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Design and Analysis of a Microstrip Planar UWB Bandpass Filter
with Triple Notch Bands for WiMAX, WLAN, and X-Band
Satellite Communication Systems

Abdul Basit! ¥, Muhammad I. Khattak!, and Mu’ath Al-Hasan?

Abstract—This manuscript presents a UWB filter with three notch bands for WiMAX, WLAN, and X-
Band Satellite Communication by introducing inverted E- and T-shape resonators shorted at the center,
designed and fabricated for the use of UWB applications authorized by the US Federal Communications
Commission. First, a UWB filter ranges from 2.8 GHz to 10.6 GHz is designed by employing four \/4
wavelength short-circuited stubs and then couples E- and T-shape resonators on either side of the main
transmission line of the proposed UWB filter to achieve notch bands response centered at the resonance
frequency of 3.3 GHz for WiMAX applications, 5.1 GHz for WLAN wireless applications, and 8.3 GHz
for X-band satellite communication systems, respectively. The proposed filter is able to produce three
individually control stopband frequencies centered at 3.3 GHz, 5.1 GHz, and 8.3 GHz with minimum
attenuation levels of —28 dB, —19dB, and —15dB, respectively. This indicates that the presented filter
can efficiently reject superfluous bands at 3.3 GHz in WiMAX system, 5.1 GHz in WLAN system, and
8.3 GHz in satellite communication systems to improve the performance of the UWB communication
systems. Finally, the proposed filter with circuit area 34 mm x 12mm x 0.762mm is designed and
fabricated. A reasonable agreement can be seen between the simulated and fabricated measurements.

1. INTRODUCTION

The frequency spectrum ranges from 3.1 GHz to 10.6 GHz with a centre frequency of 6.825 GHz, and a
bandwidth of 7.5 GHz is called ultra-wideband (UWB). In 2002, the FCC (US-Federal Communication
Commission), a government organization for frequency bands allocation, authorized the frequency band
for UWB applications for commercial purposes such as tracking, medical imaging and position location,
vehicular radar systems, communication and measurement systems, military defence purposes, etc. [1, 2].
Since then, much research has been going in this field in both industry and academia. Due to their
advantages of low cost, small size, a high data rate of 100 Mbps to 1 Gbps, ease of integration with low
power and high-speed communication devices, and low power consumption, UWB microstrip planar
filters gain much attention [3]. Meanwhile, it is very important to design a UWB BPF (bandpass filter)
with stopbands that suppress the superfluous wireless frequency bands which may affect the FCC UWB
range such as WiFi (2.4 GHz), WiMAX IEEE 802.16 (3.3 GHz to 3.6 GHz), IEEE 802.11a lower bands
(5.15 GHz to 5.35 GHz), and 8 GHz for XSCS (X-band satellite communication systems). Previously
diverse methods have been described to accomplish a UWB filter with stopband characteristics. For
instance, a UWB filter was realized by the authors of [4-10] using SIR (step impedance resonator),
ASIR (asymmetric stepped impedance resonator), MMRs (multimode resonators), and DGS (defected
ground structure). In [4], a filter with wide bandwidth is designed using SIR to control the spurious
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bands, but the proposed method suffers from greatly the circuit complexity and the resonator analysis.
Another state of the art UWB BPF with wide stopband and high selectivity is demonstrated in [5]
using ASIR, but the circuit complexity was a major drawback associated with the design. The authors
of [6] designed a UWB filter based on MMR with good in-band performance, but the larger circuit
dimension and high insertion loss were the major drawbacks associated with the design. A UWB
filter with compact size based on DGS was designed and implemented in [7, 8], but due to the DGS
technique, the signal integrity is destroyed. A filter based on rectangular stubs and split circular rings
was designed by the authors of [9], but the bandwidth of the reported filter was not large enough. A
filter with wide bandwidth is proposed in [10], using the technique of multi-layer structure; however,
the circuit complexity and difficult design procedure were the major drawbacks associated with the
design. UWB filters with low insertion loss have been realized in [11-13], using cascading lowpass
and high pass topology, and the filters based on stub-loaded multimode resonators are implemented
in [14-21]. UWRB filters with stopband characteristic have been studied through various methods such
as SIR [22,23] and MMRs [24], but the reported designs have large circuit dimensions. To overcome
the circuit dimension problem, the authors of [25-28] designed UWB notch filters based on DGS and
DMS (defected microstrip structures) techniques, but it is difficult to attain sharp selectivity and wide
bandwidth. However, it is still a difficult job for microwave researcher to design a UWB bandpass filter
with notch bands having a simple topology and design procedure and good wideband, simultaneously.
The major aim of this research work is to design and fabricate a UWB BPF with a simple
topology that passes the proposed frequency range set by FCC with low insertion loss and rejects
the undesired signals that may interfere in the given range. First, a UWB BPF is designed using four-
quarter wavelength short-circuited stubs which improve the edge steepness of the passband and overall
performance of the filter. Then, E- and T-shaped resonators with centrally loaded short-circuited
stubs are integrated into the initial UWB filter to achieve the dual- and tri-notch bands response
centred at 3.3 GHz, 5.1 GHz, and 8.3 GHz for WiMAX, WLAN, and XSCS applications. To verify the
design concept, the proposed samples are fabricated on a Rogers RO-4350 substrate material having a
dissipation factor § = 0.004, height h = 0.762 mm, and relative permittivity e, = 3.66, respectively.

2. BASIC UWB FILTER AND E-SHAPED RESONATOR ANALYSIS

The basic ultra-wideband circuit configuration without E- and T-shaped resonators together with its
corresponding S-parameter frequency plot is depicted in Fig. 1, while the design method of the dual- and
tri-notch filters is demonstrated in Fig. 2. The proposed UWB filter comprises four quarter wavelength
short-circuited stubs which improve the edge steepness of the passband and overall performance of the
filter. The S-parameter frequency plot shows that the proposed filter has a good passband property in
the given range set by the FCC. The filter also has good fractional bandwidth of 116%, high reflection
loss better than —15dB, and low insertion loss of 0.4dB from 2.8 GHz to 7.9 GHz and 0.8dB from
7.9 GHz to 10.6 GHz, respectively.

Spq, dB

Frequency, GHz

(a) (b)

Figure 1. (a) UWB filter together with its (b) S-parameter frequency plot.
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Figure 2. (a) UWB filter without E and T-shaped structure. (b) Dual stopband filter without T-shaped
resonator. (c¢) Tri notch UWB filter including E- and T-shaped resonators.
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Figure 3. Dual-notch filter configuration.
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Figure 4. The E-shaped model with its equivalent circuit.

Figure 3 illustrates the topology of the proposed dual-notch UWB filter. The proposed topology is
implemented using an E-shaped step impedance hairpin resonator coupled to the initial UWB filter [33].
The basic model of the shorted E-shaped resonator together with its equivalent circuit configuration
is depicted in Fig. 4. The proposed layout is symmetrical; therefore, even-odd analysis technique is
useful to realize the stopband characteristic. The electrical field dispersal for the even-odd mode is
illustrated in Fig. 5. At the plane TT’, the distribution of current is symmetrical for the even mode and
anti-symmetrical for the odd mode. Based on this distribution, the fundamental resonance frequencies
for the even-odd mode notch bands can be expressed by the method discussed in [34], which is given
below;

C C
Fovenmoteh = - 1
cven-note )\even-notch Eeff 4(L5 + L6/2 + L7)\/€eﬁ‘ ( )
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Figure 5. Even and odd mode electrical field distributions.

C C
Aodd-notch Eeff B 4(L5 + L6/2)\/5eﬁ

where feven-notch, fodd-notch, Aeven-notehs and Aogdonoten, indicate the notch band resonance frequencies
of the even and odd modes and the corresponding wavelengths, and c¢ indicates the velocity of
electromagnetic light. e.g indicates the effective permittivity of the Roger RO-4350 substrate.

(2)

F, odd-notch —

3. T-SHAPED RESONATOR ANALYSIS

The aforementioned idea of the dual-notch band can be extended to implement the tri-notch band UWB
filter. For this, an inverted T-shaped resonator is coupled to the dual-notch band UWB filter to get
the triple notch response at a frequency of 3.3 GHz [36]. Fig. 6(a) illustrates the basic structural model
of the shorted T-shaped resonator. The proposed structure is symmetric along AA’, so again odd-even
mode analysis technique is applied to find out the central frequency. Fig. 6(b) shows the odd mode
equivalent circuit while Fig. 6(c) illustrates the equivalent circuit of even-mode of the shorted T-shaped
resonator. Therefore, the characteristic input impedances of the even-odd-mode can be stated as

Zyiptan 019 + 274 tan 0y (3)
Z1g — 2Z4 tan O1p tan 04

Zinodd = JZ10tan 19 where 019 = BL1g/2, 04 = (L4 (4)

where Z,, Z1¢ indicate the characteristic impedances, and 6,4, 819 indicate the electrical lengths of the
open and short-circuited stubs. The fundamental resonance frequencies feyen and foqq can be calculated
using the procedure discussed in [35] and are given in Egs. (5) and (7). It should be noted that for
passbands the two signals must be in phase, but here the two signals are out of phase to form the
stopband.

Zin,even = jzlo

& &

4(L1g/2)\/Eefp B 2(L10)\/Eefy

Cc

4(Lyojo + La)\/Eopy

(5)

Fodd—notchl =

(6)

Feven-notchl =

| L Zio,Lion Zio,Lion
| N ] _1:
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A —
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Figure 6. (a) Proposed layout of shorted T-shaped structure. (b) The equivalent circuit of odd mode
and (c) even mode.
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For simplicity, feyen can also be calculated by assuming Lig = 2L4. Therefore, the above equation can
also be written;
c c

Feven—noch = = 7
el 4(Lygjo + Ligs2)/Eef  4(L10)\/Eefp ()

4. FILTER GEOMETRY

A dual- and tri-notch ultra-wideband bandpass filter is designed as shown in Fig. 7, while its
corresponding geometrical dimensions in millimetre (mm) are Lo = 15, Ly = 4, Ly = 5.3, Ly = 9.5,
Ly=6,Ls=4,Lg =7, Ly =121, Lg = Lg = 1.6, L1g = 11, Wy = 1.7, W7 = 3, Wy = W3 = 0.3,
Wy = 0.6, Ws = 0.3, G1 = G2 = 0.1, Ry = 0.3, Ro = 0.24, and R3 = 0.6, respectively. Two and
three independently controlled notches are realized using inverted E and T shaped shorted resonators.
The filter can efficiently suppress superfluous bands in the WiMAX system at 3.3 GHz, 5.1 GHz in the
WLAN system, and 8.3 GHz in the XSC system. The proposed filter is designed in 3D electromagnetic
simulator software HFSS 13.0. The overall area of the filter is 34 mm x 12mm (0.06), x 0.02),), where
Ag shows the wavelength of a guided medium at 3.3 GHz and is tested on Agilent E5071C Network
Analyzer.

Figure 7. Tri notch UWB filter.

5. RESULTS AND DISCUSSION

In this manuscript, dual and triple notched bands UWB BPFs centred at 3.3 GHz (WiMAX), 5.1 GHz
(WLAN), and 8.3 GHz (XSCS) are designed and fabricated. The control of each stopband is investigated
according to the following manner. First, the parametric analysis of dual-notch UWB filter is performed
independently using only an E-shaped resonator, and then tri-notch band filter analysis is considered
by adding shorted T-shaped resonator to the dual-notch UWB filter. The first and second stopbands of
the dual-notch E-shaped resonator are created through fundamental even-odd-mode technique and by
varying the stub length L7 from 0.6 mm to 1.2 mm will shift down only the lower notch band according
to Eq. (1), while the second notch remains unchanged as shown in Fig. 8. According to Eq. (2), the lower
and upper notch bands will move down simultaneously by varying the parametric values of Ls and Lg,
respectively, as shown in Figs. 9 and 10. Therefore, it is confirmed from the frequency plots that to get
the desired stopband frequencies, f,otch-odd Can be obtained by tuning the parametric values of L5 and
Lg while frotch-cven can be controlled simply by stub length L7. It should be noted that by decreasing
the gap Gs, the rejection level of the notch bands will increase, and thus stopband performance of the
filter will improve.

The first stopband of the triple notch UWB filter is created through a fundamental even-odd-mode
method of the shorted T-shaped resonator. It is clearly expressed in Egs. (5) and (7) that both even-odd-
mode fundamental resonance frequencies are controlled through the stub length L1y under the condition
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Figure 8. S5 plot of dual-notch filter with  Figure 9. S3; results of dual-notch filter against
different L. Ls.
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Figure 10. S5 plot of dual-notch filter against Figure 11. S5 plot of tri notch filter against L1g.
L.

of L1g = 2Ly4, and varying Ljp from 10mm to 11 mm will move down only the resonance frequency of
the first stopband while keeping the remaining bands unchanged as shown in Fig. 11. Fig. 12 shows
that when W5 is decreased from 0.6 mm to 0.4 mm, the first stopband also decreases from 3.2 to 3 GHz,
while keeping the remaining bands unchanged. The first even mode resonance frequency can also be
controlled through length L, according to Eq. (6), and increasing Ly from 5 mm to 6 mm will tune down
only the first stopband with no effect on other bands as shown in Fig. 13. The control of the second
stopband of the proposed triple notch UWB filter is described in Fig. 14, and increasing the length Ly
will tune down only the second resonance frequency while keeping the third band constant. A very
small effect in the first stopband can be seen. Using Eq. (2), when the length L is varied from 7.1 mm
to 8.1 mm, both the second and third bands are tuned down simultaneously with negligible effect on
the first band as depicted in Fig. 15. Therefore, it is confirmed from the above discussion that all the

fundamental resonance frequencies of the proposed tri-notch UWB filter can be varied independently
by the stub length of the loaded resonators.
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Figure 14. S5 plots of tri notch filter with  Figure 15. Ss; plots of tri notch filter against
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6. EXPERIMENTAL AND MEASURED RESULTS

The UWB bandpass filter along with double and triple notch bands is successfully designed and tested
using vector network analyser Agilent E5071C. A good match can be realised in both measured and
simulated results. First, a UWB filter is designed in the range of 2.8 to 10.6 GHz with a fractional
bandwidth 116%, a bandwidth of 7.8 GHz, and the lowest possible insertion losses of 0.4dB from
2.8 GHz to 7.9GHz and 0.8dB from 7.9 GHz to 10.6 GHz, respectively. The designed filter has a
total area of 3dmm x 12mm (0.06\, x 0.02),). After that, a dual-notch band centred at 5.1 GHz
and 8.3 GHz is designed for WLAN and XSCS applications, with the lowest possible rejection levels
of —19dB and —15dB, respectively. Fig. 16 shows the photograph and S-parameter plots of both
simulated and experimental results of the dual-notch filter. Finally, a triple notch UWB filter for
WiMAX application is designed by adding a shorted T-shaped resonator to the initial dual-notch filter
with a stopband frequency centred at 3.3 GHz. The attenuation level of the proposed triple notch filter is
—28dB, —19dB, and —15dB for the first, second, and third stopbands, respectively. The corresponding
absolute fractional bandwidths for lower, middle, and upper-frequency notch bands are 24.24%, 12.06%,
and 7.8%. Fig. 17 shows the photograph and S-parameter plots of both simulated and experimental
results of the triple notch filter. Moreover, the comparison of this research work with some recently
published literature is shown in Table 1.



162 Basit, Khattak, and Al-Hasan

0
v g 0 VA AN
\ )
O\ 1IN -5+ | }
1094\ CRI 7o N ¥ - N o ! | =
4 \ t 104 N ! s
f / - il '/ | 7
204 N 154 1/ |
m m W | \
< T 20- Al ¥
~ -30- = W o\
) ! B 251
|
-40 1 -30 1
: —— S5, =Simulated 35 — S, ,=Simulated
-50 ‘ ! —— S,,=Simulated ——§,,=Simulated 2 ] y
= i = — — 5,,=Measured -40 + — —S,,=Measured & _ ‘=
- =8, = — — S,,=Measured
'60 T T T T 821 Mea?ured '45 T T n T T T
2 4 6 8 10 2 4 6 8 10

Frequency, GHz Frequency, GHz

Figure 16. The S-parameter frequency plots of
the dual-notch UWB filter.

Figure 17. The S-parameter frequency plots of
the tri notch UWB filter.

Table 1. Comparison with previous research work.

Serail No. Stltj;’t.)a(fds FB?/ETH?%) St:)}\;])f;nd S11, Sz (dB) C(l)rxcu;t; lje
g g
8] 1 100 No 12, 1.2 NA
[9] 0 80 No 13, 0.35 0.53 x 0.43
[10] 1 100 Yes 15, 2 0.74 x 0.42
[29] 0 110 Yes 13, 0.2 0.15 x 0.12
[30] 0 45 No 14, 14 0.3 x 0.1
[31] 2 107 No 11.7, 2.1 0.89 x 0.46
[32] 1 100 Yes 10, 2 0.7 x 0.28
This work 3 116 Yes > 15, 0.8 0.06 x 0.02

7. CONCLUSIONS

A new microstrip UWB filter with a bandwidth of 7.8 GHz (excluding the stopbands) and fractional
bandwidth of 116% has been designed and fabricated in this paper. To isolate the proposed filter
from the mutual interference with WiMAX-IEEE 802.16 (3.3 GHz to 3.6 GHz), WLAN (5.15 GHz to
5.35 GHz), and 8 GHz for XSCS, three notch bands are incorporated centered at 3.3 GHz, 5.1 GHz,
and 8.3 GHz with minimum attenuation levels of —28dB, —19dB, and —15dB for the first, second,
and third stopbands, respectively. The stopband characteristics in the proposed filter are introduced
through symmetric E- and T-shape resonators loaded with a short-circuited stub at the middle. The
corresponding absolute fractional bandwidth for the lower, middle, and upper-frequency notch bands
are 24.24%, 12.06%, and 7.8%, respectively. Experimental results show a close similarity with the
simulations authenticating the performance of the proposed filter.
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