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Abstract: This paper presents the design and implementation of a printed circuit microwave band-
pass filter for 5G mid-band applications, using a Stub Loaded Multiple Mode Resonator (SL-MMR)
technique. The objective of this article is to introduce a low-cost microstrip filter with improved
passband and stopband characteristics, based on a mathematical analysis of stub loaded resonators.
The filter cost is reduced by selecting the low-cost FR4 dielectric material as a substrate for the
proposed filter. Based on the transmission line model of the filter, mathematical expressions are
derived to predict the odd-mode and the even-mode resonant frequencies of the SL-MMR. The
mathematical model also highlights the capability of controlling the position of the SL-MMR resonant
frequencies, so that the 5G sub-band that extends along the range (3.7–4.2 GHz) can perfectly be
covered with almost a flat passband. At the resonance frequency, a fractional bandwidth of 12.8%
(500 MHz impedance bandwidth) has been obtained with a return loss of more than 18 dB and
an insertion loss of less than 2.5 dB over the targeted bandwidth. Furthermore, a pair of parasitic
elements is attached to the proposed filter to create an additional transmission zero in the lower
stopband of the filter to enhance the suppression of the filter stopband. The measured and simulation
results are well agreed, and both reveal the acceptable performance of the stopband and passband
characteristics of the filter.

Keywords: microwave; 5G; Stub Loaded Multiple Mode Resonator; filter; FR4

1. Introduction

The deployment of wireless communication applications has motivated consumers
to demand modern communication with a high transmission speed [1]. Nowadays, the
development of wireless communications has promoted mobile communications tech-
nology to reach its Fifth Generation (5G) [2,3]. The 5G NR bands n77 (3300–4200 MHz),
n78 (3300–3800 MHz) and n79 (4400–5000 MHz) have been planned for the 5G network [4,5].
Within this wide range spectrum, 5G applications do not require the entire sub-6 GHz band-
width, although the required channel bandwidths for 5G systems could be 5–400 MHz [6–8].
For very high data rate transmission, the researchers also suggest the millimeter waves
(mmWaves) as a vacant spectrum that can entirely be utilized for the 5G applications.
However, the spectrum that is extended along the frequency band (2–8 GHz) is divided
into a number of sub-bands to form the 5G 6 GHz sub-band (mid-band) communications,
in order to be compatible with the already existing 4G devices [9,10]. The 6 GHz sub-bands
used in the US are the (3.1–3.55 GHz) and (3.7–4.2 GHz) bands. Since the 6 GHz sub-bands
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are intervened with the congested wireless spectrum, it is important to insert microwave
filters with improved passband and stopband characteristics to avoid interfering with the
adjacent wireless applications [11].

Many researchers have proposed the Multiple Mode Resonators (MMR) to be the
basis in the design of compact microwave bandpass filters (BPF) [12–22]. The MMR was
used to generate a multi-band band-pass filtering response [12], and the slot line version
of the MMR was utilized to design a differential mode BPF [13]. The MMR was attached
by a quarter wavelength resonator to provide electric and magnetic coupling in order to
generate multiple passbands [14]. The position of the filter passband was tuned with the
aid of varactor diodes [15]. The square ring resonator was suggested as an MMR, and the
mathematical model of the proposed design was presented to give an accurate prediction
for the resonation of the MMR [16]. The cavity resonator was used as an MMR to control
the transmission zeros of a BPF [17]. A combination of MMRs was devoted to design a
sept-band BPF [18]. The MMR was attached to antennas to provide a stopband antenna
radiation [19] or sharp bandpass radiation [20,21].

In [23], a dual-band bandpass filter using a quad-mode resonator was designed
using a stub-loaded quad-mode resonator technique. Every two modes of operation,
which can be flexibly adjusted, were employed to design a passband with a high degree
of freedom to control the s-parameter characteristics. Source-load coupling technique
and hook-shaped transmission lines were utilized to enhance the performance of the filter.
Moreover, a microstrip BPF with a stub-to-stub coupling configuration to split two identical
odd-modes was presented in [24]. As part of this, these two coupling stubs are folded
inward to generate extra transmission zeros, which separates four modes into two parts
corresponding to two passbands. The first passband is introduced by even-mode analysis,
and the second passband is presented by odd-mode excitations. The operating frequency
and the impedance bandwidth of each passband were adjusted by setting out the coupling
coefficients and the transmission line configuration.

In [25], a design of a closed-loop rectangular BPF was proposed to operate at L1 and
L2 global positioning system (GPS) applications. The design was formed by coupled-line
ring resonators, a pair of open stub lines and two 0-degree parallel-coupled transmission
lines. The proposed ring resonators have a symmetrical configuration, therefore, the even-
/odd-mode analysis was utilized to study and derive its equivalent circuits. The filter
was implemented on FR-4 dielectric material with a permittivity of 3.5 and a thickness of
1.5 mm. In this design, two passbands with a -10 dB return loss were obtained. The low
passband is located at 1.3 GHz, and can be applied for the L2 GPS systems, while the high
passband is centered at 1.6 GHz for use in L1 GPS systems, with an insertion loss of more
than 20 dB.

A compact multiband BPF with improved bandpass and stopband characteristics and a
quad cross-stub stepped impedance resonator (QC-SSIR) was introduced in [26]. A crossed-
open-stub resonator structure and the ABCD matrix were used to analyze and discuss the
presented filter. The microstrip design was implemented on an FR4 substrate with εr = 4.4,
thickness h = 1.6 mm and tangent loss of 0.0265. In addition, a folded stepped impedance
resonator technique was employed to reduce the filter size by up to 46% compared with
the other presented designs. The presented filter using a new configuration has achieved
transmission coefficients/fractional bandwidths of 0.60 dB/49.3%, 1.49 dB/18.7% and 1.93
dB/ 13.9% at 0.81 GHz, 1.71 GHz and 2.58 GHz, respectively.

Other technologies such as low-temperature co-fired ceramic (LTCC), high-temperature
co-fired ceramic (HTCC), high-temperature superconductors (HTS), integrated passive
device (IPD) and reconfigurable/tunable and acoustic structures can also be deployed for
the 5G systems [27–37]. Some of these techniques aim to reduce the overall size of the BPF
components, and obtain good filtering performance [27–30]. While the size of the system
can be reduced, the filters designed by these processes still have poor roll-off and relatively
high insertion losses. In contrast, the IPD technologies based on substrates such as silicon,
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GaAs (Gallium Arsenide) and glass can deliver better properties for microwave devices in
current and future 5G wireless communication systems [27,28].

On the other hand, the planar lumped element filters can be designed as microwave
integrated circuits (MICs), monolithic microwave integrated circuits (MMICs), low tem-
perature co-fired ceramics (LTCC), and also in high-temperature superconductors (HTS).
Generally, planar lumped element filter designs are restricted by a lower quality factor and
lower power handling, as compared with the bulkier lumped element structures [29,30].
The LTCC-based components are a mechanically strong, hermetic, chemically inert and
dimensionally stable ceramic structure with very stable dielectric properties [30]. While
the cost of LTCC materials is considerably high in comparison to the circuits implemented
by FR4-printed circuit boards, their price is anticipated to be more or less the same in
nearest future. In [29], an LTCC BPF structure is designed based on the S–L coupling,
where high selectivity and a wide stopband have been obtained, which made the designed
filter suitable for system-in-package (SiP) platforms.

Moreover, state-of-the-art acoustic filters based on lithium tantalite (LiTaO3) or lithium
niobate (LiNbO3) surface acoustic wave (SAW) resonators and aluminum nitride (AlN)
bulk acoustic wave (FBAW) resonators can be challenging to support the emerging 5G
new radio (NR) requiring more than 5% FBW without resorting to lumped-element-based
bandwidth widening techniques [31,32]. Furthermore, hybrid filter design techniques,
using the combination of IPD and acoustic topologies, are proposed to satisfy the new
demands in 5G NR systems, where high frequency and wide bandwidth are required by
these standardizations [34,35]. These methodologies will employ both lumped-LC IPD
structures and high-quality factor acoustic resonators.

In this work, a low-cost planar microwave BPF with improved filter characteristics is
presented for 5G sub-6 GHz band occupying the range (3.7–4.2 GHz). The FR4 dielectric
material is selected to be the dielectric substrate of the proposed filter for cost reduction
purposes. The structure of the filter consists of a Stub Loaded Multiple Mode Resonator
(SL-MMR), which is coupled with the feed line through the parallel line coupling technique.
With the aid of the transmission line model of the filter, two expressions are developed to
estimate the position of the odd-mode resonant frequency and the even mode resonant
frequency. The positions of the resonant frequencies are modified until obtaining almost
a flat passband response, along with the aforementioned band of interest. Moreover, the
stopband suppression is improved by attaching a pair of parasitic elements to produce an
additional transmission zero at the lower stopband. The measured and simulation results
are in good congruence, and they successfully verify the acceptable performance of the
proposed filter despite its reduced cost.

2. Filter Structure

The proposed filter consists of a Stub Loaded Multiple Mode Resonator (SL-MMR) that
provides almost a flat passband and a pair of parasitic elements for stopband suppression
improvement. Figure 1a illustrates the structure and the positions of the SL-MMR and
the parasitic elements, as well as the dimensions of their components. The SL-MMR is
inserted between two 50 Ω microstrip feed lines, and it is coupled to them via a parallel
line coupling, whose dimensions are shown in Figure 1b. The dielectric substrate that is
used for this design is the low cost FR4 dielectric material with dielectric constant εr = 4.3,
loss tangent of 0.025 and height h = 1.6 mm. It is well known that the backside of the
dielectric material is fully covered with a metallic ground plane.
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Figure 1. Geometry of the proposed filter: (a) dimensions of the overall structure and; (b) dimensions of the parallel line
coupler (all dimensions are in mm).

3. Filter Analysis and Modeling

Before delving into the transmission line model of the SL-MMR and the parasitic
elements, some basic equations should be recalled to make the filter analysis more under-
standable. The microstrip line characteristic impedance (Zo) and the effective dielectric
constant (εre) can be evaluated from the empirical equations given in [38]. In addition, the
input impedance (Zin) of a lossless transmission line whose characteristic impedance Zo
and terminated by a load impedance ZL is given in [39].

Based on the quasi-TEM behavior of the microstrip line, the phase constant (β) can be
related to the transmission line resonant frequency using the following formula [39]

β = 2π fr

√
εre

c
(1)

where fr represents the resonant frequency, and c denotes the speed of light in the free
space. With the aid of the aforementioned equations, the mathematical estimation of the
resonant frequencies of the SL-MMR and the parasitic elements can be presented as given
in the following two sub-sections.

3.1. SL-MMR Modeling

In fact, the SL-MMR has a symmetrical structure with respect to the vertical axis shown
in Figure 2a. Thereby, the even and odd modes kind of analysis is the best way that can be
followed to estimate the resonant frequencies of the proposed SL-MMR, as demonstrated
in the below sub-sections. It is worth mentioning that the resonant frequencies of the odd
and even modes are found by presenting a weak coupling between the feed line and the
SL-MMR [40,41]. In this work, the week coupling is produced by setting the feed arm
length (shown in Figure 2a) to 1.5 mm, and is then set back to 5.5 mm for the rest of the
simulation process. The simulation process was performed using CST Microwave Studio
Simulation Suite.
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Figure 2. The structure of the proposed Stub Loaded Multiple Mode Resonator (SL-MMR): (a) the
entire SL-MMR; (b) odd mode; and (c) even mode (all dimensions are in mm).

3.1.1. Odd-Mode Resonant Frequency

The odd mode is obtained by exciting the filter ports with two different sources whose
signals are equal in amplitude and 180

◦
out of phase. In this case, the voltage signals at the

axis of symmetry have equal amplitudes but with 180
◦

phase shift, while the current signals
have equal amplitude with zero phase shift. Consequently, at the resonant frequency, the
resulted voltage at the axis of symmetry is equal to zero, while the current signal is at its
maximum value which is equivalent to the short circuit case. Because of this short circuit,
the effect of the central stub is canceled, as shown in Figure 2b. Consider that Zo1 and Zo2
are the characteristic impedances of the first and second pieces of the odd-mode SL-MMR,
respectively. On the other hand, Zin and Zin1 are the input impedance and the input
impedance seen at the input of the second piece of the odd-made SL-MMR, respectively. In
addition, L1 and L2 are the lengths of the first and second pieces of odd-mode SL-MMR,
respectively. For simplicity, the two lengths are set to be equal (L1 = L2 = L′). Applying
input impedance equation with ZL = 0 results in:

Zin1 = jZo2tan
(

βL′
)

(2)

It should be noted that β is approximated to be the phase constant of the feed
line [42,43]. Therefore, the input impedance of the odd-mode structure is given by:

Zin = Zo1
Zin1 + jZo1 tan

(
βL′
)

Zo1 + jZin1 tan
(

βL′
) (3)
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The condition of resonation is that the input impedance should equal infinity Zin = ∞
at the resonant frequency [41]. Thus,

Zo1 + jZin1 tan
(

βL′
)
= 0 (4)

After substituting the value of Zin1 given in (2), then:

βL′ = tan−1

(√
Zo1

Zo2

)
(5)

By combining (5) and (1), the odd-mode resonant frequency ( fro) can be obtained
as follows

fro =
c

2πL′
√

εre
tan−1

(√
Zo1

Zo2

)
(6)

where εre is the effective dielectric constant of the feed line.

3.1.2. Even-Mode Resonant Frequency

The even mode is achieved by exciting the ports of the filter with two identical signals
(equal amplitudes and phase angles). At the axis of symmetry, the voltage signals are with
equal amplitude and phase angles, while the current signals are with equal amplitude and
180 out of phase. Thereby, a maximum voltage value is appeared at the axis of symmetry
and zero current value at the resonant frequency, and this is equivalent to the open circuit.
In this case, the effect of the central stub appears as shown in Figure 2c, and the axis of
symmetry cuts the central stub into two halves. Let Zo3 be the characteristic impedance of
one half of the stub, and Zin2 be the input impedance of the half of the stub. Since the stub
is terminated by an open circuit (ZL = ∞), the value of Zin2 can be calculated as follows

Zin2 = −jZo3 cot(βL) (7)

where L is the length of the stub. Similarly:

Zin1 = Zo2
Zin2 + jZo2 tan

(
βL′
)

Zo2 + jZin2 tan
(

βL′
) (8)

Zin = Zo1
Zin1 + jZo1 tan

(
βL′
)

Zo1 + jZin1 tan
(

βL′
) (9)

As mentioned earlier, at the resonant frequency, the input impedance is equal to
infinity (Zin = ∞). As a result, the denominator of (9) should equal zero:

Zo1 + jZin1 tan
(

βL′
)
= 0 (10)

By substituting (7) and (8) into (10), the resonation formula is modified as follows:

cot(βL) =
Zo2

Zo3(Zo1 + Zo2)

[
Zo2 tan

(
βL′
)
− Zo1 cot

(
βL′
)]

(11)

By using (1) and with the aid of a simple computer program code, the even resonant
frequency ( fre) can be predicted.

To verify the accuracy of the proposed mathematical models, the mathematically
estimated values of the odd-mode and even-mode resonant frequencies are compared
with those resulting from CST Microwave Studio. Figure 3a illustrates the estimated
and simulated odd-mode resonant frequencies for different MMR parts length (L′), while
Figure 3b shows the estimated and simulated even-mode resonant frequencies for different
stub length values (L) and L′ = 5.5 mm. It is clear that the proposed mathematical
expressions give a very reasonable prediction about the resonant frequencies of the SL-
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MMR. The discrimination between the estimated and simulated results comes from many
reasons, such as the mathematical equations assuming lossless transmission lines, empirical
equations of Zo and εre are not perfect, and β is approximated to be the phase constant of
the feed line, as mentioned earlier in this sub-section. However, considering the aforesaid
assumptions drastically complicates the mathematical model of the proposed SL-MMR,
with a small improvement in the deviation of the curves.

Figure 3. A comparison between the SL-MMR estimated and the CST Micriwave Studio simulated resonant frequencies for:
(a) odd mode (variable L′); and (b) even mode (variable L).

To fortify the approximation of the odd-mode and even-mode analysis, Figure 4
demonstrates the current distribution of the SL-MMR at the odd-mode resonant fre-
quency (3.87 GHz) and the even-mode resonant frequency (4.1 GHz) for L′ = 5.5 mm
and L = 8.8 mm. At the odd mode, the current is negligible at and around the central stub
as shown in Figure 4a. This result supports the hypothesis of the odd mode, which states
that the central stub does not contribute to determining the resonant frequency of the odd
mode. Nevertheless, Figure 4b reveals that the current is dense at the central stub when
the even mode is applied.

Figure 4. The current distribution of the SL-MMR at L = 8.8 mm and L′ = 5.5 mm: (a) odd mode (f = 3.87 GHz) and (b) even
mode (f = 4.1 GHz).

3.2. Parasitic Elements Modeling

As will be discussed in the next section, the parallel line coupling introduces a trans-
mission zero at the higher stopband of the transmission coefficient of BPF. However, the
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transmission coefficient of the filter has a bad suppression at the lower stopband. Therefore,
a pair of parasitic elements is attached to the proposed SL-MMR (as shown in Figure 5) to
generate a band notch operating as a transmission zero in order to improve the suppression
of the lower stopband of the filter. Similarly, each parasitic element is treated as a piece of
a microstrip transmission line with character impedance (Zo), but it is terminated by an
open circuit (ZL = ∞). Consequently, the input impedance (Zin) of the parasitic element is
given below

Zin = −jZo cot(βLt) (12)

where Lt is the total length of the parasitic element. Recall that the input impedance
should be equal to infinity at the resonant frequency of the parasitic element, such that
cot(βLt) = ∞. The first angle that satisfies this condition is when (βLt = π). Thus, after
substituting (1) into this condition, the well-known half-wavelength resonant frequency
( fr) equation is produced.

fr =
c

2Lt
√

εre
(13)

Figure 5. The parasitic elements of the proposed filter.

The above equation is tested and analyzed in most of the researches related to the
band notch generation [44]. Consequently, the test of the accuracy of this equation holds
only the optimum value which is obtained when the parasitic element arm (d) is equal
to (51.4 mm). The overall length under this condition is found to be (26.2 mm). For this
total parasitic element length, the mathematically estimated transmission zero is located at
(3.18 GHz), while for the CST Microwave Studio value is (3.24 GHz).

The current distribution of the proposed BPF outside the transmission zero (f = 3.9
GHz) and inside it (f = 3.24 GHz) is illustrated in Figure 6. It is clear that the current is
concentrated around the parasitic element at the transmission zero frequency f = 3.24 GHz,
and there is a very negligible amount of current that reaches the output port (right-hand
port in Figure 6a). On the other hand, the output port (right-hand port) in Figure 6b has a
significant amount of current that verifies the successful energy transmission outside the
transmission zero.
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Figure 6. The current distribution of the proposed filter: (a) outside the transmission zero (f = 3.9 GHz); and (b) at the
created transmission zero (f = 3.24 GHz).

4. Parametric Study

At first, the parametric study focuses on the SL-MMR without attaching the parasitic
elements. Figure 7 illustrates the reflection and transmission coefficients of the SL-MMR for
different parallel line coupling separation (denoted by s in Figure 2a). The smaller the sepa-
ration between the parallel lines, the higher is the coupling between them, which results in
a significant improvement in the BPF bandwidth. Therefore, separation s = 0.2 mm is the
more suitable value that results in covering the intended frequency range (3.7–4.2 GHz), in
addition to the almost flat transmission coefficient within the filter passband.

Figure 7. Simulated scattering parameters of the proposed SL-MMR-based microwave filter without the parasitic elements
at L = 8.8 mm and different values of parallel lines separation: (a) reflection coefficient; and (b) the transmission coefficient.

The effect of the central stub of the SL-MMR is demonstrated in Figure 8. Increasing
the length of the central stub (denoted by L in Figure 2a) leads to reduce the even-mode
resonant frequency (the second resonant frequency) without a significant variation in the
odd-mode resonant frequency. The length L = 8.8 mm is the value that provides very
good matching within the required frequency range. Furthermore, the flatness of the
transmission coefficient at the passband is guaranteed at this value of stub length. Figure 8
also accentuates two different modes of operation for the proposed filter:

a. The dual narrowband mode can be obtained when a short central stub (or no central
stub) is attached to the filter. This design is beneficial for only specific applications
within this 5G sub-band, but with an improved quality factor.
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b. The second mode (the main concern of this work) is obtained when a longer central
stub is used. In this case, the even and odd resonant frequencies are getting closer
to each other to cover wider bandwidth. The advantage of this mode is concluded
by covering the entire 5G sub-band with good matching characteristics to make the
device, to which the filter is attached, compatible with the entire band of interest.

Figure 8. Simulated scattering parameters of the proposed SL-MMR based microwave filter without the parasitic elements
at s = 0.2 mm and different values stub length: (a) reflection coefficient; and (b) the transmission coefficient.

It can be seen that the parallel line coupling provides a transmission zero at the
upper stopband of the proposed BPF. However, the transmission coefficient at the lower
stopband has relatively high values, so the parasitic elements are inserted to present a band
notch at the lower stopband. Figure 9 illustrates the effect of the parasitic element on the
scattering parameters of the proposed BPF. Increasing the length of the parasitic element
arm length (denoted by d in Figure 5) decreases the position of the transmission zero in
the transmission coefficient curve. The value of the parasitic element arm d = 15.4 mm
results in an overall parasitic element length equal to (26.2 mm). This value leads to
set the transmission zero position at 3.24 GHz, with a minor effect on the reflection and
transmission coefficients within the filter passband.

Figure 9. Simulated scattering parameters of the proposed SL-MMR based microwave filter with the parasitic elements at
different values of parasitic element arm length d: (a) reflection coefficient; and (b) the transmission coefficient.
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5. Measured Results

Figure 10 shows a photograph of the prototype of the proposed filter. The measure-
ments are acquired using an AMITEC network analyzer, and the filter substrate is made of
low-cost FR4 dielectric material. The measured reflection and transmission coefficients are
compared with their simulated equivalent in Figure 11. The simulated reflection coefficient
reveals a very satisfactory matching within the passband, and also shows a filter bandwidth
extended along with the range (3.67–4.22 GHz), while the measured bandwidth occupies
the range (3.71–4.2 GHz). On the other hand, the measured and simulated transmission co-
efficients are also well agreed, where both show almost a flat response within the passband,
which is surrounded by two transmission zeros. The simulation transmission zeros are
located at 3.24 GHz and 4.52 GHz, while the measured transmission zeros are at 3.31 GHz
and 4.45 GHz. With the presence of these two transmission zeros, the filter suppression for
the adjacent band signals is noticeably improved.

Figure 10. The prototype of the proposed microwave filter.

Figure 11. Measured versus simulation scattering parameters of the proposed microwave filter: (a) reflection coefficient;
and (b) transmission coefficient.

The deviation between the simulated and measured results may be attributed to many
reasons, such as the imperfect engraving of the laser cutting CNC machine (LPKF ProtoMat
S42) used in this work and the imperfect soldering of the SMA connectors. Nevertheless,
the proposed filter is highly eligible for the 5G 6 GHz sub-band extended along with
the range (3.7–4.2 GHz), which is used in US 5G applications. The proposed filter is



Electronics 2021, 10, 450 12 of 15

suitable for 5G portable devices to filter out the undesired frequencies before the frequency
down-conversion process. Table 1 summarises the obtained simulated and measured
performance, where good agreement was observed between them. Although it is easy to
obtain a very high filter quality factor using cavity or cap filters, they are not compatible
with portable devices that require low profile structures. The microstrip filters can easily
be embedded in these kinds of devices due to their planar structure and lightweights,
despite their low value of the quality factor. Moreover, Table 2 compares this proposed
SIR/SLR filter with other designs, with similar configurations and performances. Figure 12
illustrates a wide-band window of the simulated and measured results. As expected, the
simulated results reveal that the frequency domain characteristics have almost periodic
behavior, due to the use of distributed element structure [38,39] in which the resonant
properties appear at higher-order even and odd resonant frequencies. Unfortunately, the
measured results could not be obtained for frequencies above 4.6 GHz due to the limited
bandwidth of the network analyzer. Additionally, Figure 13 demonstrates the setup of the
measurement process of the proposed filter. For future works, the designed filter can be
developed as follows.

Table 1. Simulation and measurement result comparison.

Results RL(dB) @ f0(GHz) −10 dB Impedance Bandwidth (MHz) IL(dB) @ f(GHz) Rejection(dB) @ f(GHz)

Lower Band Upper Band

Simulated 22 @ 3.95 550

21 @ 3.2
3.0 @ 3.7

2.3 @ 3.95 (f0)
4.0 @ 4.2

17.7 @ 4.6

15 @ 3.0
21 @ 3.2

25 @ 3.24 (fTZs)
14 @ 3.4

17.5 @ 5.0
14.6 @ 4.4

22 @ 4.52 (fTZs)
18 @ 4.6

Measured 19 @ 3.95 490

18.4 @ 3.2
3.1 @ 3.7

2.4 @ 3.95 (f0)
4.2 @ 4.2

19.5 @ 4.6

17 @ 3.0
18.4 @ 3.2

25 @ 3.31 (fTZs)
20 @ 3.4

−@ 5.0
23 @ 4.4

24.9 @ 4.45 (fTZs)
19.5 @ 4.6

f0: center frequency; IL: insertion loss; RL: return loss; TZs: transmission zeros.

Table 2. Comparison between the proposed design and others.

Ref. Technique Freq.
(GHz) −10 dB FBW (%) RL

(dB)
IL

(dB) Via Holes Size (mm2)

[16] MMSRR 3.5 5.7 27 1.7 0 45 × 45
[17] MMSIW 2.2 5.4 12 3.3 SIW 89 × 36
[18] MMR 2.8/3.5/4.2 6.8/9.4/3.0 13/17/12 1.2/1.0/1.9 5 40 × 65
[23] SLR 1.8/3.5 14/10 24/18 0.8/0.9 1 25 × 25
[26] FQC-SSIR 0.8/1.8/2.62 25/10/7 15/10/14 - 0 97 × 129
[27] IPD 3.75 24 >10 1.52 IPD 2.0 × 1.25
[29] LTCC 2.45 10.8 >15 2.5 0 2.48 × 2.02
[30] HTCC 2.25 5.5 >17 1.8 0 7.0 × 4.8
[31] Acoustic

Wave 4.5 8.5 >14 2.7 0 0.64 × 1.4

[34]
Hybrid
(IPD &

Acoustic)
3.8 22 - 2.5 IPD 2.0 × 1.8

Prop. SIR/SLR 3.95 14 19 2.4 0 25 × 50

MMSRR: multi-mode square ring resonator; MMSIW: multi-mode square ring resonator: substrate-integrated-waveguide; SLR: stub-loaded
resonator; FQC-SSIR: folded quad cross-stub stepped impedance resonator.
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Figure 12. A wide window of the measured versus simulation scattering parameters of the proposed microwave filter:
(a) reflection coefficient; and (b) transmission coefficient.

Figure 13. Photograph of the measurement setup for the proposed filter.

• Shielding the fabricated filter to provide a noticeable immunity against the electro-
magnetic interference;

• Controlling the electrical length of the central stub with the aid of varactor or PIN
diode to present a controllable even mode resonant frequency, so that the filter can be
used as a wideband 5G filter and dual-band narrow band filter.

6. Conclusions

A low-cost planar BPF for 5G 6 GHz sub-band applications has successfully been
designed and fabricated. Based on the SL-MMR and with the aid of the proposed mathemat-
ical model, the bandwidth of the filter is modified to cover the intended range (3.7–4.2 GHz).
Although the parallel line coupling of the SL-MMR creates a transmission zero at the upper
stopband of the BPF at 4.52 GHz, the lower stopband has a weak rejection for the undesired
signals. Therefore, a pair of parasitic elements is attached to the proposed BPF to present a
transmission zero in the lower stopband at 3.24 GHz. It was also found that the passband of
the filter has low values of reflection coefficient, with an almost flat transmission coefficient.
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