TABLE 3 Comparison of Measured Performance Parameters
of the Antenna

Sidelobe
Frequency 3 dB Beamwidth Level (dB) Gain
(GHz) E-Plane H-Plane E-Plane H-Plane (dBi)
11.35 22.5° 24.0° —12.90 —13.00 12.60
11.80 31.0° 35.5° —13.70 —15.60 14.50
12.25 28.0° 26.0° —14.70 —13.40 15.26
12.70 21.0° 21.5° —13.20 —14.50 15.35
13.45 22.0° 28.0° —8.40 —11.80 15.33
14.05 17.5° 19.5° —9.10 —14.60 15.05
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compares very well with other ERAs and horn antennas. The
presented ERA is simple to construct, can provide high gain in
a very small lateral area and is able to support linear, dual-
linear, and circular polarizations, with appropriate modifications
to the feed. Its very small lateral area is a great advantage in
footprint-limited point-to-point applications.
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ABSTRACT: This article presents the derivation of a closed form
expression for input admittance of horizontal electric dipole over an
ungrounded substrate using transmission line analogy. The derived
expression is then used to calculate reflection coefficient of rectangular
and circular printed monopole antenna (PMA) fed by a microstrip line.
Analytical result for the reflection coefficient of both rectangular and
circular PMA is verified using high frequency structure simulator
(HFSS). For circular PMA, analytical, and simulated results are also
compared with the measured results available in literature. Effect of the
dimension and dielectric material on the antenna bandwidth is also stud-
ied and verified by HFSS. © 2015 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 57:1535-1538, 2015; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.29130

Key words: printed monopole antenna; antenna bandwidth; antenna
input impedance

1. INTRODUCTION

Printed monopole antenna (PMA) is one of the most suitable
choices for wideband and ultrawideband applications due to its
large impedance bandwidth (BW) and nearly omnidirectional
radiation pattern. Most of the experimental and simulation work
on different PMA structure has already been done and some of
them are available in the literature [1-3]. Finite difference time
domain (FDTD) and characteristic mode theory-based analysis
of PMA fed by CPW are available in [4,5], respectively. Elec-
tric field integral equation and method of moment analysis of
printed strip monopole antenna are also presented in [6]. This
article discusses the analytical evaluation of input impedance as
well as reflection coefficient of rectangular and circular PMA.
Analytical model of antennas provide physical insight into the
antenna operation and the same helps in preliminary design of
antennas, which can be refined further using different computer
aided design (CAD) tools available. An analytical model of
PMA using transmission line analogy provides useful informa-
tion on the dependence of antenna parameters on its dimensions
and substrate material. PMA 1is structurally similar to simple
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Figure 1 Geometry of HED along x-axis on the interface of dielectric
and free space

microstrip antenna (MSA) with only difference that the ground
plane is removed below the patch. Thus, PMA can be modelled
in terms of unit horizontal electric dipole (HED) lying on a sub-
strate which is not backed by a ground plane. Thus, transmission
line analogy is an effective way to derive the closed form
expressions for the input impedance and reflection coefficient of
PMA. The substrate layer can be modelled as a transmission
line with characteristic impedance and propagation constant
depends on angle of incidence 0 [7]. As the characteristic
impedance also depends on the substrate material, thus, the
expression for theoretical input impedance gives some physical
insight on the behavior of PMA with respect to variation in &
and substrate thickness /. Results for the reflection coefficient
evaluated from the theoretical input impedance expression of a
rectangular PMA fed by 50 Qmicrostrip line is compared with
Ansoft high frequency structure simulator (HFSS) results.
Reflection coefficient of a circular PMA is also evaluated using
the theoretical method proposed in this article and the same is
compared with simulation (HFSS) results as well as results
already available in literature [8]. Dependence of impedance
BW on substrate material and dimensions of the antenna is also
discussed in Section 3.

2. THEORY

Assume a HED lying on a lossy and ungrounded dielectric sub-
strate as shown in Figure 1. The input admittance Yj, is eval-
uated in the dielectric when source is in the air at an specified
angles 0, ¢ in spherical coordinates. Using reciprocity theorem
Yinte or Yintv is the admittance due to the source lying on the
interface (between air and dielectric) seen from air for trans-
verse electric (TE) or transverse magnetic (TM) cases. The term
Yinte Or Yinv depends on the angle . The source accounted
for reciprocity on the interface can be represented by the plane
wave incident on transmission line of different lengths equal to
height of each dielectric layer. Figure 2 represents the wave
incident from the Region 2 (air) on the dielectric at angle 0,

z
A
a Region 2
z=h
Region |
61
z=0
Region 0

62

Figure 2 Equivalent wave description of printed monopole antenna

1536 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 57, No. 7, July 2015

Z
Incident wave Ze el Zcr
1 1 S
1 1 z
1 1
1 1
1 1
1 1
1 1
1 1
z=h z=0

Figure 3 Transmission line model of printed monopole antenna

enters into Region 1 (dielectric) at angle 0;, and wave emerges
out to Region 0 (air) at an angle 0,.

2.1. Transmission Line Equivalent of PMA
Here, the substrate layer is modelled as transmission line with
the length equal to the substrate thickness 4 and propagation
constant depends on angle 0 [7], which terminates at the charac-
teristic impedance of air Z,.

Now, using the equivalent transmission line model for PMA
is shown in Figure 3, the input admittance for the TE polariza-
tion case can be written as

s (0) 225 +ngsec(O)tan(B, )
Mo Mosec(0)+j g tan(B )

ey

Yinte =

The above expression is input admittance of a HED on an
ungrounded substrate for TE polarization case can be derived
using the procedure of [7] in which characteristic impedance in
air (Zy and Z) is ngsec(6), whereas characteristic impedance
in substrate (Z¢1) is 1o/n1(0), n1(0) is the effective refraction

index dependent on angle 6 equal to \/ar—sinz(O)and propaga-
tion constant f; = kony(0).

Similarly input admittance for TM polarization case can be
written as

o (0) +jnocos(0)tan(B,h)

T &

2
1011 (0) yycos(0) +j"°"+l(ﬁ>tan(ﬁlh)

Yintm =

In this case, characteristic impedance in air is 5cos(0), whereas
characteristic impedance in substrate is o7 (60) /e, and rest of the
parameters are same as in TE polarization case. For majority of the
practical cases, PMAs have very thin substrate thickness, so for
thin substrate cases, that is, when / is small and (60 = 0) (for per-
pendicular incidence) both Egs. (1) and (2) becomes

1 koh
Yin = — +j— (&—1) 3)
Mo Mo

Now, if we replace ¢ by ¢(1—jtan(d)) where tan(d) is very
small amount of loss in the dielectric, then after some
algebraic  operations, (3)  gives  overall  resistance
R = no/(1+koh &tan(d)), capacitance C = koh(e—1)/wony,
and inductance L = n,/wokoh(e,—1), respectively.

Here, y is resonant frequency of the structure and 7, is the
free space characteristic impedance nearly equal to 377 Q.
Using the value of R, L, and C, we can evaluate the Q value for
the shunt resistor-inductor-capcitor (RLC) circuit, thus, we can
determine the BW of the structure shown in Figurel. Hence,
BW can be expressed as
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TABLE 1 Bandwidth Calculation

TABLE 2 Detailed Dimensions

Substrate 1st term in (4) 2nd term in (4)
FR4 epoxy 3 0.03

RT duriod 5870 7.5 0.002

RT duriod 5880 8.3 0.001

B 1 &tan(0)
"~ koh(e—1)  (&—1)

The value of first and second term for BW expression in (4)
for different substrate material of thickness & = 1.59 mm with
operating frequency of 3 GHz are listed below in Table 1.

From Table 1, we find that the value of second term in (4) is
very small compared with the first term, so we can neglect the
second term. Hence, (4) can be written as

BW

C)

1

BW~ ———
ko]’l({ir_ 1)

&)

Thus, from (5), we observe that BW is inversely proportional
to &. This is well-known for MSAs, but not theoretically inves-
tigated for PMAs.

3. RESULTS

The above results are limited to the HED, input impedance cal-
culation for PMA is performed using the following equation [9]

Zn =7 (o) ©)
Iy \Yin(TEor™)

where /; is the current setup by the microstrip line feed on the
antenna which is given by /ysin((x—0.5L)/L)/W. Thus, reflec-
tion coefficient can be effectively evaluated from input imped-
ance of printed rectangular monopole antenna.

Substrate
¥ " -

Lg
Ground/ Wf
Plane

Figure 4 Geometry of a rectangular printed monopole antenna. [Color
figure can be viewed in the online issue, which is available at wileyonli-
nelibrary.com]
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Dimension of rectangular PMA

Parameters L, W, L Wi L, L W h

Units(mm) 46 42 17.8 2.96 15 76 81 1.59

§,, (indB)

s 1 15 2 2.5 3
Frequency (in GHz)

Figure 5 Plot of reflection coefficient of a rectangular printed monop-
ole antenna in dB

The proposed technique is validated by HFSS simulation using
rectangular PMA on FR4 substrate (¢ = 4.4) having thickness
1.59 mm with loss tangent of 0.02 fed by a 50 Q microstrip line.
The geometry of the antenna is shown in Figure 4.

The detailed dimensions of the rectangular PMA shown in
Figure 4 are listed below in Table 2. The performance of this
transmission line-based approach has also been verified in case
of a circular PMA [8].

3.1. Discussions

Figure 5 shows both theoretical as well simulation results of
reflection coefficient (in dB) of simple rectangular PMA which
is in good agreement. Equivalent surface area model of square
and circular patch discussed in [10] is used to calculate reflec-
tion coefficient of printed circular PMA and the theoretical
results are validated by HFSS. In Figure 6, the theoretical and
HESS results are compared with the results of circular PMA
available in [8]. It may be noted that [8] provides simulation
results of circular PMA computed using CST Microwave Studio
as well as measured data. There is a slight difference in the sim-
ulation, analytical, and experimental results. This may be attrib-
uted to the fact that the feed gap between the patch and ground
plane has been neglected in the analytical study. It is interesting
to note that BW gets affected by broadening the width of the

5, (in dB)

——HFSS

30 —Theory g
* Measured [9]
381 : L=csTio] |

7 8 9 10

6
Frequency (in GHz)

Figure 6 Plot of reflection coefficient of a circular printed monopole
antenna [9] in dB. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 7 Variation of L/W ratio vs. impedance BW for rectangular
PMA
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Figure 8 Variation of dielectric constant (¢;) vs. impedance BW for
rectangular PMA

rectangular PMA as shown in Figure 7. Figure 8 shows that
impedance BW degrades with the increase in dielectric constant
and follows (5) developed in Section 2. Increase in dielectric
constant raises surface wave which in turn reduces the radiated
power.

4. CONCLUSION

Input impedance of a HED on an ungrounded substrate is first
derived using transmission line analogy. We extract the circuit
parameters with closed form expressions for resistive and reac-
tive parts for both TE and TM polarization case. Circuit repre-
sentation for PMA is used to calculate reflection coefficient.
The theoretical results for reflection coefficient of rectangular
and circular are compared with simulation results obtained using
HFESS software. The proposed method is also found to be rea-
sonably accurate for modelling circular PMA. Beside these, the
effect of broadening the width of the patch on the impedance
BW for rectangular PMA is also shown in Section 3. Impact of
dielectric constant of the substrate material on impedance BW is
also presented here.
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ABSTRACT: This article describes the design of a compact penta band
triangular patch antenna backed by a hexagonal complementary split ring
resonator operating in the GPS (1.57 GHz), GSM (1.80 GHz), WLAN
(2.4/5 GHz), and WiMAX (3.5 GHz) bands. The antenna has a very com-
pact dimension of 20 X 20 X 1.6 mm’. Three concentric hexagonal split
ring slots in the ground plane yield the uppermost triple bonds (2.45, 3.5,
5.2 GHz) and the two parameterized radiating branches attached to the
triangular patch accounts for the two lowermost operating bands (1.57,
1.8 GHz). A prototype of the proposed antenna is fabricated and tested.
Simulated and measured results are in good agreement. It has a uniform
radiation pattern over all the operating frequencies and a peak gain of
6.3 dBi at 3.5 GHz. © 2015 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 57:1538—1542, 2015; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.29133

Key words: GPS; GSM; WLAN; WiMAX, hexagonal complementary
split ring resonator

1. INTRODUCTION

Recent advancement in wireless communication devices such as
mobile phones and laptops requires low cost and compact multi-
band antennas competent with several communication standards.
Achieving multiband operation with a single radiating patch is
efficient in terms of compactness and cost effectiveness. This
can be accomplished using multiple radiating branches [1,2],
creating slots in the patch [3], in the ground plane [4], meander-
ing monopoles [5], creating fractal shapes [6], or using metama-
terial inspired structures-like split ring resonators [7,8] and
complementary split ring resonators (CSRR) [9,10]. Many multi-
band antennas suitable for various wireless applications such as
GSM, DCS, PCS, UMTS, WLAN, and WiMAX are reported in
the literature [11-13]. However, they lack compact size and the
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