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Abstract. This article presents a theory of characteristic mode (TCM)-based method of easy three steps for
designing a very wide impedance band antenna. Initially, the characteristic mode (CM) analysis is done to
comprehend the different modes of antenna geometry in absence of a feeding structure. Then modal currents and
their corresponding modal ﬁelds (radiation patterns) are determined for recognizing modes to be selectively
excited to generate the required radiation pattern. These will help in choosing a proper feeding conﬁguration that
stimulates the desired modes and acts as an excellent impedance matching. Here, initially CM analysis has been
carried out for a Z-shaped monopole antenna to identify the higher order modes to be utilized to achieve linear
polarization over a wideband frequency. TCM analysis gave direction for choosing CPW-fed as the feed of
choice for exciting six desired modes. Modiﬁcation of the CPW-fed ground by etching two semicircular notches
helped in further increase of the impedance bandwidth (IBW). Measured ﬁndings relate satisfactorily with
simulations done using Ansys Electronics Desktop 2020R1. The proposed design exhibits simulated IBW of
21.2 GHz (i.e. 4.2–25.4 GHz, 143%) having its center frequency (fc) at 14.8 GHz, and the measured IBW below
10-dB is from 3.8 GHz to up to 14 GHz (as beyond 14 GHz, IBW could not be measured using the available
vector network analyzer). Simulation results are further validated in CST microwave studio. Proposed antenna is
fabricated on FR-4 epoxy substrate of 0.8 mm thickness and exhibits a very small footprint of just 400 mm2 (20
9 20 mm2, 0.46kgL 9 0.46kgL 9 0.018kgL, where kgL is the simulated guided wavelength at lower resonating
frequency frL=4.2 GHz) with 53% reduction in size. This antenna may be utilized for contemporary and
upcoming wireless communication systems.
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1. Introduction
Starting with wireless internet connections to mobile telephones to networked appliances and devices, there is a
growing dependence on wireless communications to make
available functionality for products and services. For that
reason, the technologies for wireless communications for
eternity need further advancement to satisfy data requirements and higher resolution. Therefore, the ultra wideband
(UWB) range covering 3.1–GHz to 10.6 GHz made available by Federal Communications Commission (FCC) in
2002 is presently being explored for numerous communications systems [1]. On the other hand, there is an everincreasing mandate for smaller sizes with greater capacities
and transmission speeds, which will undoubtedly necessitate more operating bandwidth in the foreseeable future.
In recent times, researchers have explored various kinds
of microstrip slot and printed antennas for UWB applications [2–10]. Some wideband monopole conﬁgurations,
such as microstrip line and slot antennas with U-shaped

tuning stub and reﬂector [2], UWB antenna of crescent
shape [3], a half circular ring and a half square ring
monopole antenna with modiﬁed ground plane [4], UWB
reconﬁgurable stepped slot antenna [5], UWB slot antenna
[6], UWB slot with a stepped-impedance feed line and a
meandered slot [7], slot antenna using a slot line CPW
transition [8], UWB slot antenna with two branch slots
perpendicular to the stepped slot [9], CPW antenna with a
hybrid shaped patch [10] have also been developed.
The theory of characteristic modes was proposed way back
in 1971 by Garbacz and Turpin [11], and later improvised by
Harrington and Mautz [12, 13]. Recently there is a resurrection in interest on TCM is observed for designing microstrip
antennas. It provides a plain understanding of every resonant
mode, the equivalent mode current and its far-ﬁeld radiation
pattern. These details also can give signiﬁcant control during
designing best feeding network and desired polarization
properties [14]. TCM analysis is also a good tool for antenna
placement studies for platforms that are inherently part of the
radiator. In recent times TCM has been applied in designing
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Figure 1. Five Improvement process Antenna.1- Antenna.5 of Proposed Antenna.

many wideband antennas [15–21]. However, these antennas
lacked stable radiation patterns while trying to achieve wide
IBW. Very recently, we have also used TCM to design a
circularly polarized CPW-fed slot antenna [22]. Due to lesser
congestion and stable connections, 5 GHz band region can
achieve speeds up to 1.3 Gbps. Moreover, in many countries
like India, bands in this region have been kept unlicensed, and
free usage allowed for Wi-Fi and partial 5G communications.
This motivated us to design a microstrip antenna envisaging 5
GHz as the theoretical lower resonating frequency.
Herein using TCM, a wideband antenna simultaneously
showing stable omnidirectional radiation patterns is proposed. The proposed antenna has been implemented using
modiﬁed Z-shaped radiator to generate a wide impedance
band compared to the conventional rectangular microstrip
antenna. Initially, CM analysis of the radiator, without
feeding, was carried out to identify the existing desired
symmetric modes. A modiﬁed CPW-fed ground with two
semicircular notches on its lower boundary is applied as the
preferred feeding network to excite the identiﬁed desired
modes without excitation of the undesired anti-symmetric
modes. Extra capacitance brought by the notches at the
ground creates coupling between ground and radiator and
helps achieve a very wide impedance bandwidth. Simulated
IBW is 21.2 GHz, i.e. 143%, ranges from 4.2 to 25.4 GHz,
centre resonance frequency (fc) 14.8 GHz, whereas the
measured IBW ranged from 3.8 GHz to beyond 14 GHz. As
our available VNA range is 9 KHz to 14 GHz, simulations
carried out using Ansys Electronics Desktop 2020R1 based
on the Finite Element Method (FEM) were further validated
in CST—Computer Simulation Technology Microwave
Studio 2018. The size of the antenna is 0.28kgL 9 0.28kgL
9 0.018kgL, where kgL is guided wavelength at lower
resonating frequency frL = 4.2 GHz. Measured lower resonating frequency is found to be fgL = 3.8 GHz which
implies a 53% size reduction satisfying miniaturization
criteria. This antenna exhibits a smaller footprint of only
400 mm2 with a very wide impedance bandwidth of
(1:21.2), which is the widest IBW ratio so far and smaller
than the antennas reported in [2–10]. The achieved very
wide band of the antenna can be used for various applications in C, UWB, X, Ku, and K bands.
The paper is organized as follows: Section 2, Antenna
Conﬁguration; Section 3: TCM Analysis; Section 4:

Choosing Appropriate Feeding for Excitation of Identiﬁed
Useful Modes; Section 5: Experimental Validations and
Discussions; and Section 6: Conclusion.

2. Antenna conﬁguration
The initial conﬁguration of the antenna without feeding is
presented in this section. It is a Z-shaped radiator on the top
of the substrate. The substrate has a dielectric constant er ¼
4:4; tand ¼ 0:02 and a thickness h = 0.8 mm. The CM
analysis is started with the Z-shaped radiator as it provides
a wider IBW compared to a rectangular-shaped radiator.
Background studies involved in arriving at the Z-shape
design are discussed hereafter.
To elaborate the design evolution process, ﬁve antenna
structures are deﬁned in ﬁgure 1. Simulated IBW curves of
ﬁve antenna designs are presented in ﬁgure 2. Rectangular
patches are commonly explored for their easy analysis,
fabrication, and attractive radiation characteristics—mostly
low cross-polarization radiation [23]. Therefore, we began
with a rectangular radiating patch antenna with microstrip
line inset feeding with a square ground on the substrate’s
reverse side in Antenna.1. Conductor and dielectric losses
for a microstrip element are reasonably small in thin substrates, usually accounting for no more than a few percent
losses in radiation efﬁciency. Thin substrates reduce spurious radiation, and coupling gives high efﬁciency, leading

Figure 2. Simulated Reﬂection Coefﬁcient improvement for
Antenna 1–5 with respect to frequency.
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to smaller antenna sizes [23, 24]. With the intention of
achieving a small footprint of the antenna without conceding on bandwidth, the thickness of the substrate is kept
0.8 mm throughout simulated antenna designs 1–5.
Reﬂection coefﬁcient simulation for Antenna.1, gave only
ﬁve notches below - 10 dB within 4 GHz - 26 GHz. In
Antenna.2 wide slotted rectangular ground plane is used, as
a printed slot antenna is desirable for lightweight, price
effectiveness, and broader bandwidth in contemporary
communication systems [25, 26]. Antenna.2 leads to the
appearance of three wide impedance bands, one at lower
and the other two in the higher range. Generally slotted
rectangular patch, due to the increase in length of the current path give better IBW relative to conventional rectangular patch [27]. In slotted rectangular antennas the current
distributions at the upper band can be enriched to be more
balanced. Therefore, we designed Antenna.3, by etching
two slots from the left and right boundary of the rectangular
patch at an optimized position where this slotted rectangular patch looks like a 2-shaped radiating patch. As
expected, IBW increased at higher frequency region. In
Antenna. 4, the 2-shaped radiating patch is further modiﬁed. Using this modiﬁed 2-shaped radiating structure,
which is analogous to the Z-shaped antenna in [28, 29],
lower resonant mode could be excited to deliver the
impedance band at lower frequency region. To widen the
impedance band in the lower frequency region by
increasing additional current path length [30], it was
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decided to add two I-shaped strips on tip and tail side of this
modiﬁed Z-shaped radiator in Antenna.5 which now looked
like a Z-shaped patch. This resulted in a signiﬁcant increase
in IBW as well as it furnished one wide IBW in the lower
frequency range (4.55–5.05 GHz) and one more at a higher
frequency range (5.45–17 GHz).
The conﬁguration and the dimensions of the radiator
without feed are presented in ﬁgure 3 and table 1,
respectively.

3. Theory of characteristics mode analysis
At the fundamental mode, the current ﬂows on the whole
antenna, contributing to radiation at lower frequencies. On
the other hand, at higher modes, the mode current mainly
ﬂows on the edge of the radiator contributing to radiation at
higher frequencies. That presents ﬂexibility to modify the
phase of the far zone electric ﬁeld as additional radiating
modes are concerned.
With the aim to broaden impedance bandwidth of an
antenna, it is desired to know the existing modes in the
radiator. To realize the potential of the Z-shaped antenna
providing wide operating frequency band, it was needed
to know the existing modes within it. Therefore, TCM
analysis was carried out to identify the desired modes to
be excited in x or y directions. For ease of understanding,
some equations of TCM are brieﬂy described below.
More details about TCM analyses are available in
[11–21].

3.1 Theory of characteristic modes
Provided a typical conducting element, any electric current
!
( J ) on its surface is deﬁned as a total of characteristic
!
modes or Eigen currents (J n ) with different product
coefﬁcients (an ):
!
! X ! X V in J n
an J n ¼
J ¼
1 þ jkn
n
n

Figure 3. Top view of proposed antenna without Feeding and
ground plane.

ð3:1Þ

!
where J n are the Eigen currents, kn are the Eigen values, an
are the modal weighting coefﬁcients, and V in are the modal
excitation coefﬁcients, which are expressed by:

Table 1. Optimized dimensions of the proposed antenna.
Parameter
Wf
p2
p9
p12

Value (mm)
1.5
2.2
5
12

Parameter
Xf
p7
p10
p13

Value (mm)
6
4.2
9.6
7.5

Parameter
p1
p8
p11
p14

Value (mm)
2.2
4.2
7.5
7.6
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¼ hJ n ; E i ¼ J n :Ei ds

ð3:2Þ

s¼0

!
where Ei is the impressed source. Modal weighting coefﬁcient an can be obtained utilizing the following equation:
an ¼

V in
1 þ jkn

ð3:3Þ

Modal signiﬁcance (MSn ) is generally used to estimate
the radiation efﬁciency of a mode. Then MSn can be calculated as:


 1 


ð3:4Þ
MSn ¼ 
1 þ jkn 
One more signiﬁcant parameter that is exploited for the
design of the antenna is the characteristic angle bn , which
can be expressed as:
ð3:5Þ
bn ¼ 180  tan1 ðkn Þ
!
In the case of a resonant mode, J n viz. kn ¼ 0; MSn ¼
1 and bn ¼ 180 from (3.4) and (3.5), respectively. When a
mode is excited it radiates maximum energy when bn ¼
180 and closer the bn approches 180 or kn towards 0; the
mode radiates more efﬁciently. As per the expression (3.1),
!
how efﬁciently a mode J n is excited relies on the modal
weighting of an coefﬁcient. For the time being, an is regulated by two parameters, i.e., kn eigenvalues and modal
excitation coefﬁcients V in . When a mode is resonating at its
resonance frequency, kn equals to 0. Therefore, Eq. (3.3)
may be modiﬁed as:
an ¼ V in

ð3:6Þ

In the case of some non-resonant modes, their eigenvalues are quite large over the observed frequency band. It
implies that irrespective of a conducting object or the
antenna is excited, the modal weighting coefﬁcient is
generally relatively small. These modes are commonly
considered unimportant modes. For a more relevant and
simpler study, signiﬁcant modes are considered, whose
characteristic angles are near to 180°. Using the formula
(3.3), when the eigenvalue kn is static, the modal weighting
coefﬁcient is completely controlled by how the antenna is
excited. Following (3.2), in order to get a comparatively
high value of modal weighting coefﬁcient, the excitation
must be placed where the Eigen current is quite high.
So Eq. (3.3) is the condition to obtain the desired mode,
and preciously a large modal signiﬁcance is needed, but
also a sizeable modal excitation coefﬁcient Vn is required.
The modal excitation depends on the feed’s properties, such
as the feed type, feed position, feed dimensions, etc. In the
following subsection, the modes of the proposed antenna
are analyzed in detail.

3.2 Identiﬁcation of the existing symmetric modes
to be excited
In this section, the antenna without feeding structure is
analyzed using TCM. To make the process simpler, an ideal
environment is envisioned, where the antenna is assumed to
be a perfect conductor with zero thickness and without any
substrate. The Characteristic Mode Analysis Solver is the
IE analogue to the FEM Eigen solver. All the characteristics mode simulations were carried out using Ansys Electronics Desktop 2020 R1 and presented in ﬁgure 4.
From ﬁgure 4(a) it is found for the Z-shaped radiator that
there are total ten modes out of which for six modes’ Eigen
values (kn ) approach zero. Here, kn [ 0 indicative of a
mode that is storing electrical energy; kn \0 indicates a
mode that is storing magnetic energy, and kn ¼ 0 indicative
of a mode that is resonant and easily excited by plane wave.
There are no dominant modes observed for the radiator
lower than 6.86 GHz and more than 25.24 GHz, as it is
clearly seen from Modal Signiﬁcance curves in ﬁgure 4(b).
As the Eigenvalue goes to zero, it resonates; the Modal
Signiﬁcance goes to 1 for six modes (Modes 1, 3, 4, 5, 7
and 8).
Figure 4(c) shows the characteristic angle bn curves
where the same six resonant modes appeared as bn ¼ 180 .
When bn equals to 90° or 270°, it only stores energy, but
when around bn ¼ 180 , it radiates strongly.
This implies that to excite the radiating element at lower
than 6.86 GHz in order to obtain wide IBW using the same
Z-shaped radiator with high efﬁciency and stable high gain,
a suitable feeding technique with proper ground plane and
tuning/matching network will be required.
At higher frequency, more modes with relatively large
modal signiﬁcance are involved. In order to analyze the
modes of the antenna with clarity, the current and far ﬁeld of
different characteristic modes are studied. Figure 5 presents
the modal current and modal ﬁeld (far ﬁeld) of different
dominant modes at 6.9 GHz, 13.3 GHz, 15.1 GHz, 17 GHz,
20.1 GHz, 25.2 GHz, respectively. In addition, the modal
surface currents around the resonant frequencies at excited
modes, i.e., mode 1, 3, 4, 5, 7, and 8 are depicted in ﬁgure 5.
The distribution of surface current over the radiating element
generates either odd mode or even mode. With the Galerkin’s
matching [11], the Method of Moments matrix becomes
complex whose Eigen space is a combination of consecutive
pair of odd and even modes. Simultaneous excitation of such
modes (i.e., even and odd) provides the wideband radiation
behavior of an antenna. It is observed from the 3-D radiation
pattern that all CMs provide main lobe radiation (maximum
ﬁeld) along the xy-plane and null radiation along either x or yaxis. This indicates that all CMs generate omnidirectional
radiation patterns on their respective resonant frequencies.
Mode 1, mode 3, mode 4, mode 5, mode 7, and mode 8 radiate
in the ? z direction as the current on the patch is symmetric
with respect to xz and yz planes. Besides, for the other modes
(mode 2, mode 6, mode 9, and mode 10), the current is anti-
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Figure 4. Characteristics mode analysis: (a) Eigen Value (kn), (b) Modal signiﬁcance (MSn) and (c) Characteristics Angle (bn).

symmetric with respect to xz or yz planes, leading to a cancellation of the electric ﬁeld in the far-ﬁeld region in the ? z
direction.
To illustrate the CMA and understand the modes’
behavior, the vector current distribution plots for modes
1–10 of the radiator at 26 GHz are shown in ﬁgures 6 (a)–(j).
From these plots, is seen that among these modes for only
mode 1, 3 and 4, the current on radiator is symmetric with
respect to xz and yz plane. On the other hand, for modes
(mode 2, mode 5, mode 6, mode 7, mode 8, mode 9 and
mode 10), the current is anti-symmetric with respect to xz
and yz planes. For these seven modes, this leads to a cancellation of electric ﬁeld in far ﬁeld region in the ? z
direction. A linear polarization can be generated if mode 1,
mode 3, and mode 4 can be excited at 26 GHz. Similar
vector current analyses were done for all the 10 modes at
other ﬁve resonating frequencies (not shown here). It was
found that at 20.19 GHz the current on the radiator is
symmetric with respect to xz and yz plane for mode 5 and
mode 7, at 16.98 GHz mode 5 and mode 7, at 15.09 GHz
mode 1 and mode 3, at 13.26 GHz mode 3 and mode 4, at
6.86 GHz mode 7 and mode 8. Therefore, only these six
modes 1, 3, 4, 5, 7, and 8 were identiﬁed as dominant modes
(as the current distributions mainly concentrated on these
six modes, however, the other modes do have some minor
contribution to the ﬁeld pattern). In contrast, modes 2, 6, 9,
and 10 were identiﬁed as undesired modes. After this modal
analysis for the proposed design is done, one can modify
feed design as needed to selectively excite the identiﬁed six
dominant modes and maximize radiative power.
When the frequency goes beyond 26 GHz, more modes
will be involved, making it very difﬁcult to analyze. The

antenna performance will also deteriorate accordingly. A
constant phase difference over the frequency band of
interest ensures the potential of wide impedance bandwidth.

4. Choosing appropriate feeding for excitation
of identiﬁed useful modes
From the above TCM analysis, some desired modes were
identiﬁed. It can be concluded that some modes are useful
for the proposed radiator, while undesired modes are not
useful. To achieve the high gain at bore sight direction, a
proper feeding method should provide a good impedance
matching for the symmetric desired mode without excitation of undesired anti-symmetric mode. Different feeding
techniques like microstrip feed, probe feed, aperture coupled feed, proximity coupled feed are generally used to feed
a rectangular microstrip antenna (RMSA) if only one mode
has high modal signiﬁcance value. However, the presence
of multiple modes with high modal signiﬁcance put limitations to designing an appropriate feed. Among the generally used feeding techniques, CPW-fed is a preferred
choice as it exerts the least disturbance over a wide impedance band.

4.1 Selection of CPW-fed and its effect
on the proposed antenna
The CPW-fed is the feeding technique where the side-plane
conductor is the ground, and the centre strip carries the
signal. CPW-fed monopole antennas have been extensively
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Figure 5. Modal Current distribution: (a) Mode-1 at 25.24 GHz, (b) Mode-3 at 20.19 GHz, (c) Mode-4 at 16.98 GHz, (d) Mode-5 at
15.09 GHz, (e) Mode-7 at 13.26 GHz, (f) Mode-8 at 6.86 GHz.

investigated because of their many enticing features like
wide IBW, meek and compact structure, and omnidirectional radiation characteristics. The CPW-fed can provide a
large electric coupling between the radiator and the ground.
CPW feds use a sole metallic layer, generating trivial
conjoint coupling among two ﬁne-tune lines to give wide
bandwidth. They are quite common for their easy integration with solid state active devices or MMICs [31, 32].
Accordingly, we intended to use CPW-fed.
From ﬁgure 5 it can be seen that the current and magnetic
ﬁeld of mode 1, mode 3, mode 4, mode 5, mode 7, and
mode 8 is highest along the edge of the Z-shaped radiator.
Mode current distributions show that the feed’s magnetic
current should be in the same direction of the mode current
and be placed at where the current is maximum. When the
feed is positioned at centre, it will give a best symmetric
current distribution. These requirements can be best realized by employing a CPW-fed. Antenna.5 did not provide
wide IBW by using the Z-shaped radiator and a square slot
ground on the opposite side of the substrate. However,
TCM analysis showed that using the same Z-shaped radiator, much broader IBW can be obtained by exciting the
desired dominant modes through another appropriate

feeding structure, which in this case was found to be a
CPW-fed. In order to excite the symmetric modes more
efﬁciently, two semicircular notches were etched from the
lower boundary of the CPW-fed ground. It lead to a wide
impedance bandwidth. Thus, it becomes easy to achieve a
wide impedance bandwidth by tuning the position, radius of
the notches and width of the feed line. Design steps of the
CPW-fed are shown in ﬁgure 7, and their effect on the
antenna performance is shown in ﬁgure 8.
In the next step, Antenna.6 was designed using a CPWfed slot ground instead of the square slot ground plane of
Antenna.5, keeping all other dimensions of the Z-shaped
radiator identical. This resulted in an increase of impedance bandwidth in both lower and higher frequency
regions [33, 34]. It is known that notches on the CPW-fed
ground create a coupling between it and radiating patch,
increasing the total series capacitive effect and current
density near the notches, generating additional surface
current paths that signiﬁcantly enhance IBW [35–37].
Therefore, to increase IBW further, Antenna.7 was
designed by adding two semicircular notches on the CPWfed ground. As expected, a large enhancement of IBW was
observed for the Antenna.7. Satisfyingly, it gave the
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Figure 6. Characteristics Mode Analysis (CMA) Modal vector Current distribution plots for radiating patch of 10 modes at 26 GHz
where MSn[ 0.3 for (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6, (g) Mode 7, (h) Mode 8, (i) Mode 9,
(j) Mode 10.

Figure 7. Improvement process Antenna.6- Antenna.7 of Proposed Antenna.

widest IBW so far and covered all desired modes found in
TCM analysis. Since the results were much better compared to [2–10], Antenna.7 was chosen for fabrication and
experimental validation.

4.2 Comparison between full-wave simulation
and TCM
The phase angles of the desired modes (radiating in z ?
direction) are presented earlier in ﬁgure 4c. When two
orthogonal linear components are in time phase (0°) or 180°
(or multiples of 180°) out of phase, create linearly polarized
time-harmonic wave within IBW. The phase difference of
far-ﬁeld (full-wave simulation) and different modes (CM
analysis) of the proposed antenna are presented in ﬁgure 9.
From the CM analysis of different modes, it can be seen

that the phase difference varies 4.29°–36° between mode 7
and mode 8 in 5.6–8 GHz frequency band. Similarly, phase
differences vary 14.28°–26.56° between mode 5 and mode
7 in the range 8.1–9.8 GHz; vary 7.63°–11.65° between
mode 4 and mode 5 in the range 9.9–10.8 GHz; vary 2.2°–
18.16° between mode 3 and mode 4 in the range 10.9–14.5
GHz; vary 11.45°–14.17° between mode 1 and mode 3 in
the range 14.6–15.3 GHz; vary 5.19°–12.85° between mode
5 and mode 7 in the range 15.4–22.5 GHz; and vary 4.7°–
7.5° between mode 3 and mode 4 in the range 22.6–26
GHz. These phase angles between two modes are either
close to 0° or multiple of 180°.
To better express that the desired modes excite the linear
polarization, full-wave simulations (with CPW-fed) were
also carried out using Driven Modal tools of Ansys Electronics Desktop 2020R1, and the far-ﬁeld electric ﬁeld was
captured in z? direction and presented in ﬁgure 9. The
phase difference between the characteristic modes were
compared with the calculated electric ﬁeld in x and y-direction. The phase difference using CM analysis at dominant resonance frequencies 6.9 GHz (mode 8), 13.3 GHz
(mode 7), 15.1 GHz (mode 5), 17 GHz (mode 4), 20.1 GHz
(mode 3), and 25.2 GHz (mode 1) were 3.52°, 8.62°,
13.36°, 12.01°, 9.31°, and 7.01°, respectively. At the same
time, the phase difference using full-wave analysis at
dominant resonance frequencies were 3.52°, 30.37°, 13.84°,
21.69°, 30.63°, 25.23°, respectively. Therefore, it can be
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Table 2. Optimized dimensions of the proposed cpw-fed
antenna.

Parameter
W
p3
p6

Figure 8. Simulated Reﬂection Coefﬁcient improvement for
Antenna 5-7 with respect to frequency.

Value
(mm)
20
3
1.7

Parameter
L
p4

Value
(mm)
20
0.3

Parameter
hsub
p5

Value
(mm)
0.8
4.6

a linear polarized wave throughout IB that will be propagating in z?direction.

5. Experimental validations and discussions

Figure 9. Phase difference of far ﬁeld (full wave simulation) and
different modes (CM analysis).

Figure 10 shows the fabricated monopole antenna. Figures 10(a)–(c) depict the top and side view of the simulated
proposed antenna, whereas ﬁgures 10(b), (d) represent the
same for the fabricated antenna. The antenna has the
dimension of 20  20  0:8mm3 fabricated on FR4-epoxy
substrate (dielectric constant er ¼ 4:4; tand ¼ 0:02 ). The
Z-shaped radiator has a width (p2), the feeder has a strip
(width Wf), and two semicircular notches (radius p6, and
distance between its centre to centre of the feed line is p5)
etched at the lower boundary of CPW-fed ground. In
combination, these elements help selectively excite the six
dominant modes, thereby increasing the impedance bandwidth. The optimized dimensions of the fabricated antenna
are listed in the table 2.

5.1 Simulations of antenna parameters
and discussions
Following ﬁgure 11 depicts simulated vector surface current distribution at the center frequency of IBW at 14.8
GHz for phase 0° of E-ﬁeld vector and H-ﬁeld vector. From
surface current distributions, it is clear that E-ﬁeld intensity
is much greater than that of H-ﬁeld intensity.

5.2 Effect of CPW-fed and other parameters
on IBW

Figure 10. Proposed antenna dimension for (a) Simulated Top
view, (b) Fabricated Top view, (c) Simulated Side view, (d) Side
view of Fabricated antenna prototype.

concluded from ﬁgure 9 that reasonably good match results
obtained between TCM analysis and far-ﬁeld (electric ﬁeld)
analysis using full-wave simulations [15]. These all are
close to 0° or multiple of 180°. These desired modes create

In the CM analysis, an inﬁnite ground plane is assumed,
and the feeding network is not considered. In actual design,
a CPW-fed ground plane is used. It is necessary to study the
effect of the feeding and different parameters on the proposed antenna. In this section, the effects of only the crucial
geometrical parameters on the resulting reﬂection coefﬁcients are discussed below. Discussions on less inﬂuencing
parameters are included in the Supplementary document.
When a parameter is studied, the dimensions of others
remained unchanged.
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Figure 11. Simulated vector surface current distribution at the center frequency 14.8 GHz at phase 0° for (a) Vector E- ﬁeld, (b) Vector
H-ﬁeld.

Figure 12. Simulated Reﬂection Coefﬁcient over frequency
band for different parametric values of p5 (mm) and p6 (mm).

Figure 14. (a) Measured and simulated reﬂection coefﬁcient of
proposed antenna, (b) CST and HFSS result for S11 of the
proposed antenna.

Figure 13. Simulated Contour plot of Reﬂection Coefﬁcient over
the operating frequency band with changing of p3 (mm).

5.2a Effect of different length p5 and p6: Through
extensive parametric studies, it has been established that the
notches (p5, p6) contribute signiﬁcantly to producing the
return-loss curve [39, 40]. A program in MATLAB was
written for interpolation and optimization of p5 and p6.
Simulations for parametric analysis of p5, p6 over the
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whole frequency band of these semi-circular notes on CPW
fed ground are plotted in ﬁgure 12. It is to be noted that a
local minimum is there in the impedance band curve and
maximum IBW that occurs when p5 = 4.6 mm and p6 = 1.7
mm.
5.2b Effect of different length p3: Figure 13 shows the
simulated contour plot for the variation of the width of the
CPW fed ground (p3) with respect to the operating frequency region. Through similar exhaustive parametric
studies, it was established that the p3 plays an important
role in producing the return-loss (\ 10-dB) curve. A program in Python has been written for interpolation, design of
variation, and optimization of p3. It can be seen from this
contour diagram that when optimized width p3 = 2.6 mm
the IBW is maximum, giving minimum reﬂected power
over this band.

5.3 Experimental data
Ansys Electronics Desktop 2020 R1 software was used for
performing simulations. Measurements of reﬂection coefﬁcient (S11) have been recorded through Rohde & Schwarz
VNA (ZVL Network Analyzer 9 KHz to 13.6 GHz). ﬁgure 14(a) depicts the comparison between measured and
simulated return losses of the implemented antenna up to
14 GHz. The measured IBW ranges from 3.8 GHz—beyond 14 GHz, whereas simulated 10-dB IBW ranged from
4.2 GHz-25.4 GHz, centre resonance frequency (fc) 14.8
GHz, 143%. Since our available VNA range was 9 KHz to
14 GHz, S11 simulations were further validated in CSTComputer Simulation Technology Microwave Studio 2018.
IBW results obtained by this two software were almost the
same as depicted in ﬁgure 14(b).
Figure 15(a) compares measured peak gain with the
corresponding simulation. The measured maximum peak
gain is 4.84 dBi at a frequency of 11 GHz inside the range
of the impedance band, which may be useful for wireless
communication.
Figure 15(b) compares measured and simulated radiation efﬁciency versus frequency for the implemented
antenna. The measured and simulated radiation efﬁciency
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is between 65 and 95% for the whole impedance band,
and the efﬁciency is maximum (90%) when measured at
6.6 GHz.
Group delay (s) is a measure of phase distortion for a
device [38]. It is the actual transit time of a signal through a
device under test as a function of frequency. It can be
expressed as the transit time of a signal through a device
versus frequency. The derivative of a device’s phase
characteristics with respect to frequency is called a group
delay.
Group delay ¼ s ¼ tg ¼
¼

d/
; where / and w are in radians
dw

1 dh
; where h in degree and f are in Hz; w ¼ 2pf
360 df

It provides pulse handling capability. Distortion in the
pulse signal is represented by it. It quantiﬁes non-dispersive
behaviors of antenna as derivative of far-ﬁeld response with
respect to frequency. In case the group delay is more than 1
ns; phases may no more remain linear in far-ﬁeld and
results in phase distortion, which can create difﬁculty in
wideband application.
S21 is a complex value (having both real and imaginary
parts), and |S21| is the magnitude of S21. It can be expressed
as below.
S21= Attenuation of wave traveling from the designed
antenna to reference antenna.
The ratio of incident power to transmitted power, in dB
terminology, is the insertion loss.
Insertion Loss ¼ 10 logðIncident power ðWÞ=Transmitted power ðWÞÞ
OR ¼ Incident Power ðdBmÞTransmitted Power ðdBmÞ
1
¼ 20log
jS21 j

For an excellent radiative antenna, insertion loss should
be as low as possible, or |S21| should be high.
Simulated group delay, magnitude response of S21, and
setup are shown in ﬁgures 16(a)–(c). Non-varying responses of group delay at operating frequency band were
observed. Antenna transfer function (S21) was simulated by
keeping two antenna prototypes face to face along ? z

Figure 15. For the proposed antenna Measured and Simulated (a) Peak Gain, (b) Radiation Efﬁciency.
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Figure 16. (a) Simulated transmission coefﬁcient (S21) and Group delay (s) for the Proposed Antenna; (b) Simulated Phase response of
S21 for proposed Antenna; (c) Simulated Set-up for S21 measurement; (d) Prototype antenna set-up inside anechoic chamber for S21,
radiation characteristics, polarization, etc. measurements; (e) Full set-up inside anechoic chamber for S21, radiation characteristics and
polarization measurement; (f) Measurement of Transmission Coefﬁcient (S21) using VNA; (g) Trace out of Measured S21 for the
Proposed Antenna.
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direction at a distance d=150 mm (d  2Dk , where D is the
maximum dimension of the antenna and k minimum
wavelength at a maximum range of operating frequency)
and connecting both the antenna to the source as shown in
ﬁgure 16(c). In ﬁgure 16(a), simulated group delay of\1 ns
and S21[-65dB signify good performance of the proposed
antenna up to 26 GHz, which makes it suitable for wideband application. Figure 16(b) shows the S21 phase
response for the proposed antenna. As plotted in this ﬁgure,
a linear S21 phase response over the operating band can be
observed, which indicates low dispersion throughout the
impedance band.
An automated measurement set-up for radiation pattern,
polarization, S21, gain, etc. is shown in ﬁgures 16(d–f). For
the measurement of radiation characteristics, a broadband
horn antenna was used as reference antenna and developed
prototype antenna placed on turn table in an anechoic

chamber in the far ﬁeld region (d = 3 m) as shown in
ﬁgures 16(d), (e) using two antenna set-up connected with
VNA. The proposed antenna is rotated through a turn
table along its axis and controlled by HOLMARC position
controller for the measurement of radiation characteristics.
For the measurement of polarization, S21, and gain, the
broadband horn antenna was rotated along its axis, whereas
the proposed antenna remained stationary. A personal
computer (PC) loaded with Lab View software was used for
the data analysis. Figures 16(f)–(g) show measured S21
results [ - 20dB up to 14 GHz in the IBW region.
Well deﬁned E-plane and H-plane were measured and
simulated in ﬁgures 17(a)–(h) show the radiation patterns
for the implemented antenna at u = 0° (XZ plane) and u =
90° (YZ plane) at 5 GHz, 5.8 GHz, 8 GHz and 12 GHz,
respectively. It is found in ﬁgures 14(a)–(h) that the Eco
plane radiation is greater than Ecross at broadside direction.

Figure 17. Measured and Simulated Radiation patterns for (E-plane and H-plane) in the (a), (c), (e), (g) XZ (u=0°) and (b), (d) (f),
(h) YZ (u=90°) planes.

Table 3. Comparison of the proposed wideband antenna with others existing in the literature.
Ref. No (Year)

Range IBW (GHz)

2(2006)
3(2013)
4(2015)
5(2016)
6(2016)
7(2017)
8(2018)
9(2019)
10(2020)
Proposed work

5.5–22
3.4–20
3.1–10.9
2.8–11.4
3.1–10.6
3.1–10.6
2.9–11.8
3.08–12.14
3.06–13.5
4.2–25.4

IBW Ratio
1: 16.5
1:16.6
1:7.8
1:8.6
1:7.5
1:7.5
1:8.9
1:9.06
1:10.44
1:21.2

Size (mm3)
150 9 100 9 0.813
17 9 18 9 1.575
24 9 16 9 0.8
21 9 9 9 0.8
9.01 9 17.9 9 0.762
8.93 9 17.9 9 0.762
25 9 30 9 0.762
33 9 10 9 0.8
30.4 9 38 9 0.07
20 9 20 9 0.8

Footprint (mm2)
15,000
306
384
189
161.279
159.847
750
330
1155.2
400
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5.4 Comparison of the Proposed antenna
with related designs
An attempt has been made to benchmark the proposed
antenna against some recently reported related designs in
table 3 in terms of IBW range, IBW ratio, sizes and footprints. It is seen that the proposed antenna is much better
with respect to providing the widest IBW ratio maintaining
a smaller footprint.

6. Conclusion
A three-step design procedure using TCM has been used to
design a wideband monopole antenna consisting of a Z-shaped
radiator. It has been revealed that the structure can support six
dominant modes over the frequency band of interest. CMA
helped in locating these dominant modes, radiation parameters, and position of the feed line. Modiﬁed CPW-fed ground
has been used to selectively excite the six desired modes with
symmetric currents. The modiﬁed CPW fed ground plane with
two tuning semicircular notches play a crucial role in
achieving wide impedance band operation. This design procedure provides excellent convenience for getting wide IBW
by designing the radiator and feeding structure separately.
That makes it much easier to design an antenna compared to
other approaches. The prototype provided a wide simulated
impedance bandwidth of 4.2–25.4 GHz. Implementation of
this antenna using CPW fed technique enabled in achieving
53% size reduction with the fabricated antenna dimension of
20 9 20 9 0.8 mm3. Wide IBW could be measured from 3.8
GHz- up to 14 GHz with the available VNA. Measured and
simulated results conﬁrm that the proposed antenna exhibits
high gain of 4.85 dBi, and may ﬁnd suitable applications in C
bands (4–8 GHz), UWB band (3.1–10.6 GHz), X bands (8–12
GHz), Ku bands (12–18 GHz), K bands (18–27 GHz) as well
as other speciﬁc bands like WLAN (5.15–5.8 GHz) and
WiMAX (5.5 GHz), ITU—8 GHz (7.725–8.500 GHz).
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