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Abstract—This paper presents a new design of miniaturized
wideband bandpass filter using microstrip hairpin in multilayer
configuration for X-band application. The strong coupling required
for wideband filter is realized by arranging five hairpin resonators in
two layers on different dielectric substrates. Since adjacent resonator
lines are placed at different levels, there are two possible ways to
change coupling strength by varying the overlapping gap between
two resonators; vertically and horizontally. In this paper, simulated
and measured result for a wideband filter of 4.4GHz bandwidth at
10.2GHz center frequency with fifth order Chebyshev response is
proposed. The filter is fabricated on 0.254 mm thickness R/T Duroid
6010 and R/T Duroid 5880 with dielectric constant 10.2 and 2.2
respectively using standard photolithography technique. Two filter
configurations based on vertical (Type 1) and horizontal (Type 2)
coupling variation to optimize the coupling strength are presented and
compared. Both configurations produce very small and compact filter
size, at 5.0 × 14.6 mm2 and 3.2 × 16.1mm2 for the first and second
proposed filter type respectively. The measured passband insertion
losses for both filters are less than 2.3 dB and the passband return loss
is better than −16 dB for filter Type 1 and −13 dB for filter Type 2.
Very small and compact filter is achieved where measured results show
good agreement with the simulated responses.
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1. INTRODUCTION

Microwave bandpass filter used in many RF/microwave applications is
the fundamental component that contributes the overall performance
of a communication system. Filters can be designed and fabricated on
various materials, preferably being fabricated using standard printed
circuit technologies since they can be fabricated easily with low cost.

For filter using microstrip, reducing size is the main challenge
of the filter design. Numerous researchers have proposed various
configurations for reducing filter size and improving filter performance.
Some of the filter configurations are using hairpin resonator [1–4],
ring resonator [5–9], step impedance resonator [10], defected ground
structure [11, 12], and short circuited stub [13–15].

Among the diverse configurations of microstrip resonator, hairpin
resonator is widely used due to its advantages to produce compact
filter with simple design procedures. It is able to reduce the size
of a filter using folded half-wavelength resonator [16] by more than
half of conventional filter size. Wideband bandpass filter with high
performance and very small size is required for building modern
broadband wireless communication systems such as satellite and mobile
communication systems. To achieve this, miniaturization of hairpin
filter can be used.

Microstrip hairpin narrowband bandpass filter using via ground
holes reported in [17] claimed to have reduced the filter size by 35%
from the conventional design by using λ/4 hairpin resonators, but as
the consequence, it needs via ground holes. This configuration takes
more time and cost to fabricate. Furthermore, for narrowband design,
the gap between two resonators is very small, this may save space and
make the filter more compact, but for wideband applications the gap
becomes etremely tiny that it is almost impossible to achieve good
fabrication using standard photolithography process.

Another reported paper for performance improvement and size
reduction of hairpin filter at 2.2 GHz has been reported in [18].
Multilayered stripline hairpin is not only able to reduce the size of
the filters, but also gain more bandwidth without resulting in small
gap that is difficult to fabricate. Cross coupling between the first and
the last resonator provides transmission zeros to improve the stopband
characteristics. To provide cross coupling, two of adjacent resonators
are placed in the same layer. The filter is designed for 2.2 GHz, where
the gap is still tolerable. However for higher frequency range such as X-
band, the gap may become much too small to be fabricated precisely.
The filter in [18] is fabricated using stripline structure which needs
extra ground, which could mean extra cost to fabricate compared with
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microstrip structure.
Investigation of a compact aperture-coupled multilayer microstrip

hairpin resonator bandpass filter reported in [19] claimed 50%
reduction from conventional structures, however the size is still bigger
compared to [17] and [18] in the same frequency range, and bandwidth
is limited due to gap limitation.

For high frequency and wideband application, most of previously
reported filter in hairpin resonator strucure exhibit gap issues between
two adjacent resonators, whereby this gap is limited by standard
fabrication accuracy. Current standard photolithography accuracy is
about 0.1 mm. By overlapping adjacent hairpin resonator on different
layers [20–24], strong coupling required for wideband filter can be
obtained easily without involving small gap that makes it difficult and
costly to fabricate.

In this paper, we propose a design of compact hairpin resonator
filter in multilayer microstrip configuration, operating in X-band
frequency. Without having any gap on the same layer, broader
bandwidth can be realized to cover the whole X-band frequency. The
simulation and measurement responses of the filter will be described
in the next sections.

2. PROPOSED FILTER DESIGN AND SIMULATION

Since the filter is operating at high frequency, the length of hairpin
resonators become very short, thus, the “U” turn hairpin type is the
optimum shape for designing this filter. The proposed filter design
method is simply derived from conventional hairpin resonator filter
design. Since each layer has different dielectric constant, εr, the
hairpin resonator width, w in the bottom layer is different from the
upper layer. Synthesis of w/h formula [25] in Equation (1) provides
a theoretical background to determine the initial resonator physical
dimension depending on the dielectric constant of each layer.

w

h
=

2
π
{(B − 1)− ln (2B − 1)

+
εr − 1
2εr

[
ln (B − 1) + 0.39− 0.61

εr

]}
with B =

60π2

Z0
√

εr
. (1)

With 50 Ω resonator line impedance choosen, the upper layer
resonator width should be bigger than the bottom layer width simply
because the upper layer resonator has longer distance to the ground. In
order to make the resonator width at bottom layer close to the width
at upper layer, the dielectric constant for bottom layer should be lower
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than the dielectric constant in upper layer. For single layer filter, the
resonator width can be calculated directly from Equation (1), but for
multilayer filter that has different dielectric constant for each layer, the
resonator width and the resonator length should be optimized using
an electromagnetic (EM) simulator [27], with the help of Equation (1)
as a starting point

Figure 1. Three dimensional view of the proposed filter.

Figure 1 shows the general multilayer hairpin filter structure. In
order to cover the whole X-band frequency range, the filter should have
44% bandwidth at center frequency of 10.2 GHz. A fifth-order 0.1 dB
ripple Chebyshev response [14] can satisfy these requirements. Using
Table 4.05 of [26], the prototype parameters for n = 5 can be obtained.
For this design, the prototype parameters obtained are as follows:

g0 = g6 = 1,
g1 = g5 = 1.1468,
g2 = g4 = 1.3712,
g3 = 1.9750

From lowpass prototype parameters (gn) [26], the bandpass design
parameters, such as external quality factor, Qe and coupling coefficient,
Mi,i+1 between resonator i and resonator i+1 can be calculated by [14]:

Qe1 =
f0g1

∆BW
, Qen =

f0gngn+1

∆BW
(2)

Mi,i+1 =
∆BW

f0
√

gigi+1
for i = 1 to n− 1 (3)

where n is the filter order or number of resonator and ∆BW is the
desired bandwidh.
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In EM simulator, the external quality factor and coupling
coefficient can be computed directly by using [25]:

Qe =
f0

BW3 dB
(4)

Mi,i+1 =
f2
2 − f2

1

f2
2 + f2

1

(5)

where BW 3 dB is the 3 dB bandwidth obtained by EM simulator and
f1 and f2 are frequency peak generated by electromagnetic interaction
between the resonators.

The external quality factor and coupling coefficient obtained from
EM simulator in Equations (4) and (5) should be matched with the
external quality factor and coupling coefficient obtained from lowpass
prototype parameters in Equations (2) and (3) respectively. They can
be optimized by varying feedline position from the first or the last
resonator and varying the gap between two adjacent resonators.

Using Equations (2) and (3), the external quality factor and
coupling coeficient matrix, M can be obtained as follows:

Qe1 = Qe5 = 2.66,

M =




0 0.344 0 0 0
0.344 0 0.262 0 0

0 0.262 0 0.262 0
0 0 0.262 0 0.344
0 0 0 0.344 0




Since this filter is implemented in two layer structure, adjacent
resonator lines are placed on different levels, so there are two possible
ways to vary the overlapping gap between two adjacent resonators.
Figure 2 shows the variation of coupling coefficient for two types of
filter. Firstly, the resonator position can be changed by the vertical
center of resonator line position on the bottom layer, inline with the
upper layer as shown in Figure 2(a). Secondly, the resonator position
can be adjusted horizontally as shown in Figure 2(b), where both
resonators on the bottom and upper layer are horizontally alligned.
The configuration of filter Type 1 in Figure 2(a) will theoretically
produce shorter length compared to the filter Type 2 in Figure 2(b).
On the other hand, filter Type 2 will produce smaller overall filter
width compared to filter Type 1.

It can be seen that for filter Type 1, the resonator is moving
vertically to change the coupling strength, whereas for filter Type
2 the resonator is moving horizontally. As expected, the Mi,i+1
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value is increased corresponding to overlapping gap increased. From
Figure 2(a), the overlapping gaps for filter Type 1 that satisfy
M12 = M45 and M34 value from Equation (3) are 1.5mm and 0.8 mm
respectively, and from Figure 2(b) the overlapping gaps for filter Type
2 are 0.3 mm and 0.15 mm. Figure 3 shows the external quality factor,
by finding the best feed position from the first or last resonator.
From Figure 3, the feed position that satisfies Qe1 = Qe5 value from
Equation (2) is 1.1 mm. The dimensions for both filter types are shown
in Figure 4.

(a) (b)

Figure 2. Variation of coupling coefficient due to overlapping gap
between two resonators on different substrate layer. (a) Filter Type 1.
(b) Filter Type 2.

Figure 3. Feed position vs. external quality factor.
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(a) 

(b) 

(c) 

Figure 4. Proposed filter layout and physical dimension. (a) Filter
Type 1. (b) Filter Type 2. (c) Cross section view.

3. SIMULATION AND MEASUREMENT RESULT

Using the optimized physical dimensions in Figure 4, the filter circuits
are simulated using an EM simulator [27]. The designed filter circuits
are then fabricated using standard photolithography process. The
photographs of the fabricated filters are shown in Figure 5.

The photographs of fabricated filters shown in Figure 5, exhibit
a miniaturized filter size. The overall dimension are 5.0 × 14.6 mm2

and 3.2 × 16.1mm2 for filter Type 1 and Type 2 respectively. The
miniaturized filter is demonstrated at X-band, which is at higher
frequency than the reported filter in [17] to [19]. Even if our proposed
filter is to be made to operate in the same frequency band as in [17–19],
our filter configuration will offer smaller size compared to microstrip
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filters in [17] and [19], and comparable with the stripline filter in [18],
since from 10.2GHz, downstreaming to 2.2 GHz, the hairpin resonator
length will just be increased by about 10 mm only.

(a) (b)

Figure 5. Photograph of the fabricated filters. (a) Filter Type 1. (b)
Filter Type 2.

(a) (b) 

Figure 6. Simulated and measured responses. (a) Filter type 1. (b)
Filter type 2.

The measurements for the fabricated filter are performed by
using Agilent E8362B PNA Network Analyzer. Figure 6 shows the
simulated and measured filter responses for both filter types. As
shown in Figure 6, each filter has slightly different responses. Filter
Type 1 has symmetrical balance slope sharpness between low and
high frequency, but the filter Type 2 shows asymetrical response.
The slope in high frequency is sharper than in the low frequency.
The simulated passband return loss for the filter Type 1 is better
than −17.8 dB, and for filter Type 2, it is better than −20.8 dB.
The simulated passband insertion loss is about 0.5 dB, resulting from
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the conductor and substrate losses which are included in simulation.
However the measured insertion loss is about 2.3 dB, meaning that the
losses are contributed not only by material losses, but also connectors
and adhesive being used. The measured passband return loss is also
slightly different with the simulated results. For filter Type 1, the
measured passband return loss is better than −16 dB and for filter
Type 2, it is better than −13 dB. Nonetheless, good agreement between
the simulated and measured filter performance is shown.

All of the losses are contributed by the fabrication tolerance,
material loss and SMA connectors, but mainly due to the epoxy
adhesive loss that is used to join the two substrates. However this
loss is still tolerable since the measured passband return loss is still
better than −10 dB, insertion loss less than 3 dB, and the measured
center frequency agrees well with the simulation.

Figure 7 shows the simulated and measured group delay for both
filters. For filter Type 1, the measured group delay in the passband
varies between 0.39 ns to 0.52 ns, giving only small variation of 1.3 ns.
For filter Type 2, the measured group delay in the passband, varies
between 0.43 ns to 0.82 ns, giving only 0.39 ns variation which is stable
across the passband. Comparing the group delay performance for these

(a) 

(b) 

Figure 7. Simulated and measured group delay. (a) Filter Type 1.
(b) Filter Type 2.
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filters to the stripline filter proposed in [18], the filters proposed here
have better group delay variation.

4. CONCLUSIONS

A new design of multilayer hairpin wideband filter in two-layer
configurations has been presented. Since the strong coupling needed
for wideband filter can be easily obtained by overlapping two hairpin
resonators, the filter can produce wider bandwidth. Another benefit
that this filter offer is the freedom to choose high dielectric constant
substrate without tight concern on resulting very small gap that
therefore be difficult and costly to be fabricated.

For this type of filter, there are two possible ways to change
the coupling strength, by moving the resonator position vertically or
horizontally. Both have different benefit, one can reduce the filter
length, and obtain symetrical response, while the other can reduce
filter width, giving sharper rejection in high frequency.

In the simulation, adhesive layer for joining the two substrates is
added as an extra layer between the substrates. However, the measured
passband insertion and return loss are higher than the simulated
responses. The losses are mainly resulted from the adhesive layer itself
since it is being applied manually on the substrate. With more advance
way of joining the substrate, the loss should be reduced. However this
loss is still tolerable since the insertion loss is better than 3 dB and
the measured passband return loss is better than −10 dB. The filter
shows good potential for broadband communication, and can easily
be fabricated on the commercial PCB substrate using cheap standard
photolithography process.
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