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Abstract

A compact ultra-wideband (UWB) bandpass filter (BPF) based on surface-to-surface transi-
tion technology with features of extended stopband and integrated interference mitigation
characteristics is proposed. The basic structure consists of a modified multiple-mode reson-
ator (MMR)-based co-planar waveguide in the ground surface and coupled in broadside man-
ner with the microstrip lines on the top surface. Later, two open-circuited stubs are embedded
in the feeding lines and two complementary split ring resonators are etched in the MMR to
implement multiple in-band transmission zeros so as to circumvent interference. A prototype
is fabricated and measured to validate the results obtained in simulation. The proposed UWB-
BPF is compact in size with overall dimensions of 17.82 by 11.08 mm®.

Introduction

The promising potential of ultra-wideband (UWB) technology compelled the Federal
Communications Commission (FCC) to release the unlicensed frequency spectrum of
3.1-10.6 GHz for handheld devices used in short-range communications [1]. An essential
component in the UWB system is the UWB bandpass filter (BPF), which keeps in check
the prescribed bandwidth. The UWB-BPF, unlike the narrow BPF, has much mature theory
involved in its design. Modern technologies like multiple mode resonators (MMR)/stepped
impedance resonator (SIR) [2, 3], cascaded broadband highpass and lowpass filters [4, 5],
surface-to-surface broadside coupled structures (microstrip-to-coplanar waveguide (CPW))
have exhaustively been used in the design of UWB-BPFs [6, 7]. The microstrip-to-
CPW-based UWB filters, compared with the rest, have minimum insertion loss response in
the passband due to the tight broadside coupling of the structure [6]. However, most of the
UWSB filters are susceptible to interferences from other wireless services.

The emission mask (=75 dBm/MHz) prescribed by the FCC for UWB systems in indoor
environment prohibits them from acting as sources of interference to other in-band wireless
services like WLAN, C band, X band, etc.. However, these RF services radiate a substantial
amount of power in their domain of operation thereby creating significant interference to
the UWB systems. The viable solution to the above-mentioned problem is UWB filters with
integrated bandstop characteristics. This necessity led to an exhaustive amount of research
into the design and development of multi-notched band UWB filters [8-15]. An UWB filter
based on folded triple-mode slotline resonator and microstrip-slotline transition implements
dual notch using the inverse quarter wave resonators (QWRs) coupling stepped impedance
microstrip stub that generates multiple TZs [8]. A dual notched band filter is proposed
wherein notched bands are obtained using the meander slot line and by folding one coupling
arm of the UWRB filter [9]. In [10] dual notched band is implemented using a couple of spiral
slotline resonators in ground and an inward folded resonator on the top. Another dual band-
notched UWB-BPF has multiple split ring resonators (SRR) on top and a spiral-shaped
defected ground structure (SDGS) in CPW on ground [11]. A triple notched band
UWB-BPF using triple mode SIR is reported in [12], wherein the triple mode resonator is
equivalent to three shunt-connected series LC resonance circuit which generates the triple
notch. An UWB BPF comprising of four folded shunt quarter-wavelength short-circuited
stubs with triple notched bands is proposed in [13]. Another triple notched band UWB filter
on an E shaped MMR with three parallel U-shaped defected microstrip slots is reported in
[14]. Three defected ground structures (DGS) embedded in the MMR based CPW implements
triple notch in [15]. However, all the above triple notched structures are large in size and most
of them do not show significant stopband extension.

In this manuscript we propose a compact UWB-BPF with the triple notched band and sim-
ultaneously widened upper stopband. Here we have considered the principle of back-to-back
microstrip-to-CPW [6] based UWB filter to design our basic filter because of its inherent
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Fig. 1. Architecture of the basic microstrip-to-CPW transition-based UWB filter. Dark
and light gray shade is conductor whereas white shade is aperture. All dimensions in

mm.
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Fig. 2. Resonant modes of the modified MMR (SIR), with fixed w; =1.12 mm and vari-
able R, for weak coupling cases.”

strong coupling and smooth passband response. Into this basic
structure two A,/4 open circuited stubs and two complementary
SRR (CSRR)-type DGS are embedded to generate triple stopbands
in the UWB spectrum. The notch frequency position is a function
of open-circuited stubs and CSRR profile dimension. The com-
mercial, full-wave electromagnetic (EM) simulation software,
IE3D is used to design the proposed UWB-BPF and the prototype
is fabricated on RT/Duroid 6010 substrate of dielectric constant
10.8, loss tangent 0.0023 and thickness 0.635 mm.

Design of basic UWB filter

The proposed filter’s design methodology is based on
microstrip-to-CPW technique, wherein two microstrip lines on
the top are arranged in back-to-back fashion and coupled to the
MMR (embedded in the CPW) on the ground through the com-
mon dielectric layer, as shown in Fig. 1. The open circuited MMR
used here is a modified SIR with the circular central section of
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Fig. 3. Schematics of the coupled section (Microstrip lines on the top coupled to nar-
row rectangular arms of the MMR in ground).”
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Fig. 4. Comparative S parameters for fixed width y, =0.1 mm and variable length, x,,
of slit.

radius R and two rectangular arms at either ends of width w;
each, where R > w,.

The SIR has resonant modes whose position is a function of
SIR dimensions. In order to map the entire UWB spectrum,
these resonant modes must be placed approximately quasi-equally
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Fig. 5. Optimized frequency characteristics of the basic UWB filter.
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within the UWB passband. The resonance response of the SIR
alone can be achieved when there is no coupling present between
the MMR in the ground plane and microstrip lines on the top
plane. This kind of coupling is referred to here as “weak coupling’.
Figure 2 depicts the positions of resonant modes for fixed w; =
1.12 mm and variable R under weak coupling cases. It can be
observed from Fig. 2 that the position of first resonant mode
(f1) remains almost fixed (at 3.5 GHz) whereas the higher reson-
ant modes ( f,, f3) shift considerably with variation in R. For an
optimized value of R=1.4 mm, the resonant modes are found
to be approximately quasi-equally located from each other in
the UWB passband, i.e., at 3.6, 6.65, and 9.95 GHz, respectively.

The next step involves optimizing the coupling of
surface-to-surface transition so as to simultaneously excite the
resonant modes and generate the requisite UWB passband. To
realize a practical UWB filter this transition is required to be
strongly and efficiently coupled. This sort of coupling is termed
here as “tight coupling’. The transition consists of two microstrip
conductors on top (arranged in a back-to-back manner) electric-
ally coupled to the SIR-based CPW in the ground. Figure 3
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Fig. 6. (a) Layout of the proposed triple notched band UWB filter. L =17.82 mm, W=11.08 mm, Lo =9.82 mm, W, =3.08 mm, R=1.4 mm, x; =3.7 mm, y; =0.92 mm,
wy=1.12 mm, X, =0.56 mm, ¥, =0.1 mm, w,=0.56 mm, t; =0.15 mm, t,=0.15 mm, t3=0.19 mm, t,=0.2 mm, L; =5.69 mm, L,=4.89 mm, [3=7.36 mm G=2.4 mm.
Controllable notches for variable lengths of (b) single stub (c) dual stub (d) stubs and CSRR.
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Fig. 7. (a) Frequency characteristics of the proposed UWB filter. Current distribution at the three-notch frequencies, (b) 5.2 GHz, (c) 6.1 GHz, and (d) 8.1 GHz.
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Fig. 8. (a) Picture of the fabricated filter. (b) Comparative measured and simulated |Sy|. (c) Comparative measured and simulated |S;;|. (d) Comparative measured

and simulated group delay.

depicts the coupled section of the UWB filter. The coupling of
transition is capacitive in nature and is characterized by an
equivalent unified J-inverter network [7]. The J-inverter admit-
tance represents the capacitive coupling extent. In order to achieve
maximum coupling at the central UWB frequency, length of
coupled section (I;) is optimized close to A,/4, and widths of
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MMR and microstrip (w;, y;) are tuned accordingly. This tight
electromagnetic coupling (EM) of the transition reduces the para-
sitic radiation loss [7].

Four rectangular slits (fixed width y, =0.1 mm and variable
length, x,) etched at the junctions of circular and rectangular sec-
tion of the MMR (depicted in Fig. 1) improves the impedance
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Table 1. Comparison of the proposed structure with recent triple notched band UWB filters
Stopband (GHz)/ Size Size
Ref. No. g,/height (mm) Passband (GHz) Notches (GHz)/Attenuation (dB) Attenuation (dB) (mm x mm) (Ag*Ag)
[12] 2.2/1.0 2.8-11.0 5.2, 5.85, 8/>—10 20/>-10 30.6 X 20 0.93%0.61
[13] 2.2/1.0 2.8-11.8 3.6, 5.9, 8.0/> —10 20/>-10 31x20 0.94 x 0.61
[14] 3.38/0.813 3.0-10.2 5.2, 5.8, 8/>—15 17/>-10 25x 12 0.89 % 0.43
[15] 10.8/0.635 2.7-10.6 5.2, 6.1, 8.15/>—15 18/>—26 25.26 x 11.08 1.54 % 0.67
This work 10.8/0.635 3.15-11.1 5.3, 6.25, 8.28/>—13 15/>—17 17.82x11.08 1.08 x0.67

matching between them which maximizes the return loss (<
—16 dB) and minimizes insertion loss (>—0.34 dB), as depicted
in Fig. 4. Finally, the S parameters are obtained for optimized
(manually) dimensions of the basic UWB filter, Fig. 5, wherein
it can be observed that the four pole filter has passband extending
from 3 to 10.9 GHz with 3 dB fractional bandwidth (FBW) of
113%, and an extended stopband till 15 GHz with attenuation
<—18 dB. The optimized dimensions of the basic UWB filter
are L =17.82 mm, W=11.08 mm, Ly=9.82 mm, W,=3.08 mm,
R=14mm, x;=37mm, y=092mm, w;=112mm, x,=
0.56 mm, y, =0.1 mm, w, =0.56 mm, ¢;=0.19 mm, G =2.4 mm.

Band notched UWB filter

The indoor operation of UWB systems is susceptible to interference
from other RF wireless services like WLAN, C band etc., which can
seriously hamper their performance. To circumvent these interfer-
ences UWRB filters with integrated multiple stopband characteristics
were proposed [8-15]. Here we introduce notches in the passband
using open circuited stubs and DGS. The stubs and DGS, embed-
ded into the basic UWB filter (Fig. 6(a)), generate TZs which are
placed in the passband at frequencies of interest in order to mitigate
interference. Single (dual) passband notch(es) are introduced by
the TZ of open-circuited stubs, wherein the notch resonant fre-
quency is related to lengths of stubs via the formula

c

4Lsup /€ reff

fnotch ~ s Lstub =1L, Ly, (1)

where c is the speed of light, &,.4 is the effective dielectric constant
and Lg,,;, is the length of stubs, L;, L,. That is to say, stubs are
approximately quarter wavelength resonators.

Similarly, it is seen that the CSRR DGS is a half wavelength
resonator, wherein the notch resonant frequency is given by

c

2Lcsrr </ Ereff

Figures 6(b and c) represent controllable notches for variable
length (L,/L,) of the stub. In order to introduce the third
notch, complementary split ring resonator (CSRR) type DGSs
are embedded into the narrow rectangular arms of the MMR in
the ground. Figure 6(d) depicts controllable triple passband
notches for variable lengths of stubs and CSRR (L5).

The frequency response of the proposed structure is depicted in
Fig. 7(a) wherein the two notches at 5.2 and 6.1 GHz (so as to elim-
inate interference from WLAN and C band) are the result of TZs
due to the dual stubs. The CSRR generates TZ at 8.1 GHz in
order to eliminate interference of X band. Also, it can be observed

Sooten = , Lesrr = Las. (2
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that the passband exists from 3 to 10.9 GHz with stopband extended
till 15 GHz and having attenuation <—17 dB. These frequencies
have been selected for depicting the application of the filter in inter-
fering environments. Other frequencies like WLAN (5.8 GHz),
RFID (6.5 GHz), etc., could very well have been chosen. In general,
the proposed design can place TZ at any possible frequency in the
passband by simply adjusting the dimensions of the stubs and
CSRRs. Also, the proposed structure can develop a maximum of
three notch frequencies. If we try for the fourth notch, then the
return loss between third and fourth notch degrades significantly.
The filter has been designed keeping in mind the tolerance of the
manufacturing process. For e.g., the widths of conductors {stubs
(t;) and microstrip lines} have not been taken too thin (at least
0.1 mm). Also, the widths of slots (,, 3, 4, ¥,) are not reduced
below 0.1 mm. Figures 7(b-d) display the current distribution in
the proposed structure at 5.2, 6.1, and 8.1 GHz, respectively. The fig-
ures clearly depict the coupling of stubs and CSRRs to the basic
UWRB filter at their respective resonant frequencies.

Measurement and results

Figure 8(a) depicts the picture of the fabricated prototype,
whereas the comparative simulated and measured results of the
fabricated UWB filter are shown in Figs 8(b-d).

The measurement of the structure is done using Agilent vector
network analyzer N5230A. The measured response exhibits pass-
band from 3.15 to 11.1 GHz and triple notched bands at 5.3, 6.25,
and 8.28 GHz, respectively. The stopband is deeper than —17 dB
from 11.1 to 15 GHz. Each notched band has an attenuation level
<—13 dB, whereas the 3 dB FBW observed is about 4.03, 4.12, and
3.87% at 5.3, 6.25, and 8.28 GHz, respectively. The maximum
insertion loss observed in the passband before the first notch is
—0.4 dB, between first and second notch it is —0.56 dB, between
second and third notch it is —0.85 dB and after the third notch
it is —0.62 dB. The variation in group delay is <0.17 ns in the
whole band except at the notched bands. The deviation of mea-
sured results from simulation may be due to the loss tangent of
the substrate, parasitic effects of the SMA connectors and other
uncertain phenomenon. Table 1 provides a comparative illustra-
tion of the proposed structure with recent triple notched band
UWRB filters. It can be observed from Table 1 that the proposed
structure has a better stopband response than all except [15].
Also, the proposed structure is comparable in size with all the
proposed triple notched band UWB filters.

Conclusion

This paper proposes a compact triple notched band UWB with
extended stopband. The basic UWB filter consists of circular
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MMR based CPW in the ground coupled to microstrip lines in
the top. The passband encompasses the requisite UWB and the
stopband is wide and deep till 15 GHz. Open circuited stubs
coupled to the microstrip lines and CSRR based DGS embedded
in the narrow arm of MMR, of the basic UWB filter, generates tri-
ple notches at 5.2, 6.1, and 8.1 GHz, respectively. Also, the group
delay variation is minimal in the passband. Owing to its compact
size and satisfactory passband and stopband performances, the
proposed structure is attractive for integration into UWB systems.
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