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Keyword: The circuit model and microstrip layout results of the BPF are presented and
show good agreement. The microstrip layout simulation results show that a
less than 1.8 dB minimum insertion loss and a greater than 25 dB in-band
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coupling return loss were achieved. The overall device size of the BPF is 18.0 mm by
hairpin 10.7 mm, which is equivalent to 0.16Lg x 0.09Ag, where Ag is the guided
resonator wavelength of the 50 Ohm microstrip line at the filter centre frequency.
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1. INTRODUCTION

A channel filter, also known as bandpass filter (BPF) passes frequencies within a single band and
rejects all other frequencies outside the band [1]. This type of filter is widely used as the building block in the
design of complex and multi-port circuits and systems. Some of the more complex devices that can be formed
from BPFs include filtering antennas [2,3], multi-band filters [4-6], filtering power dividers [7,8], diplexers
[9,10], etc. Figure 1 shows the response from a bandpass filter that passes all signal components between a
lower frequency limit, f. and an upper frequency limit, fu, while attenuating and rejecting all other signal
components that fall outside the f_ and fy band. A bandpass filter can be formed by combining a lowpass filter
with a highpass filter. Bandpass filters are widely used in radio frequency (RF) front end of cellular radio base
station transceivers. Its main function in the transmitter is to limit the bandwidth of the output signal to the
band assigned for the transmission. By this, the transmitter is prevented from interfering with other stations. In
the receiver, a bandpass filter permits signals within a certain band of frequencies to be received and decoded,
while stopping signals at undesirable frequencies from getting through.

Many authors have reported BPFs designed and implemented using various transmission line
technologies including waveguides [11-13], microstrip [14-17] and substrate integrated waveguide [18-20].
The BPF presented in this paper is based on the microstrip technology. The filter relies on the microstrip hairpin
resonator to achieve compact size. It is also of high selectivity and sharp roll-off. Some filter design
characteristics such as selectivity, cost, size, sensitivity to environmental effects, power handling capacity, in-
band and out-of-band performance metrics, are critical specifications in the development of RF and microwave
communication front end devices. Filter developers are often required to make compromise between several
conflicting requirements as it is rather difficult or even physically and/or electrically impossible to
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simultaneously achieve all design criteria or specifications. For instance, achieving higher channel selectivity
usually requires the use of more resonators, which will result in higher insertion loss along the transmission
path since insertion loss is approximately proportional to the number of resonators used in the construction of
a filter [1]. Hence, care must be taken when selecting design specifications to meet the most critical design
targets.

Some popular manufacturing techniques that have been employed in fabricating filters include printed
circuit board (PCB) [21], low temperature co-fired ceramic (LTCC) [22] and liquid crystal polymer (LCP)
[23]. In terms of low cost and commercial availability, the PCB wins and hence, has been utilized in the
fabrication of the BPF reported in this paper.

0dB
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Figure 1. Channel/bandpass filter characteristics.

2. FILTER CIRCUIT MODEL
The BPF circuit model was established from the standard normalized 3-pole Chebyshev lowpass
prototype filter shown in Figure 2 [21], where g is the filter parameter. The proposed BPF is designed to have
a center frequency, fo of 2.6 GHz, a fractional bandwidth of 3%, a passband ripple of 0.04321 dB, and a
passband return loss of 20 dB.
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Figure 2. Standard normalized 3-pole/3rd order lowpass prototype filter (go = g4 = 1.0, g1 = g3 = 0.8516, g, =
1.1032).

The first step to designing the BPF circuit model is to transform the 3rd order lowpass prototype filter
of Figure 2 into the BPF circuit shown in Figure 3. The transformation is based on Equations (1) and (2) [24],
where Z, is the 50 Ohms characteristics impedance at the input and output terminations, FBW is the fractional
bandwidth, w, is the angular center frequency of the BPF, C; and L; are the series capacitance and inductance
respectively, while C, and L, are the parallel capacitance and inductance, respectively.

The second step of the BPF circuit model design is to use J-inverters to convert the series elements
(i.e., Cs and Ls) in Figure 3 into shunt/parallel elements as shown in Figure 4. Hence, the BPF circuit model
shown in Figure 4 contains only parallel LC elements, where L = L, and C = C,,. The numerical values for the
J-inverters in Figure 4 were calculated using Equation (3) [24].
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Figure 3. Bandpass filter circuit both series and parallel LC resonators (C, = 34.7529 pF, L, = 0.1078 nH, C;
=0.0333 pF, Ly = 112.551 nH).
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Figure 4. Bandpass filter circuit model with shunt/parallel-only identical LC resonators and J-inverters (C =

Cpand L = Ly).

The third step of the BPF circuit model design is to replace each J-inverter in Figure 4 with a pi-
network of capacitors or a pi-network of inductors as shown in Figure 5 [24]. Working with Figure 5 (b), the
BPF circuit in Figure 4 is then transformed the final BPF circuit model shown in Figure 6 using Equation (4)
[24]. This final circuit model is suitable for direct simulation in any commercially available computer-aided
design (CAD) tool. Some examples of CAD tools that can be used for the simulation include the electronic
design automation (EDA) circuit simulators listed in Table 1.
The fourth and final step is to simulate the BPF circuit model. The Keysight ADS circuit simulator
was used in the circuit model simulation. The simulation results are shown in Figure 7. The results clearly
show that the design targets were met as the center frequency is at 2.6 GHz as designed. The return loss is also
better than 20 dB as expected. The insertion loss is at 0 dB as expected for an ideal (i.e., circuit model) filter.
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Figure 5. Reactive circuit elements modelling of admittance inverter: (a) J-inverter to pi-network of

inductors; (b) J-inverter to pi-network of capacitors.
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Table 1. Some commercially available electronic design automation tools
Company Typical product Type
Ansoft HFSS 3D EM simulator
www.ansoft.com

Applied Wave Research (AWR)
WWW.awr.com

CST
Www.cst.com
EM Works
www.emworks.com
Keysight Technologies
www.keysight.com

Sonnet Software
www.sonnetsoftware.com
QWED
www.qwed.com.pl
Zeland Software
www.zeland.com

Microwave Office

CST Microwave Studio
HFWorks
Advanced Design System (ADS)
Electromagnetic Professional (EMPro)
Genesys
Sonnet Suites
Sonnet Lite
Quick Wave-3D

IE3D

Integrated package including linear and
nonlinear circuit simulators, optimizers, and
EM analysis tools
3D EM simulator

3D EM simulator

Integrated package including 3D EM
simulators
3D EM simulator
Integrated EM simulation package
3D planar EM software
Free 3D planar EM simulator
3D EM simulator

Planar and 3D EM simulation, optimization,

PLC

el

and synthesis package
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Figure 6. Bandpass filter circuit model in ADS circuit simulator, with shunt/parallel-only identical LC
resonators and pi-network of capacitors replacing J-inverters.
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Figure 7. Simulation results of the bandpass filter circuit model.

3. MICROSTRIP LAYOUT IMPLEMENTATION

This section covers the microstrip implementation of the proposed channel filter using the microstrip
hairpin resonator. This type of resonator is well-known for its simple structure, flexibility, and compact size.
The resonator is achieved by folding the conventional half-wavelength resonator into a “U” shape. Hence,
hairpin resonator filters are designed based on the same set of equations employed in the design of parallel-
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coupled half-wavelength resonator filters [24]. When folding the half-wavelength resonator to achieve a hairpin
resonator, it is important to consider the reduction of the coupled-line lengths, which reduces the coupling
between resonators. Should the two arms of a hairpin be closely spaced, they will function as a pair of coupled
lines, and this can also influence the coupling [24]. This section will be divided into subsections, with each
subsection covering a step in the microstrip implementation of the BPF circuit model achieved in section 2.

3.1. Microstrip Hairpin Resonator Dimensions

The microstrip hairpin resonator (HPR) is designed to resonate at the proposed BPF center frequency,
i.e., fo. The design is made on Rogers RT/Duroid 6010LM substrate with a dielectric constant, e, of 10.7, a
thickness, h, of 1.27 mm and a loss tangent of 0.0023. The width (w) and length (I) of the microstrip were
estimated from [24] using Equations (5) and (6), respectively. Note that . is the effective dielectric constant
of the design material, co (i.e., 3 x 108 m/s) is the speed of light in free space and | = A4/2, where A4 is the guided
wavelength. Using Equations (5) and (6), the design values for w and | were estimated to be 1.14 mm and 21.61
mm, respectively. The actual dimensions of the microstrip were achieved by using the estimated values on
various rounds of simulation and optimization in ADS momentum. The actual dimensions were reached at the
point where the microstrip HPR started resonating at f, as shown in Figure 8.
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Figure 8. Hairpin resonator layout and response at 2.6 GHz (all dimensions in mm).

3.2. Coupling Coefficient Extraction

The coupling arrangement for the 3-pole channel filter is shown in Figure 9, where Qe is the external
quality factor (to be discussed in the next subsection). The theoretical coupling between adjacent microstrip
hairpin resonators is calculated to be 0.031 using Equation (7) [24], while the practical coupling value is
achieved using Equation (8) [24] and the simulation technique shown in Figure 10. The separation distance, s,
between adjacent resonators as shown in Figure 10, is the distance in mm that corresponds to the theoretical
coupling value of 0.031, f; and f, are the eigen-modes from simulating the pair of coupled microstrip resonators.
The matrix of k for the proposed bandpass filter is given in Equation (9).

Port1l Port 2

Qextl kl’z kg’g Qextz

Figure 9. Coupling arrangement for the proposed 3-pole bandpass filter
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Figure 10. Coupling coefficient extraction technique for adjacent hairpin resonators (s = 1.9 mm).

3.3. External Quality Factor Extraction

The theoretical external quality factor value is calculated to be 28.387 using Equation (10). The
practical value of the Qe is determined using Equation (11) and the technique shown in Figure 11. The
separation distance, t, between the first (or the last) resonator and the input (or the output) port as shown in
Figure 11, is the distance in mm that corresponds to the theoretical Qex Value of 28.387. Hence, both Qexa and
Qexz Shown in Figure 9 are equal to 28.387.

Theoretical Qgy = 9091/FBW (10)

Practical Qgye = fo/(fz —f) (11)

A5

s-parameters, dB
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2.2 23 24 25 26 27 238 29 3
frequency, GHz

Figure 11. External quality factor extraction technique (t = 0.7, all dimensions in mm).

3.4. Filter Layout and Simulation

The proposed channel filter was put together based on the coupling arrangement of Figure 9. The filter
layout was simulated using the Keysight ADS momentum full-wave electromagnetic simulator, with the layout
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and simulation results shown in Figure 12. The simulation results are in good agreement with the circuit model
results previously presented in Figure 7. However, unlike the circuit model design that is in ideal condition
(i.e., lossless), the microstrip layout implementation of the BPF included both conductor and dielectric losses.
The loss tangent of the dielectric materials was kept at 0.0023, while the copper conductivity used for the
simulation was maintained at 5.8 x 107 S/m, with a thickness of 35 micron for both the top and bottom metals
of the microstrip line. Surface roughness and thickness variation of the substrate material were not considered.
As a result of the lossy simulation, a simulated minimum insertion loss of better than 1.8 dB was recorded,
with a better than 25 dB minimum return loss. The simulation center frequency is at 2.6 GHz as designed.

0 -r - T

- T ™ =T

s=parameters, dB

-80 .
22 24 2

frequen.cy, GHz
Figure 12. Layout and simulation results of the proposed 3-pole bandpass/channel filter.

4. FABRICATION

The proposed BPF was fabricated using the same material employed in the electromagnetic simulation
of the microstrip layout. Radio frequency printed circuit board (PCB) milling process technique was utilised
for the circuit fabrication. A photograph of the fabricated microstrip BPF is shown in Figure 13. The overall
size of the fabricated filter is 18.0 mm by 10.7 mm, i.e., 0.16Ag x 0.091g, where Ag is the guided wavelength
of the 50 Q microstrip line at 2.6 GHz. A 50 Ohms SMA (sub-miniature version A) connector was attached to
each port of the fabricated filter to facilitate measurement using Keysight Vector Network Analyzer.

Figure 13. Photograph of the fabricated bandpass/channel filter.

5. DISCUSSION

The circuit model and microstrip layout results of the proposed BPF are co-presented in Figure 14 for
easy comparison. The solid lines in Figure 14 represent the circuit model results while the dashed lines
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represent the microstrip layout simulation results of the filter. The proposed filter performance was compared
with some related published works using Table 2. The comparison with [17, 20, 25] clearly shows that the
proposed BPF is of compact size, with a good insertion loss. The minimum return loss is excellent at 25 dB.
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Figure 14. Comparison of the circuit model and the microstrip layout results of the proposed BPF.

Table 2. Comparison of the proposed filter performances with related published works.

Ref. fo Filter Order Size 1Lt RL2?
(GHz) (Aq X Aq) (dB) (dB)

[17] 4.50 2 0.28 x 0.09 1.6 10.0
[20] 3.35 2 0.12 x 0.09 2.4 20.0
[25] 2.45 2 0.15x0.13 2.4 20.0
This work 2.60 3 0.16 x 0.09 1.8 25.0

Linsertion loss, % return loss.

CONCLUSIONS
A 3rd order (3-pole) bandpass filter has been proposed, designed, and implemented using the

microstrip transmission line technology. The design was completely based on well-known formulations and
relied on microstrip hairpin resonators for miniaturisation. The circuit model and microstrip layout results show
good agreement; with centre frequency of 2.6 GHz, good selectivity and sharp roll-off. The simulation
measured minimum insertion loss of less than 1.8 dB, and minimum in-band return loss of greater than 25 dB
were achieved. The fabricated filter is of compact size with a small footprint of 18.0 mm by 10.7 mm (i.e.,
0.16Ag x 0.097g), where Ag is the guided wavelength of the 50 Q microstrip line at the center frequency of the
bandpass filter.
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