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Abstract: In this work, a miniaturized bandpass filter (BPF) constructed of two spiral intertwined
inductors and a central capacitor, with several interdigital structures, was designed and fabricated
using integrated passive device (IPD) technology on a GaAs wafer. Five air-bridge structures were
introduced to enhance the mutual inductive effect and form the differential geometry of the outer
inductors. In addition, the design of the differential inductor combined with the centrally embedded
capacitor results in a compact construction with the overall size of 0.037λ0 × 0.019λ0 (1537.7× 800 µm2)
where λ0 is the wavelength of the central frequency. For the accuracy evolution of the equivalent
circuit, the frequency-dependent lumped elements of the proposed BPF was analyzed and modeled
through the segment method, mutual inductance approach, and simulated scattering parameters
(S-parameters). Afterward, the BPF was fabricated using GaAs-based IPD technology and a 16-step
manufacture flow was accounted for in detail. Finally, the fabricated BPF was wire-bonded with Au
wires and packaged onto a printed circuit board for radio-frequency performance measurements. The
measured results indicate that the implemented BPF possesses a center frequency operating at 2 GHz
with the insertion losses of 0.38 dB and the return losses of 40 dB, respectively, and an ultrawide
passband was achieved with a 3-dB fraction bandwidth of 72.53%, as well. In addition, a transmission
zero is located at 5.32 GHz. Moreover, the variation of the resonant frequency with different inductor
turns and metal thicknesses was analyzed through the simulation results, demonstrating good
controllability of the proposed BPF.

Keywords: Bandpass filter (BPF); controllability; equivalent circuit model; GaAs-based integrated
passive device (IPD)

1. Introduction

With the rapid development of modern intelligence, communication and telecommunication
modules are widely applied to all parts of daily life, known as “connecting everything”. The increasing
demands of communication modules drive the rapid evolution of the passive components that make
up these modules as well, such as a balun, power divider, filter, etc. A bandpass filter (BPF) is a device
that allows signals of a certain frequency in the range of fa–fb to pass through as is, while others that
are out of the range are restrained. Thus, the BPF is a vital passive device in the radio frequency (RF)
front-end module of a communication system, and its properties affect the performance of the overall
operating system [1,2]. Therefore, the design and fabrication technology are attractive for researchers
with the evolution of RF/microwave engineering.

Many works regarding BPF with various manufacturing techniques have been presented in recent
years. Polymer substrate-based microstrip BPFs, patterned by the lamination technique and wet
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chemical etching process, have been reported [3,4]. The flexible multi-passband design approach, low
fabrication cost, and simple manufacturing process are obtained via the stub-loaded resonator, step
impedance resonator, coupling methodology, and the application of a low-cost substrate. Nevertheless,
insertion losses in the passbands are relatively high, while the selectivity and band-in-band restraint
are unsatisfactory. Moreover, microstrip BPFs using high-temperature superconductors (HTSs) have
also been proposed, possessing the merits of the multi-passband design approach, and the insertion
losses and band-in-band restraint are significantly improved resulting from the very low surface
resistance of the HTS [5]. However, the defects of high cost and strict operation condition are also
nonnegligible [6]. Additionally, both the microstrip BPF base polymer and the HTS suffer due to
their large size, preventing them from finding application in practical communication systems. To
overcome the drawbacks of device size, micro-/nano-fabrication technologies have been applied to
develop miniaturized BPFs. Low-temperature co-fired ceramic (LTCC) technology, using the strip
lines resonator and the hybrid resonant circuit, is a good candidate for implementing a compact BPF,
as a result of its multilayer capability and integrated packing capability. However, such modules
possess a low unloaded quality factor (Q-factor), which can be attributed to the poor roll-off and
relatively high insertion losses. Meanwhile, the device fabricated by LTCC is relatively thick, resulting
from the multilayer manufacturing technology and intrinsic substrate thickness [7,8]. To enhance
the Q-factor, high-temperature co-fired ceramic (HTCC) technology, based on a low loss tangent and
high dielectric constant material, was employed to design a BPF with the multilayer design approach
and rectangular bar step-impedance resonator [9]. A higher Q-factor and good RF performance
are achieved by HTCC, but the device size is enlarged as a compromise. In addition to LTCC and
HTCC technology, micro-electromechanical systems (MEMS) are also a potential technology for
integrating electronic and mechanical components seamlessly into the micro-size chip, with the merits
of reduced cost, decreased dimension, and low loss. Nevertheless, devices based on MEMS may suffer
from a shortened working life, resulting in uncertainty regarding power handling capability [10].
In addition, some BPFs have been proposed and fabricated using CMOS technology, which can
implement devices with smaller overall dimensions, reduced integration costs, shrunk parasitic effects,
and low power consumption [11,12]. However, the BPFs constructed using passive components are
generally accompanied by drawbacks in the form of electromagnetic interference and eddy currents [13].
Considering these issues, GaAs-based integrated passive device (IPD) technology is fairly attractive
for high-performance BPF implementation, as a result of the advantages of high integration, effective
cost, and full compatibility [14,15].

In this study, a compact BPF employing GaAs-based IPD technology was developed, comprising
two intertwined spiral inductors and a central capacitor. Five air-bridge structures were introduced to
the outer quasi-circular inductor with a three-metal-layer design for enhancing the mutual inductive
effect [16]. In addition, the intertwined structure is built to construct the differential geometry
resulting in the miniaturized overall dimension. After this, a frequency-dependent equivalent circuit
under higher frequency excitation was established, and is theoretically analyzed and modeled herein;
immediately following this, the 16-step IPD-based fabrication flow of the proposed BPF is explained
in detail. The center frequency (CF) of the passband and the transmission zero (TZ) can be shifted
by adjusting the turns of the outer inductor and the thicknesses of the top and bottom metal layers.
Additionally, a comparison of the BPF constructing the intertwined inductor with/without air-bridges
is presented via the simulation result. Finally, an IPD-based BPF featuring a CF operating at 2 GHz
and a TZ located at 5.32 GHz was implemented with a miniaturized overall size of 0.037λ0 × 0.019λ0

(1537.7 × 800 µm2), where λ0 is the wavelength of the central frequency. It was measured with an
insertion loss of 0.38 dB at the CF and 35.15 dB at the TZ, a return loss of 40 dB at the CF, and the 3-dB
fraction bandwidth (FBW) of 72.53% after bonding with Au wires and packaged onto a printed circuit
board (PCB).
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2. Materials and Methods

2.1. Design and Circuit Analysis

Established with GaAs-based IPD technology, a compact BPF comprising two intertwined
quasi-circular inductors and a centrally embedded capacitor was developed with three metal layers, as
demonstrated in Figure 1a. Air-bridge structures can be clearly observed in the outer inductor, and an
enlarged 3D view of the air-bridge and the three metal layers are shown in Figure 1b. Furthermore,
the 2D views of each layer are illustrated in Figure 1c–e, namely: leads, text, and bond from top to
bottom in the design and simulation software (Advanced Design System (ADS) 2016). The dimensional
parameters of each layer are listed in Table 1, in which the leads and bond layer feature the same
dimensions. The width of the conductor coils and the gap between them are set as the minimum
manufacturing size to miniaturize the overall size, and the thickness of each layer is also decided by
the fabrication. The inner radius is set as 250 µm to embed the central capacitor, and so the distance
between the capacitor and the inductor are wide enough to avoid the mutual effects. The number of
turns, or the length of the inductor, is estimated via the established equivalent model according to the
operating frequency after the inner radius is fixed.
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To evaluate the equivalent circuit accurately, an analytical model for estimating the performance 
during the design process of the proposed BPF was developed based on the segment method, the 
mutual inductance approach, and simulated scattering parameters (S-parameters) [17,18]. As 
illustrated in Figure 2a, the lumped model comprises four parts after considering the parasitic effects 
under high frequency excitation: the segment of the metal line without overlap (Seg i), the coupling 
capacitor between metal tracks out of the segment, the parasitic effects induced by the SiNx 
passivation layer and the GaAs substrate, and the central capacitor. 

2.1.1. Model Inside the Segment Box 

Figure 1. (a) 3D view of the proposed BPF; (b) enlarged view of the air-bridge structure and side view
of the three metal layers; (c) leads layer; (d) text layer; (e) bond layer.

Table 1. Dimensional parameters of leads, bond, and text layers

Parameter (mm) w1 w2 g1 g2 g3 rin l1 l2 Thickness

Leads and Bond 15 15 15 30 15 250 75 30 5
Text 11 11 19 34 19 252 79 30 1.8

To evaluate the equivalent circuit accurately, an analytical model for estimating the performance
during the design process of the proposed BPF was developed based on the segment method, the mutual
inductance approach, and simulated scattering parameters (S-parameters) [17,18]. As illustrated in
Figure 2a, the lumped model comprises four parts after considering the parasitic effects under high
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frequency excitation: the segment of the metal line without overlap (Seg i), the coupling capacitor
between metal tracks out of the segment, the parasitic effects induced by the SiNx passivation layer
and the GaAs substrate, and the central capacitor.
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Figure 2. (a) Number of segment boxes in the proposed BPF; (b) π-type lumped-element model inside
the segment box; (c) equivalent circuit model of the proposed BPF.

2.1.1. Model Inside the Segment Box

As shown in Figure 2b, the intertwined inductor is divided into 12 segment boxes by the air-bridge.
Each segment box was built by the π-type lumped model, as demonstrated in Figure 2c, where RT
denotes the total series resistance, LT denotes the total series inductance, CSiNx denotes the capacitance
associated with the SiNx passivation layer, and GSUB and CSUB denote the conductance and the
capacitance associated with the GaAs substrate, respectively. The metal track of each segment box
comprises several straight metal lines, and RT and the LT are the sums of the resistance and inductance
of all the straight metal lines, wherein the effects of the corners can be neglected.

The series resistance and series inductance can be easily evaluated from the metal track geometry
and resistivity at a low frequency, in which the current density in the metal track is uniform. However,
the spiral inductor under high-frequency excitation possesses nonuniform current distribution in the
metal track resulting from the current crowning effect, so the resistance and inductance of each straight
metal line is frequency-dependent [19]. Therefore, the concept of the effective linewidth Weff was
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proposed to replace the physical metal linewidth for circuit modeling, which can be calculated as the
following:

We f f = W0,i

(
1− exp

(
−

w
W0,i

))
, (1)

W0,i = c1·c2i−1

√
1
f

, (2)

where w represents the physical metal linewidth, i represents the turn index, f represents the operating
frequency, and c1 and c2 are the fitting parameters for matching the resistance and inductance with the
measurement result, respectively, in which c1 = 0.669 and c2 = 0.56 for the 5-turn spiral inductor. The
resistance of each metal line (Rline) for evaluating the losses of the signal can be obtained using the
effective linewidth as in Formula (3), which is used as the reference for the trade-off of the cost and
deposited metal:

Rline =
ρ·l

We f f ·tm
, (3)

where ρ is the resistivity (Ω·cm), and l and tm are the length and thickness of the straight metal
line, respectively.

The inductance of each segment includes the self-inductance of the straight metal line and
the mutual inductance from the other metal track. According to the effective linewidth, the
frequency-dependent self-inductance can be expressed as:

Lsel f = 2l
(
ln

2l
We f f + tm

− 0.5
)
. (4)

Assuming the metal tracks of each segment are parallel to the others, the mutual inductance can
be approximately expressed as:

LM = 2× 10−4l

ln l
d
+

√
1 +

l2

d2

−
√

1 +
l2

d2 +
d
l

, (5)

where d is the distance between the central location of the effective linewidth. Please note that two
metal tracks carrying currents in the same direction feature positive mutual inductance, whereas the
mutual inductance is negative when the currents flow in the opposite direction [18]. Hence, the total
inductance related to the length can be calculated using the formulas (4) and (5), so that the total length
of the metal trials can be estimated for the L-band filter, and the length of the air-bridge structures can
be determined as well. The components related to the substrate are discussed in Section 2.1.4 together
with other components of the same type.

2.1.2. Models Outside the Segment Box

Due to the compact geometry of the spiral inductor, the coupling capacitors between the
neighboring metal tracks were introduced and named Ci_j, where i and j represent the number of the
segment box. Such a capacitance can be calculated by employing the approach reported in [20], and
the coupling capacitance is given by:

Ci_ j = ε0
Q
V

, (6)

where Q denotes the normalized charge and V denotes the potential between the central location
of two conductors. In addition, the capacitor CABi, resulting from the air gap in the air-bridge area
between the leads and the bond layer, is considered, and can be determined by:

CABi =
ε0(overlap area)

ttext
. (7)
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In combination with the fabrication technology and the calculated length, both capacitances are
determined, and can be computed via the Formulas (6) and (7).

2.1.3. Embedded Capacitor

Considering the ohmic losses and the inductive effect, the central embedded capacitor is
modeled by three components: a capacitor (CC), an inductor (LC), and a resistor (RC). However, the
frequency-dependent parameters of the capacitor are difficult to calculate due to the complicated
construction. Hence, the simulated S-parameters and the Y-parameters are applied to calculate the
capacitance, inductance, and the resistance from the given formulas. In addition, the capacitance can
be tuned to match the design target via tuning the dimension of the central capacitor. The values of
these three parameters of the final designed capacitor varying with frequency in the range of 0–10
GHz are shown in Figure 3. Finally, on the basis of the calculated total inductance and capacitance, the
operating frequency can be estimated.

C(pF) =
1× 1012

× imag[Y(1, 1)]
2π f

, (8)

L(nH) =
1× 109

2π f × imag[Y(1, 1)]
, (9)

R(Ω) = real
[

1
Y(1, 1)

]
. (10)
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2.1.4. Parasitic Effects Associated with the Substrate

To realize the accurate design target, the effects of the parasitic inductance and capacitance
associated with the substrate and passivation layer should be considered. Three types of components
were used to model the parasitic effects arising from the electronic coupling: the capacitor related to
the passivation layer (CSiNx and CSiNx_AB), and the conductor and capacitor related to the substrate
(GSUB, GSUB_AB, CSUB, and CSUB_AB). The losses resulting from the eddy current are negligible, as the
resistivity of the GaAs substrate is larger than 10 Ω·cm [21]. Formulas (11)–(16) are used to compute
the above six parameters, and subsequently, the length of the inductor is adjusted to realize the L-band
BPF. The components with the subscript SUB_AB represent the elements associated with the air-bridge
area, which can be considered to be frequency-independent due to their short length. Thus, they can
be estimated on the basis of the following equations:

CSiNx =
ε0εSiNx(air− bridge metal area)

tSiNx
, (11)

CSUB_AB =
ε0εGaAs(air− bridge metal area)

tGaAs
, (12)

GSUB_AB =
air− bridge metal area

tGaAs·ρGaAs
. (13)

where tSiNx and tGaAs are the thicknesses of the passivation layer and substrate, respectively, and
ε0, εSiNx, and εGaAs are the permittivity of free space, the passivation layer, and the substrate,
respectively. However, the parasitic effects of the capacitor and the metal track of the segment box are
frequency-dependent, according to the concept of the effective linewidth. Therefore, a new function
F(Weff, t) with respect to the effective linewidth and metal thickness, and the frequency-dependent
permittivity εeff(f) were introduced to estimate CSiNx, CSUB, and GSUB as given [22]:

CSiNx( f ) =
ε0εe f f ( f )

2F
(
We f f , tSiNx

) ·l, (14)

CSUb( f ) =
ε0εe f f ( f )

2F
(
We f f , tSUB

) ·l, (15)

CSUb( f ) =
σSUB

(
1 +

√
1 + 10tSUB/We f f

)
2F

(
We f f , tSUB

) ·l. (16)

2.2. IPD Fabrication Process

IPDs are manufactured using standard wafer fabrication techniques with thin-film and
photolithography processing, which enables integration of the discrete passive electronic components
into a chip [23,24]. An improved IPD fabrication method based on a GaAs substrate was developed in
previously reported work by our group. In addition, these components, comprising a NiCr thin-film
resistor, spiral inductor, and metal-insulator-metal capacitor, were implemented for the advantages of
high quality, high yield, and cost effectiveness [14]. Many blocks, such as the power divider, coupler,
and balun, have been developed on the basis of improved manufacturing flow [25–27]. The proposed
BPF comprising two intertwined spiral inductors and a central embedded capacitor was developed
with a total of 16 steps and 5 masks in this study, and the fabrication flow is illustrated in Figure 4.
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In step 1, a 6-inch GaAs wafer was prepared as the substrate for the fabrication, and was cleaned
using the lift-off machine to spray for 180 s with acetone solution at 23 ◦C in order to create a flat
and clean wafer surface. In addition, the wafer was then polished for 30 s using the HCl solution
in the wet station, and blown with N2 to dry it. Please note that N2 blowing is necessary after each
wet process. In step 2, a SiNx passivation layer with a thickness of 200 nm was introduced using the
plasma-enhanced chemical vapor deposition (PECVD) machine using of SiH4, He, N2, and NH3 as the
process gasses. A deposition process of 376 s in the chamber at 250 ◦C enhances the adhesion of the
metal layer and the GaAs wafer. Starting from step 2, a microscope was utilized to inspect for crevices
and humps at the end of each step. In step 3, a seed metal layer of Ti/Au with a thickness of 20/80 nm
was deposited by sputtering, and the sputtering times of Ti/Au were 50 and 41 s, respectively, with a
DC power of 1 KW. In step 4, the negative photoresistor (PR) NR9-3000PY was coated by spin-coating
using the coating track with a coating PRM of 1500 and coating time of 40 s and then exposed by the
contact aligner using mask 1 to define the pattern of the first metal layer. Then, following inspection
with the microscope, the critical dimension scanning electron microscope (CD-SEM) was introduced to
check the pattern of the design after PR was exposed. Subsequently, the first metal layer of Cu/Au
with the thickness of 4.5/0.5 µm was generated by electroplating with a current of 300/70 mA and
a processing time of 17/4 min, respectively, and the PR was removed with acetone solution using a
lift-off machine immediately after step 5. In step 6, the PR was coated with a coating PRM of 1500 and
coating time of 40 s, and exposed with mask 2 to protect the plated first metal layer in the following
etching process. In step 7, the needless seed metal was etched by SF6/Ar plasma using an inductively
coupled plasma (ICP) etcher with a gas flow rate of 20 sccm and process time of 375 s. Subsequently,
after microscope inspection, a DC check was employed to confirm that the unwanted area had been
etched, and immediately after this, the thickness was measured with the surface scan profiler. Next,
in step 8, the negative PR was applied with mask 3 to define the structure of the second metal layer,
while the gap of the air-bridge between the third and first metal layer was defined. Then, in step
9, Cu with a thickness of 1.8 µm was electroplated with a current of 300 mA and a processing time
of 7 min for the second metal layer. In step 10, a PR process based on mask 4 was adopted using
positive PR AZ7220, and in step 11, the third metal layer was electroplated with the same thickness
and material as that of the first metal layer. Subsequently, in step 12, the PR was manually stripped off

via wet etching and acetone solution with a spray time of 300 s, and the intertwined coils and central
capacitor were implemented with the completion of this step. To protect the device from moisture
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and oxidation, in step 13, a final passivation layer using 300 nm SiNx was deposited through the
PECVD with a process time of 564 s. In step 14, the PR process was adopted with mask 5 to generate
an open area for via etching. Next, in step 15, the ICP dry etching process using SF6/O2 with a gas
flow rate of 45/5 sccm and processing time of 120 s was employed to generate the via in the defined
area for the following wire-bonding, then, the PR was removed using acetone with a spray time of
180 s. Finally, in step 16, polishing, dicing, and wire-bonding processes were employed, enabling the
RF performance of the fabricated device to be tested. Table 2 lists the manufacturing techniques used
in the fabrication process.

Table 2. Fabrication techniques and materials used in the manufacturing process.

Fabrication Objective Technique Material Application of Step

Passivation layer PECVD SiNx 2, 13
Photoresistor Spin-coating Negative/positive PR 4, 6, 8, 10, 14
PR removal Lift-off Acetone 5, 12
Seed metal Sputtering Ti/Au 3
Metal layer Electroplating Cu/Au 5, 9, 10

Via ICP etching SF6/O6 7, 15

3. Discussion and Results

3.1. Effects of Variable Dimension Parameters

Factors such as the overall size, insertion loss, and bandwidth are important for the performance
evaluation of a BPF, and the controllability of the CF and TZ is an additional factor in evaluating a
BPF device. Our previous work reported the impact of the varying inner radius, conductor gap, and
conductor width [28]. To further investigate the controllability of the proposed IPD-based BPF, the
effects of the altering turns of the outer inductor and various metal thicknesses on the RF performance
were analyzed via the simulation software. Figure 5a,b illustrates the trails of the reflection coefficient
(S11 parameter) and transmission coefficient (S21 parameter) with varying inductor turns in the range
of 2–8, respectively. It can be obviously noted from Figure 5a that the CF shifted to a lower frequency
with the increasing inductor turns; the TZ presents the same shifting trend as the CF, as revealed
in Figure 5b. The functional relationship of the CF and the number of turns is shown in Figure 5c,
indicating that the CF increases exponentially as the number of turns decreases, rather than having a
linear relationship. In addition, the comparison of the intertwined inductor with/without air-bridge
structure is illustrated in Figure 5d, demonstrating that differential construction with air-bridge
structure improves the performance in the L-band and S-band.
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Figure 6 shows the variation caused by altering the metal thicknesses of the different layers, in
which the leads and the bond layer always have the same thickness. Figure 6a demonstrates the effects
of the varying metal thicknesses of the leads and bond layer on the S11 parameter when the metal
thickness of the middle layer was fixed at 1.8 µm, indicating that the CF barely changed with the
increasing metal thickness in the range of 0.5–8 µm. However, the insertion loss at the CF increased
when the metal thickness was lower than 2 µm, which is interpreted as the strengthened resistance
resulting from the metal thickness being lower than the skin depth of copper at 2 GHz. The skin depth
of copper is approximately equivalent to 1.48 µm, as can be calculated from Equation (17):

d =
1√
π fµσ

, (17)

where f denotes the operating frequency, µ denotes the permeability, and σ denotes the conductivity.
Figure 6b reveals the relationship between the S21 parameter and the metal thickness, indicating that
the TZ moved to higher frequency with the increasing metal thickness. The effect of the metal thickness
of the text layer on the S-parameters is given in Figure 6c, wherein the metal thickness of the text layer
was adjusted from 0.6 µm to 3 µm, while the other two layers were set as 5 µm. No evident changes
can be noticed, indicating that the middle metal layer barely affects the RF performance.
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3.2. Results

After being simulated and optimized by the ADS 2016 software, the proposed BPF was fabricated
based on the IPD technique on the GaAs substrate with a thickness of 200 nm, a dielectric constant of
12.85, and a tangent loss of 0.006, to verify the design approach. The device possesses a miniaturized
overall size of 0.037λ0 × 0.019λ0 (1537.7 × 800 µm2), then it was bonded with Au wires and packaged
onto a 2 cm × 2 cm PCB for convenience of performance characterization, as shown in Figure 7a.
Figure 7b shows a magnified image of the packaged BPF taken by a Nikon Eclipse L150 microscope,
and the SEM figure of the top view is demonstrated in Figure 7c. Figure 7d provides an enlarged
area of the air-bridge structure, and depicts the narrow text layer in the transmission line area and
the gap between the leads and bond layer in the cross area. Figure 7e illustrates the cross-section
of the IPD-based device, in which the three metal layers with different thicknesses and the bottom
SiNx passivation layer can be evidently observed. The Agilent 8510C vector network analyzer (VNA)
was applied to measure and record the S-parameters. The simulated and measured S-parameters
of the proposed BPF are compared and presented in Figure 8a, showing that good agreement was
achieved. The frequency bias of the CF and TZ is due to the fabrication tolerance and the effect of the
wire-bonding and package process.

As depicted in Figure 8a, the CF of the simulated and measured results operates at 2.09 GHz and
2 GHz, respectively, and a TZ is located at the right side of the passband with the frequency of 5.1 GHz
and 5.32 GHz, respectively. The insertion loss at the CF and TZ of the measured results are 0.38 dB
and 35.15 dB, respectively, achieving a low loss pass in the passband and good out-of-band isolation.
Additionally, the group delay is also simulated, and is shown in Figure 8a [29,30]. The current density
distribution at the CF and TZ are shown in Figure 8b,c, validating the excellent passband performance
and out-of-band restraint. Moreover, the implemented BPF features an ultrawide passband from 1.387
GHz to 2.822 GHz with a 3-dB FBW of 72.53%. As a significant figure of merit (FoM) of BPF, the quality
factor is calculated using the simulated Y-Parameters as 32.2 [31–33]. The performance comparison
of the proposed IPD-based BPF with recently published work, based on various manufacturing
technologies, is given in Table 3, which exhibits the advantages of the low insertion loss, wide passband,
and miniaturized size of the GaAs-based IPD technology. Furthermore, the comparison of this
work GaAs-based IPD with other BPF using different GaAs-based technologies is shown in Table 4,
showing the IPD-based device possess the merits of ultra-wide passband and low insertion loss with
similar dimension.
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device using the GaAs-based IPD technology.
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Table 3. Comparisons with other works using various manufacturing technologies

Ref. Technique CF (GHz) IL (dB) RL (dB) FBW (%) Circuit Area

[34] Microstrip 0.975 1.1 >20 13.3 0.094λ0 × 0.08λ0
[35] HTS 1.9/2.6 0.18/0.32 >16 2.6/2.4 0.182λ0 × 0.156λ0
[36] LTCC 2.4 2.4 15 12.5 0.058λ0 × 0.058λ0
[9] HTCC 2.25 1.8 >15 5.5 6.9 × 39.9 mm2

[37] Si-based IPD 1.7 2.54 12 16 2.6 × 1.5 mm2

This work GaAs-based
IPD 2 0.38 40 72.53 0.037λ0 × 0.019λ0

(1.54 × 0.8 mm2)

Table 4. Comparisons with other works using GaAs-based technology

Ref. Technique CF (GHz) IL (dB) RL (dB) FBW (%) Circuit Area

[38] IPD 3.2/5.8 1.2/0.6 22/25 7.8/33.3 0.2λ0 × 0.11λ0
[39] HBT 3.35 2.05 19 55 0.02λ0 × 0.05λ0
[40] MMIC 3.01 5.6 7.5 - 0.7 × 0.4 mm2

[41] SIW 93 4.3 >13.5 3.4 2.31λ0 × 1.57λ0

This work IPD 2 0.38 40 72.53 0.037λ0 × 0.019λ0
(1.54 × 0.8 mm2)
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4. Conclusions

A microscale BPF comprising two intertwined spiral inductors and a centrally embedded capacitor
was developed using GaAs-based IPD technology in this study. The equivalent circuits model was
produced after considering the capacitive and inductive parasitic effects using the segment method,
mutual inductance approach, and simulated S-parameters. The three-layer IPD manufacture flow
with the thin-film and photolithography processes were presented in 16 steps. The fabricated BPF
features a miniaturized overall size of 0.037λ0 × 0.019λ0 (1537.7 × 800 µm2). Furthermore, the analysis
of the varying dimensional parameters reveals the relationship between the S-parameters and the
BPF size. Finally, the measured results show a good consistency with the theoretical prediction and
simulation, demonstrating a low insertion loss of 0.38 dB, 10-dB out-of-band suppression to 6 GHz,
and an ultrawide 3-dB FBW of 72.53%. The proposed BPF could be an excellent candidate for a modern
communication system due to the high performance and miniaturized size, and the GaAs-based IPD
technology used for fabrication present the great potential to manufacture miniaturized passive devices.
However, lifecycles and compatibility of the practical application were not discussed in this paper,
and the selectivity is unprovable, which will be the focus of future work in promoting the practical
application of IPD technology.

Author Contributions: Conceptualization, B.-H.Z and N.-Y.K.; methodology, B.-H.Z.; software, B.-H.Z.;
validation, B.-H.Z.; formal analysis, B.-H.Z.; investigation, B.-H.Z.; resources, B.-H.Z.; data curation, B.-H.Z.;
writing—original draft preparation, B.-H.Z.; writing—review and editing, Z.-J.W., E.-S.K. and N.-Y.K.; visualization,
B.-H.Z.; supervision, N.-Y.K.; project administration, E.-S.K. and N.-Y.K.; funding acquisition, N.-Y.K. as
co-corresponding author.

Funding: This research was partially supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (No. 2018R1A6A1A03025242 and
No. 2018R1D1A1A09083353) and was also supported by a Research Grant of Kwangwoon University in 2019. The
work reported in this paper was conducted during the sabbatical year of Kwangwoon University in 2016.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liang, J.G.; Wang, C.; Kim, N.Y. Implementation of ultra-wideband bandpass filter with modularized design
based on synchronous-quasi resonance and double-curved-route. IET Microw. Antennas Propag. 2018, 12,
1175–1184. [CrossRef]

2. Lu, D.; Tang, X.H.; Barker, N.S.; Li, M.; Yan, T.F. Synthesis-applied highly selective tunable dual-mode BPF
with element-variable coupling matrix. IEEE Trans. Microw. Theory Tech. 2018, 66, 1804–1816. [CrossRef]

3. Wang, Z.J.; Wang, C.; Kim, N.Y. Dual-/triple-wideband microstrip bandpass filter using independent
triple-mode stub-loaded resonator. Microw. Opt. Technol. Lett. 2017, 60, 56–64. [CrossRef]

4. Qiang, T.; Wang, C.; Kim, N.Y. Quad-wideband bandpass filter with high design flexibility based on
independent triple-mode resonators. Microw. Opt. Technol. Lett. 2017, 59, 1655–1661. [CrossRef]

5. Liu, H.W.; Ren, B.P.; Hu, S.X.; Guan, X.H.; Wen, P.; Tang, J.M. High-order dual-band superconducting
bandpass filter with controllable bandwidths and multitransmission zeros. IEEE Trans. Microw. Theory Tech.
2017, 65, 3813–3823. [CrossRef]

6. Tsukamoto, O.; Ogawa, J. Perspectives of elementary technologies for AC power applications of high
temperature superconductors. J. Mater. Process. Technol. 2007, 181, 6–11. [CrossRef]

7. Yang, T.; Tamura, M.; Itoh, T. Super compact low-temperature co-fired ceramic bandpass filters using the
hybrid resonator. IEEE Trans. Microw. Theory Tech. 2010, 58, 2896–2907. [CrossRef]

8. Dai, X.; Zhang, X.Y.; Kao, H.L.; Wei, B.H.; Xu, J.X.; Li, X. LTCC bandpass filter with wide stopband based on
electric and magnetic coupling cancellation. IEEE Trans. Compon. Packag. Manuf. Technol. 2014, 4, 1705–1713.

9. Zhu, Y.Y.; Yang, Y.J.; Chen, J.X. High-performance bandpass filter using HTCC stepped-impedance resonators.
IET Microw. Antennas Propag. 2018, 12, 56–62. [CrossRef]

10. Lei, D.; Wang, T.; Cao, D.; Fei, J. Adaptive dynamic surface control of mems gyroscope sensor using fuzzy
compensator. IEEE Access 2016, 4, 4148–4154. [CrossRef]

http://dx.doi.org/10.1049/iet-map.2017.0028
http://dx.doi.org/10.1109/TMTT.2017.2783376
http://dx.doi.org/10.1002/mop.30909
http://dx.doi.org/10.1002/mop.30604
http://dx.doi.org/10.1109/TMTT.2017.2690295
http://dx.doi.org/10.1016/j.jmatprotec.2006.03.004
http://dx.doi.org/10.1109/TMTT.2010.2079150
http://dx.doi.org/10.1049/iet-map.2017.0422
http://dx.doi.org/10.1109/ACCESS.2016.2596538


Materials 2019, 12, 3045 14 of 15

11. Chang, S.C.; Chen, Y.M.; Chang, S.F.; Jeng, Y.H.; Wei, C.L.; Huang, C.H.; Jeng, C.P. Compact millimeter-wave
CMOS bandpass filters using grounded pedestal stepped-impedance technique. IEEE Trans. Microw.
Theory Tech. 2010, 58, 3850–3859. [CrossRef]

12. Hsu, C.Y.; Chen, C.Y.; Chuang, H.R. A 60-GHz millimeter-wave bandpass filter using 0.18-µm CMOS
technology. IEEE Electron Device Lett. 2008, 29, 246–248.

13. Talwalkar, N.A.; Yue, C.P.; Wong, S.S. Analysis and synthesis of on-chip spiral inductors. IEEE Trans.
Electron. Devices 2005, 52, 176–182. [CrossRef]

14. Wang, C.; Lee, W.S.; Zhang, F.; Kim, N.Y. A novel method for the fabrication of integrated passive devices on
SI-GaAs substrate. Int. J. Adv. Manuf. Technol. 2011, 52, 1011–1018. [CrossRef]

15. Wang, C.; Kim, N.Y. High performance WLAN balun using integrated passive technology on SI-GaAs
substrate. Microw. Opt. Technol. Lett. 2012, 54, 1301–1305. [CrossRef]

16. Kim, E.S.; Kim, N.Y. Micro-Fabricated Resonator Based on Inscribing a Meandered-Line Coupling Capacitor
in an Air-Bridged Circular Spiral Inductor. Micromachines 2018, 9, 294. [CrossRef]

17. Chen, J.; Liou, J.J. Improved and physical-based model for symmetrical spiral inductors. IEEE Trans.
Electron. Devices 2006, 53, 1300–1309. [CrossRef]

18. Bahl, I.J. Lumped Elements for RF and Microwave Circuit, 1st ed.; Artech House: London, UK, 2003; pp. 17–36.
19. Chen, J. On-Chip Spiral Inductor Transformer Design and Modeling for RF Applications. Ph.D. Dissertation,

University of Central Florida, Orlando, FL, USA, 2006.
20. Matthaei, G.L.; Chinn, G.C.; Plott, C.H.; Dagli, N. A simplified means for computation for interconnect

distributed capacitances and inductances. IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst. 1992, 11,
513–524. [CrossRef]

21. Cao, Y.; Groves, R.A.; Zamdmer, N.D.; Plouchart, J.O.; Wachnik, R.A.; Huang, X.J.; King, T.J.; Hu, C.M.
Frequency-independent equivalent-circuit model for on-chip spiral inductors. IEEE J. Solid-State Circuits
2003, 38, 419–426. [CrossRef]

22. Yuan, J.S.; Eisenstadt, W.R.; Liou, J.J. A novel lossy and dispersive interconnect model for integrated circuit
simulation. IEEE Trans. Comp. Hybrids Manuf. Technol. 1990, 13, 275–280. [CrossRef]

23. Nirmalathas, A.; Lim, C.; Novak, D.; Castleford, D.; Waterhouse, R.; Smith, G. Millimeter-wave fiber-wireless
access systems incorporating wavelength division multiplexing. In Proceedings of the 2000 Asia-Pacific
Microwave Conference, Sydney, Australia, 3–6 December 2000.

24. Lim, K.; Pinel, S.; Davis, M.F.; Sutono, A.; Lee, C.H.; Heo, D.; Obatoynbo, A.; Laskar, J.; Tentzeris, E.M.;
Tummala, R. RF-system-on-package (SOP) for wireless communications. IEEE Microw. Mag. 2002, 3, 88–99.

25. Li, Y.; Wang, C.; Kim, N.Y. A high performance compact Wilkinson power divider using GaAs-based
optimized integrated passive device fabrication process for LTE application. Solid-State Electron. 2015, 103,
147–153. [CrossRef]

26. Wang, C.; Jeon, H.; Kim, N.Y. A compact spiral-coupled directional coupler for a mobile RFID reader via
integrated passive technology. Microw. Opt. Technol. Lett. 2015, 57, 2142–2146. [CrossRef]

27. Kumar, A.; Meng, F.Y.; Wang, C.; Adhikari, K.K.; Qiang, T.; Wu, Q.; Wu, Y.L. Design Analysis of Integrated
Passive Device-Based Balun Devices with High Selectivity for Mobile Application. IEEE Access 2019, 7,
23169–23176. [CrossRef]

28. Wang, Z.J.; Kim, E.S.; Liang, J.G.; Kim, N.Y. QFN-Packaged Bandpass Filter With Intertwined Circular Spiral
Inductor and Integrated Center-Located Capacitors Using Integrated Passive Device Technology. IEEE Access
2019, 7, 13597–13607. [CrossRef]

29. Quan, C.H.; Wang, Z.J.; Lee, J.C.; Kim, E.S.; Kim, N.Y. A Highly Selective and Compact Bandpass Filter
with a Circular Spiral Inductor and an Embedded Capacitor Structure Using an Integrated Passive Device
Technology on a GaAs Substrate. Electronics 2019, 8, 73. [CrossRef]

30. Ahmadivand, A.; Gerislioglu, B.; Ramezani, Z. Gated graphene island-enabled tunable charge transfer
plasmon terahertz metamodulator. Nanoscale 2019, 11, 8091–8095. [CrossRef]

31. Hong, J.S. Microstrip Filters for RF/Microwave Applications, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA,
2011; pp. 203–263. ISBN 978-0-470-40877-3.

32. Nooshnab, V.; Ahmadivand, A. Optothermally Functional Charge Transfer Plasmon Modulator. IEEE Photon.
Technol. Lett. 2017, 29, 1556–1559. [CrossRef]

33. Kruger, B.A.; Joushaghani, A.; Poon, J.K.S. Design of electrically driven hybrid vanadium dioxide (VO2)
plasmonic switches. Opt. Express 2012, 20, 23598–23609. [CrossRef]

http://dx.doi.org/10.1109/TMTT.2010.2086591
http://dx.doi.org/10.1109/TED.2004.842535
http://dx.doi.org/10.1007/s00170-010-2807-z
http://dx.doi.org/10.1002/mop.26801
http://dx.doi.org/10.3390/mi9060294
http://dx.doi.org/10.1109/TED.2006.874089
http://dx.doi.org/10.1109/43.125099
http://dx.doi.org/10.1109/JSSC.2002.808285
http://dx.doi.org/10.1109/33.56157
http://dx.doi.org/10.1016/j.sse.2014.08.003
http://dx.doi.org/10.1002/mop.29280
http://dx.doi.org/10.1109/ACCESS.2019.2898513
http://dx.doi.org/10.1109/ACCESS.2019.2893457
http://dx.doi.org/10.3390/electronics8010073
http://dx.doi.org/10.1039/C8NR10151E
http://dx.doi.org/10.1109/LPT.2017.2736251
http://dx.doi.org/10.1364/OE.20.023598


Materials 2019, 12, 3045 15 of 15

34. Lu, D.; Barker, N.S.; Tang, X.H. Miniaturized two-pole lumped BPF with four controllable TZs using multiple
coupling paths. IEEE Microw. Wirel. Compon. Lett. 2017, 27, 563–565. [CrossRef]

35. Liu, H.W.; Ren, B.P.; Liu, F.; Guan, X.H.; Wen, P.; Ma, Z.W. Dual-Band High-Temperature Superconducting
Bandpass Filter Using Dual-Mode Hairpin Ring Resonator. IEEE Trans. Appl. Supercond. 2016, 26, 1501704.
[CrossRef]

36. Zhang, X.Y.; Dai, X.; Kao, H.L.; Wei, B.H.; Cai, Z.Y.; Xue, Q. Compact LTCC Bandpass Filter With Wide
Stopband Using Discriminating Coupling. IEEE Trans. Microw. Theory Technol. 2014, 4, 656–663. [CrossRef]

37. Wong, K.W.; Mansour, R.R.; Weale, G. Reconfigurable bandstop and bandpass filters with wideband balun
using IPD technology for frequency agile applications. IEEE Trans. Compon. Hybrids. Manuf. Technol. 2017, 7,
610–620. [CrossRef]

38. Liang, J.G.; Wang, C.; Kim, N.Y. Integrated passive device fabricated and chip-on-board packaged filter
employing mixed electric–magnetic coupling scheme. IET Microw. Antennas Propag. 2018, 12, 2191–2198.
[CrossRef]

39. Luo, X.H.; Cheng, X.; Zhang, L.; Chen, F.J.; Xia, X.L.; Han, J.A.; Deng, X.J. A Miniaturized On-Chip BPF With
Ultrawide Stopband Based on Lumped Pi-Section and Source-Load Coupling. IEEE Microw. Wirel. Compon.
Lett. 2019, 29, 516–519. [CrossRef]

40. Zhang, Z.Q.; Liao, X.P. Micromachined Passive Bandpass Filters Based on GaAs Monolithic-
Microwave-Integrated-Circuit Technology. IEEE Trans. Electron Devices 2013, 60, 221–228. [CrossRef]

41. Xiao, Y.; Shan, P.Z.; Zhao, Y.; Sun, H.J.; Yang, F. Design of a W-Band GaAs-Based SIW Chip Filter Using
Higher Order Mode Resonances. IEEE Microw. Wirel. Compon. Lett. 2019, 29, 104–106. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/LMWC.2017.2701301
http://dx.doi.org/10.1109/TASC.2016.2593544
http://dx.doi.org/10.1109/TCPMT.2013.2297522
http://dx.doi.org/10.1109/TCPMT.2017.2667580
http://dx.doi.org/10.1049/iet-map.2018.5492
http://dx.doi.org/10.1109/LMWC.2019.2924088
http://dx.doi.org/10.1109/TED.2012.2228197
http://dx.doi.org/10.1109/LMWC.2018.2890265
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design and Circuit Analysis 
	Model Inside the Segment Box 
	Models Outside the Segment Box 
	Embedded Capacitor 
	Parasitic Effects Associated with the Substrate 

	IPD Fabrication Process 

	Discussion and Results 
	Effects of Variable Dimension Parameters 
	Results 

	Conclusions 
	References

