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Abstract: This paper presents the analysis of a hybrid triple frequency notched ultra-wideband (UWB) antenna in the
time and frequency domain. The triple-notched band was achieved by combining a modified electromagnetic band gap
(MEBGQG) structure placed in nearness to the radiator feed and a slot element etched on the radiator. For analysis, the
antenna was arranged in transmit and receive mode with a 120 mm far-field separation distance. The antenna was
characterized in the frequency domain using the return loss, gain, and directivity, while the time domain focuses on the
reflection coefficients at the two input ports, group delay, and fidelity factor. Less than -10 dB was achieved for the
return loss. It could be observed that the received and transmitting signals are identical with fidelity of 0.992 for face-
to-face and 0.928 face-to-side respectively. Also, in the frequency domain, the antenna directive gain at face-to-face and
at face-to-side is given as 2.24dBi and 2.078dBi, respectively. The antenna group delay has stable characteristics in the
UWB frequency band, with values less than 1 ns variation in the entire frequency band. Thus, this confirmed that the
transmission performance of the antenna is linear, which is good for any applications that use UWB.
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1. INTRODUCTION

Intriguing operation attributes of multiband antennas have earned important consideration in wireless
communication field, where UWB systems are one of the key elements [1]. Day by day, wireless
communication devices are being required to be miniaturized, more compact, and capable of accommodating
end-terminal devices seamlessly [2]. In this regard, a monopole antenna is extremely used due to its
lightweight, faster data rate, good precision ranging, minimal cost of production, low profile, very low spectral
power density, and simplified antenna configurations that are dependable, reliable, with high system capability,
to mention a few [3]. After the declaration of Federal Communication Commission rules in 2002, a variety of
monopole antenna geometries have been proposed and designed so far that covers the entire band of the UWB
system (3.1 GHz-10.6 GHz) over the recent years. These designs incorporate different types of patch structures
and modifications; different types of ground structures and ground plane modifications; embedding of slots
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and parasitic elements on the radiator; placement of different types of electromagnetic band gaps near feed
lines; use of defective ground structures; and many more [4-11]. In recent years, one of the primary issues of
UWRB systems has been to design a system that can reduce electromagnetic interference from other narrow
band radios operating within the same frequency range as the UWB system. These narrow-band
communication systems include WiMAX (3.3-3.4 GHz), WLAN (5.15-5.825 GHz), INSAT (7.5-8.5 GHz),
and ITU (8.01-8.5 GHz) [12—14]. Researchers have reported using a number of band stop characteristics
strategies to reject some bands within the UWB system over the years [15]. These include cutting slots in the
radiator surface, the ground plane, or the feed line; embedding split ring resonator (studs/knob) on the patch
or the ground plane [16]; or using a complementary split ring resonator (CSSR). Parasitic elements may also
be embedded in the conductor backed plane (CBP). Nevertheless, the conventional technique used in this band
rejection was principally based on the employing of half-wave or quarter-wavelength filter structure in the
UWRB antenna [17-20].

According to research studies [21-23], frequency domain analysis is majorly studied to determine the
performance and quality of UWB systems. The return loss or voltage standing wave ratio (VSWR), surface
current distribution, radiation pattern, peak gain, and were principally addressed in the frequency domain.
However, time domain behaviour must also be taken into account when designing an antenna for a UWB
system [24]. As a result, time domain analysis helps in UWB antenna application design that can radiate short
pulse signals while avoiding unwanted distortion, interference, and ringing [25]. The transient behaviour of
UWB antennas is derived from their time domain analysis when operating in short pulse signals. The
representation of signal distortion in relation to the radiated pulses is the major quantity of antenna transient
response [26, 27]. Better energy focus property and avoidance of interference are improved with smaller time
dispersion, while less stable phase centre and more interference are prominent in larger time dispersion in
UWB communication with pulse radio signal [28]. The characterization of an antenna in the time domain
examines the transient response of recieved signals distortion in relation to the radiated pulse signal [29]. It is
an important factor that should be considered in UWB applications. The investigation therefore, should not
only be performed in the frequency domain but also in the time domain. This time domain analysis the signal
correlation of transmitted and received signal in an arbitrary angular direction where the pulse is preserved
gives detailed characterization and determines the performance of the antenna system better than frequency
domain analysis [30]. In view of this, we present the time and frequency domain analysis of a hybrid triple
frequency band notch rectangular patch UWB antenna. The antenna was designed, simulated and analysed
using HFSS and CST modelling tools.

2. METHODS
2.1. Triple Band Frequency Notch UWB Antenna

A triple-band frequency notch was achieved in [31] by embedding a MEBG with slot technique. The designed
antenna was derived from squared radiator with both lower corner beveled to form cone shape. The dimension
of the designed antenna is shown in Table 1. Frequency notching is achieved by assigning a unique band
rejection frequency for each notch, while minimizing coupling effects was optimally done by positioning
adjustement and shape of each element. By placing a slot on the radiator and embedding M-EBG close to the
feed line, the notching was done with the goal of providing rejection for WiMAX (3.3-3.7 GHz), WLAN2
(5.15-5.825 GHz), and ITU (8.025-8.4 GHz). One slot was placed to notch the WiMAX frequency and one M-
EBG embedded to notch two frequencies of WLAN and ITU as shown in Figure 1. To achieve a slot notch on
the UWB patch antenna, a slot with the geometric structure shown in Figure 1(a) is cut on the radiating patch,
which allows for the rejection of the WiMAX frequency band. Thereafter, M-EBG with the structure shown
in Figure 1(c) was embedded on the antenna and positioned close to the feed line.

Table 1. Dimension of UWB antenna
Parameter L \%% L1 L2 L3 L4 W1 W2
Dimension (mm) 31 24 17.7 0.5 11.5 1.5 10.25 33

This work is licensed under a Creative Commons Attribution 4.0 License. For more information: https://creativecommons.org/licenses/by-nc/4.0/, www.tesjournal.com


https://creativecommons.org/licenses/by-nc/4.0/

TES JOURNAL 22

Dimensions in mm

5.1

3.1 0.4 0.3

(a) (b) ()
Figure 1. (a) Slot lay-out (b) slot position on the patch (c) M-EBG structure.

The frequency of the slot notch for narrow band frequency rejection is expressed as

14
fnotch(slot) = W (1)

where v denotes light speed and /., represents the total length of the slot at needed notch band centre frequency.
In Eq. (1), the effective dielectric of the slot €. is expressed as

€-+1
€effs = TZ 2

The half wavelength of the resonant frequency of the notch, f,,,:c, is said to be equal to the slot length, lg;,;.
Since the slot is used to reject WiMAX frequency, therefore, using Eq. (1), at resonant frequency of WiMAX,
f3.54, the slot length is 28.8 mm. The dimensions and position of the slot on the patch antenna is shown in
Figure 1(a) and Figure 1(b) respectively. The slot is positioned vertically on the radiator at 5.1 mm while the
horizontal position is 6.9 mm as shown in Figure 1(b).

The M-EBG was embedded on the antenna and positioned close to the feed line. By modifying an EBG
structure, an M-EBG is formed. An EBG is established by placing a structure close to a patch to produce a
field gap through the ground. The ground plane is joined to the EBG structure through the via. M-EBG
connected to the ground through via could be represented with approximated LC resonator circuit. The
inductive (Li») and capacitive (C) parts are described by Egs. (3) to (5).

Lin = 0.20h [In (2%) - 0.750] (3)
WZ

C =g )

Wo = m ( )

In Egs. (3) to (5), € and ¢, denote absolute and relative permittivity of the material, whereas / and 7 indicate
the via’s height and radius. Similarly, wyand w represent the resonant angular frequency and width of the EBG
respectively. The geometric structure and dimensions of the M-EBG is shown in Figure 1(c). The resulting
design illustrated in Figure 2 produces a UWB antenna capable of triple-band frequency notch.
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Figure 2. The hybrid triple band frequency notch UWB patch antenna.

As shown in Figure 2, the radiating part of the antenna is square-shaped, beveled at both lower corner and
mounted on an FR4 substrate of 31 by 24 mm in dimensions. The UWB antenna was designed with pure copper
material of 0.038mm thickness on an FR4 substrate with 4.4 dielectric constant (¢,). The breadth W and length
L of the patch antenna are determined using Eqgs. (6) and (7) [24].

1 2 v 2
W=t | o= | 2 6
2fryHo€o | Ert1 2fr€rtl ( )
1

L= ——-2AL
where the resonant frequency of the patch is f;, yo signify the permeability in free-space, €, represent the
substrate relative permittivity, and 4L is the extended length of the patch. In Eq. (7), the effective dielectric
constant €,r1s given as
€rt+1

€r—1
€Eor = +
ef 2 2

[1+ 122 (8)

where w and 4 is the dielectric substrate width and height, €, is dielectric constant of the substrate and% > 1

is the ratio of substrate width to its height. In Eq. (7), 4L is obtained from the effective length L. for dominant
mode without fringing effect as

Loy = L+24AL 9)

The patch antenna's resonant frequency f- depends on both its length L and the speed of light as

v

1
fr= 2L [poeoVer  2LVE, (10)

The performance of the designed UWB antenna was analyzed in both time and frequency domain over a dual-
core computer system with HFSS and CST modeling tools.

2.2 Time and Frequency Domain Analysis

The analysis of the antenna frequency and time domain characterization was done by exciting the transmitting
antenna with 5th order derivative of a Gaussian input pulse waveform signal generator in the time domain of
300ps width (duration) using Eq. (11) [32]. The antenna was simulated with Gaussian 5" order excitation
signal because it power spectral density fall with the Federal Communication Commission (FCC) mask for
UWB system.
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where Gg(t) is the 5" order derivative of Gaussian input pulse, 4 is the signal amplitude, #is the time in seconds
and o is the time constant. New parameters for time domain characterization is defined through antenna fidelity
factor p described by Eq. (12) [33-34].

p = max fSl(t)Sz(t—T)dt (12)
T [s2@®)dt x |[s2(t)dt

where zis a delay that could be varied in order to make numerator a maximum, S, () is the received signal and
s1(?) is the excited/transmitted signal.

Also, the antenna is replicated into transmitting and receiving antenna and were placed in far-field distance Fy
to each other with Egs. (13) and (14).

v =f2 (13)
Fr > ZTDZ (14)

In Egs. (13) and (14), frepresents the resonate frequency, 4 and D represent the wavelength and the maximum
dimension of the antenna respectively.

3. RESULTS AND DISCUSSION
3.1 Frequency domain behaviour

For the analysis, the triple-band antenna was arranged in transmit and receive mode. The two antennas are
placed 120 mm apart for an effective far-field distance d calculated using Eq. (14). The antennas were
examined in free space in two different orientations, as shown in Figure 3 and the 3-dimensional view in Figure
4. One antenna operates in transmit mode while the other is in receive mode. As illustrated in Eq. (11), the
antennas were excited with a 5™ order Gaussian signal [35]. The antenna arrangements were analyzed in the
frequency domain to assess the S-parameter, the gain, and directivity.

Face-to-face Face-to-Side

(a) (b)

Figure 3. Transmitting and receiving antenna orientation (a) face-to-face (a) face-to-side.
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(a)

e bt T T :

(b)
Figure 4. A 3D view of the transmit-receive antenna orientation (a) face-to-face (b) face-to- side.
3.1.1 The S-Parameter

An antenna S-parameter is generally referred to as return loss, and it is the measure of how small the return or
reflection is. Figure 5 presents the profile of the S-parameter for the coupled antenna.
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Figure 5. Transmit/receive antenna S-parameter (Si; and S») (a) face-to-face orientation, (b) face-to-side orientation.
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It is important to mention that a coupled antenna in transmit/receive mode has more than one S-parameter. As
shown in Figure 5(a), S11 and S» has a return loss below -10dB in all UWB operating frequencies except the
frequencies band corresponding to WiMAX, WLAN and ITU at face-to-face orientation. The same result was
observed when the face-to-side orientation was considered in Figure 5(b). Si1 and S are the reflection
coefficients at antenna ports 1 (transmitting) and 2 (receiving) respectively. Thus, the hybrid triple band notch
achieved a desirable return loss in both orientations.

3.1.2 The gain and directivity assessment

The 3-D polar plot of the antenna in transmit and receive mode is shown in Figure 6. The maximum antenna
gain value averaged at 2.471dBi face-to-face and face-to-side over the range of the UWB band. Table 2 relays
the detailed values of the antenna gain at different selected operating frequencies for the two orientations.
When considered along with the frequency shown, the gain decreases but the latter increases as the frequency
of operation increases. When considered along with antenna orientations, it could be seen that the face-to-face
orientation gave a relatively better and slightly more stable antenna gain than face-to-side orientation.
Nevertheless, the results show that the antenna could perform excellently at all frequencies of operation,
regardless of the orientation.
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Figure 6. The 3-D polar plot of transmit and receive antenna (a) face-to-face (b) face-to-side.

Table 2. Antenna gain over selected UWB frequency with face-to-face and face-to-side orientation.

Frequency (GHz) 3.1 4.5 6.85 7.5 8.5 9.5 10.2
Face-to-face (dBi) 2.92 2.085 2.224 1.758 2.649 2707  3.678
Face-to-side (dBi) 3.119 2.437 2.079 1.878 2.705 2.13 2.231

3.1.3 Surface current distribution

The surface current distribution was shown in Figure 7. At the notch slot and EBG, the current distribution
was uniform over all the selected resonant frequency. However, on the notching elements of slot and EBG, the
surface current concentrations were observed. The antenna surface current gave a uniform current distribution
on the patch in UWB frequency range as seen in Figure 7(a) to 7(f).
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Figure 7. Surface current distribution of the designed triple-band antenna at different operating frequency (a) 4.5 GHz,
(b) 6.85 GHz, (c) 7.5 GHz, (d) 8.5 GHz, (e) 9.5 GHz, (f) 10.2 GHz.

3.2 Time domain behavior

The time domain behavior includes assessing the group delay and fidelity factor of the antenna. The fidelity
factor is based on the S-parameter of the transmit and receive antenna excited with a 5" order Gaussian pulse
signal. The maximum correlation coefficient of the two signals when time delay z, is varied is known as fidelity
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(p). Fidelity gives the relationship between the transmitted pulse and received pulse with a value range from
zero to unity [36]. It is a well-defined parameter used to judge the similarity of a received signal waveform
with respect to the input signal as specified in Eq. (12). A fidelity factor lies between 0 and 1. A unity value
means the antenna system does not distort at the input signal of the receiving antenna, where a zero value
means the received signal is completely different from the transmitted signal due to attenuation. A fidelity
factor of less than 0.5 completely becomes unrecognized.

3.2.1 Group delay analysis

To analyze the characteristic of the designed antenna in time domain, the antenna was excited with Gaussian
signal excitation as indicated in Eq. (11). Short-duration pulses in the order of picoseconds are used for the
time domain analysis to give distortion-less transmission needed for constant group delay analysis. Group
delay behavior of the antenna is presented in Figure 8. The antenna group delay is the negative derivative of
the phase response with respect to frequency. Group delay shows the time delay of an impulse signal at
different frequencies [37]. The results demonstrated that the designed antenna has good linear transmission
performance, which is good for any applications that use UWB. Likewise, the group delay has stable
characteristics with values less than 1 ns variation in the whole UWB frequency band except frequencies
equivalent to WiMAX, WLAN, and ITU that were notched is where the group delay variation becomes large.
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Figure 8. Group delay of transmitting and receiving antenna (a) face-to-face (b) face-to-side.
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3.2.2 The fidelity factor analysis

For comparison, the fidelity factor was analyzed from the S-parameter of both orientations with Gaussian
excitation at the transmit antenna and response at the receiving antenna. Some forms of distortion of the
transmitted signal were expected due to notched elements. The antenna in both planes exhibits similar results.
The amplitude of the received signal was low due to free-space loss, and the amplitude had to be multiplied
by 5 to boost the output, as shown in Figure 9 for both orientations. The estimated S-parameter from both
antennas (TX and RX) at two different orientations shows a close relationship in their path at permitted
frequencies as well as a notch frequency as represented in Figure 5. The S-parameter extracted from the antenna
in transmit and receive mode at two different orientations (face-to-face and face-to-side) was used in MATLAB
to compute the fidelity factor expressed in Eq. (12). The fidelity between transmitted and received signals
shows close value for the two antennas at face-to-face and at face-to-side. As shown in Table 3, fidelity factor
01 0.992 and 0.928 was obtained for face-to-face and face-to-side respectively. The results obtained show that
the antenna has an excellent fidelity factor in both orientations. Thus, in an antenna array system, the best
option is to position the antenna face-to-face as it has the best fidelity factor.
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b | 1 ! 1.00 - ! -
. . n
T II“II
= i = .50 R ]
= 0.50 __:‘ '. i :t ;l- :
! Iy | n
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Figure 9. Signal excitation of the antenna (a) input (b) output.

Table 3. The triple band notch UWB antenna fidelity factor.

Antenna orientation Fidelity factor
Face-to-face 0.992
Face-to-side 0.928

Table 4 gives a comparison of the designed antenna with previously reported works in the literatures. The
comparison comprises of time domain parameters in terms of correlation while the frequency analysis shows
the impedance bandwidth of the design.
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Table 4. Comparison of UWB antennas in terms of their frequency and time domain analysis.

. . Notched Impedance

Study Antenna type and Design Correlation frequencies Bandwidth
An arrow shaped patch antenna (30 x 30 mm)

[38] with truncated ground plane utilized separated slit ~ F2F: 0.6315 3.3-3.9 GHz 2911 GHz
pair on the radiator to obtain dual notched S2S:0.7914 5.1-5.9 GHz ’ ’
frequency

3.3-3.7 GHz 2.38-2.46,
A compact tri-band notched was achieved with 5.6 GHz

[39] modification of radiating element and DGS NA
techniques used for high impedance bandwidth 7.1-7.76 GHz 3.1-11 GHz
A modified Vivaldi antenna (50 x 50 mm.) was
designed and optimized by adding corrugation on

[40] . . . 0.9 NA 3.1-10.6 GHz
the edge of exponential flaring and grating
elements on the slot area.

A step slotted patch. Of 20 X 20 mm diameter
applicable for WLAN and WiMAX were

[41] designed. Split patched technique was used to NA NIL 4.3-6.45 GHz
overcome narrow bandwidth and achieved wide
bandwidth
Resistive and reactive loading network combined

[42] with Pulse matching tapered slot line antenna NA NIL 4 -10 GHz.
(PMA).

A reconfigurable patch antenna with switchable 31-13 GHz
frequency notched designed. Notching was ’
achieved with two parasitic elements attached to
5.1-5.7 GH —

[43] the two sides of the patch while PIN diodes were NA ? 3.1-13 GHz
placed at appropriate places on the patch for
achieving four frequencies notch. 7.2-7.8 GHz

This A Modified EBG and single slot element were F2F-0.992: 3.1-12.3 GHz
used with beveled rectangular radiating patch for Cone 6.85 GHz

study tri-band fre hi F2S:0.928

quency notching.
4. CONCLUSIONS

In this paper, a hybrid triple-notch-band frequency UWB antenna analyzed in both the main (frequency) and
temporal (time) domain behavior was presented. The antenna was paired in transmit and receive mode with an
effective far field distance to investigate its characterization both in the frequency and time domain. A Gaussian
pulse signal was used for the antenna excitation of short pulses in the order of picoseconds while group delay
and correlation were investigated for time domain analysis, while the impedance bandwidth, directivity, gain
and surface current distribution give the frequency domain analysis of the designed antenna. It could be
inferred that the received signal is identical to the transmitted signal, as seen in the fidelity factor for face-to-
face and face-to-side 0.992 and 0.928, respectively. Also, in the frequency domain, the antenna directive gain
at face-to-face and at face-to-side is given as 2.24dBi and 2.078dBi, respectively. The results obtained show
that the antenna has an excellent fidelity factor in both orientations. Nevertheless, in an antenna array system,
the best option is to position the antenna face-to-face as it produces an excellent result in terms of the fidelity
factor and the directive gain.
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