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Abstract—A novel tapered slot antenna (TSA) with 3.5/5.5 GHz
dual band-notched characteristics for ultra-wideband (UWB) radios
is proposed in this paper. To realize dual band-notched characteristics
at the TSA, we employ (a) a pair of nested C-shaped stubs beside the
feed line and (b) a broadband microstrip-to-slot-line transition with
an Archimedean spiral-shaped slot. The proposed antenna has been
successfully simulated, implemented, and measured. An equivalent
circuit model of the proposed antenna is also presented to discuss
the mechanism of the dual band-notched TSA. The measured data
for the optimized case show the bandwidth for the VSWR < 2 to
be 9.2GHz (from 2.4 to 11.6 GHz) with two notched bands of 3.1-
4.0 GHz (WiMAX band) and 5.1-6.2 GHz (WLAN band), respectively.
The measured electrical parameters of the proposed antenna and
its radiation patterns show excellent performance with good pulse
handling capabilities.  Also, the 3.5/5.5 GHz dual band-notched
characteristics are achieved without increasing the size of the single
band-notched TSA reported previously.

1. INTRODUCTION

Ultra-wideband (UWB) technology has received great attention in the
field of wireless communication due to its merits, such as a high data
rate, small emission power, and low cost for short range access and
remote sensing applications. In UWB radio systems, the UWB antenna
is a key component. Researchers have investigated various types of
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UWB antennas. Among them, the tapered slot antenna (TSA) [1-6]
is a promising candidate as it offers a wide operational bandwidth and
planar size that has the advantage of being integrated easily with RF
circuits.

The frequency range for UWB systems between 3.1-10.6 GHz
causes interference to existing wireless communication systems, such
as the world interoperability for microwave access (WiMAX) for IEEE
802.16 operating in the 3.3-3.7 GHz band and wireless local area
networks (WLANSs) for IEEE 802.11a operating in the 5.15-5.825 GHz
band. To mitigate any interference between these coexisting systems, a
UWRB antenna is needed that has intrinsic filtering properties at their
frequencies. To minimize (a) the footprint of the antenna system,
(b) the computational complexity of the signal processing, and (c) the
cost, it is highly desirable for those filters to be handled intrinsically
rather than through any additional external band-stop filter devices.
Many designs have been presented in the literature concerning the
UWB antenna with band-notched characteristics. Those designs use
various types of addition (i.e., slots, slits, and parasitic elements)
in the radiator, the ground plane, or even in the feeder to achieve
the required band-notched characteristics with limited impact on the
required passband [7-16].

Recently, several band-notched TSAs have been studied and
discussed [17-20]. In general, the band-notched function can be
achieved by attaching a parasitic strip [17,18] and embedding a
couple of slits/slots on the radiator or the microstrip feed line of the
antenna [19,20]. However, all the TSAs mentioned above have only
one notched band. Although an elliptical TSA having dual band-
notched characteristics for the lower and upper WLAN bands was
presented in [21], there still is the potential interference between UWB
and WiMAX systems. In this work, a novel TSA with 3.5/5.5 GHz
dual band-notched characteristics is proposed for UWB radios. By
attaching a pair of nested C-shaped stubs beside the feed line, a
single band-notched TSA is first designed. To achieve dual band-
notched characteristics in the TSA, a broadband microstrip-to-slot-line
transition with an Archimedean spiral-shaped slot is used together with
the pair of nested C-shaped stubs. By adjusting the dimensions of the
C-shaped stubs properly, a frequency notch at 3.5 GHz can be obtained.
Also, by choosing the length of the Archimedean spiral-shaped slot to
be about half-wavelength of the notch at 5.5 GHz, the other notched
band can be achieved. Another key point of the proposed TSA is that
we can tune one notch frequency with little effect on the other because
the coupling between the two resonance structures is weak.

The proposed antenna avoids spatial-dependent band-stop
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characteristics by introducing a resonance stub and slot on the non-
radiating part of the antenna. Besides spatial-independent band-stop
characteristics, the 3.5/5.5 GHz dual band-notched characteristics are
achieved without increasing the size of the single band-notched TSAs
reported previously [22].

In this paper, numerical and experimental results on the frequency
notched characteristic, radiation pattern, time-domain performance,
gain, and current (field) distribution of the proposed antenna are
presented and discussed. Finally, an equivalent circuit model of the
proposed dual band-notched TSA is extracted to explain the dual
band-notched characteristics.

2. DUAL BAND-NOTCHED TSA DESIGN AND
RESULTS

2.1. Antenna Configurations

Figure 1 shows the configuration of the dual band-notched TSA.
The proposed slot antenna is fabricated on a low cost FR4 substrate
with thickness h = 0.8 mm and relative permittivity e, = 4.4. The
dimensions of the antenna are about 50 mm X 50 mm x 0.8 mm. The
width of the microstrip feed line L,, is fixed at 1.46 mm to achieve
50-Q2 characteristic impedance. The basic antenna structure consists
of a feed line, a microstrip-to-slot-line transition, and a radiating
slot. As shown in Figure 1, the microstrip-to-slot-line transition
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Figure 1. Geometry of the proposed TSA.
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is connected to the feed line and the radiating slot, respectively.
The microstrip-to-slot-line transition offers a frequency-independent
transition characteristic of electromagnetic fields from the microstrip
line to the slot-line and vice versa [23]. The exponent slot flare of the
radiating slot is determined by using the design method of [1].

Next, to cutoff the 3.3-3.7 GHz band limited by the WiMAX
system, a pair of nested C-shaped stubs is placed beside the feed
line. By placing the stubs close to the feed line, this resonator is
strongly coupled to it. It captures and stores all of the input energy
at its resonance frequency; thus, it creates a single band-notched
frequency filter. In addition to WiMAX systems, WLAN systems
(5.15-5.825 GHz) may also cause interference with UWB systems. To
achieve dual band-notched characteristics, a broadband microstrip-
to-slot-line transition, having an Archimedean spiral-shaped slot and
a pair of nested C-shaped stubs beside the feed line, is adopted to
generate notched bands with central frequencies of 5.5 and 3.5 GHz,
respectively. Note that, with this design, there is no need to change the
dimensions of the original TSA. Rather, each resonance of the stub and
slot simply needs to be tuned by adjusting their dimensions to achieve
the desired band-notched function. Moreover, these electrically small
resonators have a minimal impact on other frequencies [24].

The notched frequency, given the dimensions of the band-notched
feature, can be postulated as

Cc

(1)

where Ly 2 is the total length of the nested C-shaped stubs and
the Archimedean spiral-shaped slot, respectively, .z the effective
dielectric constant, and c¢ the speed of the light. We can take (1)
into account in obtaining the total length of the stub and slot at the

fnotch = )
2le,2 Eeff

(b)

Figure 2. Photograph of fabricated TSAs: (a) proposed TSA and
(b) reference TSA.
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very beginning of the design and then adjust the geometry for the final
design. The prototype photo of the dual band-notched TSA is shown in
Figure 2. Furthermore, an un-notched reference antenna without the
stub and slot is also designed, fabricated, and measured for comparison.
The optimal antenna geometric parameters are summarized in Table 1.

Table 1. Optimal parameters of the proposed TSA.

Parameter | Value [mm] | Parameter | Value [mm)]

Wy 25.2 Dy, 4.8
Wo 12.4 Dy 4

Iy 8.5 W 0.16
Lo 41.5 W3 9.6
Wi, 25.11 Wy 3.2
Ly, 1.46 Ls 6.2
Ly 8.22 Ls 5.7
L, 0.3 L. 1.2
Wh 3 W5 0.3
We 0.5 Wr 0.25
Lg 25.7 Lo 14.9

2.2. Results and Discussions

The VSWR performance of the fabricated prototype was measured
with an Agilent N5242A vector network analyzer. The simulated
and measured VSWR values versus frequency for the dual band-
notched TSA and a reference antenna are compared in Figure 3. The
designed antenna has an impedance bandwidth of 2.4-11.6 GHz for
a VSWR less than 2, except the frequency notched bands of 3.1-4.0
and 5.1-6.2 GHz. Obviously, this measured frequency range covers
the commercial UWB band (3.1-10.6 GHz) and rejects the bands of
3.3-3.7 and 5.15-5.825 GHz to overcome electromagnetic interference
(EMI) problems between UWB and WiMAX/WLAN systems. There
is a discrepancy between the measured data and the simulated results,
which were obtained using a time-domain finite integration technique
(CST Microwave Studio). This may be caused by a fabrication
error and the SMA connector. It is also evident that at higher
frequencies there is more sensitivity to fluctuation of the substrate’s
relative permittivity. As shown in Figure 3, there is another notch
at the second-order resonance frequency of the spiral slot around
11.8 GHz [25, 26].
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Figure 4 plots the measured gain in the end-fire direction (+x)
against frequency for the band-notched antenna, compared with that
of the reference antenna alone (i.e., without the stub and slot). As
desired, two sharp gains decrease in the vicinity of 3.5 and 5.5 GHz.
However, for other frequencies outside the rejected bands, the antenna
gain is similar to the corresponding value of the reference antenna. This
confirms that the proposed antenna provides a high level of rejection
to signals within the notched bands without sacrificing pass band
performance.

The normalized simulated and measured far-field radiation
patterns of the proposed antenna in the E-plane (zy-plane) and H-
plane (zz-plane) for Co- and X-polarization at frequencies of 3.1, 7.0,
and 9.0 GHz are plotted in Figure 5, respectively. As shown in the
figure, a reasonable agreement between the measured and simulated
Co-polarization is observed across the whole frequency band, and the
antenna features end-fire properties. The radiation patterns remain
relatively stable over the operating frequency range. Furthermore, the
cross-polarization level is less than —20dB in the end-fire direction
across the whole frequency band.

Figure 6 shows the simulated current distributions of our proposed
antenna at frequencies of 3.1, 3.5, 5.5, and 9.0 GHz for the optimal
design. The large current distribution is indicated in red and the small
one is indicated in green. The current distribution is relatively constant
at 3.1 and 9.0 GHz. It may be concluded that the patterns at these
two frequencies will be very similar to each other, as conventional
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(d)

Figure 6. Simulated current distributions of the proposed TSA:
(a) f =3.1GHz, (b) f =3.5GHz, and (¢) f =5.5GHz, f = 9.0 GHz.

TSAs behave. However, as shown in Figures 6(b) and (c), the
current distributions around the pair of nested C-shaped stubs and
the Archimedean spiral-shaped slot increase significantly at 3.5 and
5.5 GHz, which implies that the stubs and slot resonate near 3.5 and
5.5 GHz, respectively. In these structures at the notch frequency, the
current flows are oppositely directed between the interior and exterior
edges. Therefore, the resultant radiation fields cancel out, and high
attenuation near the notch frequency is produced.

The other important parameter for the UWB antennas, especially
when used to send/receive pulsed signals, is the time domain response.
For this purpose, two antennas are put at a distance of one meter such
that their tapered slots face each other. For comparison, the proposed
dual band-notched antenna and the reference antenna are connected as
the receive antenna, respectively. The time domain characteristics of
the fabricated prototype were measured with a Tektronix DSA 71254B
oscilloscope. Figure 7 shows the received pulse with small distortions
and ringing effects, which is similar to the second-order differentiated
transmit pulse. The measured results demonstrate that this type of
antenna is well suited for the impulse response.
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Figure 7. Time-domain characteristic of the proposed TSA:
(a) measured transmit pulse and (b) measured received pulse.

2.3. Parametric Studies of Proposed Antenna

Every geometric parameter has different effects on the performance of
the proposed antenna. In this subsection, in relation to the desired
band-notched function, the effects of the spiral-shaped slot and C-
shaped stub parameter on the antenna’s performance are discussed. As
shown in Figure 1, Lg; and Lg mean the length of the nested C-shaped
stubs and the Archimedean spiral-shaped slot, respectively. Figure 8
shows the simulated VSWRs of the proposed antenna for the C-shaped
stub lengths Lg; = 25.7, 26.2, and 26.7 mm with the final design values
of other dimensions. The center frequency of the 3.5 GHz notched band
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Figure 8. Effect of parameter Figure 9. Effect of parameter
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is shifted toward lower frequencies by increasing the stub length L.
Figure 9 shows the simulated VSWRs of the proposed antenna for the
spiral-shaped slot lengths L = 15.5, 14.9, and 14.3 mm. As the length
Lo of the slot decreases from 15.5 to 14.3 mm, the center frequency
of the 5.5 GHz notched band varies from 5.2 to 5.6 GHz. Based on the
above analysis, it is clear that these two notch bands can be tuned and
controlled independently.

3. EQUIVALENT CIRCUIT MODEL OF PROPOSED
ANTENNA

In this section, to discuss the mechanism of the dual band-rejected
filtering properties, an equivalent circuit model of the proposed dual
band-notched UWB antenna is presented. Conceptually, the microstrip
and slot-line are viewed as a transmission line with characteristic
impedance Zy. For simplicity, the radiating element of the UWB
antenna can be represented by a radiation resistance. The microstrip-
to-slot-line transition can be modeled by the 4th-order Marchand balun
circuit [27]. The nested C-shaped stubs and Archimedean spiral-
shaped slot are modeled as a series and shunt stub, respectively.

3.1. Transmission Line Models for Microstrip and Slot-line

In the equivalent circuit model, the microstrip and slot-line can
be simply represented by a transmission line with characteristic
impedance Zjy. Closed-form expressions for the effective dielectric
constant and characteristic impedance of the microstrip and slot-line
are given in [27,28], respectively.

3.2. Equivalent Circuit Model for Proposed Antenna

The equivalent circuit model for the proposed dual band-notched
antenna of Figure 1 is shown in Figure 10. The 4th-order Marchand
balun circuit as a two-port circuit consists of (a) two microstrip lines
with Z1, Z, and an open-ended microstrip reactance X, (b) two
slot-lines with Z3, Z4, and a shorted slot-line impedance R; and X,
(c) turns-ratio of transformer n, (d) series and shunt stubs for the C-
shaped stubs and spiral-shaped slot, and (e) a radiation resistance Zg,;
as a load.

Using the ABC D transmission parameters, the overall Tp matrix
of the balun as a two-port circuit can be obtained by the following
expression:

Tp=T Ty -T, - T3 Ty, (2)
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The impedance Z&" and admittance Y3" for the open end and
shorted stubs are expressed as follows:
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Zo + Xy, tan Bols
Z3 + j(Rs + jX,) tan 8343 (4)
(Rs + X )+ jZ3tan B3ls
where (§; and ¢; are the propagation constant and length of each
element at the operating frequency.

Das [29] has derived a simple closed-form expression for turns

ratio n after making a number of approximations in the analysis. This
expression is given as

_ Jo(Bs W1/2) Jo(B1 Wa/2)
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where J,(+) is the zeroth-order Bessel function and

kl = kO\/|E7" - 56]5’4 - 56]‘3’1’7

(6)
ko = kO\/|€eﬁ4 +eeg1 — 1.
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Here, e.71 and €4 are the effective dielectric constants, and W1
and Wy are the widths of the microstrip line and slot-line, respectively.
The overall scattering matrix for the balun which has different two-port
impedance is then readily obtained.

3.3. Equivalent Circuit Model for C-Shaped Stubs

The C-shaped stubs can be represented by the capacitance network
shown in Figure 11. Here, C,, represents the capacitance of the
two microstrip conductors in the absence of the ground conductor,
while Cs1 and Cyo represent the capacitance between the microstrip
conductor and ground, in the absence of the other microstrip
conductor. For microstrip lines, the capacitances per unit length
of line can be obtained numerically or by approximate quasi-static
techniques [27]. The input impedance of the parallel RLC resonator
is calculated as follows:
Zy Zy

R— - ~ 300,
ale (ac + Oéd)le

Ceq = 6.20pF, (7)

1
Leg = Bl 0.34nH,
where R, C¢4, and L, indicate the resistance, capacitor, and inductor
values of the C-shaped stubs, respectively. Here, a. and a4 are the
attenuation factors due to conductor and dielectric loss, respectively.

Cn Cn

Lsa Cs — Cs

1

T 1

Figure 11. C-shaped stubs and their equivalent capacitance network.

3.4. Equivalent Circuit Model for Spiral-shaped Slot

The equivalent circuit for the Archimedean spiral-shaped slot is shown
in Figure 12 [30]. In summary, filtering characteristics of the spiral-
shaped slot can be analyzed using the LC equivalent circuit model.
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When a time varying electric field penetrates the spiral-shaped slot
specifically, a current can be induced along the spiral-shaped slot.
Then, a distributed inductance is generated in proportion to the length
of the spiral-shaped slot, and a mutual inductance is also generated
between the lines of the spiral-shaped slot. Distributed capacitance
between inside and outside lines and fringing capacitances between
lines and ground conductor are generated. These fringing capacitances
are equivalently connected in parallel. Consequently, the equivalent
circuit model of the spiral-shaped slot can be represented as Figure 12.
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Figure 12. Equivalent circuit model of spiral-shaped slot.

Cf D

The circuit parameters of Cg, R, L, and Cy are the distributed
capacitance, resistance of the spiral line, distributed inductance
(mutual inductance is included), and fringing capacitance, respectively.
As can be seen in Figure 12, the equivalent circuit of the spiral-shaped
slot corresponds to the LC equivalent circuit model of a bandstop filter.
The resonance frequency can be estimated as

1
e 0
where Cr is the sum of the distributed capacitance and fringing
capacitance, and L is sum of the distributed inductance and mutual
inductance.

Finally, the comparison between the simulated VSWR of the
proposed TSA by CST and by the equivalent circuit model of Figure 10
is shown in Figure 13. As seen in the figure, the trends of the
curves agree reasonably well over the UWB band, especially in the
dual notched frequency bands. Although distributed models are often
believed to be more accurate than lumped-element models, in this case
both models provide very good accuracy. In conclusion, this model is
suitable for the proposed dual band-notched TSA.

wo =
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Figure 13. Comparison between the simulated VSWR of the proposed
TSA by CST and by the equivalent circuit model.

4. CONCLUSION

A novel dual band-notched UWB TSA was proposed in this paper.
The first notched band, which is intended to prevent any interference
with existing WiMAX systems, is achieved by using a pair of nested
C-shaped stubs beside the feed line. The second notched band, which
is intended to prevent interference with 5 GHz WLAN systems, is
achieved by a broadband microstrip-to-slot-line transition with an
Archimedean spiral-shaped slot. The stubs and slot act independently,
and their addition to the antenna does not change the behavior of the
original T'SA. To discuss the mechanism of the filtering properties, an
equivalent circuit model based on the analysis of resonance phenomena
has been proposed. The circuit accurately approximates the input
impedance of the antenna at all frequencies, and its results are similar
to those of full-wave simulation. Parametric studies of the proposed
antenna with dual band-notched characteristics can provide guidelines
on how to control the band-notched frequencies. The designed antenna
is small and has a simple configuration. In addition, the measured
results demonstrate that the newly proposed configuration is suitable
for the impulse response. From the above results, it may be concluded
that the proposed antenna is a good candidate for various UWB
applications.
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