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Ultra-wide-bandwidth (UWB) microstrip
monopole antenna using split ring
resonator (SRR) structure

DALIA M. ELSHEAKH AND ESMAT A. ABDALLAH

This paper presents a procedure to model an ultra wide-bandwidth (UWB) microstrip monopole antenna. The proposed
antenna is composed of three different lengths of semi-circular shapes connected with circular disk and half circular modified
ground plane. The proposed antenna has a size of 50 X 50 mm® on a low-cost FR4 substrate. The antenna demonstrates
impedance bandwidth of — 10 dB extended from 1.5 to 11 GHz with discontinuous bandwidth at different interior operating
bands. Two pairs of split ring resonator as metamaterial structure cells are inserted closely located from feeding transmission
line of the antenna to achieve good impedance matching over the entire band of operation and improve the antenna perform-
ance. The fundamental parameters of the antenna including reflection coefficient, gain, radiation pattern and group delay are
obtained and they meet the acceptable UWB antenna standard. High-frequency structure simulator ver. 14 is used as full-
wave electromagnetic solver then the prototypes are fabricated and measured. Results show that the antenna is very suitable
for the applications in UWB as well as wireless communication systems.
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. INTRODUCTION

Due to a huge increase in data traffic, there is a requirement
for wireless networks, which support both data and voice
transfer simultaneously for short-range wireless communica-
tion systems [1]. Data transfer rate of 55 mbps makes it a
proper choice for existing wireless communications and
especially when data rate increase is a primary requirement
for ultra-wideband (UWB) technology. The popularity of
WLAN is increasing and according to IEEE 802.11 a/b/g
standard, it is operating at 2.4, 5.2, and 5.8 GHz frequency
[2—4]. Another requirement for wireless communication is
an antenna with the simple structure, which can operate
over multiple frequencies. In modern wireless communication
systems UWB is a suitable candidate because of its attractive
features like extremely high data transmission rate possibility
in the short range, low cost, low complexity, low power con-
sumption and very good immunity to multipath interference
[5-8]. The design of reliable UWB antennas is a very demand-
ing task [2]. Printed monopole patch antenna (PMPA) is an
extremely attractive candidate for use in UWB systems
because of its wide impedance bandwidth, omnidirectional
azimuthal radiation pattern, low profile and ease of
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integration with active devices and fabrication [3]. There are
many regular or irregular shaped printed UWB monopole
antenna configurations such as rectangular [4], square, modi-
fied square [5], triangular, modified triangle [6], circular [9],
and elliptical [10]. The design equation for lower band edge
frequency has been reported in the literature. Moreover,
these antennas are analyzed by using the frequency domain
characteristics such as return loss, gain, radiation pattern,
surface current distribution [11-15], and group delay (GD)
[14, 15]. Different narrowband services like WLAN, WiMax,
GSM, UMTS, Wi-Fi, WMTS, ISM, UNII, DECT, European
Hiper LAN 1, II, and UWB (3.1-10.6 GHz) applications [1],
could be obtained by using single UWB antenna.

A split-ring resonator (SRR) is one of the electrically smallest
resonant elements and many papers depend on SRR to achieve
electrically small antenna less than A,/10 [16]. It has many appli-
cations ranging from compact filters to advanced metamaterials.
SRR has also a significant importance in electrically small anten-
nas [17]. In general, metamaterials are a good candidate for
enhancement of the performances of different antennas [18].
There are varieties of SRR structures that have been reported
in literature such as square, circular, triangular, omega, and laby-
rinth resonator [19]. Artificial metamaterial structures are also
used in the antenna design to enhance the antenna performance.
Metamaterial material is used to improve the radiated power so
that the antenna gain is improved.

In this paper, SRR is placed nearby monopole feeding 50
transmission line and characteristics are studied with SRR and
without SRR. The antenna structure with design and the
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evolution of the proposed antenna are presented in Section IL.
In Section III, the designed antenna with the parametric study
is analyzed in terms of the reflection coefficient, surface
current distribution, GD, and antenna gain. The fabricated
antennas are evaluated based on the measurements of |S,,|
presented in Section IV. Finally, Section V presents the
conclusion of the proposed work.

. ANTENNASTRUCTURE AND
GEOMETRY

The proposed microstrip antenna structure is composed of
three connected semi-circular arc monopoles with circular
patch fed by 50 () transmission line and modified half circular
shaped ground plane as shown in Fig. 1. The initial design is
validated and optimized by simulating the proposed antenna
using High-Frequency Structure Simulator version 14, which
is based on the finite element method. The proposed
antenna is designed on a low-cost FR4 substrate with substrate
height 1.6 mm, dielectric constant &, = 4.6, and loss tangent
tand = 0.02. The antenna is fed by a 50 {) transmission line
(TL). Previous studies with other configurations were done
as shown in Table 1 to achieve UWB antenna operation
with the same substrate dimensions [1]. References [2], [4],
and [7] presented antennas with larger substrate size, different
thicknesses, and different dielectric constants. References
[3-5] used thin small substrate size with lower dielectric con-
stant. Electromagnetic band-gap structures [18] are also used
to improve the antennas performance by reducing the surface
current on the common ground plane or radiating energies in
the opposite directions, respectively as shown in Fig. 2. Two
pairs of SRR are added around the 50 ) TL of the printed
monopole antenna to improve the impedance matching and
achieve operation bandwidth without discontinuities. SRR is
utilized to create left-hand metamaterial, which is a unit of
an artificial magnetic resonator, which resonate at the fre-
quency with a A, that is much larger than SRR length [19].
SRR unit consists of two square or circular loops made of a
conductor and small gaps between them and splits the two
loops in opposite ends as shown in Fig. 1. The resonance
occurs when a time change magnetic field is applied perpen-
dicular to the plane that contains the SRR units. Then circu-
lating surface currents on its rings and opposite sign charges
accumulate across the gaps and large distributed capacitance
is produced. The insertion of multiple SRR units in an
antenna design, the resonant frequency of the antenna is
slightly shifted. Figure 5 shows the |S,,| response of the SRR
units’ cell with different square side dimension started with
4 mm with step 1 mm.

. DESIGN AND
ELECTROMAGNETIC MODELS WITH
PARAMETRIC STUDY

The main design parameter for UWB antenna is the lower
band edge frequency (f;) rather than the resonance frequency
(f,). The lower band edge frequency of the proposed antenna
is calculated approximately by equating their surface area with
that of an equivalent cylindrical monopole antenna of the
same height as given by [3]. If R, and R,, are the height of
the planar monopole antenna and circular disk in cm,
which is taken the same as that of an equivalent circular
monopole, and r in cm is the effective radius of the equivalent
circular monopole antenna, which is determined by equating
area of the planar and circular monopole antennas, then the
lower band edge frequency is given as [3]

7.2

=————— GHz, (1)
Lf + R, + R

ij

where Ly is the length of the 50 () feed line in cm. The design
started with first semi-arc 180° with radius 25 mm and with
5 mm width and modified ground plane L,= 19 mm as
shown in Fig. 1(a), and corresponding reflection coefficient
is shown in Fig. 2. To improve the bandwidth second semi
sector with radius 17 mm and width 3.5 mm as shown in
Fig. 1(b) with the same previous dimensions is added to add
second resonant as shown in Fig. 2. A third resonance as
shown in Fig. 2, is achieved by adding the third sector with
radius 7.5 mm and width 2.5 mm and keep previous dimen-
sions the same as shown in Fig. 1(c). Further extension of
the bandwidth is done by adding a circular disk with radius
4 mm as shown in Fig. 1(d) and corresponding reflection coef-
ficient is shown in Fig. 2. To improve the bandwidth modified
ground plane with an ellipse with major radius 25 mm and
minor radius 15 mm as shown in Fig. 1(e) is suggested and
the related reflection is shown in Fig. 2. The evolution of
designing the proposed configuration is demonstrated in
Fig. 1(f) and their corresponding optimized dimensions are
tabulated in Table 2.

A) Design optimization procedure

To obtain the optimal antenna geometry the multi semicircles
are connected with the feeding TL by an angle ® as shown in
Fig. 3. Angle ® is changed from 0° to 90° with step 45°. The
reflection coefficient results of these configurations are shown
in Fig. 4. From these results, it can be noted that the compact
size at @ = 0° the antenna bandwidth starts from 1.5 GHz
and extends up to 10 GHz. On the other hand, at ® = go°

Table 1. Comparison of proposed antenna with other antennas [1].

Antenna Antenna area (mm?) Substrate thickness Dielectric properties Bandwidth (GHz)
Ref. [1] 50 X 50 2.33 mm &, = 2.33, tand = 0.0009 2.8-10

Ref. [2] 125 X 180 0.81 mm & = 4.4, tand = 0.02 0.6—4

Ref. [3] 48 X 42 2 mm g, =28, tand=o0 2.2-12

Ref. [4] 65 X 45 1 mm &, = 4.4, tand = 0.02 1.8-11

Ref. [5] 23 X 20.5 150 pm g, = 3, tand = 0.01 3-18

Ref. [6] 42 X 50 0.78 mm &, = 2.2, tand = 0.0009 3-10.6

Ref. [7] 173 X 70 0.78 mm &, = 3.55, tand = 0.0021 3-11

Proposed antenna 50 X 50 1.6 mm &, = 4.4, tand = 0.02 1.5-11
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(d)

Fig. 1. Evolution of the design steps of the proposed printed monopole. (a) First step, (b) second step, (c) third step, (d) fourth step, and (e) fifth and (f) sixth step.

with largest antenna dimensions 70 x 50 mm® the lowest
operating frequency started from 1.25 GHz and extended up
to 10 GHz. At angle ® = 45° moderate antenna dimensions
60 x 50 mm” and the bandwidth started from 1.5 GHz up
to 11 GHz. To improve the impedance matching [17-18]
two pairs of SRRs are added on both sides of transmission
feed line with suitable dimensions [20-22]. The size of meta-
material cell is varied from 4 to 6 mm to optimize the oper-
ational bandwidth as shown in Fig. 5. From this figure, it
can be noted that there is a notch at 5 GHz when the square
side of SRR is 5 mm. The final design of the proposed
antenna with two SRR unit cells as shown in Fig. 1(f) with
the different square side is shown in Fig. 6.

=104

|S11] (dB)

- +1" Step

= = =2" Step
= = 3" Step
-404 - 4" Step
—.— 5" Step
il
50— & Sep
1 2 3 4 5 6 7 8 9 10 M
Frequency (GHz)

Fig. 2. Design procedures of the proposed antenna.
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B) Current distribution

The surface current distribution for the proposed monopole
antenna with SRR over the operating resonant frequency
band is plotted in Fig. 7. The two fundamental resonant fre-
quencies of the multi-arms are at 1.5 and 2.4 GHz as shown
in Fig. 7(a). The highest magnitude of current (red) is
related to the corresponding element of radiation.

C) Antenna gain

The antenna gain and radiation efficiency are also studied as
shown in Fig. 8. The proposed antenna with SRR achieves
an average gain of 8 dBi and the peak realized gain around
25 dBi at 10.25 GHz as shown in Fig. 8(a). The antenna gain
with SRR is greater than without SRR in the most of the inter-
ior operating bandwidth. While the proposed antenna gain
without SRR achieves average gain around 5.5 dBi, while
peak gain realized is 15 dBi at 8.5 and 10 GHz. The gain of
the proposed antenna is also measured and there is good
agreement between results especially at high frequency. The

Table 2. Dimensions of the proposed antenna (all dimensions in mm).

L W w, W, w, R, R,
50 50 5 3.5 2.5 25 17
R, R, S, S, Wy Ly R,
75 4 5 2.4 3 20 25

125


https://doi.org/10.1017/S1759078717001131

126 DALIA M. ELSHEAKH AND ESMAT A. ABDALLAH

(a) (b) (c)

Fig. 3. Different configurations procedure with ®.
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Fig. 4. The simulated [S11| characteristics at different angle ®.

1 2 3 4 5 6 7 8 9

antenna radiation efficiency was simulated for both monopole
antennas with and without SRR by using wheeler cap method
[23-25]. The average radiation efficiency is around 70% over
the operating bands for PMPA with SRR and around 65%
without SRR as shown in Fig. 8(b).

D) Group delay

GD versus frequency response is a major factor which can
cause distortion and degradation in short pulse UWB
signals. Usually, this is an issue in wideband communication
systems, which are used for transmitting wideband data
[26]. Linear distortion happens in linear systems in which
the magnitude of frequency response is not constant and the
phase of frequency response is nonlinear. It is expressed in
units of time (nanosecond). The GD is related to the phase
shift variation AQ with frequency. For a linear system, at an
angular frequency of w = 27f the GD is defined as T(w) =
AQ/Aw. In distortionless systems, the phase characteristics

1 T
a®®

5 20 .
as)
& -30- 5, \ _ -
= \ \ IS,,(dB)
\ 1 = =Normal TL
-40 - = = TL with SRR 4x4 mm
1 ——TL with SRR 5x5 mm
e TL with SRR 6x6 mm
-50 T o 1 hd I T * T b 1 i T ¥ }
1 4 5 6 7 8 9 10 M
Frequency (GHz)
(a) (b)

Fig. 5. (a) 3D structure of TL with SRR and (b) Simulated |S,,| parameters of TL with different size of SRR structure.
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Fig. 6. Simulated S-parameters of proposed antenna with different size of SRR

structure.
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must have a linear slope so that the ratio is constant for all fre-
quencies and this represents a constant GD. Mathematically,
the cascaded impulse response can be computed as shown
in equation (2) [27].

H(f) = Hrx(f)Heu(f)Hrx (f), (2)

where Hrx(f), Hrx(f) are frequency response for transmitter
and receiver antennas and they are identical by using the same
antennas and to calculate the Hcy(f) by using two horn
antennas with a linear response over the operating band.
The simulated GD remains almost constant with 2 nanosec-
ond for the face to face orientations with variation <o0.4 nano-
second increased or decreased as shown in Fig. 9. This
indicates a good time-domain performance of the antenna.
Figure 9 shows the comparison of GD between two measured
and simulated results of the monopole with SRR.

el re—

R

.
Nl
\ 4

(a)-(f) The surface current densities for the proposed monopole antenna at 1.8, 2.45, 3.5, 5.5, 7.5, and 10 GHz, respectively.
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Fig. 8. (a) Monopole antenna gain versus frequency and (b) simulated radiation efficiency with and without SRR.
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Fig. 9. Comparison between measured and simulated group delay of
monopole antenna with SRR.

V. IMPLEMENTATION AND
MEASURED RESULTS

Prototypes of the proposed antennas with and without SRR
are fabricated on FR4 substrate by using the photolithographic
technique. A prototype is shown in Fig. 10. The performance
parameters of the fabricated antennas are measured. The

simulated and measured input reflection coefficients of
the antennas are found to be in very good agreement, as
shown in Fig. 11. —10dB bandwidth of the proposed
monopole antenna with SRR extended from 1.5 to
11 GHz to cover most wireless applications and FCC UWB
regulation. The measurements carried out by using a Rohde
& Schwarz ZVA67 vector network analyzer from 50 MHz to
67 GHz.

The antenna has an omnidirectional pattern and suffi-
ciently low cross polarization in E-plane and very low cross-
polarization in the H-plane, as depicted in Table 3.
Omnidirectional pattern (<—7.5dBi in E-plane (¥ = o°
and 90°) and <—10 dBi in H-plane (6 = 90°)).

The radiation patterns of the proposed structures are
shown in Fig. 12 and Table 3. Figure 12 shows the simulated
radiation patterns of the monopole antenna with SRR struc-
ture in @ = o° and 90° at the different operating frequencies.
(a) 1.8, (b) 2.45, (¢) 3.5, (d) 5.5, (e) 7.5, (f) 10 GHz. Table 3
shows the measured radiation patterns at optimized antenna
dimensions by using far-field anechoic chamber for both
monopole antennas with and without SRR. The radiation pat-
terns correspond to, as shown in Fig. 7, currents aligned in the
x and z directions. From results of the radiation pattern by
adding two pairs of SRR metamaterial cells the cross polariza-
tion become less than the monopole without metamaterial at
certain operating frequencies.

(a)
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—— Simulated |
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1 2 3 4 5 6 7 8 9 10 11
Frequency (GHz)
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(b) (©)
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-104
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Fig. 11. Simulated and measured result of (a) monopole without SRR and (b) monopole with SRR.
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Table 3. Measured radiation patterns of both monopole antennas with and without SRR structure in both XY and YZ Coo-polarized
planes at the different frequencies. 1.5, 1.8, 2.45, 3.5, 5.5, 7.5, and 10 GHz. == Monopole with SRR
== Monopole without SRR

Cross-polanzed
= = Monopole with SRR
= . = Monopole without SRR

1.5 GHz

1.8 GHz

2.45 GHz

3.5 GHz

5.5 GHz

Continued
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Table 3. Continued

7.5 GHz

10 GHz

“ gt e
80 S, 15
-180

(d)

Fig. 12. The simulated radiation pattern of the monopole antenna with SRR structure in the three main plane; ® = 0° and 90° and 6 = 9o0° at the different

operating frequencies. 1.8, 2.45, 3.5, 5.5, 7.5, and 10 GHz.

V. CONCLUSION
The new design of UWB printed monopole PMPA with two

pairs of SRR metamaterial structure was presented in this
paper. The proposed antennas with and without SRR structure

https://doi.org/10.1017/51759078717001131 Published online by Cambridge University Press

were fabricated and measured and results were verified by
simulations. The proposed antenna achieved a —10dB
impedance bandwidth extended from 1.5 to 11 GHz by
using two pairs of SRR unit cell. This antenna has an
average gain of 8 dBi and 70% radiation efficiency over the
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operating resonant frequencies. The proposed antenna can be
designed to meet different wireless communication systems,
energy harvesting as well as medical applications. The
antenna is planar which is easy to fabricate in bulk; conformal
to all types of surfaces and can be mounted in any system; also
the design of the antenna is quite simple, which is easy to
fabricate.
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