDTD technique, because which is more
comfortable in respect of conceptually simple
and dynamic algorithm, flexible computation,
applicable to wider frequency band and
minimizing the computational error greatly than
any other numerical methods. The universal
global band gap curves for MPBG structures in
TE modes have been developed. In order to
ensure the high mode purity, the TE polarization
has been selected and which is required for fast
wave gyro devices and these kinds of MPBG
structures also having the tendency to handle
higher power than its counterpart (dielectric
PBG). By selecting the appropriate point in the
pass band of the global band gap diagram the 35
GHz MPBG waveguide has been designed.

To validate the analysis and design, after
calculating effective radius of the guide, with
seven metallic rods removed from the periodic
triangular lattice structure, so as to realize it, and
which has been simulated using a commercially
available 3-D electromagnetic code “CST
Microwave studio”. The eigenmode analysis
confirms propagation of such potential TE,;
mode and the transient analysis ensures the
propagation characteristics of the cylindrical
waveguide. Further, the transmission loss and the
cutoff frequency of the waveguide have been
estimated from its scattering coefficients.

Hence, it is hope that the present analysis and
design of the MPBG cylindrical waveguide
would be useful as RF circuit for both the active
and passive microwave/millimeter wave device
applications where one desires to suppress the
potentially competing unwanted modes in order
to ensure a single mode device operation.
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Abstract- In this paper the analysis of circular slot
and triangular slot loaded equilateral triangular
microstrip antenna (ETMSA) is shown. It is
observed that two shorted pin nearer to the two
vertexes of ETMSA produces dual resonance
frequencies with circular polarization (CP).
Circular slot loading in between probe position and
one shorted vertex widened the gap between two
resonance frequencies. The variation of frequency
gap between two resonance frequencies becomes
nonlinear in character when the radius of circular
slot is increases beyond 2.5mm.This nonlinearity is
also demonstrated using a triangular slot of varied
arm length. A comparative study is shown for
different substrate permittivity.

Index Terms- Circular and triangular slot, circular
polarization, dual band, ETMSA, nonlinear, two pin
shorting.

[. INTRODUCTION

Dual-frequency operations of microstrip patch
antennas have received much attention in modern
wireless communication systems [1]. Stub
loaded, Slit-loaded, slot-loaded, shorting pin
and circuitry-loaded patch antennas are some of
the methods to form a dual frequency operation
[2-4]. One study presenting two shorting pin-
loaded equilateral triangular patch antenna [5].
Loading a triangular microstrip antenna with a
shorting pin can also reduce the antenna size [4].
Here in this paper circular and triangular slot is
also inserted along with the two shorting pin,
which reduced the patch size of ETMSA with
dual resonance frequency. The circular slot

widens the band gap between two resonant
frequencies. A comparative study has also been
done for two standard thicknesses on various
substrates permittivity, which shows significant
results.

Theoretically the resonant frequency [6-7] for an
ETMSA can be calculated as,

Where, c=speed of light, &=substrate
permittivity, a.=effective arm length, which is
given by,

|| 2h Ta

a, =a* [1 +—(In—+ 1.??26)]
! me.ar 2h

N .(2)

Where a= arm length, h= substrate thickness.
The theoretical value of resonant frequency (f))
for the proposed antenna is 4.3259GHz.

II. ANTENNA DESIGN AND SIMULATED
RESULTS.

Basic parameters of ETMSA are substrate
permittivity (e;) =2.2 (RT Duroid); substrate
height (h) =1.6 mm, loss tangent (tand) =0.0004
and length of each arm of ETMSA (L) =30 mm is
taken. The co-axial feed is at (-1, 0), which
shows the resonant frequency of 4.2468GHz as
shown in fig.la and fig.1b. The gain value is
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6.85dBi (approx.). Simulation has been done by
the method of moment based IE3D EM Design
System (V: 14) simulator [8].

A. Effect of single pin shorting.

When Pin (P1) is shorted between vertex and co-
axial feed point as shown in fig.la.the resonant
frequency shifted from 4.2468GHz to 5.23GHz
as shown in fig.1b.In proposed antenna the
position of Pl from vertex is 0.65mm. The
corresponding directive gain is 4.6dbi.

B. Effect of two pin shorting.

Shorting an additional Pin (P2) nearer to any of
the other vertices, results in dual band effect as
shown in fig.1a. The two resonant frequencies
are 4.727GHz and 5.56GHz as shown in
fig.1b.The dual band effect can be produced
either by LHCP (left hand circular polarization)
or RHCP (right hand circular polarization).

Both structure produced almost same return loss
performance. The corresponding gains of both
the resonant frequencies are 5.49dBi and
3.99dBi.

Arn

Probe Feed
Arm (L)

L=30nmim

Fig.1a. Single pin and dual pin shorted patch.
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Fig.1b. Return loss performance of single pin and dual
pin shorting.

C. Effect of circular slot loading.

A circular slot is inserted between probe feed and
pin shorted vertex. As a result the frequency gap
between two resonant frequencies is changing.
Two different types of effects have been shown.
In first case the radius of the circular slot is
varied up to 4mm keeping the center at (5,0).

In the second case the position of the slot is
varied and is shifted towards the pin shorted
vertex keeping the radius constant.

The effect is also tested on different substrate
materials such as €,=2.2, £,=2.6, ,=4.4.

C.1. Effect of changing the radius of circular
slot.

It is observed that as we are increasing the radius
of the slot, the frequency gap (f,-f;) increases in
two different manners. The increase is almost
linear up to R=2.5mm (radius of circular slot),
and it is becoming nonlinear in character after
radius is increased from 2.5mm to 4mm for
different values of &, (substrate permittivity) as
shown in fig.2c for substrate thickness
(h)=1.6mm.
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F=d4mm

B=3mim
- B=2mm

R=1mim

Fig.2a. Circular slot loaded patch.

The return loss (dB) is also increases for the
secondary resonant frequency. The values for
R=0mm is almost same as that for R=1mm.
Therefore corresponding values are not shown
here. It should be noted that R=0mm,
corresponds to absence of circular slot i.e.
without circular slot.

Table 1: Resonant frequencies (f; & f,) for different
values of circular slot radius (R).

&

22 | 473 | 556 | 4.77 | 573 | 4.74 | 5.79 | 4.73 | 6.07

233 | 461 | 541 | 464 | 558 | 462 | 5.64 | 4.61 | 592

24 | 454 | 534|452 | 543 | 455 | 555 | 456 | 5.83

26 | 438 | 515|442 | 529 | 440 | 535 | 4.38 | 5.61

3.2 3.97 | 466 | 4.01 | 478 | 3.99 | 4.84 | 3.99 | 5.07

36 |397|466 |38 |453 377|458 | 3.77 | 48

4.4 342 | 401 | 3.44 | 411 | 3.43 | 4.15 | 3.43 | 4.37

6.4 2.86 | 3.17 | 2.88 | 3.43 | 2.86 | 3.51 | 2.85 | 3.63
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-10-

-154

-204

Return Loss (dB)

-254

IN
~-

Frequency (GHz)

Fig.2b. Return loss performance of circular slot loaded
patch at €,=2.2 and h=1.6.

From fig.2b it should be noted that, though
position of primary resonant frequency is fixed
up to certain limit the position of secondary
resonant frequency is changing significantly.
This ultimately contributes to the nonlinearity in
the frequency differences between two resonant
frequencies.

From fig.2¢c it can be shown that the band gap
variation rate is less for high substrate
permittivity (€,=6.4) as compared with low
substrate permittivity (g,=2.2).

Same type of characteristics is encountered when
the substrate height (h) =1.1mm, though it has
more non-linearity for R>2.5mm and increased
band gap (f,-f;) as shown in fig.2d.
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Circular slot radius R(mm)

Fig.2c. Band difference performance of circular slot
loaded patch for different substrate permittivity at
h=1.6mm.

8f=fo-f1 (MHz)

600 . . T .
Circular slot radius,R (mm)

>

Fig.2d. Band difference performance of circular slot
loaded patch for different substrate permittivity at
h=1.1mm.

The gain performance (dBi) for primary resonant
frequency (f;) and secondary resonant frequency
(fy) of circular slot loaded ETMSA for different
values of slot radius (R) is shown in fig.2e,2f.

The gain (dBi) for f; lies in the band of (5-6) dBi
both for copolar and Xpolar.
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Gain (dBi)

% o & 0 D d &
Elevation angle (deg.)

Fig.2e. Gain (dBi) performance for resonant frequency
(f;) of circular slot loaded patch for different slot
radius at h=1.6mm.

The gain (dBi) for f, lies in the band of (3.5-4.5)
dBi both for copolar and Xpolar.

Gain (dBi)

Elevation angle (deg.)

Fig.2f. Gain (dBi) performance for resonant frequency
(f;) of circular slot loaded patch for different slot
radius at h=1.6mm.

C.2. Effect of shifting the circular slot towards
pin shorted vertex.

The circular slot is shifted from (3, 0) to (8, 0),
towards the pin shorted vertex keeping the radius
constant at R=2mm.
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It is observed that the maximum resonance
frequency gap (f,-f;) occurred when the circular
slot centered at (6.5, 0) and €,=2.2. The effect is
also shown for €,=2.2, €.=2.6, €,=4.4 as shown
in table2 and fig.3c.

Table 2: Resonant frequencies (f; & f,) for different
position (D) of circular slot.

Slot Position €,=2.2 £,=2.6 £.=4.4
f, 4735 4.39 3.43
D=3mm
fa 5.597 5.17 4.03
f, 4.74 4.39 3.44
D=4mm
fa 5.62 5.2 4.04
4.39 3.43
D=5mm fiq 4.75
f, 5.64 5.21 4.042
f, 4.75 4.39 3.43
D=6mm
f, 5.64 5.22 4.06
f, 4.75 4.39 3.44
D=6.5mm
fa 5.65 5.22 4.069
f, 4.75 4.39 3.43
D=7mm
fa 5.65 5.218 4.06
f, 473 4.39 3.43
D=8mm
f, 5.63 5.2 4.04

[ in mam

Fig.3a. Triangular patch with different position (D) of
circular slot of radius (R) =2mm.
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From fig.3b it should be noted that, though
position of primary resonant frequency is fixed,
the position of secondary resonant frequency is
changing with varying the position of circular
slot. This ultimately contributes to the
nonlinearity in the frequency differences between
two resonant frequencies.

From fig.3c and 3d it is clear that the resonant
frequency gap (f,-f)) first increases till D=6.5mm
and then decreases. It is maximum at D=6.5mm.
Also it is noticed that the rate of change of (f,-f;)
is greater for low permittivity (g,=2.2) as
compared with high dielectric constant (g,=2.6
and g,=4.4).

Fig.3b. Return loss performance of circular slot loaded
patch at €,=2.2 and h=1.6.
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Fig.3c. Band difference performance of circular slot
loaded patch for different substrate permittivity at
h=1.6mm.

Frequency difference (f,-f,) (GHz)
g
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Fig.3d. Band difference performance of circular slot

loaded patch for different substrate permittivity at
h=1.6mm

The gain performance (dBi) for primary resonant
frequency (f;) and secondary resonant frequency
(f,) of circular slot loaded ETMSA for different
values of slot position (D) is shown in fig.3e,3f.

The gain (dBi) for f; lies in the band of (5-5.5)
dBi both for copolar and Xpolar.
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Gain (dBi)

Elevation angle (deg.)

Fig.3e. Gain (dBi) performance for resonant frequency
(fy) of circular slot loaded patch for different slot
position at h=1.6mm.

The gain (dBi) for f, lies in the band of (3.8-4.6)
dBi both for copolar and Xpolar.

45—
4.0
3.5+

3.0+

2.5

Gain (dBi)

2.0

T
-60 -40 -20 0 20 40

Elevation angle (deg.)

Fig.3f. Gain (dBi) performance for resonant frequency
(f;) of circular slot loaded patch for different slot
position at h=1.6mm.

D. Effect of triangular slot loading.
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Three different types of triangular slots are
inserted on ETMSA between probe feed and pin
shorted vertex as shown in fig.4a.

T\

p2
Slot-3
Prche____ Slot- 2
- Ah_—__é'
Slot-1 H T
P

=—H

Fig.4a. Triangular patch with different position (D) of
circular slot of radius (R) =2mm.

The parameters of different slots are shown in
table 3(i).

Table 3(i): Parameters of different slots.

Slots A (mm) H (mm)
Slot-3 10.4 9
Slot-2 6.9 6
Slot-1 5.2 4.5

The resonant frequencies (f; & f3) for different
slots loading at different substrate permittivity
(g,) for substrate height (h) =1.6mm and 1.lmm
is shown in table 3(ii).

Table 3(ii)): Resonant frequencies (f; & f;) for
different triangular slot.

h € Slots fi fa
A H

2.2 5.2 45 4.75 5.62

6.9 6 4.75 5.69

10.4 9 4.75 5.93

2.6 5.2 45 4.391 5.202

1.6 6.9 6 4.408 5.257
10.4 9 4.41 5.49
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52 45 3435 | 4.048
4.4 6.9 6 3435 | 4.102

104 9 3452 | 4.283

52 45 477 565

22 6.9 6 4788 | 573

10.4 9 4.79 6.03

52 45 443 522

1.1 2.6 6.9 6 4427 | 5293
10.4 9 4427 | 558

52 45 3.45 4.07

44 6.9 6 345 | 414

104 9 347 4.36

From fig.4b it can be shown that the band gap
variation rate is less for high substrate
permittivity (€,=6.4) as compared with low
substrate permittivity (€,=2.2). Same type of
characteristics is encountered when the substrate
height (h) =1.1mm, though it has more non-
linearity, as in case for circular slots.

The gain performance (dBi) for primary resonant
frequency (f;) and secondary resonant frequency
(f;) of triangular slot loaded ETMSA for
different substrate height (h) and permittivity (e,)
shown in fig.4c,4d.

The gain (dBi) for f; and f, lies in the band of
(5.5-6) dBi and (4.5-5) dBi respectively, both for
copolar and Xpolar for h=1.1mm. Gain is slightly
lower when h=1.6mm.

125- —a—g=22h=1.1
N 1.20-_ —e—g=2.6,n=1.1
% 115 —A—e=4.4h=1.1
:f: 1.10-_ —v—g=22,h=1§
Ts’ 1051 —<—5=2.6,n=1.6
§ 1.00- +gr=4.4,h=1.ﬁ
g 095
S 0%
2 o5
S 080
o 4
E 075
0.70]
065
060
T T !
Slot-1 Slot-2 Slot:3
ot Different slots *
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Fig.4b. Band difference performance of triangular slot
loaded patch for different substrate permittivity at
h=1.6mm.
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Different slots.

Fig.4c. Gain (dBi) performance for resonant frequency
(fy) of triangular slot loaded patch for different
substrate height (h) and permittivity (g;).

4.5

4.0

= he116722
~o—h=1.16726
A h=116744
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—~—h=1.6526
—>—h=1.6744

3.5

3.0

Gain (dBi)

|

25

20

Sottf2  Set22 | Sot3R
Different slots

Fig4d. Gain (dBi) performance for resonant
frequency (f;) of triangular slot loaded patch for
different substrate height (h) and permittivity (&,).

III. CONCLUSION

Different aspect of equilateral triangular
microstrip antenna (ETMSA) has been studied
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and special attention is given on the performance
enhancement of ETMSA including the reduction
of size of patch. It is observed that the two pin
shorting  effect produces dual resonant
frequencies with circular polarization (CP).
Inserting a circular slot between probe feed and
pin shorted vertex with radius (R) of 4mm
centered at (5, 0) shows highest value of gain
(dBi) for both resonant frequencies. Also it
shows highest band gap of about 1.35GHz at
g,=2.2. It is shown that decreasing the substrate
height (h) to 1.lmm enhances the band gap
performance. It is noted to be 1.9GHz for slot
radius (R) =4mm at €,=2.2. Inserting a triangular
slot between probe feed and pin shorted vertex
results in highest gain (dBi) of 5.75dBi for f; and
4.625dBi for f, when substrate height (h) is
I.Imm. So gain (dBi) can be increased by
decreasing the substrate height. For h=1.6mm
gain (dBi) is 5.325dBi for | and 4dBi for f,.
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Abstract-A novel compact designed for Wing Stub
Circular Microstrip Patch Antenna (WSCMPA)
with stable return loss and radiation pattern is
presented in this paper. There are 3 structures of
UWB antenna which bandwidth ranging from 3.37
GHz to 1044 GHz was presented. The
conventional method in achieving a UWB
compatible microstrip antenna is the utilization of
circular monopole topology with a partial ground
plane. However these structures produced unstable
return loss and radiation pattern over the
radiating frequency. Open stubs are added in the
second design to further improve the antenna
return loss characteristics. Furthermore, a wing
stub is introduced to induce enhanced return loss
characteristics and a stable radiation pattern in the
last design. All the antennas were designed on
Rogers 5880 printed circuit board (PCB) with
overall size of 26 x 40 x 0.787 mm® and dielectric
substrate, ¢ = 2.2. The performance of the
designed antenna was analyzed in terms of
bandwidth, gain, return loss, radiation pattern,
group delay, and verified through actual
measurement of the fabricated antenna.

Index Terms- Microstrip Antenna, Partial Ground
Plane, Stable Return Loss, Stub Loaded, UWB

[. INTRODUCTION

In 2002, the Federal Communication
Commission (FCC) of the United States [1] was
authorized of its unlicensed operation of
frequency band from 3.1GHz to 10.6GHz for
indoor wireless communications. With the
development of the Ultra Wideband (UWB)
technology, UWB antennas have been studied
intensively for communications and radar system.

The uniqueness of UWB antenna that differs
from the conventional antenna is the ability to
transmit large amounts of digital data with very
short pulses (in nanosecond or less) over a wide
spectrum of frequency bands with very low
power utilization. In order to run a stable antenna
with a compact, portable system, radiation
efficient, lower return loss at the desired
frequency, a stable omni-directional printed
antenna are desired. There are many different
techniques were proposed to satisfy these
requirements within UWB bandwidth. Large slot
techniques are used in [2] to get a bandwidth
enhancement and for the size reduction they used
an L- or T-shaped bending. Wide aperture
technique created multiple resonances that
modified the microstrip feed [3]. A rotated slot
was proposed in [4], where a microstrip feed line
excited the two modes of a closed resonance.
Another technique using a tapered slot feeding
structure was proposed to transform the guided
wave to free space wave without causing any
reflection to the structure [5-6].

Recent studies of UWB antenna structures are
specifically focused on the design rules and
optimization technique [7-10]. The antenna was
designed and fabricated on microstrip structure.
The advantages of printed microstrip antenna are
listed in [11-12], however, microstrip antennas
also have several disadvantages [12-13].

The above mentioned techniques were developed
to obtain wider effective bandwidth. However, a
stable radiation pattern throughout the UWB
frequency band is critical in some application.
Some of the advantages are; in obtaining an
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Fig. 11. Simulated group delay of the proposed
antenna.

VI. CONCLUSION

A novel printed Wing Stub Circular Microstrip
Patch Antenna (WSCMPA) with stable return
loss and radiation pattern has been designed and
fabricated. This novel structural configuration
could maintain the return loss and radiation
pattern, with a decreasing antenna size. A wing
stub pattern added to both side of the circular
patch has been presented and discussed. Both
simulated and measured results of return loss
shows that the small compact size antenna offers
an ultra wide impedance bandwidth from 3.37 to
10.44GHz for S;; <10dB. This antenna yielded
a doughnut shaped radiation pattern throughout
the UWB frequency with the increment of
antenna gain.
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Abstract- This paper presents the rectenna design
at 2 GHz for wireless microwave power
transmission and analysis using various schottky
diodes used for rectifier purpose. Proposed
rectenna is a combination of dipole antenna,
followed by 3™ order stepped impedance Low Pass
Filter and rectifier essential for high microwave
power — DC power (RF-DC) conversion efficiency.
Maximum efficiency of around 82 % is
accomplished by MA4E1317 diode which use as a
anti parallel dual detector series configuration by
load resistance of 600€.

Index Terms- Dipole, Detectors, Rectenna, Power
Conversion, Wireless Power transmission (WPT),
Low Pass Filter (LPF).

I. INTRODUCTION

Wireless power transmission is an important
issue since it has broad technology impact in
many areas which require electrical batteries such
as mobile phones, MP3, toys, computer
peripheral devices, remote monitoring units,
medical devices, electric cars, satellites and so on
[1]. The key component for this type of wireless
power transfer is the rectenna. A rectenna is a
combination of a rectifying circuit and an
antenna. The antenna receives the
electromagnetic power and the rectifying circuit
converts it to electric power [2]. Rectenna
operating at mm-wave frequencies have the
advantages of compact size and overall higher
system efficiency for long distance transmission.
The rectifying circuit consists of schottky diode,
DC pass filter (smoothing capacitor) and load
resistance. There are many type of rectennas such
as dipole, patch, monopole rectenna. These types
of rectenna have been reviewed in terms of

power conversion efficiency, flexibility and
fabrication requirements [3-5].

Dipole rectenna [2] was designed on a flexible
cellulose membrane having efficiency of 56 %
using MA4E2054-1141T schottky diode as
rectifier. In this paper, rectenna is made on PCB
and having much higher efficiency as compare to
above and this rectenna is analysed using various
diodes. Various antennas used in [3-5] having
low radiation efficiency as compared to the
dipole antenna designed in this paper.

The rectenna element shown in Figure 1 consists
dipole antenna, 3™ order stepped impedance low
pass filter, two rectifying diode for RF-to-DC
conversion and a load resistance (Ry) of 50 Q. In
rectenna design, the harmonic problem arises due
to the radiation of unwanted harmonics which
decreases the efficiency of the system. When RF
power is received by a rectenna, a nonlinear
Schottky barrier diode produces direct current
(dc) output and harmonics of the fundamental
frequency of the incoming energy. These
harmonics leak through the antenna at its high-
order resonant modes to the air, causing
electromagnetic interference (EMI) problems and
reducing the efficiency of the rectifier during
process of rectification, harmonics are generated
[6]. These harmonics are reradiated back through
antenna. Thus significant energy is lost. To
suppress re-radiation and to maximize the power
conversion, low pass filter is placed between
antenna and rectifier setup. The cut-off frequency
for low Pass Filter has been selected such that
second order and higher order harmonics signals
are rejected. After the filter, matching circuit is
put which provide the impedance matching
between the low pass filter and antennas input
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impedance by which rectifier setup provides the
maximum conversion, i.€. maximum power
transmission. After this match circuit the
rectifying diode is placed for rectification
followed by DC pass filter which consists of
capacitor for reducing ripples also called
smoothing capacitor followed by load. The
conversion efficiency depends on this DC pass
filter set up i.e. its value and position [7].

For testing the design, rectenna total efficiency
and conversion efficiency are given by equation
(1) and (2), [7]

The total efficiency is

__ DC Output Power

1
icident RF Power ( )
and conversion efficiency is defined by
_ DC out put power
n= 2)

incident rf power—reflected power

To design the printed rectenna, CST Microwave
Studio software [8] is used to design the dipole
antenna, low pass filter, match circuit. Computer
Simulation Technology (CST) MICROWAVE
STUDIO is a fully featured software package for
electromagnetic analysis and design in the high
frequency range. The software contains four
different simulation techniques (transient solver,
frequency domain solver, Eigen mode solver,
modal analysis solver) which best fit their
particular applications. The most flexible tool is
the transient solver, which can obtain the entire
broadband frequency behaviour of the simulated
device. The properties of the antenna such as
return loss S;; and Gain are determined with the
help of CST Software.
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Figurel: Rectenna block diagram

II. RECTENNA ELEMETS THEORY OF
OPERATION

Figure 1 shows the main components of the
rectenna element. A Dipole antenna is attached
to a low-pass filter, which rejects higher order
diode harmonics from radiating through the
dipole antenna and a matching circuit is placed
between the low pass filer and rectifier for good
matching which ensures the maximum power
transmission. Two anti-parallel Schottky diodes
are used for the rectifier as shown in figure 2.

The DC pass filter effectively shorts the RF
energy and passes the dc power and gives better
results consist of a capacitor. The distance
between the diode and output capacitor is used to
resonate the capacitive reactance of the diode [7].
Both input and output filters are used to store RF
energy during the off period of the diode. A
resistor is then placed across the output terminals
to act as the load for measuring the output dc
power.
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Figure 2: Series rectenna configurations with
impedance matching network [6].

The rectenna conversion efficiency depends on
the diode electrical parameters and the value of
capacitor selected as well as its distance from
diode and load [7], it also depends on time for
which rectification occurs i.e. if we use one diode
it gives less efficiency and two anti parallel
diodes give better efficiency as shown in figure
2.

Rectifying
Diodes I:I} ) ’L)
7

.
]j . _ — — — ;
. Matching -
: Low Pass Filter nr
Dipole Circuit
Antenna
Capacitor

Figure 3: Front view of Rectenna element printed
on glassy epoxy (FR-4 lossy) substrate.
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- Top view of PCB

Dipole antenna
Figure 4: Top view of rectenna
HI.RECTENNA ELEMENTS DESIGN

The 2-GHz printed rectenna element developed is
shown in Figure 3-4. Figure 3 shows the front
view of rectenna and figure 4 shows the top view
of rectenna. The rectenna circuit is printed on a
FR4 substrate of 1.6 mm thickness and refractive
index of £=4.3.

The dipole antenna [9] is made up of copper wire
having 67 mm length and 4 mm diameter. The
return loss of proposed design is shown in figure
5 having bandwidth of 450 MHz and efficiency
of 99.5%. Radiation pattern of dipole antenna at
2- GHz is shown in figure 6 having main lobe
magnitude 2.6 dB, main lobe direction 56.0
degree, and 3- dB angular width of 74.1 degree.
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Figure 5: simulated return loss for dipole
antenna.
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Figure 6: Radiation pattern of dipole antenna.

One end of dipole antenna feed directly into a
low pass filter. LPF rejects the higher order
harmonics produced by the diode. The Stepped
impedance low-pass filters geometry is used for
low pass filter design [10-11]. The response of 2
GHz LPF is shown in figure 7. It is clear from
figure that this structure will rejects the higher
order harmonics.

0 05 t 15 ! i 3 35
Frequency | GHz
Figure 7: S-parameters result of LPF

After the LPF, a A/4 matching circuit is placed
which provides the matching between the LPF
and input impedance of diode to reduce the
reflections, and increase the efficiency [7].
Various schottky diodes are used for the
rectifying device having different junction
capacitance and series resistance as shown in
table 1.

Table 1.various schottky diodes.

S. No. DIODE CIPF) | Rs(Q)
1 MZBD9161 0.035 20
2 | MA40150-119 0.12 8
3 MA4E1317 0.02 4

A 1.2 pF chip capacitor is used for the DC pass
filter which effectively shorts the RF energy and
pass the dc power to a resistive load. The load
resistance as well as distance between the
capacitor and diode play important role in the
rectifier efficiency. For this set up three diodes
are used and maximum efficiency is achieved for
different diodes with different loads.
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IV.RESULT

Figure 8 shows the simulated return loss of the
proposed rectenna using various diodes. For
comparison point of view, the response of
rectenna with MA4E1317, MZBD9161 and
MAA40150-119 schottky diode is -57 dB, -60dB
and -65 dB respectively at 2 GHz it is quite
similar to the results of previous paper [7].

._.
—
-
L
r
™
—aa
B

(=]
(=1

[=E]
—

==1Z809151

=H=1/840150-119

.
=]

MA4EL3LT

Un
=1

Returnloss [cdB])

P=a]
=

;

Frequency (GHz)

-
=

Figure 8: Simulated Return loss for Rectenna
using various diodes

Figure 9 shows the variation on efficiency with
different resistive load and MZBD9161 schottky
diode. The maximum efficiency of 60% is
achieved at 2 GHz frequency when the load
resistance of 2kQ is used.

Figure 10 shows the variation on efficiency with
different resistive load and MA40150-119
schottky diode. The maximum efficiency of 70 %
is obtained at 2 GHz when the load resistance of
1.5kQ is used.

90

INTERNATIONAL JOURNAL OF MICROWAVE AND OPTICAL TECHNOLOGY,

VOL.8, NO.2, MARCH 2013

0
60

e
—

==500

== 5000
A ==10000
‘ k == 10000
0 s
0 1 l 3 4

10

3
=]

Efficiency 26
=

—
L=)

Frequency (GHz)

Figure 9: Comparison of efficiency at different
resistive loads with MZBD9161 diode.
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Figure 10: Comparison of efficiency at different
loads with MA40150-113 diode.

Figure 11 shows the variation of efficiency with
different resistive load and and MA4E1317
schottky diode. The maximum efficiency of 82%
is obtained at 2 GHz when the load resistance of
600 Q is used. Above results are similar to the
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previous paper [7] but here achieved much better
efficiency, bandwidth and return loss using anti
parallel dual diode detector configuration.

5
0 /5\
I -
%o /Al
g i / \ =501
g \ =10
i / 4000
1
1 / =500
0
! ! 2 ; !

Frequency (GHz)

Figure 11: Comparison of efficiency at different
loads with MA4E 1317 diode.
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Figure 12: Comparison of efficiency with
different diodes at optimum resistive load.
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Figure 12 shows the variation on efficiency with
different diode. These efficiencies are obtained at
optimum loads and optimum loads are different
for each diode.
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Frequency (GHZ)

Figure 13: comparison of gain with different
diodes.

For frequency up to 3 GHz, the rectenna gain is
analysed with different diodes is shown in figure
13. The antenna gain is increases up to 2 GHz
and after that its decreases on increment in
frequencies. The maximum rectenna gain with is
2.5 dB, 3 dB and 3.5 dB with MZBD9161,
MA40150-119 and MA4E1317 at a frequency of
2-GHz with optimum loads.

V. CONCLUSION

A proposed rectenna has been developed which
has the highest efficiency of 82% and gain of 3.5
dB at 2- GHz with the load resistance of 6002
and MA4E1317 diode is used as rectifier. It is
investigated that as the junction capacitance of
rectifying diode decreases, better efficiency is
obtained.
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Abstract-In this paper, a compact multi-band
square complementary split ring resonator
antenna is presented. The antenna size is very
compact (35mm x 35mm x 1.6mm), and thus, it
can be integrated easily within RF front-end
circuits in mobile handsets. The antenna is
operating at 2.4GHz (WiFi), 3.5 (WiMAX), in a
UWB band respecting the U.S. Federal
Communications Commission (FCC) requirements
for the unlicensed use of UWB in the frequency
range from 3.1 to 10.6 GHz, ranging from 7.7GHz
up to 9.1GHz and in two other large bands, the
first one ranging from 10.9 GHz up to 11.5 GHz,
and the second one ranging from 17.2GHz up to
17.8GHz. The gain and pattern plots of the antenna
are included in the paper.

Index Terms- Compact, Complementary Split Ring
Resonator (CSRR), Meta-Material, Multi-band
antenna.

I. INTRODUCTION

Small-size multi-band microstrip patch antennas
(MPA) have attracted much attention during the
last two decades due to the dramatic growth in
mobile and wireless communications handsets
market. Most techniques proposed for reducing
the size of MPA are reported extensively in the
literature and are based mainly on the use of
techniques such as: capacitive loading [1], where
the chip capacitor is used to reduce the antenna
size [2], LC resonator [3], meander configuration
[4], and reactive loading [5, 6], which are
achieved through etched slots in the radiating
element. However, these techniques usually trade
off the antenna bandwidth and efficiency to
achieve the size reduction. Moreover, several
fractal antennas have been proposed to obtain
multi-band operation [7, 8]. However, different

other techniques [9] have been adopted to
achieve multiband MPA antennas and which
have been extensively published in the literature,
such as adding parasitic elements [6, 10] to create
additional resonant frequencies or adding more
radiating elements shared with the same feed and
ground [11, 12]. These techniques inevitably
increase the physical size in order to create the
desired multiband performance. Furthermore,
there is another tradeoff between the number of
operating frequency bands and antenna size.

The square complementary split ring resonator
antenna has very good features like small size
and multiband characteristics. A negative
permittivity complementary split ring resonator
(CSRR), which is a dual counterpart of split ring
resonator (SRR) originally proposed by J. Pendry
[13], has been loaded into the patch. The CSRR
is composed of two concentric metallic ring slots
with slits etched in each ring at its opposite sides.
Apart from double negative materials, single
negative materials where only one of the material
parameters has a negative real value also possess
interesting properties and can be used to produce
novel devices. In particular, the complementary
split ring resonator (CSRR) which establishes a
negative-permittivity at resonant frequency, is an
example of a single negative media (SNG) that
can be used to make microwave devices [14]-
[15]. The properties of SNG can also be
manipulated to increase filter shape factor,
improve filter rejection and can also be applied to
antennas to reduce the spurious effect and
increase antenna gain and to reduce its size [16].
This paper presents a compact multi-band square
complementary split ring resonator microstrip
patch antenna that covers several wireless
communication standards. The proposed antenna
has a compact size (i.e. 35 mm x 35 mm x 1.6
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mm), so it can be easily integrated with other RF
fond-end circuitry in small size portable mobile
and wireless handsets for modern and emerging
communications.

II. ANTENNA DESIGN AND ANALYSIS

The geometry of the proposed antenna is shown
in Fig. 1. The ground plane lies at the bottom side
of the antenna with a compact size of 35 mm X
35 mm. The radiation elements of the proposed
antenna consist of a two concentric square ring
slots with slits etched in each ring at its opposite
sides. These elements are electromagnetically fed
by a microstrip line with four stub lines at the top
side of the board. The substrate material is FR4
epoxy with a thickness h=1.6mm and a relative
dielectric constant g= 4.9, which is largely used
as PCB for RF front-end circuitry. The
corresponding antenna parameters are given in
Table 1. S1 and S2 represent the lengths of the
inner square ring slots, while S3 and S4 represent
the lengths of the outer square ring slots as
shown in Fig. 1 (a). The length and width of the
microstrip line are denoted by F, a0, al, a2, a3
and a4 as shown in Fig. 1 (b).

w
(a) Bottom View
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a0
(b) Top View

Fig.1. Geometry of the proposed multi-band square
complementary split ring resonator patch antenna.

Table 1: Parameters of the proposed multi-band
complementary square split ring resonator patch
antenna.

Antenna Parameters \zﬁl]lrlne)s
Ground plane length, L 35
Ground plane width, W 35
Lengths of the inner square ring slots, S1, S2 | 2and 4.5
Lengths of the outer square ring slots, S3,S3 | 8 and 14
Feedline width a0 3
Feedline Length F 12.5
Length of four stub feed line, a1, a2, a3, a4 6.075,
4.075,
6,
10.6
Substrate material FR-4
(er=4.9)
Substrate thickness, h 1.6

III. RESULTS AND DISCUSSION

In this section, we present and discuss the
frequency response of the proposed antenna and
its characteristics, namely, the reflection
coefficient, the radiation pattern and the gain.
These results are obtained through simulations
carried out using CST [17]. For the sake of
comparison and validation of these results
another commercial EM simulator is used which
is Ansoft HFSS [18].
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A. Reflection Coefficients

To get adequate information about the antenna
operation mechanics, the effects of the geometric
feed line parameters on antenna Reflection
coefficients are investigated first. The effects of
the parameters al, a2, a3 and a4 on the
impedance bandwidth are plotted in Fig. 2(a)-(b).
Fig. 2 (a) shows that when the parameters al, a2,
a3 and a4 are zero, the antenna is operating at
different frequency bands located at 2.4GHz
(WIFI), 6.8 GHz, and at a wide band ranging
from 16.5 to 19 GHz. Fig. 2 (b) shows that with
the stub al, a2, a3, a4, in this case the antenna
operating at 2.4GHz (WiFi), 3.5GHz (WiMAX),
and presents other three wide-bands ranging from
7.8 to 9.1GHz, 10.9 to 11.5GHz, and 17.2 to
17.8GHz. The first wide-band fulfills the U.S.
Federal Communications Commission (FCC)
requirements for the unlicensed use of UWB in
the frequency range from 3.1 to 10.6 GHz [19].
Based on the results presented in Fig. 2, the stub
appears to give rise to other frequency bands and
the final prototype of the resulting compact
multiband antenna is better optimized.

|
al=0;a2=0 ||
a3=0;a4-=0 lfl

|

2 :

I
—— Simulated with HFSS
—— Simulated with CST

Freq(GHz)
(a)
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Fig.2.  The reflection coefficients of the proposed

multi-band antenna (a) without stub and (b) with stub.

B. Radiation Patterns

Fig. 3 shows the simulated radiation patterns at
2.4, 3.5, 84, 11.2, 17.5. In E-plane phi=0°, as
shown in Fig. 3(a) and 3(c), the radiation pattern
is nearly omni-directional. However, in Fig. 3(b)
the radiation pattern is bi-directional. In E-plane
phi = 90°, as shown in Fig. 3(a) and 3(c), the
radiation pattern is bi-directional and in Fig. 3(b)
the radiation pattern is nearly omni-directional.
But for Fig. 3(d), 3(e) the radiation pattern is
multidirectional.

C. Gain

Fig. 4 shows the gain of the proposed multi-band
antenna throughout all the available frequency
bands. According to the obtained gain values,
this antenna can be used for indoor and outdoor
wireless communications.
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Fig.3. Radiation pattern of the proposed multi-band
antenna. E-plane at (a) 2.4GHz, (b) 3.5GHz, (c) 8.4
GHz, (d) 11.2GHz, (e) 17.5GHz.
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Fig.4. Gain of the proposed multi-band antenna for
(a) 2.4, (b) 3.5, (c) 8.4, (d) 11.2, (e) 17.5 GHz
frequency bands.

IV. CONCLUSION

This paper presents a multi-band square
complementary split ring resonator antenna for
wireless communications. The proposed antenna
has a compact size (35 mm x 35 mm x 1.6 mm),
so it can be easily integrated within other RF
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frond—end circuitry of mobile and wireless
handsets. Computer simulations using both
commercial simulators, namely, CST and Ansoft
HFSS have indicated that it can effectively cover
several frequency bands and  wireless
communication standards, namely, 2.4GHz
(WiFi), 3.5GHz (WiMax), 7.8-9.1GHz (UWB),
and 10.9-11.5GHz, and 17.2-17.8GHz frequency
bands. Furthermore, its gain values make it
useful for both indoor and outdoor wireless
communications.
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