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Abstract. This article discusses new approach for design
and development of triple-mode notched microstrip band-
pass filter based on quasistatic resonators (OR). The pro-
posed approach is composed of two quasistatic resonant
elements; Horizontal Plane Split Ring Resonator (HP-
SRR), Vertical Plane Split Ring Resonator (VP-SRR) and
a single Asymmetric Step Impedance Resonator (A-SIR)
with parallel coupled feed structure. An additional atten-
uation pole realized by VP-SRR in desired passband tunes
the dual-mode response to triple mode and enhances the
3dB bandwidth without changing the dimensions of basic
the filter cell. The HP-SRR realizes a notch at WiMAX
band (IEEE 802.11a lower band) in the desired passband.
Further by changing the impedance of VP-SRR and HP-
SRR both the location of additional attenuation pole fre-
quency and notch band can be controlled. The proposed
approach eliminates conventional method of realizing
notch in the desired passband using vias and defective
ground structures which have practical difficulties in reali-
zation and also the proposed approach results in compact
notched wideband filter design.

Keywords
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1. Introduction

The continuous evolution in wireless communication
technology demands advanced microwave components like
compact filters. In literature a number of multimode band-
pass filters such as dual-mode, triple-mode, quadruple-
mode BPFs have been designed to meet the requirements
of wireless communication industry. The dual-mode BPFs
in [1-3] have been designed using closed loop, meandered
dual-mode resonators like octagonal, hexagonal, star
shaped resonators. The triangular, square patch resonators
with corner cuts [4], [5] have also been proposed to design
dual-mode BPFs. However all these reported filters have
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narrow bandwidth. Further to improve the bandwidth mul-
timode resonators, coupled line structures and hairpin res-
onators have been proposed in [6—8]. But all these filters
have larger footprint. The triple-mode BPFs reported in
[9-11] have fabrication difficulties as they use via hole for
grounding. Quadraple mode resonators have been used to
design wideband filters in [12], [13]. Even through these
filters provide wide bandwidth but have less frequency
selective passband due to absence of transmission zeros at
the passband edges. Besides these wideband BPFs, notched
bandpass response filters have also been reported in litera-
ture since for some applications there is a need to avoid the
interference from existing wireless communication systems
such as WiMAX network. In literature these notched-band
BPFs have been designed using parallel coupled T shaped
SIR, trisection SIRs, parallel coupled trisection resonators
with complementary split ring resonator (CSRR) [14-16],
defective microstrip structures (DGS) [17-19]. Vias pro-
posed in [20] to realize a notch are not practically feasible.
Authors Jingbo Liu and Ting Zhang in [21], [22] have also
proposed tuning of notch band frequency by varying length
and width of via grooves and length of short stubs which
has practical difficulties.

In this article, we propose a novel approach for design
and development of triple-mode notched microstrip band-
pass filter based on quasistatic resonators (QR); HP-SRR
and VP-SRR. The proposed approach uses a single A-SIR
with one step discontinuity as shown in Fig. 1. With proper
selection of impedance ratio R and length ratio U for
asymmetric stepped impedance resonator (A-SIR), first
two resonant modes of the resonator are coupled to attain
dual-mode response. Using parallel coupled feed structure,
the two resonant modes of the resonator are coupled
strongly and transmission zeros at upper and lower pass-
band edges are realized to achieve high frequency selective
passband. By integrating VP-SRR on low impedance sec-

o Z1 72

Fig. 1. Asymmetric step impedance resonator (A-SIR).
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Fig. 2. Design flow for proposed approach.

tion of A-SIR, an additional attenuation pole is realized in
desired passband at lower frequency side which has tuned
the dual-mode response to triple-mode and also enhanced
the 3dB bandwidth. Further triple-mode bandpass response
is tuned to notched bandpass response by integrating HP-
SRR on low impedance section of A-SIR. A notch-band is
realized at 5.1 GHz (WiMAX band) within the 3dB pass-
band to reject the radio frequency interference from Wi-
MAX band. The proposed filter is designed and fabricated
on RT/Duroid 5870 substrate having relative dielectric
constant & of 2.55, thickness 4 of 0.762 mm and loss
tangent tan(d) of 0.0009. Figure 2 depicts the design flow
for proposed approach.

2. Analysis of Dual-Mode Response

As shown in Fig. 1 A-SIR consists of high and low
impedance sections Z; and Z, with electrical lengths 8, and
6, respectively. The input impedance Zi, can be expressed as

0.42 [6,="177°, 6,=56°], the first two resonant modes of
the resonator are coupled to attain dual-mode response.
Parallel coupled feed structure contributes the transmission
zeros at upper and lower passband edges [23] for good
passband selectivity. Figure 4 depicts ADS simulation
results of dual-mode wideband BPF.

It is seen from the simulation results shown in Fig. 4,
that a wide passband exist from 1.6 GHz to 6.1 GHz with
3dB fractional bandwidth (FBW) of 82% centered at
3.1 GHz. The passband insertion loss > is 0.1 dB which is
due to one step discontinuity [23] and in-band return loss
S is greater than 10 dB. The Si; curve validates the dual-
mode operation with two pole frequencies located at
3.12 GHz and at 4.65 GHz. The transmission zeros at
1.6 GHz (lower passband edge) with attenuation level of
more than 70 dB and at 6.1 GHz (upper passband edge)
with attenuation level of 70 dB are by the virtue of parallel
coupled feed and indicates a high frequency selective pass-
band. It can also be noted that the upper and lower rejec-
tion bands are at rejection levels of 28 dB and 30 dB
respectively. The additional two transmission zeros are also

Port 1

|

[ 1

[ Z1 Z>

Port 2

Fig. 3. Dual-mode wideband BPF.
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Fig. 4. Dual-mode wideband response.

reported in the upper rejection band at 8.2 GHz and at
8.8 GHz with attenuation level of 75 dB and 45 dB respec-
tively.

3. Analysis of Triple-Mode Response

A microstrip quasistatic resonator element, split ring
resonator (SRR) shown in Fig. 5(a) is used to realize triple-
mode response and it behaves as LC resonator circuit [24].
The lumped model for the resonator is as shown in
Figs. 5(b) and (¢).

In Fig. 5(b) and (c), C is total capacitance between the
rings and Ci; is the series capacitance of the upper and low-
er halves of the resonator. The resonance frequency of
quasistatic resonator is f;= 1/[2n(LC)"?]. The inductance L
can be approximated by that of a single ring with averaged
radius and width [24].The deployment of this resonating
element on low impedance section (Z>) of A-SIR in vertical
plane as shown in the inset of Fig. 6(a) results in realiza-
tion of additional attenuation pole (Pole3) in the desired
passband. The simulated triple-mode response is shown in
Fig. 6(a). It is interesting to mention here that the addition-
al attenuation pole frequency is reported at resonance fre-
quency of VP-SRR. With series capacitance Cs= 10 pF and
inductance L =0.32 nH, the additional attenuation pole
frequency is realized at 2.8 GHz. With triple-mode re-
sponse the 3dB FBW achieved is 95.6% which is compara-
tively more than dual-mode response. The in-band return
loss Si1 is greater than 10 dB and insertion loss is 0.1 dB in
the entire passband. Further the location of additional at-
tenuation pole frequency can be controlled by changing the
impedance Z of VP-SRR as shown in Fig. 6(b).

L L

1 "’”
— |

Ccn CcnR Cs/4
(a) (b) (c)

Fig.5. (a) Split ring resonator (SRR). (b) Lumped model.

(c) Equivalent lumped model.
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Fig. 6. (a) Triple mode response. (b) Shift in location of
additional pole frequency.
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Fig. 7. Pole frequencies vs. impedance of VP-SRR.

Here the impedance Z of VP-SRR is varied in range
of 110 Q-150 Q and corresponding shift in the location of
Pole3 frequency is shown in Fig. 7. The varying impedance
Z of VP-SRR also varies slightly the location of Pole2.

4. Design and Analysis of Notch-Band
Response

In this work we have proposed a new approach to re-
alize a notched bandpass response with compact filter
configuration. Further the notch-band is realized at
5.1 GHz (WiMAX band - IEEE 802.11alower band). In the
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Fig. 8. (a) A-SIR terminated with Z;. (b) Conceptual response.

proposed approach, the low impedance section Z, is termi-
nated with a reactive impedance Z;, as shown in Fig. 8(a)
which realizes a new transmission zero TZy along with two
inherent transmission zeros TZ; and TZ, of the A-SIR. The
conceptual response for the proposed configuration is
shown in Fig. 8(b). The new transmission zero TZy is due
to the reactive impedance Z;, and it realizes a notch band in
desired passband.

For instance in this work, the existence of three
transmission zeros TZ,, TZ, and TZy in the proposed con-
figuration is shown mathematically. To validate the three
transmission zeros, the input impedance Zj, for the pro-
posed configuration is given

tan &
'(tan @, + R tan6, )
iz %
*tan, + R tan O,R R, tan §, — R, tan 6, tan §, tan 6, '

“
Here the impedance ratios Ri, R, are R =Z./Z, and
Ry=27,/Z,. With 6,=6,= 6= 64 the numerator of (4) is
equated to null and is simplified as function F in terms of
Ri1, R, and the electrical length 6 as given by (5)

R +tanf, tan 6, +

in

tan” @

F=-R +tan’ 6+ (1+R). ©)

2

According to our design considerations, with R;=3.9 and
R, = 0.3, the function F can be graphically plotted in terms
of electrical length 6 as shown in Fig. 9.

Figure 9 depicts existence of three transmission zeros
TZ, TZ, and TZy with the proposed approach and the new
transmission zero (TZy) realizes a notch in desired pass-
band. In this work the reactive impedance Z; is realized by
a split ring resonator and is connected with low impedance
section Z in horizontal plane (HP-SRR) as shown in
Fig. 10(a). A notch-band is realized at fundamental reso-

nance frequency of HP-SRR. In Fig. 10(b) the simulated
response of the proposed filter configuration is shown. The
optimized dimensions of the proposed filter are:
Li=102mm, L,=15mm, L3;=13.5mm, Ls=1.6 mm,
Ls: 1.5 mm, L6:L7: 2.8 mm, Lg: 2.8 mm, L9:4.4 mm,
Lio=12mm, L;;=3.8mm, Li;=19mm, L;3=0.6 mm,
Wi=32mm, W=0.3 mm, W3=0.2 mm, Ws=1mm and
the distance between two rings is 0.2 mm.

The simulation results shown in Fig. 10(b) report
a wide passband from 1.45 GHz to 6.33 GHz with 3dB
FBW of 111% centered at 3.1 GHz. The insertion loss S»;
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Fig. 9. Function F versus electrical length 6.
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Fig. 10. (a) Proposed notched wideband BPF. (b) Simulated
notched bandpass response.
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Response FBW in %
Dual-mode( without VP/HP SRR) 82
Triple mode(With VP-SRR) 95.6
Triple mode notched(With VP and HP SRR) 111
Tab. 1. FBW reported in different responses.
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Fig. 11. Tuning of notch band.

in entier passband is 0.1 dB and return loss Si; is better
than 10 dB in the passband. A notch band is reported at
5.1 GHz with attenuation level of 45dB and 3dB
bandwidth of 100 MHz. The transmission zeros in upper
rejection band at 8.22 GHz and at 9.8 GHz with attenuation
level of 50 dB and 45 dB respectively ensure 3470 MHz
upper rejection bandwidth. Table 1 summerizes percentage
of FBW achieved in dual-mode, triple-mode and notched
bandpass responses.

5. Controlled Notchband

Further it is important to note here that the location of
notch-band can be cotrolled by varying the side length Lo
of HP-SRR as shown in Fig. 11. Here the notch frequency
is controlled in range of 5 GHz—5.2 GHz by varying Lo
from 4 mm to 3.5 mm in simulation. It is interesting to
mention here that with changing Lo the inband standing
waves remain stationary which manifests good impedance
matching between the resonator and the input ports.

6. Experimental Results

For experimental validation, the two proposed filter
configurations shown in Figs. 6(a) and 10(a) are fabricated
on RT/Duroid 5870 substrate with thickness % of
0.762 mm, loss tangent(J) of 0.0009 and relative dielectric
constant & of 2.55. The photographs of fabricated filters
Filter A and Filter B are shown in Figs. 12(a) and (b). The
measured frequency responses are obtained by means of
the Agilent 8719ES vector network analyzer with measur-
ing frequency range from 50 MHz to 13.5 GHz. Both
measured and simulated frequency responses for Filter A

and Filter B are shown in Figs. 13(a)—(d). Good agreement
between measured and simulated responses is seen, except
for the frequency shift, which is mainly caused by fabrica-

@ (b)

Fig. 12. Photographs of fabricated filters: (a) Filter A - Triple
mode BPF. (b) Filter B - Notched wideband BPF.
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Fig. 13. (a), (b) Measured and simulated responses for Filter A.
(c), (d) Measured and simulated responses for Filter B.

tion tolerance and variation in physical characteristic such
as relative dielectric constant &. RT/Duroid 5870 has £2%
dielectric tolerance which impacts the effective dielectric
constant & and hence the guided wavelength 4, [25]. In
this design +2% tolerance results in 2.154 <& <2.184
and hence the 23 mm < 4,<27 mm. Due to these variations
the minimum and maximum shift in measured frequency
expected is 100 MHz and 300 MHz.

The measured fractional bandwidth with triple-mode
response is 92.3% at measured center frequency of
2.9 GHz. The measured insertion loss S»; in passband is
1.2 dB which is more than the simulated one and is due to
circuit losses; conductor losses, dielectric losses and radia-
tion loss and is also due to SMA (Sub-Miniature A Type)
connectors losses. With notched response, the measured
FBW is 109% at measured center frequency of 2.9 GHz.
The notch band is located at 4.85 GHz in experimental
results. The lower attenuation levels for transmission zeros
in experimental results may be due to the surface resistivity
of the dielectric substrate. In Tab. 2 the presented filter
performance is compared with the filters reported in litera-
ture.

7. Conclusion

A new approach for design and development of triple-
mode notched microstrip bandpass filter based on qua-
sistatic resonators (QR) is discussed in this article. The
dual-mode property of the A-SIR has been investigated.
A new applications of split ring resonators in design of
triple mode notched BPF have been presented for the first
time in this article. The resonance charecteristics of SRR
are investigated based on its lumped circuit model to obtain
insight regarding position of SRRs for triple mode notched
bandpass response. It is found that by connecting SRRs in
vertical (VP-SRR) and horizontal planes (HP-SRR), triple
mode response with increased bandwidth and notched
bandpass responses can be achieved respectively. By vary-
ing the impedances of VP-SRR and HP-SRR elements, the
locations of additional attenuation pole frequency and
notch band can be tuned respectively. The designed filter
not only has good skirt factor and FBW but also has
a compact size of 30.34 mm x 8.1 mm. The proposed filter
configuration is useful for Cognitive Radios systems since
location of poles and notch-band can be controlled.
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