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ABSTRACT: In this paper, a tunable ultra-wideband antenna based on slot structures is presented and verified using Characteristic Mode
Analysis. The antenna is backed with a partial ground plane and covers the 2.8-13.2 GHz frequency band. In this wide frequency range,
satisfactory VSWR and gain are achieved. To avoid interference with wireless local area network WLAN (5.2 to 5.8 GHz) and X-Band
satellite links (7.9 to 8.4 GHz), two notches are created using U-shaped and elliptical slots. An important feature of this paper is the use
of varactor diode in the elliptical slot to achieve tunable frequencies for the second notched band. By applying different bias voltages, the
center frequency of the second notched band is continuously tuned. The antenna performance is verified using modal parameters including
modal significance and characteristic angle within the working region of the proposed antenna using the theory of characteristic modes
analysis. This antenna is implemented on top of a cost-effective FR4 substrate with a 1 mm thickness. The proposed flower-shaped

antenna is compact in size and provides ultra-wide bandwidth. The dimension of the optimized design is 25 X 35 X 1 mm".

1. INTRODUCTION

n recent years, wireless communications have played a cru-
Icial role in human life. In wireless applications, ultra-
wideband (UWB) systems are extremely important. The US
Federal Communications Commission (FCC) proposed 3.1 to
10.6 GHz as the UWB frequency band. This report states that
UWB systems must operate in this frequency band with their
—10dB bandwidth [1]. An important element in the design
of a wireless communication system is antenna. Among the
most common applications for UWB antennas are data com-
munication, identification, localization, and sensing. Further-
more, UWB systems can support high data rate communica-
tion. A UWB antenna saves space and money by eliminating
the need for several narrow-band antennas. Planar monopole
antennas are an ideal choice among the numerous types of an-
tennas used in UWB applications due to their simple construc-
tion, wide bandwidth, and omnidirectional pattern. A UWB
antenna operates in a wide frequency range that may interfere
with some narrowband services. An important challenge for
UWB antennas is reducing electromagnetic interference with
narrow-band communication links, such as WLANSs or X-band
satellite links (5.15-5.85 GHz) and (7.9-8.4 GHz). The use
of a notched-band UWB antenna is a better alternative to in-
tegrating band-stop filters with UWB antennas. A variety of
methods can cause a notched function, including etching dif-
ferent slot structures from radiating elements [2], using various
stubs [3, 4], parasitic resonators [5], and split ring resonators
(SRRs) on the back side of the substrate close to the radiating
element [6, 7]. Additionally, UWB antennas are available with
different numbers of notched functions, such as single, dual,
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triple, and quadruple notches [8-12]. Different UWB anten-
nas are available such as fixed [2] reconfigurable [13—15], and
continuously tunable [16, 17] band-notched frequency. Various
notched-band UWB antennas are commonly used to eliminate
interference in the frequency range. Among the various types
of notched band antennas, tunable structures are especially at-
tractive for the use in UWB wireless systems [18]. A signif-
icant challenge involves the design of conventional antennas
with a wide frequency range and new functionality, such as
tunable notched functions. In this paper, in order to tune the
notched band frequency range, a varactor diode is inserted in
the slot. There are various slot structures that result in anten-
nas with notched-band characteristics. The radiating patch or
ground plane may be etched with different shapes, such as U-
shaped or annular slots [19, 20]. The proposed antenna is a cost-
effective flower-shaped UWB antenna. The antenna covers the
UWB frequency range, but rejects the bands (5.15-5.85 GHz)
and (7.9-8.4 GHz) to prevent the interference with WLANs and
X-band satellite communications. This rejection is achieved by
etching both U-shaped and elliptical slots in the radiating patch.
The notched frequency of the U-shaped slot can be modified by
varying the length of the slot. The second notched band (7.9—
8.4 GHz) can be modified by changing the diameter of the ellip-
tical slot and placing other varactors with different capacitance
ranges. It is a new development in the field of ultra-wideband
antennas to design an antenna with small dimensions and a wide
frequency range, as well as to incorporate tuning functionality
into a cost-effective design. The simulation and optimization
were performed using Computer Simulation Technology (CST)
Microwave Studio [21]. In this design, a bandwidth of 2.8 to
13.2 GHz VSWR < 2 is obtained.
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FIGURE 1. The proposed antenna structure, (a) top, (b) bottom and (c) the manufactured photograph.
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FIGURE 2. Schematic view of (a) geometrical parameters for flower-shaped antenna with n-petals and (b) Simulated VSWR for circular patch in

comparison with flower shaped patch.

2. ANTENNA DESIGN CONSIDERATION

In this paper, a flower-shaped antenna is presented in Fig. 1.
This antenna was implemented on a cost-effective FR4 sub-
strate with a relative dielectric constant of £,, = 4.3 and thick-
ness of 1 mm. The planar printed antenna benefits from more
compression and simple structure compared to other types of
antennas. As shown in Fig. 1, to obtain the required notched
band, U-shaped and elliptical slots are embedded in the radiat-
ing patch.

As illustrated in Fig. 1(a) and Fig. 2(a), the proposed antenna
structure consists of a circular radiating patch composed of a
large circle of radius R; which is surrounded by sixteen smaller
circles of radius R, forming a flower-shaped patch. The lower
band frequency for the circular patch antenna of radius R, is
given as [22]

7.2
Fr,(GHz) = ————— 1
1 (GHz) (l+r+g) xk M
where [ = 2R, and r = % represent the length and effec-

tive radius of an equivalent cylindrical monopole antenna, re-
spectively, and g is the gap between ground and circular patch
with factor £ = 1.15 approximately. All the lengths are in cm.
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Therefore for I, = 2.8 GHz, the suitable radius for circular
patch is selected, R, = 10.2mm. As depicted in Fig. 2(a),
the angle a is pi/16 and as R, = R; + R, approximately
Rl = 8.5mm and R, = 1.7mm. There are 16 petals in the
proposed antenna as depicted in Fig. 2(a). The concentration of
the current distribution is on the petal edges more than that on
the center of the patch. Therefore, any technique that increases
the perimeter will result in a decrease in the lowest resonance
frequency. The first resonance frequency (F',) is inversely pro-
portional to the circumference of the patch [23]

er+1
2

Eeff =

then
300
p \/Eeﬁ’

The perimeter unit in this formula is millimeter, and €. is the
effective permittivity. If possible, it would be desirable to in-
crease the circumference of the radiating patch without modify-
ing its outer diameter. A modified version of a conventional cir-
cular patch is a flower-shaped patch. This structure can be con-
structed with different numbers of petals. As shown in Fig. 2(a),

F1,(GHz) ~ )
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FIGURE 3. The simulated S-parameter for some values of (a) L1 and (b) D, in the proposed antenna.

the petal has two radii, I, edge’s radius and 2 main radius.
The outer diameter is assumed to be constant ([2; + 1, = cons).
If P and F, are the overall perimeters for flower-shaped and
circular patches, respectively, the perimeter ratio is calculated
by:

tana

Pf - n
n l1+tana

P. 2

5 ) a:%; where (n = 8,16,...)  (3)

The perimeter of this design with 16 petals increases by about
30% compared to a circular patch with the same outer diameter.
With Equation (3), there is a greater than twofold increase in
the perimeter of the flower-shaped antenna relative to a circle-
shaped antenna of the same radius for a flower with 16 petals
as compared to a flower with 8 petals. However, for a larger
number of petals, there is no significant increase. Therefore,
16 petals were selected. According to Equation (4), when the
perimeter of the antenna is increased, the first resonance fre-
quency is reduced, and the current length path is increased,
thereby improving the antenna’s impedance bandwidth by pro-
ducing higher modes [24]. As shown in Fig. 2(b), the first fre-
quency decreases by approximately 20%. As a result of this
method, the current distribution at the antenna edge increases,
resulting in an increase in gain. A comparison of simulated
voltage standing wave ratio (VSWR) values for circular patch
and flower-shaped patch antennas at different frequencies is
shown in Fig. 2(b).

As shown in Fig. 1, the antenna dimensions have been op-
timized by CST Microwave Studio. The final antenna de-
sign parameters are: Wr = 25mm, Ly = 35mm, Wy
1.8mm, Ly = 14.6mm, Wp; = 2.1mm, Lp; = 1mm,
Ws = 84mm, L, = 5.1mm, D, = 7.2mm, D, = 3mm,
Ry =85mm, R, =1.7mm, L, = 14.2mm, w, = 0.5 mm.

Therefore, the antenna structure with relevant dimensions is
presented. The antenna is implemented on a cost-effective FR4
substrate with the final optimized dimensions 25 x 35 x 1 mm?®.
There is a partial ground plane backing the proposed flower-
shaped antenna. Providing a partial ground results in a better
frequency response and thus better current distribution. As are-
sult of this improvement in surface current, especially at notch
frequencies, a greater amount of energy is concentrated around
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the slots, preventing radiation at those frequencies. Consider-
ing that the length of the ground plane (L) has a significant
effect on the impedance bandwidth, it is optimized for wide-
band performance. An additional slot was added to the ground
plane to improve impedance matching at frequencies. Antenna
performance, such as gain at higher frequencies, is enhanced by
this slot. The size of the slot was also optimized.

In order to avoid interference with the WLAN frequency
band of 5.15-5.825 GHz, the first notch band with a center fre-
quency of 5.4 GHz is chosen. A U-shaped slot was etched from
the radiation patch to create this notch. The slot length is cal-
culated by [25].

c

Li=—"
! 2fnotch \qu‘

“4)

Here, L, = 2L, + Wj is the length of the slot. The slot
length is determined by the center frequency of the notched
band. Fig. 3(a) illustrates the results of S-parameters simula-
tion for some L; values. By increasing the slot length from
17.6 to 20.6 mm, the second notched band moves from 5.15 to
5.825 GHz. A preliminary estimate of the U-slot length for the
notch with the center at 5.4 GHz is 18.6 mm. In the next step
the antenna is simulated and optimized by CST Microwave Stu-
dio. In order to obtain the desired antenna bandwidth with the
necessary notched bands, parametric values such as antenna di-
mensions and slot lengths should be optimized.

On the radiating patch, an elliptical slot is etched to obtain the
second notched frequency. Therefore, the specified frequency
(froten) 1s rejected in X-band satellite communication links.
An elliptical slot with a major diameter of D,,, minor diameter
of D, and width W, is etched out. As shown in Fig. 3(b), the
elliptical slot dimensions are calculated through the following
equations [26].

A c D
e
2 anotch\ﬁeﬁ” ! 2
Ki =31+ Ks) —/(3+ K2) (1 +3K>) Q)
D,
Ky =22
2 Dy
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FIGURE 4. Four different design steps of the antenna (a) Ant. a: Initial UWB flower antenna. Ant. b: UWB flower-shaped antenna structure with
etching out a U-shaped slot from the radiating patch. Ant. c: UWB flowershaped antenna with etching out an elliptical slot from the radiating patch.
Ant. d: final double band-notched antenna with U-shaped and elliptical slots. (b) Comparison of four different simulations of the dual band-notched
antenna (c) Surface current distribution for the proposed antenna in two notch frequencies (I) 5.4 GHz and (1) 8.15 GHz.

Here, P is the inner circumference of the elliptical slot, £, the
effective permittivity, A, /2 the half of the guided wavelength,
K a parameter related to the ellipticity of the slot, and K, the
ratio of the major to minor diameter of the elliptical slot. The
second resonance at 8.15 GHz (falling in the center of (7.9—
8.4 GHz)) is achieved by choosing D, = 3 and W, = 0.5.
Based on these results, we analytically obtain K; = 3.6 and
K5 = 2.4. Adjusting the frequency of the notch is achieved by
changing the length of the slot. Consequently, when the inner
circumference of the elliptical slot changes, the frequency of the
notch band also changes. As shown in Fig. 3(b), this slot gen-
erates various notched frequencies for different lengths of D,.
This notched band is centered at 8.15 GHz for D, = 7.2 mm.
Due to this, the slot length and therefore the major diameter
of the elliptical slot are determined primarily by the preferred
center frequency of the notched band. In addition, a varactor
diode’s capacitance is a fine-tune parameter that contributes to
frequency sweeping. The required capacitance determines the
range of bias voltages. In CST Microwave Studio, these pa-
rameters are used to simulate and optimize the antenna.

Figure 4(a) illustrates the four steps in the antenna design
and the corresponding variations in the S-parameters of these
designs with respect to frequency. As shown in Fig. 4(a), Ant.
a illustrates the initial flower-shaped antenna. In order to create
the first notched band, a U-shaped slot is etched out as shown on
the Ant. b in Fig. 4(a). As a next step, the elliptical slot must be
etched out to provide the second notched band (Ant. c). Lastly,
both notched bands are obtained as shown on Ant. d. These
four step designs are simulated. The variation of S-parameters
for these steps is depicted in Fig. 4(b).
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In addition, the surface current distribution is presented in
Fig. 4(c). Additionally, current distributions of two band
notched are also simulated in order to analyze how the band
notched mechanism actually works. Observations indicate that
current distributions are significant in U-shaped and elliptical
slots at notched frequencies. Due to the concentration of energy
around slot structures, radiation does not occur at those frequen-
cies. As aresult, the band-notched characteristics are achieved.
In the lower notch frequency (5.4 GHz), the current concentra-
tion is at the edges of the U-shaped slot. At this frequency,
almost no current is available at the edges of the elliptical slot.
A significant surface current is present around the elliptical slot
in the second notched band. As a conclusion, looking at Fig. 4,
the responsible notched element in the frequency bandwidth is
determined.

A varactor diode, SMV1231 [27], is inserted in the elliptical
slot to provide tunability around this frequency. The varactor
diode is reverse biased using a DC power supply, as it is impor-
tant to tune the bias voltages using continuous voltage values.
Anradio frequency (RF) choke is used in this structure to block
higher frequencies while passing DC. Consequently, the radia-
tion patch and bias circuit interaction is constrained. The part
number of the RF choke is LQ15SAN2N9B00 from Murata Co.
[28]. The chokes have some limitations such as self-resonance
frequency (SRF) that might affect the upper-frequency band-
width in S-parameter measurements. The integration of varac-
tor diode with the bias circuit is shown in Fig. 5(a). In order to
minimize the effect of substrate losses due to SMD components,
the width and length of the microstrip lines in biasing circuits
is optimized using CST Microwave Studio. As illustrated in
Fig. 3(b), the varactor diode equivalent circuit consists of pack-
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FIGURE 5. (a) The integration of the varactor diode with bias circuit. (b) The approximate equivalent circuit of the varactor diode SMV1231 with

bias circuit.

age inductance (L, = 0.7nH), series resistance (Rs = 2.5(2),
package capacitance (C}, = 0.44 pF), and junction capacitance
(Cj0). Junction capacitance may be tuned from 0.487 pF to
2.35 pF by changing the reverse voltage from 12V to 0V [24].
In simulation results with this voltage change, the second notch
frequency moves from 7.3 GHz to 8.7 GHz. Fig. 5 illustrates
the bias circuit with the varactor diode and its equivalent cir-
cuit. As shown in Fig. 5(b) and Equation (4), the slot length
and the capacitance range of the varactor diode are the signif-
icant factors that determine the center frequency of the second
notch. Also as depicted in Fig. 5(a), the other parameters that
may affect the second notch are the width of elliptical slot (W,)
and substrate thickness which influences Cy1, Cyo, and L,,.

3. NOTCH BEHAVIOR OF PROPOSED UWB ANTENNA
VERIFIED BY CHARACTERISTIC MODE ANALYSIS
(CMA)

Finding the fundamental modes that contribute to the antenna’s
radiation and formation of notched bands is significant. Char-
acteristic Mode Analysis (CMA) helps to understand the res-
onance behavior of the antenna. As a result of an incoming
electromagnetic field, the total current flowing through a radi-
ating structure is described as the weighted sum of transverse
eigencurrents (J,).

(6)

M
J = Zﬁan

n=m

In this equation, /3,, represents the modal weight coefficients
that calculate the impact of each eigencurrent on the overall
current. The total radiated electric field is generated by the to-
tal current because each eigencurrent generates its own elec-
tric field. An important metric of the CMA is modal signifi-
cance (MS), which determines each mode’s maximum normal-
ized current strength.

1

MS=|——
=1

| (7

In this case, A\, is the eigenvalue of the th mode and is related
to the eigencurrents using a modal matrix ([ Z]), as follows:

[Z] = [R] + j[X]

[(X]Jn = A\ [R]J, ®
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In this equation, R and X represent the real and imaginary
parts of impedance Z, respectively. The characteristic angle
(av,) is used to describe the phase difference between the elec-
tric field and surface current.

an = 180 —tan"1(\,) )

Based on characteristic mode analysis theory, the dual band
notched characteristics of the proposed radiator are examined
with regard to the modal significance and characteristic angle
[29,30]. By solving the generalized eigenvalue problem, char-
acteristic modes are obtained. It is considered a good radiator
when the modal significance value is greater than 0.7 [26]. In
Fig. 7, the modal curves at various frequencies with 10 modes
are displayed as the Modal Significance (MS) and Characteris-
tic Angle (CA) responses of the radiator. A second parameter
that describes the antenna’s radiating performance is Charac-
teristics Angle (CA) that is illustrated in Fig. 7(b). Also, angle
values near 180° indicate a good radiating performance for the
antenna. The frequencies in which their MS values are more
than 0.7 and the CA near 180° are modal bandwidth [30]. Ac-
cording to Fig. 7(a), Modes 12 and 45 have MS values above
0.7 and CA near 180, which identifies them as resonant modes.
To address the influence of the of the modes on the radiation
pattern, surface current distribution of two modes of the an-
tenna at frequencies of 5.3 GHz and 8.15 GHz is presented in
Fig. 6(c). Each mode has a unique surface current distribution.
Modification of the antenna structure and feed placement to se-
lectively excite the desired modes illustrates how CMA guides
design optimization. Therefore, through Characteristic Mode
Analysis, the antenna’s performance is verified. As a conse-
quence of the CMA, occurrences of the notches in an antenna’s
frequency response can sometimes be attributed to rapid varia-
tions in the modal parameters such as MS and CA. The absence
of such rapid changes, however, does not exclude the possibil-
ity of notch formation. In this case, notch formation can still
occur due to other factors. An example of this may be when two
or more modes with similar MS values, but with different CA
values, can cause a notch in a radiation pattern or impedance
response. Consequently, it may be beneficial to consider the
antenna surface current and characteristic mode analysis simul-
taneously.
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FIGURE 6. Characteristic mode analysis of the proposed antenna. (a) Modal Significance and (b) Characteristic angle (c) Antenna surface currents

in modes 1 and 4.

4. RESULTS AND DISCUSSION

It is particularly challenging to design conventional antennas
with a wide frequency range and a variety of new functions,
such as tunable notches. Tuning of the second notch band is
accomplished by changing bias voltages, which alters varac-
tor diode capacitance (Cjo). Changing the bias voltage from
0V to 12V would result in moving the frequency of the sec-
ond notch from 7.3 GHz to 8.7 GHz for simulation results. This
frequency range is 7 GHz to 8.4 GHz for measurement results.
Figs. 7(a) and (b) illustrate a final comparison between sim-
ulation and measurement results for S parameters. The sim-
ulations typically assume perfect conditions, such as lossless
materials, ideal connectors, and precise manufacturing toler-
ances, which are rarely achieved in reality. Due to measure-
ment considerations such as bias circuit effects, including the
SRF of the RF chokes, the impedance bandwidth in higher
frequencies is limited. Additionally, there is also a little fre-
quency shift caused by parasitic effects, model inaccuracies,
and limitations in measurement setups. In the final measure-
ment, the impedance bandwidth is 2.8 GHz to 13.2 GHz, with
notch bands at 5.4 GHz and 7.9 GHz to 8.4 GHz. The realized
gain of the antenna is simulated and measured at specific re-
verse bias voltages. In the UWB frequency range, gain is about
2 dBi but drops significantly at both the notch frequencies. Ex-
cept for the notched frequency bands, the proposed design has
an antenna efficiency ranging from 70% to 80%. The radia-
tion pattern is another significant performance item. Inside an
anechoic antenna chamber, radiation patterns are measured for
two frequencies in both the E-plane and H-planem and the re-
sults of simulations and measurements of 2-D radiation patterns
at 4 GHz and 9 GHz are presented in Figs. 7(c). A little vari-
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ation about less than 1 dB in real pattern measurement is seen
which can be eliminated using the smoothing mode in the net-
work analyzer. Both frequencies exhibit bidirectional radiation
patterns, whereas the H-plane radiation pattern exhibits omni-
directional behavior.

This paper presents a flower-shaped UWB monopole an-
tenna. The frequency range can be tuned to other frequencies
with changing the number of petals and consequently, the cir-
cumference of the antenna. Modifying the circumference of the
patch reduces the lowest resonance frequency. The proper par-
tial ground plane also improves the impedance bandwidth. For
creating notch characteristic, U-shaped and elliptical slots are
etched out from the radiating patch. The slot lengths and the ca-
pacitance range of the varactor diode are the tuning factors for
changing the notched band frequency. The final dimension was
optimized using CST Microwave Studio. Finally, a simple and
compact antenna with a suitable gain and an omnidirectional
pattern is proposed.

5. COMPARISON

Table 1 illustrates a comparison of the fabricated dual notched
band UWB antenna with previous similar antennas. The pro-
posed antenna has a simple structure, a wide tuning range for
the second notch band, and an appropriate gain. The problem
with the fixed band-notch solution is that it is permanent, and
they cannot be dynamically adjusted. The first notch frequency
is fixed in WLAN frequency band, and the second is tunable
in X-band satellite communication. The proposed antenna has
both tunable and fixed notched band configurations, each of
which offers advantages in terms of dynamic adjustment and
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FIGURE 7. S-parameters of the designed dual notch band UWB antenna for several bias voltages Vgiqs. (a) Simulated results. (b) Measured results.
(c) Simulations and measurements of the 2-D radiation patterns for two frequencies, 4 GHz and 9 GHz.

TABLE 1. Comparison between some notched-band UWB antennas.

Refs., Year Size (mm®) BW (GHz) Notch Characteristics Tunability
[7],2014 50 x 50 x 1.6 3.1-10.6 Single No
[9], 2017 42 x 50 x 1.5 3.1-10.6 Dual Yes
[16], 2021 30 x 36 x 0.7 2.6-14 Dual Yes
[17],2016 27 x 34 x 0.8 3-11 Dual Yes
[26],2018 34 x 36 x1 3.1-11 Tri. Yes
[31],2020 27.1 x38.7x1.6 3.17-11.6 Dual Yes
[32],2018 25 x 30 x 1.6 2.4-12.8 Dual No
[33],2021 30 x 35 x 0.8 3.1-10.6 Dual No
[18],2023 38 x 59.5 x 1.52 3.1-11 Dual Yes
[34], 2023 30 x 50 x 1.6 2.5-15 Dual No
[35], 2024 38 x 30 x 1.524 2.9-14 Single No
This work 25 x 35 x 1 2.8-13.2 Dual Yes
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simplicity. Due to Table 1, the size of proposed antenna in com-
parison with previous papers with similar functionality is small.
Although it is true that the existing references primarily focus
on presenting a new antenna, this research has made a number
of design innovations, including a compact size, the use of var-
actor diodes to tune notch bands, and the main objective of the
paper is to verify the antenna using the CMA method.

6. CONCLUSION

This paper presents a dual-notched-band UWB antenna. In
UWB antenna, some interfering bands cause communication
distortion. To prevent the interference between WLAN (5.15—
5.85GHz) and X-band satellite communication links (7.9—
8.4 GHz), dual-notch frequencies were achieved using two dif-
ferent slots on the radiating patch. The valuable characteris-
tic of this paper is the use of a varactor diode in the ellipti-
cal slot to obtain tunable frequencies for the second notched
band. For simulation and measurement, the impedance band-
width is between 2.8 and 13.2 GHz except for notched-bands.
On the basis of relevant equations, the antenna has been de-
signed and simulated using CST Microwave Studio. A low-
cost FR4 substrate is used for the antenna fabrication. FR4’s
lossy nature reduces suppression effect at notched frequencies.
The results of the measurements, such as variations in reflec-
tion coefficients and far-field results, indicate good impedance
matching, almost 2 dB gain, and a nearly omnidirectional pat-
tern. A comparison of the gain difference between the pass-
band and trap band shows a significant drop about 8 dB at the
two notched frequencies. An ultra-wideband antenna design is
proposed, which has been verified by CMA. This antenna is a
dual-band-notched planar antenna with tunable characteristic.
The antenna’s performance was examined using the Character-
istic Mode Analysis. The proposed antenna will be useful in a
wide variety of modern UWB wireless systems.
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