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Abstract: In this paper, two bandpass filters—one with a dual-band response and the other with a
wideband response—were designed, implemented, and experimented with. The filters are based
on the novel combination of series coupled lines and tri-stepped impedance stubs. However, cou-
pled lines along with tri-stepped impedance open stubs (TSIOSs) give a third-order dual passband
response. The advantage of dual-band filters using coupled lines and TSIOSs is that they have
wide passbands that are close together and separated by a single transmission zero. In contrast,
the inclusion of tri-stepped impedance short-circuited stubs (TSISSs) instead of TSIOSs provides a
fifth-order wide passband response. The advantage of wideband bandpass filters using coupled
lines and TSISSs is that they have a very good selectivity factor. Theoretical analysis was carried
out to validate both filter configurations. The tested bandpass filter using coupled lines and TSIOS
units had two close wide passbands operating at 0.92 and 1.52 GHz center frequencies, respectively.
The dual-band bandpass filter was implemented to operate in GSM and GPS applications. The first
passband had a 3 dB fractional bandwidth (FBW) of 38.04%, while the second passband had a 3 dB
FBW of 22.36%. The experimental result of the wideband bandpass filter (with coupled lines and
TSISS units) had a center frequency of 1.51 GHz with a 3 dB fractional bandwidth of 62.91% and a
selectivity factor of 0.90. A good congruence was demonstrated between the full-wave simulated and
tested results for both filters.
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1. Introduction

Bandpass filters are mainly transmission line-based passive devices that are used in
many RF/microwave circuits and wireless communication and radar systems. They are
essential front-end components that can pass signals within a certain frequency range and
reject unwanted out-of-band signals [1-34]. There are many parameters to be considered
in the design and implementation of a bandpass filter, such as the design structure, size,
passband frequency bandwidth, insertion loss, selectivity, roll-off rate, isolation, and stop-
band rejection. One of the main obstacles in passive circuits in general, and in filters in
particular, is the low-frequency bandwidth. Many technical solutions have been proposed
to increase the filter’s frequency bandwidth, including the adoption of multiple frequency
bands (dual, triple, quadruple, etc.) [1-18]. This type of filter is excellent for multiple fre-
quency systems such as carrier aggregation or wireless local area network (WLAN) bands.
Another method for obtaining a wideband response is by modifying the filter structure
or attaching other elements to increase the bandwidth—such a method works well for
wideband applications [19-32].

Many bandpass filters with different structures had been presented in the literature
to achieve a dual-band response, such as employing a bandpass filter using split-ring
resonators (SRRs) and stepped-impedance resonators (SIRs) [1]. Dual-band bandpass
filters (DBBPFs) using modified hexagonal SSRs are demonstrated in [2], and triangular
and rectangular loop resonators are shown in [3]. The DBBPFs based on these resonators
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occupy a smaller footprint; however, they have a narrow bandwidth. The stub-loaded
theory has also been adopted for designing DBBPFs [4]. In [5], two resonators—a hairpin
resonator and a meandering uniform impedance resonator—were loaded with stubs and
utilized to develop a DBBPF with a narrow bandwidth. A symmetric open-circuited stub-
loaded resonator was proposed in [6] to realize a DBBPF with a high isolation and wide
stopband [6]. A DBBPF with a center frequency ratio of 1.15 was demonstrated using a
stub-loaded resonator and two shorted lines coupled to a stub-loaded resonator in [7].
Apart from the above stub loading techniques, modified open/short-circuited stub-loaded
resonators [8], quint-mode resonators [9], and ring resonators loaded with multi-stubs [10]
have been employed to realize DBBPFs with good selectivity. Even though some of the
DBBPFs based on the stub-loaded theory have a center frequency ratio of less than two, they
have a narrow bandwidth. Compact DBBPF topologies can be obtained by using a modified
SIR [11] or stepped impedance loaded by stubs [12]. Another approach for obtaining
DBBPFs is by the use of coupled lines [13], or by using coupled microstrip rings [14]
or parallel-coupled SIR-based dual-band bandpass filters [15]. Other techniques include
broadside-coupled-based DBBPF [16] or signal interference/interaction techniques [17,18].
A shorted coupled line and a stepped impedance transmission line loaded with open stubs
in an H-shaped configuration were utilized in [17] to demonstrate a paper substrate-based
filter with a dual-band response. A DBBPF with wide passbands employing a simple
transmission line in path 1 and a cascaded section of transmission lines and a shorted
coupled line in path 2 is reported in [18]. DBBPFs based on SIRs, coupled lines, and signal
interference techniques have high selectivity due to having a higher number of transmission
zeros and their compact topology. However, their 3 dB fractional bandwidths are lower.
Single-band bandpass filters with a wideband response are another approach for
increasing a filter’s bandwidth. Methods for obtaining a wideband response have been
demonstrated in the literature and include the use of: folded multiple-mode resonators [19],
dual-mode ring resonators [20], folded-arms square open-loop resonators [21], cross-shaped
resonators [22], T-shaped resonators and L-shaped defected microstrip structures [23], and
stepped impedance open stub-loaded ring resonators with a high selectivity response [24].
A bandpass filter with five poles in the passband and 58.3% 3 dB FBW was developed by
employing a ring resonator loaded with stepped impedance open stubs [24]. A wideband
bandpass topology consisting of shunt short-circuited stubs and half wavelength trans-
mission lines was reported in [25]; the proposed filter configuration had a low selectivity
factor of 0.62. The realized filter had five poles and 50% FBW. A wideband bandpass
filter with combined short- and open-circuited stubs was proposed in [26]. Two pairs of
transmission zeros (TZs) can be created on either side of the required passband using the
two different types of stubs. Two transmission lines coupled over a length of 3 A /4 and
quarter wavelength coupled line were employed in [27] to demonstrate a bandpass filter
with eight transmission zeros and good out-of-band suppression. Several bandpass filters
have been used with coupled lines to design single-band wideband passband filters [28-31].
In [28], two wideband bandpass filters employing cross-shaped resonators with open/short
parallel coupled lines are reported. The 3 dB absolute bandwidth of both the implemented
filters were 1.7 GHz and 0.7 GHz, respectively, and occupied the same footprint. In [29], a
multi-stage-stepped impedance resonator (SIR) that generates multiple transmission zeros
was capacitively coupled to another multi-stage SIR to realize an ultra-wideband bandpass
filter with 97% 3 dB FBW. Coupled lines, shorted stubs, and transmission lines were utilized
to realize a bandpass filter with 73.17% FBW; In addition, another bandpass filter with
78.34% FBW was realized using coupled lines and stepped impedance stubs in [30]. Cou-
pled lines in a ring configuration loaded with open and short stubs was proposed in [31] for
developing a bandpass filter. The proposed filter had very good out-of-band characteristics;
however, the 3 dB FBW was only 23.7%. In [32,33], transversal signal-interaction concepts
were employed to realize compact wideband bandpass filters with high selectivity. A fifth
order bandpass filter utilizing coupled lines, shorted stubs, and stub-loaded coupled lines
was reported in [32]. A wideband bandpass filter containing coupled lines in one path and
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stepped impedance stubs loaded with shorted stubs in another path was realized in [33].
A wideband bandpass unit with lumped LC resonators and distributed shunt microstrip
open-ended stubs was reported in [34]. The developed bandpass unit was cascaded with
a lowpass filter based on mixed, lumped, and distributed elements to achieve a wide
stopband.

In this work, two different bandpass filters are proposed to obtain dual-band and
wideband responses. The bandpass filter with a dual-band response is realized using series-
coupled lines and a shunt tri-stepped impedance open stub, whereas the bandpass filter
with a wideband response is constituted of series-coupled lines and a shunt tri-stepped
impedance short-circuited stub. Even-odd mode analysis is employed, as both the filter
circuits are symmetric, for obtaining the theoretical equations for the transmission zero
frequencies. The highlights of the proposed work are as follows:

e  The DBBPF based on coupled lines and TSIOSs had wide passbands with 3 dB FBWs
of 38.04% and 22.36%.

e  The center frequency ratio of the DBBPF was 1.65, indicating close passbands separated
by a single transmission zero, with a rejection greater than 20 dB.

e  The realized WBBPF using coupled lines and TSISSs had a very good selectivity factor
of 0.90.

The article is structured as follows: in Section 2, the design and analysis of the proposed
bandpass filters are demonstrated—this includes the detailed theoretical derivations of the
filters” S-parameters using an even and odd analysis. In Section 3, the filters” prototypes
are manufactured, and both simulated and measured results are presented. A comparison
between the proposed filters and published works are also demonstrated based on different
filter parameters. Lastly, the manuscript is concluded.

2. Design and Analysis of Proposed BPFs
(a) DBBPF using coupled lines and TSIOSs

Figure 1a,b illustrates the transmission line model and S-parameters of the proposed
DBBPF using coupled lines and TSIOSs. The proposed DBBPF was constructed using
two coupled lines (Zg1, Zp1, 6) that were in series and a pair of shunt TSIOS units with
impedances and electrical lengths (Z41, 0), (Zp1, 0), and (Z¢1, 8). This filter configuration,
when simulated using a circuit simulator, produced two passbands with three poles in each
passband and five transmission zeros in the stopband. The first and fifth transmission zeros
were generated by the series-coupled lines. The second, third, and fourth transmission zeros
were due to the TSIOS unit. The wideband response of the series-coupled lines overlapped
with the frequency response of the TSIOSs, which contained three transmission zeros and
generated two passbands. The two passbands were separated by a single transmission
zero with a better than 20 dB rejection. Due to the presence of a single transmission zero,
the center frequency ratio was lower, which is very useful for applications that are near.
Even—odd mode analysis was incorporated to verify the proposed DBBPF. Figure 2a,b
shows the even and odd mode equivalent transmission line circuits. Based on the even and
odd mode admittance parameters, the S-parameters of any two-port filter configuration
can be written as (1) and (2).

Y3 — YpeYpo

S11 = 1
1= Wo 1 Yor) (Yo + Yo0) M
Yo(Ype — Ypo)
Sy = 2
27 Yo + Ype) (Yo + Ypo) @
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W 1 1 1
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Figure 1. Proposed DBBPF using coupled lines and TSIOSs: (a) transmission line model and
(b) S-parameters.
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Figure 2. Proposed DBBPF using coupled lines and TSIOSs: (a) even and (b) odd mode equivalent circuits.

The best way to validate the proposed filter configuration is to verify the transmission
zero frequencies by setting Sy; to zero, which yields Ypg = Ypo. From [13], it is well
understood that the transmission zeros do not depend on series-coupled lines—they rely
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on shunt-connected transmission elements. Therefore, by equating the input impedance of
the TSIOS unit to zero, we get the second and fourth transmission zero frequencies as:

fo. 1 ZpZc1
= —tan 10
frz2 6o Zp(Zp1+Zc1) + Zpr? 10)
frza = 2fo — frz2 (11)

The transmission zeros at fr7; and fr5 are the inherent transmission zeros of the series-
coupled lines [13]. When the electrical length tends to 90°, the denominator of (2) with
higher order terms tends to infinity, giving rise to a transmission zero at f. Considering Zg4
=194, Zp1 =620, Zx1 =48 Q), Zp1 =56 Q), Z¢1 =170 ), and fo = 1 GHz, the calculated
frequencies were 0, 0.44, 1, 1.56, and 2 GHz. The theoretically obtained transmission
zero frequencies matched well with the circuit simulated frequencies, which validates
the proposed filter configuration. The variations in the S-parameters of the proposed
DBBPF using coupled lines and TSIOSs with respect to changes in the coupling coefficient
(K1 = (Zg1 — Z01)/(Zp1 + Z01)) and impedance values (Za1, Zp1, Z¢c1) are shown in
Figure 3a—d. With increases in the K; value, the stopband insertion loss decreases, and
there is an effect on the passband return loss—as shown in Figure 3a. In Figure 3b, there
is an improvement in the return loss of the passband when Z 41 increases and the second
and fourth transmission zeros move away from f(. Another observation is that the inter-
stopband bandwidth decreases with a good rejection level as Z4; increases. When Zp4
increases, the inter-stopband between the passbands increases—as shown in Figure 3c. A
much better passband response is obtained with increases in the impedance Z¢1, and there
is no effect on the transmission zero positions—as depicted in Figure 3d.
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Figure 3. Proposed DBBPF S-parameter variations with changes in the (a) Coupling coefficient (K1),
(b) Za, () Zp1, and (d) Zc1.
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(b) WBBPF using coupled lines and TSISSs

A WBBPF with a high selectivity factor was proposed using series-coupled lines (Zg;,
Z03,0) and a pair of shunt TSISS units with impedances and electrical lengths (Z 42, 6), (Zp2,
6), and (Zcy, 0). The transmission line model of the proposed WBBPF and its S-parameter
responses are illustrated in Figure 4a,b, respectively. The frequency response contains a
single wide passband with five poles and four transmission zeros in the stopband. The
insertion loss in the stopband and the return loss in the passband are better than 20 dB. The
circuit-simulated magnitude response showed that the proposed WBBPF using coupled
lines and TSISSs had an excellent selectivity factor. Since the proposed WBBPF using
coupled lines and a TSISS topology was symmetric, the analysis incorporated for the
DBBPF was used here to validate the proposed WBBPF. Figure 5a,b depicts the equivalent
even and odd mode units of the proposed WBBPF using coupled lines and TSISSs.
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Figure 4. Proposed WBBPF using coupled lines and TSISSs: (a) transmission line model and

(b) S-parameters.
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Figure 5. Proposed WBBPF using coupled lines and TSISSs: (a) even and (b) odd mode equivalent
transmission line circuits.

The first and fourth transmission zeros are the inherent transmission zeros of the
coupled lines. The equations for the second and third transmission zero frequencies of the
proposed WBBPF can be obtained by setting the TSISS impedance to zero to obtain:

Frows = Jow -1 \/ZBz(ZAz +Zp+Zc2) (19)

o ZprZco

frzws = 2fow — frzwz2 (20)

Considering ZE2 =196 Q, Zoz = 80 Q, ZA2 =98 Q, Z32 =80 Q, Zcz =140 Q, and
fow =1 GHz, the calculated frequencies of the transmission zeros were 0, 0.60, 1.40, and
2 GHz. The determined transmission zero frequencies from (19) to (20) matched well with
the circuit-simulated frequencies, validating the proposed WBBPF using coupled lines
and TSISSs. Figure 6a—d shows the S-parameter variations with changes in the coupling
coefficient (Ky) and impedances (Z42, Zp2, Zc2). With increases in the K; value, the
stopband insertion loss decreased, and there was an effect on the passband return loss—as
shown in Figure 6a. The return loss in the passband increased as the value of the impedance
Z 47 increased, and there is an insignificant effect on the transmission zero frequencies—as
shown in Figure 6b. The return loss in the passband decreased as the impedance value Zp,
increased, and the second and third transmission zeros shifted towards the fp—as shown in
Figure 6¢. The return loss in the passband and the insertion loss in the stopband increased
as the value of the impedance Z¢; increased. The second and third transmission zeros
slightly shifted away from the f, as shown in Figure 6d.
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Figure 6. Proposed WBBPF S-parameters variations with changes in (a) Coupling coefficient (K3),
(b) Za2, (¢) Zpp, and (d) Zc».

3. Results and Discussion

The proposed dual-band and wideband bandpass filters were fabricated using a
RT/duroid 5870 Rogers substrate (with a dielectric constant ¢, of 2.33, loss tangent of
0.0012, and thickness of 1.6 mm). The design procedure reported in [13] was adopted to
determine the circuit parameters. The final values of the circuit parameters for DBBPF were
Zp1=194Q0), 201 =620, 7241 =480, Zp1 =56 0, Z¢1 =170 Q), and f = 1.2 GHz. Similarly,
for WBBPF, the values were Zp> =196 (), Zpp =80 Q), Z4» =98 O), Zp>, =80 Q), Z» = 140 ),
and fow = 1.57 GHz. The proposed filters were designed and simulated in Ansys HFSS.
The layout of the proposed DBBPF using coupled lines and TSISSs is shown in Figure 7a,
and a photograph of the fabricated prototype is shown in Figure 7b. The dimensions were:
DL =44, DL, = 49.38, DL3 = 44.73, DLy = 45.24, DW; = 1, DW, =5, DW3 = 3.94, DW,
=0.24, DW5 =4.7, and DS = 0.25 (all in mm). The filter size was 0.13 Ag x 0.41 Ag. The
manufactured DBBPF prototype was tested using a vector network analyser, and Figure 8a,b
shows the obtained results of the measured and full wave-simulated S-parameters and the
group delay. The first passband-measured 3 dB bandwidth was from 0.75 to 1.1 GHz, and
the center frequency was 0.92 GHz. The insertion loss and return loss at 0.92 GHz were
1.01 dB and 14 dB, respectively. The lower and upper roll-off rates for the first passband
were 425 and 242 dB/GHz, respectively. The second passband-measured 3 dB bandwidth
was from 1.35 to 1.69 GHz, and the center frequency was 1.52 GHz. The insertion loss and
return loss at 1.52 GHz were 0.96 dB and 16 dB, respectively. The lower and upper roll-
off rates for the second passband were 340 and 283 dB/GHz, respectively. The measured
passband 3 dB FBWs of the proposed DBBPF were 38.04% and 22.36%. The center frequency
ratio was 1.65, indicating that the two passbands were close, with a rejection better than
20 dB between them. The first and second passband group delays varied from 1.33 to
3.39 ns and 2.11 to 3.56 ns, respectively. Table 1 shows a comparison of the simulated and
experimented results for the DBBPF using coupled lines and TSIOSs. The simulated and
tested results were in good congruence with each other. The performance of the proposed
dual-band bandpass filter was compared with published filters in Table 2 in terms of its
center frequency ratio (CFR), 3 dB FBW, transmission zeros (1Zs), and size. The proposed
filter had a wide fractional bandwidth with a lower CFR and a comparable size when
compared to most other works.
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Figure 7. Proposed DBBPF using coupled lines and TSIOSs: (a) Filter layout and (b) manufactured
prototype.
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Table 1. DBBPF using coupled lines and TSIOSs’ simulated and experimented results.
Band Parameter Simulated Measured
3 dB bandwidth (GHz) 0.68-1.08 0.75-1.1
Center frequency (f1) GHz 0.88 0.92
First Passband IL (dB) @ f, 0.51 1.01
RL (dB) @ f, 15.08 14
Roll-off rate (dB/GHz) 850/170 425/242
3 dB bandwidth (GHz) 1.38-1.75 1.35-1.69
Center frequency (f;) GHz 1.56 1.52
Second Passband IL (dB) @f, 0.64 0.96
RL (dB) @f, 18.16 16
Roll-off rate (dB/GHz) 212/566 340/283

Table 2. DBBPF using coupled lines and TSIOSs’ performance comparison with reported DBBPFs.

Ref. (jé;lgi) CFR IL(%;)LZ FB?,V\(IH(S%) TZs ()\gSixZ(;\g)
1] 245/52 2.12 13/2.8 7/4 3 027 x 0.27
4] 18/5.8 3.22 12/20  122/44 4 0.37 x 028
(6] 3.5/5.25 15 187/233  65/43 2 0.45 x 0.32
7] 3.73/4.29 115 - 32/57 7 0.32 x 0.28
(8] 24/58 241 135/197  4.63/36 3 0.39 x 0.25
] 1.8/2.4 133 0.07/0.08  7.91/3.89 3 0.46 x 0.34
[10] 2.65/4.84 1.82 099/139  6.04/87 5 0.44 x 0.3
[11] 3.45/527 152 176/256  10.7/4 5 023 x 031
[12] 34/54 158 12/14  58/118 4 0.24 x 0.25
[13] 1.17/2.85 243 095/1.87  13.67/35 7 029 x 0.17
[14] 133/2.82 2.12 116/246  7.5/2.83 7 029 x 0.3
[15] 2.33/4.36 187 2/22 6/5.7 5 0.28 x 0.23
[16] 125/1.92 153 077/05  7.6/84 4 0.31 x 0.46
This work  0.92/1.52 1.65 1.01/0.96  38.04/22.36 5 0.13 x 0.41

Figure 9a illustrates the layout of the WBBPF using coupled lines and TSISSs and
Figure 9b,c shows the top and bottom views of the manufactured prototype. The dimen-
sions were: WL; = 35.4, WL, = 37.37, WL3 = 34.83, WL4 = 37.41, WW; = 0.94, WW, = 1.37,
WW; = 2.1, WW, = 0.41, WW5 = 4.7, and WS = 0.42 (all in mm). The filter size was
0.18 Ag x 0.52 Ag. The manufactured WBBPF prototype was tested and the obtained results
were compared with full wave-simulated S-parameters and group delay in Figure 10a,b,
respectively. The measured 3 dB bandwidth ranged from 1.04 to 1.99 GHz, and the center
frequency was fc = 1.51 GHz. The measured 3 dB FBW was 62.91%. The insertion loss and
the return loss at fc were 1.01 dB and 15 dB, respectively. The measured selectivity factor
was 0.90, which indicates that the filter had a good selectivity. The measured lower and
upper roll-off rates were 425 dB/GHz and 340 dB/GHz, respectively. The rejection in the
lower stopband was better than 20 dB, from 0 to 1 GHz, and in the upper stopband it was
better than 15 dB, from 2.04 to 3 GHz. The group delay was almost flat and ranged from
1.42 to 4.8 ns in the passband. The simulated and experimented results of the proposed
WBBPF using coupled lines and TSISSs are compared in Table 3, and there is a good match
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between them. Table 4 shows a comparison of the proposed WBBPF using coupled lines
and TSISSs with other recently reported wideband filters in terms of their 3 dB FBW, num-
ber of TZs and TPs, selectivity factor, and size. The proposed filter had a good selectivity
factor, comparable bandwidth, and size when compared to most other reported works.

} WW;
- 71 WW,
ww, T NP
W‘Wl WS ﬁ
= ¥ al
[ byw . -
Bl '=|] WL,y
WL, - WL3 ¥

Figure 9. Proposed WBBPF using coupled lines and TSISSs: (a) Filter layout, (b) top, and (c) bottom
view of the manufacured prototype.
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Figure 10. Proposed WBBPF using coupled lines and TSISSs” measured and simulated responses
(@) S11, 521, and (b) group delay.
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Table 3. WBBPF using coupled lines and TSISSs” simulated and experimented results.

Parameter Simulated Measured
3 dB BW range (GHz) 1.01-2.07 1.04-1.99
Center frequency (fc) GHz 1.54 1.51
IL (dB) @ fc 0.38 1.01
RL (dB) @ fc 30.41 15
Selectivity factor 0.96 0.90

Table 4. WBBPF using coupled lines and TSISSs” performance comparison with reported WBBPFs.

Ref. (GfI-CIz) FB3V\C1"(3%) TZs/TPs (;'];) actor” (AgSixzeAg)
[20] 32 206 6/6 22 0.79 1.06 x 0.61
[21] 13 18 2/6 11 0.8 197 x 0.78
[22] 22 10 2/5 09 070 026 x 0.05
23] 324 58.3 2/5 06 083 034 x 0.34
25] 25 50 2/5 05 0.62 -
27] 2.1 19 8/3 18 0.77 039 x 028
28] 27 66.6 3/3 038 0.77 020 x 0.20
[29] 695 97 2/3 0.42 069 0128 x 0378
[30] 3.69 73.17 4/5 107 081 0.74 x 0.94
[34] 125 62.4 4/3 0.9 0.69 023 x 0.13
v{(l‘)l:]s( 1.51 62.91 4/5 1.01 0.90 0.18 X 0.52

4. Conclusions

A third-order dual-band bandpass filter and a fifth-order wideband bandpass filter
have been demonstrated in this paper. The design consisted of series-coupled lines and
shunt tri-stepped impedance open stubs that provide a dual-passband response that is
closely located. A single wide passband response with a high selectivity was obtained by
replacing the shunt tri-stepped impedance open stubs with tri-stepped impedance short-
circuited stubs. Both the filters were implemented on Rogers RT/duroid 5870 substrates
and experimented with. The manufactured DBBPF and WBBPF prototypes occupied a
circuit area of 0.13 Ag x 0.41 Ag and 0.18 Ag x 0.52 Ag, respectively. Both filters covered
applications such as GSM, GPS, etc. The proposed filters based on series-coupled lines
and shunt tri-stepped impedance stubs could be good candidates for modern wireless
communication systems.
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