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Bandpass filter with flat passband and transmission zeros using parallel-

connected resistor loaded hairpin-shaped resonators

Tomohiro Tsukushi1, Satoshi Ono1, a), and Koji Wada1, b)

Abstract A fourth-order flat passband bandpass filter (BPF) is realized

using proposed resonators and half-wave open-looped resonators. The

fourth-order flat passband BPF is necessary to prepare at least two kinds of

resonators that have high and low unloaded quality factors. The proposed

resonator is configured based on a half-wave hairpin-shaped resonator with

a parallel-connected resistor. It is assigned as a resonator with a low

unloaded quality factor. The advantage of the proposed resonator is flexible

adjustment of the unloaded quality factor by changing the value and setting

position of the resistor. Using equations and electromagnetic simulation,

we show that the unloaded quality factor can be controlled by setting the

position of the resistor. A half-wave open-looped resonator is assigned as a

resonator with a high unloaded quality factor. Furthermore, a fourth-order

flat passband BPF with transmission zeros and a flat passband is constructed

on a printed circuit board by using the proposed resonators and half-wave

open-looped resonators. Flat passband characteristics of a fourth-order

BPF is satisfied with the design specifications.

Keywords: resistor-loaded half-wave hairpin-shaped resonator, half-wave

open-looped resonator, bandpass filter (BPF), flat passband characteristics,

transmission zero, coupling matrix
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1. Introduction

In wireless systems, frequency bands are assigned for many

applications, including broadcast, communication and radar

systems. It is necessary to employ bandpass filters (BPFs)

with low insertion loss, sharp attenuation in the rejection

band, and flatness for the passband since frequency resources

are limited.

Superconducting filters [1, 2, 3] have excellent frequency

characteristics that satisfy the need for low insertion loss,

sharp skirt characteristics and a flat passband. However, su-

perconducting filters are hard to employ as general electronic

devices because a high-quality cryo-cooler is needed. Sur-

face acoustic waveguide (SAW) filters [4, 5, 6, 7] have good

frequency characteristics and are very compact. Therefore,

SAW filters are employed in many of the present wireless

systems. However, there is a limit to the operating fre-

quency. Lacking proper candidates for RF BPFs with flat

passband and sharp rejection performance is a problem for
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wireless systems, especially at higher operating frequencies.

Although substrate integrated waveguide (SIW) filters [8, 9]

are also good performance, the area of a resonator using

SIW tends to be larger than a planar type.

Predistortion filter techniques [10, 11, 12] can real-

ize flat passband and sharp rejection characteristics us-

ing normal metals. However, these techniques don’t have

good reflection characteristics. The non-uniform Q tech-

niques [13, 14, 15, 16, 17] and resistive cross-coupling

(RCC) techniques [17, 18, 19, 20] have better reflection

characteristics than the predistortion technique. The for-

mer techniques need to control loss by using a resonator

or by coupling loss between resonators. In other words, it

is very important to flexibly control the unloaded quality

factor. Basti et al. [17] showed a sixth-order flat passband

BPF using a series-connected resistor loaded hairpin-shaped

resonators. Although it is effective at realizing an unloaded

quality factor of about 3 to 30, it is not possible to flexibly

control the unloaded quality factor except by changing the

element value of a resistor as shown in chapter 2. When a

designer selects the structure of a resonator for BPF design,

the unloaded quality factor of a resonator is almost uniquely

determined because of the limitations of the circuit princi-

ple and structure. Moreover, if a multi-order flat passband

BPF is configured in the future, it is more convenient than

a multi-mode resonator to employ a single mode resonator

for controlling the passband flatness and the out-of-band

rejection characteristics.

In this paper, a novel resonator based on a single mode

half-wave hairpin-shaped resonator is proposed. A fourth-

order BPF with a flat passband characteristic using the pro-

posed resonators and half-wave open loop resonators has

been configured. The BPF was fabricated using a printed

circuit board (PCB) and the frequency characteristics were

measured.

2. Half-wave hairpin-shaped resonators loaded on a

series- and parallel-connected resistor

Fig. 1 shows schematics and odd-mode equivalent circuits

of a proposed resonator and a half-wave hairpin-shaped res-

onator with series-connected resistor [17]. Figs. 1 (a) and

(b) are defined as parallel type and series type, respectively.

R, θ1, and Z0 show the resistance, the electrical length

between R and the rounded part of the hairpin-shaped res-

onator, and the characteristic impedance of the transmission

line, respectively. R is realized by using a chip resistor in
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Fig. 1 (a) Schematic of proposed resonator (parallel type), (b) schematic

of hairpin resonator with series-connected resistor [17] (series type), (c)

odd-mode equivalent circuit of parallel type, (d) odd-mode equivalent cir-

cuit of series type.

this study. In Fig. 1 (b), a resistor is set to the position of the

hairpin-shaped resonator with the strongest magnetic field

for realizing low unloaded quality factor (Qu). The strongest

magnetic field is acquired at the center of the hairpin-shaped

resonator because it is based on a λ/2 resonator with open-

circuited ends.

The equations of Qus with parallel- and series-connected

Rs are shown as equations (1) and (2), respectively. QR

means the unloaded quality factor due to R. Figs. 1 (c) and

(d) are utilized for calculations of Qus [21]. Magnetic store

energy is considered when the equation (2) is introduced.
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(Series type). (2)

where Q0, which is equal to 244.5, shows the original un-

loaded quality factor for only the hairpin-shaped resonator.

The values of Rs are determined based on E24 series accord-

ing to IEC publication 63. Figure 2 shows the contour of

normalized Qu for parallel type by Q0 using equation (1). It

is found that parallel type makes it possible to control wider

than series type since there are two variables of θ1 and R.

Also, the solid line in Figure 3 (b) shows the normalized

Qu against θ1 when R is equal to 1 kΩ. The results of nor-

malized Qu show an ability to change them from 0.03 to

0.995. The relationships between R and the normalized Qu

for parallel and series types are shown in Fig. 4. The results

of normalized Qu in the case of the parallel type show an

ability to change them from 0.01 to 0.998, while those of the

series type in Fig. 4 are limited to between 0.01 and 0.228.

This means the parallel type is more flexible than the series

type. Also, it has been confirmed that normalized Qu for the

Fig. 2 The contour of normalizedQu for parallel type byQ0 using Eq. (1).

Fig. 3 (a) EM simulation model for parallel type, (b) comparison of

calculation by Eq. (1) and EM simulation.

Fig. 4 Comparison of normalized Qu for parallel and series types.

parallel type is able to change without almost changing res-

onant frequency fr much at all by using a circuit simulator.

The calculated Qu for parallel type using an electromag-

netic (EM) simulator (Sonnet ver. 15.4) are shown in Fig. 3.

Fig. 3 (a) shows the EM simulation model. Table I shows

physical parameters of microstrip line model for the EM sim-

ulation. The entire length of the hairpin-shaped resonator

is 20.25 mm in order to resonate at 2.4 GHz. The origi-

nal unloaded quality factor Q0 for only the hairpin-shaped

resonator is equal to 266.5, which is determined by EM sim-

ulation. Z0 and R are equal to 50 Ω and 1 kΩ, respectively.

In Fig. 3 (b), the relationship between θ1 and the calculated

Qu is shown. The Qu using an EM simulator is calculated

by dividing a resonant frequency of a resonator by the fre-

quency width between two frequency points degrading 3 dB

from the resonant frequency. The theoretical values are in

good agreement with the results from EM simulation. This
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Table I Physical parameters of a substrate for simulations.

is an important characteristic for the design of a flat passband

BPF.

3. Coupling matrix for flat passband filter

Table II shows the design specifications for a flat passband

BPF.

Table II Design specification.

Flatness is defined as the difference between the maxi-

mum and minimum of |S21 | within the bandwidth (BW) of

the specification. The coupling topology for a fourth-order

flat passband BPF and the frequency characteristics of both

a fourth-order flat passband BPF and a conventional one

with transmission zeros are shown in Fig. 5. S, L and black

circles mean the source, load and resonators of the BPF in

Fig. 5 (a). The general Chebyshev function is assumed in or-

der to generate the coupling topology. Although some have

tried to configure flat passband BPFs with various kinds of

coupling topologies, the coupling topology of Fig. 5 (a) is

the best topology when it has an affinity between the struc-

ture design and the electrical circuit is considered. There is

a unique feature for this coupling topology, namely, that it is

divided into two sections for the high and low Qu paths. The

fourth-order flat passband BPF is synthesized after config-

uring the transfer functions for high and low Qu paths. It is

confirmed that high and low Qu paths in the case of 150 and

40, respectively, have a flatter passband than simulated other

results. The unloaded quality factor for the high Qu path is

determined to be 150 since that of a half-wave resonator is

generally around 150, considering the physical parameters

of PCB and the roughness of copper foil. In this paper, high

and low Qus are determined to be 150 and 40.

Equation (3) shows the immittance matrix [A] for the flat

passband BPF. The values for matrix [A] are referred to [21].

The [A] is (N + 2) × (N + 2) matrix. N means the number

of resonators.

Fig. 5 (a) Coupling topology for flat passband BPF, (b) calculated fre-

quency characteristics for conventional and flat passband fourth-order BPFs

by coupling matrices.

[A]

=



S 1 2 3 4 L

S −j 0.5248 0 0.8788 0 0

1 0.5248 Ω − j0.08 1.278 0 0 0

2 0 1.278 Ω − j0.08 0 0 0.5248

3 0.8788 0 0 Ω − j0.3 −0.6904 0

4 0 0 0 −0.6904 Ω − j0.3 0.8788

L 0 0 0.5248 0 0.8788 −j


,

(3)

The relationship between [A] and coupling matrix [M] is

shown as follows:

[A] = Ω[U] − j[R] + [M], (4)

Ω =
1

FBW

(
ω

ω0

−
ω0

ω

)
, (5)

where [U] and [R] show the identity matrix whose zero

entries are the elements of U11 and U(N+2),(N+2) and a ma-

trix whose only nonzero entries are the elements of R11 and

R(N+2),(N+2). The detail information of immittance and cou-

pling matrices are referred to [22, 23]. Equations (4)–(8) are

needed for calculating the scattering parameters of the flat

passband BPF.

S11(Ω) = 1 + 2j[A]−1
1,1, (6)

S21(Ω) = −2j[A]−1
6,1, (7)

δi =
BW

f0 × Qui

. (8)

External quality factor Qe and coupling coefficient ki j
(i, j = 1,2,3 and 4), which are calculated based on Eq. (3),

are shown in Table III. When the coupling matrix is de-

normalized, the value of FBW in Table II is used.

In Fig. 5 (b), the immittance matrix of Eq. (3) and the

one of a conventional fourth-order BPF with transmission

zeros are used. The conventional BPF is assumed to have

a uniform Q (the unloaded quality factors of all resonators

are the same), which is equal to 40.65. It is found that the

edges of the frequency characteristics for the fourth-order

flat passband BPF are not rounded. Also, sharp out-band

rejection characteristics are maintained.
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Table III External quality factors, coupling coefficients and fr .

4. Design of fourth-order BPF with flat passband

4.1 Design of the structures for high- and low-Qu paths

Parallel types are employed in the case of composing a low-

Qu path. Figure 6 shows the structure of a low-Qu path and

the calculated results by an EM simulator and a coupling ma-

trix. This structure is determined by comparing with the EM

simulation in Fig. 6 and the calculated S-parameters using

Eqs (3)–(8). The relative dielectric constant for configuring

low- and high-Qu paths and the fourth-order flat passband

BPF was determined to be 3.23 after a preliminary exper-

iment. Other parameters are the same as those in Table I.

Resistor R and the setting position of R from the edge of the

straight line are equal to 1 kΩ and 4 mm, respectively (θ1 of

Fig. 1 is equal to the electrical length of 24.8◦). Resonant

frequencies of both parallel types are 2.394 GHz. Those

results near the resonant frequency are in good agreement,

as shown in Fig. 6 (b). It is found that |S21 | over the resonant

frequency are degraded by the harmonic resonance.

The half-wave open-looped resonator is selected since

the coupling coefficient between the 1st and 2nd resonators

cannot be realized when the structure of a high-Qu path is

configured by hairpin-shaped resonators. Half-wave open-

looped resonators are employed for composing a high-Qu

path. Figure 7 shows the structure of a high-Qu path and

the calculated results by an EM simulator and a coupling

matrix. This structure is also determined by comparing

with the EM simulation in Fig. 7 (a) and the calculated

S-parameters using Eqs. (3)–(8). Resonant frequencies of

both open-looped resonators are 2.4 GHz. It was found that

|S21 | under and over the resonant frequency are different

from the calculated S-parameters by some cross-couplings

among circuit patterns.

4.2 Design of fourth-order BPF with flat passband

Figure 8 shows the structure of a fourth-order flat passband

BPF. Resistors of 1.0 × 0.5 mm in the BPF are selected

film-type resistors (ERA2AEB102X, Panasonic Corpora-

tion) [24].

The high-frequency characteristics of the resistors are

measured using a special fixture and the touchstone files are

extracted. Input/output (I/O) feed lines for connecting low-

and high-Qu paths were configured by optimizing the length

and characteristic impedance of the transmission lines, de-

fined by ZHigh, θHigh, Zlow and θLow. ZHigh, θHigh, Zlow and

θLow are equal to 54.4 Ω, 89.3◦, 52.6 Ω and 87.9◦ at center

Fig. 6 (a) Structure of a low-Qu path, (b) EM simulation results for Fig. 6

(a) and calculated S-parameters using Eqs. (3)–(8).

Fig. 7 (a) Structure of a high-Qu path, (b) EM simulation results for

Fig. 7 (a) and calculated S-parameters using Eqs. (3)–(8).

Fig. 8 Structure of fourth-order flat passband BPF.

frequency of BPF, respectively, after optimization using a

circuit simulator. The detail information has been shown

to [25]. The frequency characteristics of Fig. 8 are shown

in the broken lines of Fig. 10 shown later. Those results

satisfied the specifications.

5. Measurement of fourth-order BPF with flat pass-

band

Figure 9 shows a photograph of the fabricated fourth-order

flat passband BPF.

The substrate size is 65 mm × 33.9 mm. The guided

4
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Fig. 9 Photograph of fabricated fourth-order flat passband BPF.

Fig. 10 EM simulated and measured results.

Fig. 11 Expansion of Fig. 10 around passband.

Table IV Simulated and measured results of fourth-order flat passband

BPF.

wavelength λg, in the case of 50 Ω for the substrate is 78.1

mm. The normalized area of the fabricated fourth-order

flat passband BPF is 0.832λg × 0.434λg. The measured

results are shown in Figs. 10 and 11. Table IV shows the

main parameters for the measured and simulated results. IL,

Ripple and Flatness represent insertion loss, passband ripple

and passband flatness, respectively. Although the center

frequency shifts to the lower side at about 4 MHz, it is found

that the measured S-parameters are in good agreement with

those from EM simulation.

It is found that the advantages of the proposed BPF are

flexibly controllable unloaded quality factor and good flat-

ness in the passband compared with other references [14,

15, 16, 21, 26, 27, 28, 29, 30, 31, 32].

6. Conclusion

Parallel-connected resistor loaded half-wave hairpin-shaped

resonator, which is defined parallel type, has been proposed.

It is shown that the parallel type makes it possible to widely

control the unloaded quality factor. A fourth-order BPF

with flat passband characteristics and transmission zeros us-

ing the parallel type and half-wave open-loop resonators

has been configured. This BPF is fabricated using a PCB

and the frequency characteristics have been measured. The

measurement results are in good agreement with those from

simulation. This BPF has good flatness in the passband

characteristics. Those characteristics were realized using

the proposed resonator, which has a flexibly controllable

unloaded quality factor.
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