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Compact Hairpin Resonator Shunt Open Stub
Bandpass Filters with Dual-Band Response
and Wide Upper Stopband

Student: Ping-Yueh Hsieh

Advisor: Dr. Jen-Tsai Kuo

Department of Communication Engineering

National Chiao Tung University

Abstract

Compact bandpass filters are devised with a dual-passband response and a wide upper
stopband based on hairpin resonators with three shunt open stubs. One stub is tapped at the
center and two are allocated on both sides symmetrically. By adjusting the stub lengths, all
resonators are designed to have two identical leading resonant frequencies but different
higher-order ones. To enhance the rejection level and extend the upper stopband, the
transmission zeros created by the tap structures and the coupled-line stage are used to
eliminate the remaining leading unwanted peaks. Measured results show that the fifth-order
filter has a rejection level below 30 dB can be extended to six times the first frequency. Good

agreement between measured and simulation is obtained.
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Chapter 1

Introduction

Recent rapid progresses in wireless communication systems have created a need for
dual-band operation for RF devices, such as the global systems for mobile communication
systems (GSM) at 0.9/1.8 GHz and wireless local area network (WLAN) at 2.4/5.2 GHz.
Bandpass filter are a vital device in the RF front ends of both receiver and transmitter. So
high-performance microwave/RF bandpass filters are highly required in wireless
communication systems. Recently, many planar dual-band bandpass filters have been
proposed for synthesis methods [1]-[4], innovative design method [5]-[12], and circuit
miniaturization [13]. In [1], a dual-band filter is realized by a bandstop filter and a wideband
bandpass filter. In [2], the dual-passband response is designed by stepped-impedance
resonators in both inline and parallel-coupled configurations. In [3], a systematic synthesis
procedure is proposed to devise a dual-band bandpass filter. Series and parallel open stubs are
used as resonators to fulfill the dual-band characteristics. On the basis of the same design
concept in [3], a stepped-impedance coupled-line utilized as a dual-band inverter is introduced
in [4].

Several structures have been developed for contriving novel dual-band bandpass filters. In
[5], compact hairpin resonators are used to carry out two quasi-elliptic function passbands.
The cross coupled filter in [6] has a very sharp transition since it possesses a transmission
zero on the upper side of each passband. In [7], a resonator with a loaded open stub is adopted
to implement a dual-band bandpass filter. In [8], two dual-mode resonators are utilized to
obtain the dual-band response. Note that both two operation frequencies can be independently
adjusted.

An ideal bandpass filter is expected to be free of spurious. The spurious responses are,

however, one of the distributed natures. Recently, suppressing these unwanted responses has



become a popular issue [9]-[12]. In [9] and [10], the substrate suspension technique and
dielectric overlay method are proposed for suppressing the second harmonic (2f,). Based on
providing different electric lengths for the even- and odd-modes, corrugated coupled-line
microstrip is also an effective way for extending the upper stopband up to 3f, [11]. In [12],
multi-spurious suppression is fulfilled by choosing the constitutive resonators having identical
passband frequency but staggered higher order resonances. It is noted that the structures in
[9]-[12] are only involved with a single passband.

So far, it is still a challenge to design a dual-band bandpass filter with wide stopband. Only
few relative papers have been published [13]-[14]. In [13], a rigorous design approach for a
dual-band filter with broad upper stopband is disclosed. By means of designated coupling and
resonator sections, spurious suppression could be readily achieved. In [14], various sizes of
stepped-impedance resonators are established to contrive a filter with dual-passband and wide
upper rejection. Each resonator is devised to possess two identical leading resonances but
different higher order counterparts to make spurious peaks have low levels and small
bandwidths. The results show a rejection level of 30 dB up to more than eight times of the
fundamental frequency can be obtained.

In this thesis, an alternative design technique is proposed for building a bandpass filter with
a dual-passband response with a broad upper stopband. The resonant frequencies of hairpin
resonators are adjusted by three tapped open stubs to have two identical frequencies and
dispersed higher-order resonances. Through the rejection enhanced by transmission zeros
created due to various analytical techniques, a dual-band filter with exceptional performance
can be carried out. In the following, Chapter 2 addresses the design idea and investigates the
resonant property of a hairpin resonator with tapped open stubs and design procedure of band
pass filter, also analyzes the transmission zeros of created by the coupled structure of the
circuit, Chapter 3 demonstrates the simulation and measured results of two experimental

circuits, and Chapter 4 draws the conclusion.



Chapter 2
Compact Hairpin Resonator Bandpass Filters with

Dual-Band Response and Wide Stopband Procedure

In this chapter, a novel topology of a dual-band filter with broad upper stopband is
proposed. Fig. 2.1-1 presents a third-order bandpass filter which constructed by hairpin
resonator with tapped open stubs. The idea originates from dissimilar resonators in [12]. Since
each resonator of this circuit has different sizes of open stubs, it could simultaneously have
two identical operation frequencies and dispersed spurious harmonics. Based on the
analogous procedure in [14], a dual-band filter with exceptional performance is finally carried

out.

Fig. 2.1-1. Proposed third-order bandpass filter.



2.1 Hairpin Resonator with Taped Open Stubs

Fig. 2.1-2 shows the layout of the proposed hairpin resonator with tapped open stubs. It
consists of one open stub (Z;, 6)) tapped at its center and two stubs (Z,. ) symmetrically
located between its middle and edge. Since this structure is symmetric, we can use even- and
odd-mode to analysis. With the aid of even- and odd-mode analysis [19], the resonance
conditions can be easily formulated. For this miniaturized Hairpin resonator, the fundamental
resonant frequency is odd mode resonance, and the first harmonic frequency is even mode
resonance, therefore, analyzing the characteristic of these two modes is important for

designing filter.

6, ——————

Fig. 2.1-2. Hairpin resonator with tapped open stubs.

The following, for simplicity to view, we use unfolded resonator Fig. 2.1-3 to formulate
resonant mode conditions.
When the odd mode resonance occurs, the plane P-P’ is equivalent to electric wall, means

that the central of the resonator is virtual ground, as shown in Fig. 2.1-4. The resistance

4



looking into the resonator form P-P’ plane to open end is zero. According to the microwave

transmission theory [19], we would find:

Fig. 2.1-3. Unfolded resonator with tapped open stubs.

Fig. 2.1-4. Odd mode analysis of unfolded resonator.
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Simplify this equation, we get two conditions:

1- ; * tan @, tan(6 ~6, )—tan 6, tan(6 ~6,) =0 (2-2a)

2

% tan@, +tan 6, + tan(6 —6,) = co (2-2b)
2

Only the 2-2a equation is reasonable to solve. We can rewrite 2-2a as follows; note that the

odd mode resonance condition is independent of the center stub (Z;, 6,).

? tan @, tan(@,—6, )+ tan @, tan(6 ~6, )—1=0 (2-3)

2

Similarly, when the even mode resonance occurs, the plane P-P’ is equivalent to magnetic
wall, means that the central of the resonator is open circuit, as shown in Fig. 2.1-5. The
resistance looking into the resonator form P-P’ plane to open end is infinite, so the admittance

is zero. According to the microwave transmission theory [19], we would find:

7 jtan(@,—86,)
T 1
j——tan6@, + j—tan@,
zZ V4 1
Y, = 2 r +j tané, =0 2-4)
27,
Z, 1 ! + jZ tan(6,-6,)
jZ—tanH2 + jZ—tanHt
2 r
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Fig. 2.1-5. Even mode analysis of unfolded resonator.

Simplified this equation, we get two conditions:

Ltan 0, +Ltan 0 +Ltan(00 -0)
V4 z V4

2 r r

. ] . (2-5a)
+—tanf,|1-Z, tan(d, —6,)| —tan6, +—tand, | |=0
27, Z, Z,
1 1
1-Z, tan(@, —6,)| —tanf, + —tanf, |=oo (2-5b)
Z, Z,
Only the 2-5a equation is reasonable to solve. We can rewrite 2-5a as follows:
Z

Z—’ tan @, + tan 6, + tan(6, — 6,)

2 (2-6)

+ ZZ’ tan 6, {ZL —tan(@, -6, )(& tand, +tan g, ﬂ =0

1 ZZ

r

In order to reduce the variables, we define impedance ratio as



R == 2-7

=7 2-7
z

R,==- 2-8

=7 (2-8)

Using the two resonance conditions, 2-3 and 2-6, we can draw the Fig. 2.1-6. Fig. 2.1-6
plots the resonant frequencies against & for the fundamental, first, second, and through to
fifth higher order modes for R;= 0.8, R,= 1.2, 6 = 15°, 6 = 20°, 40° and 60°. All electrical
lengths are referred at fi, The y-axis is the even- and odd-mode resonant frequencies of tapped
open stubs resonator which is normalized with respect to the fundamental frequency fy of
uniform impedance resonator. From Fig. 2.1-6, we found that when 6 =0, the odd mode
resonances (independent of center stub Z;, 6;) equal to odd numbers. In Fig. 2.1-5, we can
change the value of Ry, R,, 6, 6, and 6 to appropriately adjust the even- and odd-mode
resonant frequencies.

Fig. 2.1-7 plots f, through fs normalized with respect to the fundamental frequency f; for
various & and 6, Note that the data shown in Fig. 2.1-6 form an important basis of our design
for determining the resonator geometry. Each resonator possesses the first two identical
resonant frequencies f; and f,, but has different higher order dispersed to make the spurious
peaks can be made relatively low and then extend the upper stopband. In this thesis, the two
operation frequencies f; and f, are respectively allocated as 2.4 GHz and 5.2 GHz. So, we
should find a solution for a resonator to resonate at f| = 2.4GHz, and f> = 5.2GHz. Based on
the conditions above, and have to make all resonators mutually disperse the high-order
resonant frequency; it will restrict the solution to a small range. So as to loosen restrictions,
it will be a selection to let f3 = 5.2GHz, not f>, nevertheless, f; is till 2.4GHz. In this
third-order bandpass filter, the second resonator was chosen to resonate at fi = 2.4GHz, f, =
3.9GHz, and f; = 5.2GHz, that is different from the first and third resonator, it makes the

high-order modes more spread out. The drawback is that 26, of second resonator will longer

8



than the other resonators 10% approximately.

0 5 1‘0 15 éO 25 3‘0 35 40 45
6,(degree)

Fig. 2.1-6. Resonant spectrum with 6 =20°, 40° and 60°. R, =Z,/Z,=0.8, R, =Z,/Z, = 1.2, 6,
=15°

Fig. 2.1-1 shows the layout of a third-order dual-band bandpass filter where Z, of each
resonator is chosen as 50 Q, for the sake of avoiding high impedance of open stub that
produces less radiation. Other dimensions of each resonator with respect to f; are listed in
Table 1. Fig. 2.1-8 shows the insertion loss IS21! frequency response from OGHz to 20GHz of
each resonators by gap excitation. Suppose the circuits are designed on a substrate with & =
10.2 and thickness & = 0.635 mm. From this figure, we can see the resonance frequency

positions of each resonator are mutually dispersed, except for the two operation frequencies f;

and fz.
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Fig. 2.1-7. Resonant spectrum with &, = 40°, 50° and 60°. R, = Z,/Z, = 0.8, Ry = Z,/Z, = 1.2, 6,

= 15°. All resonances are normalized with respect to the fundamental frequency fi.
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Table 1.
Dimensions of each resonator in third-order dual-band bandpass filter.
6O | Zi( Q)| 6C)|2Q) | 60
Res. 1| 30.7 | 54.7 | 13.6 | 39.6 | 185
Res.2 | 65.7 | 39.6 | 224 | 54.7 | 30.0
Res.3 | 36.1 | 445 | 14.1 | 54.7 | 32.2
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Fig. 2.1-8. Insertion loss IS211 of each resonator by third-order dual-band bandpass filter.
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2.2 Coupling Length and Coupling Gap of Each Coupled
Stage

Next, we determine the coupling scheme of each pair of adjacent resonators to meet the
required coupling coefficients for two respective bands.
In synthesis of a bandpass filter with coupled resonators, the coupling coefficient between

the jth and (j + 1)th resonators, Kj .1, is given by [15]:

K . =—28 (2-9)

JsJtl [
gjgj+l

where g; is element value of the low-pass filter prototype, and A is fractional bandwidth of
bandpass filter. When two resonators have a close proximity, the coupling coefficient between

two coupled resonators, K, is usually calculated by the approximation [16]:

K = faz_sz

b (2-10)
fo+ 1y

In simulation by the IE3D, the two natural frequencies f, and f, of the two coupled
resonators in Fig. 2.2-1 can be obtained by calculating the transmission response of the circuit
with breaking the tap points and leaving a small gap to the input and output ports. Then use
E-M simulator IE3D [20] to make electric-magnetic simulations of two adjacent resonators
with various coupling length and coupling gap. Therefore, the relationship between coupling
coefficient and coupling length or coupling gap is investigated.

Fig. 2.2-2 shows the coupling coefficient of two adjacent resonators with various coupling

length or coupling gap for single frequency, # is the height of substrate, 0.635 mm.

12
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Fig. 2.2-1. Frequency Response of gap excitation of two adjacent resonators.

e
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g
o
3

0'05 | | | | |
4.823 5.823 6.823 7.823 8.823 9.823 10.823

Coupling length (mm)
Fig. 2.2-2. Coupling coefficient with various coupling length or coupling gap for single
frequency. Resonator 1: Z,= 50 Q, Z; =522 Q, 6,=11.066°, Z,= 40 Q, 6, = 15.7°, =
32.421°, Resonator 2: Z,= 50 Q, Z; = 41.667 Q, 6,=11.676°, Z, = 55.556 Q, 6 =25.591°, 6
=38.919°.
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If a dual-band bandpass filter is desired, the two bands coupling coefficient need to be

satisfied simultaneously:

A

K )=—_"1
€5, J(&:8 )

A,

K“+l =TT
€0, J(&;8:)s

(2-11)

and the subscript 1 or 2 denotes the first or the second passband. Rewrite 2-11 as:

A, :(Kj,j+1)1xw(gjgj+1)1 (2-12)
A, = (Kj,j+1)2 X\,(gjgj-f-l)Z

According to the equations 2-10 and 2-12, we can build up a design graph of each
bandwidth with various coupling length and coupling gap. The g; value is Chenbyshev filter
with a 0.1-dB ripple. As shown in Fig. 2.2.3, the x-axis and y-axis represent the bandwidth of

first pass-band 2.4GHz and second pass-band 5.2GHz, respectively. Using the resonators in

Table 1. The coupling length and coupling gap of first coupled stage is indicated by /> and

S12, to second coupled stage is indicated by /(.3 and Sy3. In this figure, the area that two

seashells overlapped is the fractional bandwidth capable to design dual-band bandpass filter.

In order to maintain two passbands have sufficient bandwidth at the same time , we would
select /.1 = 7.25 mm and S, = 0.325 mm, /3 = 7.25 mm and S>3 = 0.3 mm, fractional

bandwidth at 2.4GHz is 11.42%, and 5.35% at 5.2GHz.

14
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Fig. 2.2-3. Third-order bandpass filter fractional bandwidths of central frequency 2.4GHz, and
5.2GHz.

To appropriate input and output coupling for the bandpass filter, the tap positions which
is specified by Tj, and T in Fig. 2.1-1 should be determined by matching the singly loaded Q
(Qy) of the tapped resonator with the passband specification [17]. The singly loaded Q (Qy;) of

the tapped resonator is defined as

@, dB
=R, = 2-13
ng L 2 da)wn ( )

where R; is the impedance seen by the resonator looking toward the source/load, @, is the
operating frequency, and B is the input susceptance seen at the tap point looking into the
resonator.

Besides, Qj; also can be described by the filter specification [18], written as

15



gogl
Q. =-=2°°L 2-14
i = TEW (2-14)

Combining equations 2-13 and 2-14, the relationship between R; and tap position is derived

as shown as follows:

g(;gl
20, FBW 28,8
= si = = o (2-15)
L
o, dB(T,,) o, oB(T,,) o, - FBW - oB(T,,)
Jw Jw Jw

If two different frequencies are concerned, equation 2-15 should be directed against

2.4GHz and 5.2GHz:

R 5 2gagl
L1 —
- FBW, aBé(wa")
| (2-16)
R - 2gogl
L2
w, - FBW, - angln)
,

We substitute the fractional bandwidth that described above into equation 2-16, and
calculate the differential of susceptance from tap in, and tap out resonators, Fig. 2.2-4 plots
the Ry versus tap position for input, and output resonators, 7T;, is the length from tap position
to open end, as shown as Fig. 2.2-5. Since we want to miniaturize the bandpass filter, so it
does not like to add an impedance transformer additionally, that increase the overall area of
this filter. Instead of, we prefer to tap the position on the resonator that R; is 50 Q for f; and f>
both In Fig. 2.2-4, we can find that when tap at 7} = 6.457 mm for input resonator, and at 7, =
6.448 mm for output resonator, R is close to 50 Q for both f; and f,. Finally, the transmission

zeros arise from tapping is shown as Fig. 2.2-6, Fig. 2.2-6 depicts the frequency response
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simulated by making the other port gap excitation, as Fig. 2.2-7.

0 1 2 3 4 5 6 7 8 9 10
Tap position 7;;, (mm)

Fig. 2.2-4. Fractional bandwidths of central frequency 2.4GHz, and 5.2GHz for third-order
filter.

Fig. 2.2-5. Tap point on the resonator.
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Fig. 2.2-6. Third-order bandpass filter Transmission zeros arise from tapping.

Fig. 2.2-7. Simulate tapping zeros by making the other port gap excitation.

The transmission zeros arise from tapping also can be calculated by numerical analysis, as

shown as Fig. 2.2-8, the input impedance seen form tapped in point to open end is:
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Z,
zZ, =7 ~ d 2 (2-15)

—jZItanﬁt —jzltané?2 +jZItan(6?T Ht)

in

o 1 1
—+ J(—Jztanﬁt —JZtanﬁzjtan(BTm -6,

T 2 r

When Z;, equal to zero, the transmission zeros arise from tapping is occurred. Fig. 2.2-9
depicts the spectrum of tapped zeros included tapped in and tapped out resonators.
If we change the tap position, may alter the transmission zeros to desired frequencies [14],

but, for same reason, it will need an extra impedance transformer to match the R; for both f

and f>.

Fig. 2.2-8. Calculate transmission zeros arise from tapping by making Z;, equal to zero.
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Fig. 2.2-9. Spectrum of tapping zeros included tapped in and tapped out resonators.
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2.3 Transmission Zeros of Coupled Stage

Since our target is to design a dual-band filter with a wide stopband, the zeros are created
by each coupled stage are required to investigate carefully. Fig. 2.3-1. depicts the hairpin
coupled-line section with tapped open stubs and its responses of simulation are plotted in Fig.
2.3-2. Note that the horizontal axis is normalized to the first operation frequency f;. Suppose
the circuits are designed on a substrate with & = 10.2 and thickness 4 = 0.635 mm. Such a
high dielectric substrate is purposely chosen to demonstrate performance of our approach. The
simulation data are obtained by the full-wave software simulator IE3D [20]. Fig. 2.3-2(a)
draws the 15,11 of a coupled section with various 6. The circuit parameters are listed in the
figure caption. Note that three transmission zeros will be observed from 3f; to 6f; and all zeros
can be arbitrarily tuned by altering 6. Fig. 2.3-2(b) demonstrates the insertion results of a
coupled-line stage with various 6. As 6 is increased, we expect that zeros would shift to a
lower frequency. It can be deduced that a wide stopband could be readily achieved by
adequately selecting each coupled section to suppress dispersed spurious peaks of a bandpass

filter.

Port 2

Fig. 2.3-1. Hairpin coupled-line section.
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Fig. 2.3-2(a). Simulation responses of Fig. 2.3-1. with various & where & = 17.5°. Other
circuit size: Z,=50 Q, Z,=52.2 Q, 6,=56.1°, and S/h = 0.3937.

Therefore, if there still have some spurious modes in the frequency response, not be
suppressed yet, given different 6, and 6 to control the transmission zero arise from the
coupled stage to eliminate that. For desired transmission zero, Fig. 2.3-3 plots the frequency
spectrum against 6, of three different resonators with various 6, and 6. Nevertheless, alter
the value of & and 6§ make changes in the distribution of high-order modes, it would turn out
that not to be dispersed with the other resonators’. So the trade off between disperse spurious
and control transmission zero should be concerned to optimize the rejection band.

Fig. 2.3-4 plots the coupled stage frequency response of third-order bandpass filter Fig.
2.1-1, this figure shows the transmission zero arise from coupled stage 1, and coupled stage 2.
From the stage 1, transmission zeros 6.96GHz, 8.77GHz, and 12.75GHz are introduced, and

transmission zeros 6.45GHz, 6.9GHz, and 10.44GHz are caused from the stage 2.
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The success of the wide upper stopband relies quite much on Fig. 2.3-5 which is an useful
design graph, showing the zeros created by individual coupled-line sections and resonant
peaks of the resonators. In the upper part of the plot, the rectangular boxes in the gray area
represent the rejection bands produced by coupled-line sections. The widths of the boxes are
defined as 15,1 smaller than -15 dB. The coupling Co; and Cs4 match the external Q values of
the end resonators with the two bandwidths by tapping. The tapped input and output can also
be designed to create transmission zeros [14]. The lower part of Fig. 2.3-5 shows the resonant
frequencies of the resonators. All of them are designed to have resonant frequencies at 2.4 and
5.2 GHz, and also have dispersed resonances, now the purpose of Fig. 2.3-5 becomes clear. To
extend the stopband, the stopbaands created by the coupled sections have to cover the

spurious peaks.

1S, (dB)

45

0 | | | | | | | | |
1.0 1.5 20 25 3.0 35 40 45 50 55 6.0
T

Fig. 2.3-2(b). Simulation responses of Fig. 2.3-1. with various & where 6 = 34.6°. Other
circuit size: Z, =50 Q, 2, =52.2 Q, 6,=56.1°, and S/h = 0.3937.
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0, (degree)
Fig. 2.3-3. Resonant spectrum against &;. All resonances are normalized with respect to the
fundamental frequency f;. The physical parameters in Fig. 2.3-3 are as follows; Res. 1: R} =
1.2, Rp=1,6=25°% 6=40°Res. 2: R =1, R, =1, 6 =20° 6,=30°. Res. 3: R; =0.8, R, =
1.2, 6=22.2° 6 =37.5°.
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Fig. 2.3-4. Coupled stage frequency response of third-order bandpass filter.
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Fig. 2.3-5. Design graph for third-order resonators with resonances and transmission zeros.
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2.4 Fifth-Order Dual-Band Bandpass Filter with Wide
Stopband

This section we will summarize the filter design procedure, and introduce the second circuit,
fifth-order dual-band bandpass filter.

At beginning, solve the two resonance conditions, 2-3 and 2-6, to figure out the resonator
that resonates at two identical operation frequencies, and also disperses the high-order modes
mutually. Fig. 2.4-1 shows the layout of a fifth-order dual-band bandpass filter where Z, of
each resonator is chosen as 50 Q, prevent the radiation from high impedance of open stub.
Dimensions of the five stub-tapped hairpin resonators are listed in Table II, where the electric
lengths are evaluated at f;. Two operational frequencies are chosen as 2.4GHz, and 5.2GHz.
Fig. 2.4-2 shows the insertion loss IS21l of each resonator by fifth-order dual-band bandpass
filter.

Second, according to equations 2-10 and 2-12, draw the figure of two bands’ fractional

bandwidth with various coupling length and coupling gap, the g value is Chenbyshev filter
with a 0.1-dB ripple, Fig 2.4-3 depicts the four coupled stage, /.; and S;; present the coupling

length and coupling gap between ith and jth resonators. The area of four seashells overlapped

is a quite small range in the center of this figure. We choose S, = 0.275 mm, S,3 = 0.46 mm,

S34 = 0.44 mm, S45 = 0.265 mm, /.12 = leas = 7.25 mm, and L3 = (34 = 7.075 mm for Af) =

12.12%, and Af; = 6.84%. Then use equation 2-16 determine the tap position 7;, for input and
output resonators, Fig. 2.4-4 plots the R, against the tap position with two concerned
frequencies, we can figure out that intersection point of f; and f; is on 71 = 7> = 6.75 mm by
R, = 63 Q for input and output resonators both, not 50 Q. In order to obtain a better response
without adding an extra impedance transformer, we adjust the tap position to 7} = T, = 7.2

mm. Fig. 2.4-5 shows the frequency response calculated by gap excitation for tap in zeros.
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Finally, investigate the coupled section zeros, tuning & and 6, to control the coupled-line
zeros to suppress unexpected peaks. Fig 2.4-6 plots the coupled stage frequency response of
fifth-order bandpass filter Fig. 2.4-1, this figure shows the transmission zero arise from
coupled stage 1 to coupled stage 4.

Fig. 2.4-7 summarizes the overall transmission zeros on the upper part, the lower part of
Fig. 2.4-7 shows the resonant frequencies of the resonators. All of them are designed to have

resonant frequencies at 2.4 and 5.2 GHz, but have dispersed resonances.

S, S S S

[P SER— S

(s B 13
@
le12 o

Fig. 2.4-1. Proposed fifth-order bandpass filter.

Table II.
Dimensions of each resonator in fifth-order dual-band bandpass filter.

6C) | Z1( Q)| 6C) | 2K Q)| 60
Res.1 | 274 51.9 10.4 39.6 14.8
Res.2 | 35.1 414 10.9 54.7 25.7
Res.3 | 573 54.7 20.0 61.6 33.9
Res. 4 | 34.1 54.7 20.0 54.7 25.7
Res.5 | 31.0 61.4 10.4 494 16.7

27



O T 1 1T, T T Al A

| | | resonator 1
_60 1 1 1 1 1 1 L 1
|

| | | resonator 2

o)

S,,1 (dB)
g Og o O

I I resonator 3

resonator 4

o

I
| |
I I I resonator 5
I I I
0025 5 75 125 w 17
Frequency (GHz)

Fig. 2.4-2. Insertion loss IS211 of each resonator by fifth-order dual-band bandpass filter.
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Fig. 2.4-3. Third-order bandpass filter fractional bandwidths of central frequency 2.4GHz, and
5.2GHz.
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Chapter 3

Simulation and Measurement

Two circuits are realized to validate our design idea. Fig. 3-1(a) plots the simulation and
measured responses of the third-order experimental circuit. In both passbands, 1S;l and 152l
are approximately -18 dB and -2.2 dB, respectively. The isolation between two passbands is
approximately -40 dB. The -3 dB bandwidths are 12.19 % and 6.07% at the two designated
bands. A stopband which is better than -23 dB up to 6f; can be observed.

Fig. 3-1(b) demonstrates the performance of a trial fifth-order bandpass filter. The design
procedure is similar to that of the previous. Fig. 3-1(b) compares the simulation and measured
responses. The insertion loss and return loss in both passbands are about -3 dB and -17 dB,
respectively. The -3 dB bandwidths at f; and f, are 9.86 % and 5.26 %, respectively. Since
more coupled-line sections can be used to eliminate more spurious peaks, the rejection
performance of this filter in the stopband is better than that of the third-order circuit. The
measured results show that a rejection level better than -28 dB can be reached up to 6f;.
Reasonably good agreement between simulation and measured results can be observed. In
spite of obtaining a better rejection band, as trade off, higher order circuits usually accompany
an increase of circuit area and more loss due to metal. Fig. 3-2 is the photograph of the

measured filter.
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Fig. 3-1. Simulation and measurement results. (a) Third-order, (b) Fifth-order dual-band

bandpass filter.
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(b)
Fig. 3-2. Circuit photograph of the (a) Third-order, and (b) Fifth-order dual-band bandpass
filter.
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Chapter 4

Conclusion

Dual-band bandpass filter is equipped with a wide upper stopband by using hairpin
resonators with tapped open subs. Those open stubs have different geometric parameters so
that all modified resonators have two identical designated resonant frequencies and different
higher-order resonances. To enhance the filter performance in the stopband, the transmission
zeros created by the coupling structures are carefully configured to achieve multi-spurious
suppression. Design graph of resonant peaks and stopband is plotted to facilitate the wide
stopband design. Measurement indicates that rejection of better than -28 dB can be obtained
for extension up to over six times the first resonance frequency. The measured results have

good agreement with the simulation.
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