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Within the frequency band designated by the FCC for UWB systems, there are other frequency bands that are also
designated for use for other technologies like WLAN (5.15 - 5.35 GHz) and WiMAX (3.3-3.7 GHz). These systems
can cause interference with UWB systems when operated at the same time. Therefore, an antenna operating in the
UWB spectrum needs to have band-notch capabilities in order to mitigate interference resulting from nearby
communication systems operating within the UWB frequency band. In this paper, the notched bands are achieved
by using vertical stubs protruded from a microstrip feedline. The antenna is etched on a 25 x 30 mm? substrate.
Two antenna structures are presented; one is designed to notch an intended narrowband from 3.3 — 3.6 GHz and
the second is designed to include an additional band notch from 5.15 — 6 GHz. The simulations and measurements
show that the proposed antennas achieve an ultra-wide bandwidth of 3-10.6 GHz with successful single and dual
band-notches, good gain and good group delay rejection in the notch bands. Stable radiation patterns with low
cross polarization are also realized across the operating bandwidth. A detailed analysis of how the filtering is also
achieved using circuit theory is presented in this work as well.

1. Introduction

Ultrawideband (UWB) systems uses high frequency radio waves for
short range communications. They have become very attractive for high
data rate transmission due to the advantage it has from spreading of RF
energy over a very wide bandwidth. UWB systems therefore communi-
cate with signals with low power spectral density and have an immunity
against multipath effects as a result [1]. Research into UWB antennas has
resurged in re-cent years due to the availability of low-cost but powerful
computing SoCs and the need for accurate location tracking and ranging
in the emerging technological landscape.

Among the numerous types of UWB antennas proposed, the planar
monopole UWB antenna [2, 3] has gained the most attention due to its
small size, low cost and ease of integration with other circuit compo-
nents. However, there are some challenges in the design of UWB
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antennas, chief among them being interference. In the designated UWB
operating band, several narrowband wireless systems also share parts
of the spectrum and these include Worldwide Interoperability for Mi-
crowave Access (WiMAX: 3.3-3.6 GHz) and Wireless Local Area
Network (WLAN: 5.15-5.35 GHz, 5.725-5.825 GHz) [4]. It is therefore
necessary for an UWB antenna to be capable of rejecting the operating
frequencies of these systems natively on the antenna, doing away with
the need for an external band-stop filter in the receiver circuitry in the
process.

Various techniques have been proposed in the UWB antenna to ach-
ieve band-notched performance. The most common approaches involve
using slots, i.e., U-shape [5], square slot [6], quarter wavelength
open-ended slots on the monopole and ground plane [7, 8, 9], and uti-
lizing parasitic elements near the monopole [10], or near the feedline
[11]. Other techniques involve the use of electromagnetic band gap
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structures (EBGs) [12], defected ground structures (DGS) [13]. Recently,
the split ring resonators SRR have also been introduced to achieved band
notched functionality [14, 15].

In [14], a pair of split ring resonators is coupled to a coplanar
waveguide fed monopole antenna to realize a single band notched
within the UWB band. Even though this technique produced high gain
suppression of -11dB, a required antenna size of 50 x 50 mm? is
required. In [15], a multiband notched antenna is designed by loading
the feedline of the antenna with three split ring resonators of different
dimensions. A good gain suppression of -9.6, -12.7, and -4.3 dBi was
realized at the notched frequencies. However, a large antenna of 50 x
70 mm? was required. Other techniques that employ reconfigurable
antenna [16], and meandered lines [17] have also been proposed. In
[16], a switch is employed inside a radiator of the antenna to achieve
band notched switching by changing the slot length. The measured
radiation patterns suffer from distortions due to the switch and
length-fluctuations of the slot. In [17], four pair of meandered lines is
used to realize multiple band notched properties. A high gain sup-
pression of about 9 dBi is achieved but the antenna suffers from dis-
torted radiation patterns.

Most of the aforementioned techniques have three main problems: (1)
space limitation: such techniques require large gaps to be created per
band-notch which it makes not feasible to use the same technique on the
same antenna to create multiple band notches, and (2) band-notches
created using these techniques have wide notch-widths, some
exceeding a bandwidth of 2 GHz rejecting some useable frequencies in
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the process. More importantly, (3) the filtering mechanism in terms of
circuit analysis is not usually discussed. If there are, the circuits are
drawn with little to no comprehensible explanation.

In this paper, a technique is proposed to realize a dual-band notched
antenna that solves all the aforementioned problems. Additionally, a
detailed explanation is provided on the filtering mechanism and the
methodology can be replicated for other designs. Vertical quarter-
wavelength stub(s) embedded in a closed slot on the feedline is
employed to achieve band notched performances. Two antennas are
proposed here: (1) using a single stub to achieve a narrow band-notch
from 3.3 - 3.6 GHz, and (2) using two stubs in close proximity on a
closed slot on the feedline to achieve dual band-notched properties, i.e.,
one narrow band (3.3-3.6 GHz) and a wider band-notch from (5.15-6
GHz). Compared with other designs, the proposed antennas do not
employ the ground plane or radiator in achieving its multiple band
notches and relatively accurate band-rejections. The proposed technique
also uses very limited space, and achieves dual notch bands using only
the feed line (see Figure 1).

2. Antenna design and implementation

The antennas are both printed on an FR4 substrate with a dielectric
constant of 4.4, a thickness of 1.6 mm, and fed with a 50-Q coaxial cable.
The monopole and feedline are printed on top of the substrate and the
ground plane is printed at the bottom. A slot is created on the feedline at a
considerable distance above the attached SMA connector. In this work,
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Figure 1. Geometry of the proposed (a) single band-notched antenna (b) dual band-notched antenna.
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Figure 2. Simulation of proposed antenna showing (a) current distribution at the stopband and a passband, (b) Photograph of the fabricated prototype of the single

notched band antenna.
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Figure 3. Impedance plot of the single band notched antenna drawn in HFSS
(WiMAX notch in blue showing minimum real and
nary impedances).

circle imagi-

two quarter-wave strips are protruded from the feedline. The circuit
representation is described in detail to provide information on realizing
the stop bands. For a particular band notch, the total length Ly, of the
stub is calculated using the following equations:
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where 1 is the free space wavelength, c is speed of light in free space,
froten is the center notch frequency of the notched band, . is the effective
dielectric constant, ¢, is the dielectric constant of the FR4 substrate, h is
the height of the dielectric and w is the width of the feedline. The
calculated values are used as starting values but are fully optimized in the
simulation software for best results. However, the difference between the
calculated and optimized value is negligible. The calculated value of Ly
for WiMAX was 13mm and the optimized value was 12mm. For WLAN,
the calculated value of 8mm is achieved while an optimized value of
7.8mm is achieved.

3. Single band notch analysis & far field results

The single band-notched antenna is designed to mitigate interfering
bands from the 3.3-3.6 GHz WiMAX band. It employs one vertical stub
that acts as a band stop filter. The current distribution is shown in
Figure 2(a). At the notched frequency, majority of the current is
distributed along the strip and the edges of the feedline as shown in the
figure. At this frequency, the currents on the strip and edges of the
feedline move in opposite directions and therefore cancel each other's
radiation. The radiation is therefore attenuated at that frequency and a
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Figure 4. ADS results showing (a) equivalent RLC circuit at 3.5 GHz notch, (b) impedance of the RLC series filter, and (c) S;; of RLC circuit, and.
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Figure 5. Far-field measurement results: (a) S11, (b) gain, and (c) group delay.
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notch is introduced. The proposed antenna was simulated with Ansys
High Frequency Structure Simulator (HFSS).

The proposed antenna is fabricated as shown in Figure 2(b). The
methodology of circuit representation of the antenna has been shown.
To begin with, the impedance plot of the proposed To begin to
comprehend how to design an equivalent circuit for this design, the
simulated impedance plot of the proposed antenna was plotted in
Ansys High Frequency Structure Simulator (HFSS) in Figure 3. It shows
that the average value of the real component of the input impedance is
around 50 Q at the operating frequencies of the antenna (outside the
filtered band) and the average imaginary component of the input
impedance is 0 Q at the operating frequencies (outside of the filtered
band). It can be noticed that at the filtered band, the real and imagi-
nary components of the impedance are both minimum. According to
circuit theory, this impedance behavior is a characteristic of a series
resonance circuit. Therefore, it is evident that the filter required to
filter out the WiMAX band (3.3-3.6 GHz) has to be a series resonance
circuit.

The next step is to calculate the values of the lumped circuit com-
ponents for this series resonant circuit. Using the formulas in [18], the
values of L and C can be calculated for this notch frequency using the
formulas shown in Egs. (3), (4), and (5). The calculated values of L; and
C; were used as starting points (L; = 38.25nH, C; = 2.13pF) to design
the equivalent circuit. The final optimized values were L; = 28nF, C; =
0.0722pF. Discrepancies between the calculated values and the opti-
mized values for the proposed antenna are noticed. This is because,
other properties of the antenna, i.e., substrate, radiator, and feedline
also affect the notch band, which are not considered in the equations
above. The circuit was designed in Keysight's Advanced Design System
(ADS) and the results are shown in Figure 3. It should be noted that a
resistance, R;, was included in the filter design to simulate the width of
the notch. Hence a small value of R; = 15 Q was chosen to provide the
desired notch width.

Fractional Bandwidth:

Ay =20 37233 1140857 3)
Mo 35
Series L and C:
ZO*L/
L= 1 where L, = 0.3052 4
1 wO*Alwere 1 (€)]
YAN!
G = Zo L wy where C} =1 5)

where Zy = 50Q, where L} = 0.3052 and C; = 1 are the element values as
specified in [12].

The circuit is now drawn using the optimized values of the compo-
nents as shown in Figure 4(c). The series combination of the circuit is
then drawn with the optimized values of the calculated components as
shown in Figure 4(a). The impedance and reflection coefficient of the
circuit are plotted in ADS as well. It can be seen that they match the
desired results of the HFSS design shown in Figures 3 and 5(a), respec-
tively. This therefore confirms that our circuit design is accurate and
reflects the results realized in HFSS.

The measured reflection coefficients, gain and group delay are plotted
in Figures 5(a), 5(b) and 5(c) respectively. The S;; is measured with an
Agilent E8363C Performance Network Analyzer and the far field
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Figure 7. Simulated impedance plot of the dual band notched antenna drawn in
HFSS (WLAN notch in blue circle showing maximum real and imagi-
nary impedances).

measurements are done with a Pyramidal Anechoic Chamber measure-
ment system. It can be noticed that an ultra-wideband impedance
bandwidth is achieved from 3 — 10.6 GHz (S;; < —10 dB) with a band
notch at 3.3-3.65 GHz. This shows that the proposed technique can be
used to accurately reject a narrow frequency band. Simulated and
measured results also agree well. Slight discrepancies may be due to the
attached SMA and fabrication imperfections. The measured and simu-
lated peak gain also shows that an average peak gain of 2 dBi is achieved
within the UWB band with a gain suppression of about 7 dBi at the notch
band. The group delay also shows a constant delay between 0.5 — 1 ns
within the desired UWB band but with a large delay at the notched band,
as expected.

4. Dual band notch analysis & far field results

Next, the second filtered band is introduced which is the WLAN
band from 5.15 — 6 GHz. The current distribution of the antenna with

i

passband
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Figure 6. Simulation of proposed antenna showing (a) current distribution at the stopband and a passband, (b) Photograph of the fabricated prototype of the dual

dual band notches is shown in Figure 6. At the notched frequency,
majority of the current is distributed along the strip and the edges of
the feedline as shown in figure 6(a) and (b) at both frequencies. At
these frequencies, the currents on the strip and edges of the feedline
move in opposite directions and therefore cancel each other's radia-
tion. The radiation is therefore attenuated at those frequencies and the
band notches are introduced. This is achieved when the strip inside
the slot is designed according to Eqgs. (1) and (2). At the passbands
however, no such phenomenon is realized. A uniform distribution is
seen.

The input impedance plot in Figure 7 shows that the average values of
the real and imaginary components of the input impedance are both
maximum at the filtered frequency. Based on circuit theory, this is a
characteristic of a parallel resonant circuit. The values of Ly and C; are
calculated using Egs. (6), (7) and (8) below.

Fractional bandwidth:

Wy — W1 6.1 —5.15
= = =0.1
2 o 5625 0.1688889 (6)
Series L and C:
Na2*Zy
L,=
2= 0" T @
C/
Cp=——2 8
2T Zorwor s ®

where Z; = 50Q, and C}, = 1 is element value as specified in [18].

The design is implemented in ADS and values are optimized for best
results. To find the starting values, Egs. (6), (7) and (8) are used and the
calculated values of L, and C, are found as 0.239nH and 3.33pF. The
values are then optimized for our proposed design and the final values
are given as Ly = 0.148nH and C, = 5.70pF. Again, a resistance, Ry, was
included in the filter design to adjust the width of the notch. Hence, a
value of Ry = 500 Q was chosen to provide the best notch width.
Figure 8(a) shows the complete circuit representation that shows the
WLAN and WiMAX filters, representing the band-notched techniques
implemented on the antenna.

The impedance and reflection coefficient of the circuit are plotted in
ADS. It can be seen from Figure 8 that they match the desired results of
the HFSS design shown in Figure 7 and Figure 9(a), respectively. This
therefore confirms that our circuit design is accurate and reflects the
results realized in HFSS.
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Figure 8. ADS results showing (a) equivalent circuit of proposed dual-notched antenna (b) impedance, and (c) S;;.

The measured results are shown in Figure 9. Satisfactory agree-
ment is achieved between the simulations and measurements at the
two notch frequencies. Figure 9(a) shows that at the lower band
WiMAX band, the notch for the simulated result occurs between 3.25 -
3.6 GHz while the measured results occurs between 3.25 - 3.8 GHz. At
the high frequency band, a perfect match between the simulated and
measured results is achieved from 5.15 - 6.1 GHz, showing accuracy
in the proposed technique. It can be noticed that there is a slight shift
in the lower frequency notch in the proposed dual notch antenna
compared to the single notched antenna. This is possibly due to the
proximity of the second strip to the first strip which may introduce
some coupling. Nonetheless, the difference is not significant. There is
also some discrepancy between the measured and simulated results
around 8-9 GHz. This can be attributed to the attached SMA
connector. Due to the small size of the ground plane of the antenna,
the antenna's radiating performance which is dependent on the
ground plane could be affected when the SMA is attached [19, 20, 21].
The simulated and measured gain of the proposed dual notch antenna
is shown in Figure 9 (b). It shows 7 dBi gain suppression at the lower
notch band and 5 dBi gain suppression at the higher notch band. The
group delay is plotted in Figure 9(c). Group delay is critical in UWB
antennas as it represents the degree of distortion in the pulse signal

from the transmitter to the receiver. For good pulse transmission, the
group delay should be almost constant (between 0 — 1 ns). As noticed,
the group delay ripple is less than 1ns across the entire bandwidth
except at the notched bands where they depict significant delays of
-4ns and -5ns in the WiMAX and WLAN bands, respectively. This
shows that the proposed antenna is suitable for UWB transmission and
also confirms the effectiveness of the proposed technique in filtering
these unwanted bands. The efficiency of the antenna with and without
the band-notched technique is plotted in Figure 9(d). It shows that the
efficiency drops tremendously at the notched frequencies. This is in
agreement with the gain and group delay plots in Figures 9 (b) and
(c).

The proposed antenna is printed on the xoy— plane. Therefore, the E-
plane (xoy, & = -90°) and H-plane (yoz, ¢ = 90°) radiation patterns are
plotted at 3.1 GHz, 6.2 GHz, and 8.5 GHz. As shown in Figure 9(e), it can
be noticed that the E-plane radiation patterns depict a quasi-
omnidirectional radiation pattern and the H-plane depicts an omnidi-
rectional radiation pattern, with low cross-polarization.

The 3D polar plots are shown in Figure 10. It shows that at the
passbands, an appreciable gain is realized as expected. But at the
notched bands, the gain greatly depreciates. A gain of 4.6 dBi and 6.8
dBi are realized at the chosen passbands while gains of -3.5 dBi and
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-3.8 dBi are achieved at the notched bands, at 3.5 GHz and 5.5 GHz,
respectively.

5. Conclusion

A technique of using vertical stubs protruding from the feedline to
achieve single and dual band-notches in a UWB antenna is proposed. The
simulated and the experimental results show that the proposed technique
solves the problems associated with band-notch modules; 1) space
reduction of the proposed technique and 2) accurate narrow band
rejection. More importantly, (3) a step by step approach on circuit
analysis has been presented. The methodology can be replicated for
single band and multiple bands as demonstrated. Also, it can be repli-
cated to explain other band notched antenna designs. This solves the
third problem: lack of detailed and replicable understanding the filtering
technique, which is lacking in similar works.
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