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Abstract. This paper presents a high-selectivity compact
microstrip bandpass filter (BPF) with a flexibly controlla-
ble bandwidth, based on multi-path source-load couplings
and a square-type split-ring resonator (STSRR).
An STSRR, which is enclosed between the capacitively
coupled source and load transmission feed lines, forms the
structure of the proposed BPF. The main advantages of the
proposed BPF lie in its simple structure and high selectiv-
ity due to multiple transmission zeros generated by multi-
path source-load couplings based on STSRR-enabled mag-
netic coupling between the feed lines with dual capacitive
couplings. In addition, the bandwidth of the proposed BPF
can be flexibly controlled by varying the magnetic coupling
gap between the STSRR and the feed lines. The measured
pass-band insertion and return loss of 0.83 and 27.23 dB,
respectively, for a prototype BPF with a central frequency
of 3.83 GHz and corresponding bandwidth of 12.98%,
demonstrate the validity of the proposed method.
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1. Introduction

Easy design, simple layout structure, and the flexibil-
ity to control the central frequency and corresponding
bandwidth, as well as size miniaturization, are the ongoing
research trends for microwave bandpass filters (BPFs) to
meet the increasing demands of emerging wireless applica-
tions. The split-ring resonator (SRR), which was originally
proposed by Pendry [1], has demonstrated advantageous
features of small electrical size, and easy design and syn-
thesis, and therefore, has emerged as a front-runner for
developing high-performance BPFs [2], [3]. Furthermore,
its shape can be easily modified and a complementary SRR
can be internally embedded to develop BPFs with good
performance. Several previously reported works on SRR
also reflect its continuous evolvement [4—6].
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Selectivity, which is one of the most critical issues for
practical applications of BPFs, necessitates a proper cou-
pling mechanism to achieve a low insertion loss and high
return loss in the pass band and generate a number of trans-
mission zeros in the stop band while maintaining a com-
pact filter size. Among the most commonly reported cou-
pling techniques, such as cross-coupling, source-load cou-
pling, and mixed electric/magnetic coupling, source-load
coupling was found to be suited to multiple practical appli-
cations [7], [8], as they can use multipath couplings to
generate multiple transmission zeros, and thus, achieve
high skirt selectivity in the stop band.

In this work, we present a microstrip BPF for applica-
tions in modern wireless and satellite communication sys-
tems using a square-type split ring resonator (STSRR). The
significant novelty of the developed BPF lies in its newly
proposed coupling mechanism, which consists of an induc-
tive coupling between the STSRR and the source-load
transmission lines, as well as dual capacitive coupling
splits in the transmission lines; thereby exploiting the
multipath coupling effects to introduce four transmission
zeros near the pass-band to generate a wide stop-band
performance. Additionally, the location of the transmission
zeros can be controlled, and the pass-band bandwidth can
be effectively controlled by adjusting the strength of the
source-load coupling [9]. To verify the validity of the pro-
posed method, a prototype BPF was designed, fabricated,
and the simulated and measured S-parameters were com-
pared.

2. BPF Layout Design, Simulation, and
Analysis

The resonant frequency f; of an STSRR, whose typi-
cal layout with dimensional parameters I, [y, d, and w is
depicted in Fig. 1(a), can be predicted using the following
equation [10], [11]:

f _ 1 _ C \/g (1)
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Fig. 1. Proposed high-selectivity BPF using multipath
coupling of the STSRR: (a) Layout configuration of
atypical STSRR, (b) layout of the proposed BPF and
its equivalent circuit.

where L, and C; denote the resonator’s equivalent induct-
ance and capacitance, respectively; c is the speed of light;
and e is the effective dielectric constant of the microstrip
line at the resonant frequency.

To synthesize the proposed BPF, an STSRR was em-
bedded inside two folded signal feed lines shunt-connected
with capacitively coupled 50-Q transmission lines as
shown in Fig. 1(b). Therefore, the STSRR provides
an inductive coupling path between the source-load trans-
mission lines. Additionally, a split was created between the
50-Q transmission lines to utilize their capacitive coupling.
Thus, the proposed BPF layout arrangement utilizes multi-
path source-load coupling effects using an inductive cou-
pling gap Gy and two capacitive coupling gaps, G¢; and
Gc,. Figure 1(b) also depicts the equivalent circuit of the
proposed BPF in terms of a tuned circuit L,C; resonating at
the central frequency of the proposed BPF and determined
by the embedded STSRR. Lt and Ly represent the net
inductance of the signal feed lines shunted with transmis-
sion lines and its mutual inductance with the STSRR, re-
spectively. Cc; and Cc, represent the net capacitance due to
the capacitive coupling effect between the folded signal
feed lines and the source-load transmission lines, respec-
tively. To generate a central frequency of 3.85 GHz, the
layout dimensions of the proposed BPF were optimized
using the Sonnet full-wave electromagnetic software; the
simulated S-parameters are shown in Fig. 2. The results
indicate a pass-band insertion and return loss of 0.77 dB
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Fig. 2. (a) Simulated S-parameters of the proposed BPF and (b)
distributed inductance (pH/mm) and capacitance (fF/mm)
calculated using simulated S-parameters.

and 28.5 dB, respectively. Four transmission zeros (77,
TZ,, TZ;, and TZ;) appeared at 4.7, 7.75, 8.6, and
9.35 GHz, with a suppression level of 45.7, 21.9, 48.1, and
41.9 dB, respectively. Thus, the proposed BPF exhibited an
excellent selectivity performance for both pass band and
stop band. The distributed inductance and capacitance of
the optimized BPF, which were calculated using the simu-
lated S-parameters [12] and are shown in Fig. 2, indicated
a net inductance and capacitance of 66.26 pH and 25 fF,
respectively at the central frequency of 3.85 GHz for
a propagation length of 12.5 mm.

S-parameters were simulated, and the results were
analyzed for variations in the coupling gaps to study the
impact of coupling gaps on the frequency response of the
proposed BPF. The G¢;-based changes in the locations of
transmission zeros, which are indicated by the simulated
S, and illustrated in Fig. 3 (a), show that 77, TZ;, and TZ,
shifted upward when G¢; increased. The upward shift of
the transmission zeros positively correlated with the
increase in G¢; for a range of 0.8 to 2 mm. However, the
location of 77, remained almost unchanged with G
changes. The results, which are shown in Fig. 3(b) for the
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Fig. 3. Simulated S;, to study the impact of variations of ca-

pacitive coupling strengths on the frequency selectivity
of the proposed BPF: (a) Shifts in the locations of the
transmission zeros with variations in G, and (b) shifts
in the locations of the transmission zeros with varia-
tions in Gc.

changes in the locations of the transmission zeros with the
variations in G¢; from 0.2 to 1 mm, indicate that 77, exhib-
ited a marked and positively correlated upward shift with
an increase in Gc,. When Gg; increased from 0.2 to 1 mm,
T7Z, shifted from 4.8 to 5.4 GHz. There was almost no ef-
fect of the changes in G¢, on the locations of 7Z,. Moreo-
ver, TZ;and TZ, disappeared when G, was beyond 0.4 mm.

The results for the effect of wide variations (0.2 to
2 mm) of Gy on the proposed BPF performance, which are
indicated by the simulated S,;, are shown in Fig. 4(a). The
results indicate strong dependences on Gy of the 77, T2,,
TZ;,and TZ, locations as well as the 3-dB pass-band band-
width of the proposed BPF [13]. The transmission zeros
exhibited marked upward shifts with the increase in Gy In
addition, the upward shifts were maximized when Gy was
maximized. Moreover, the 3-dB bandwidth of the pass
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Fig. 4. Simulated S,; to study the impact of variations of

magnetic coupling strength on the frequency
selectivity and the 3-dB bandwidth of the proposed
BPF: (a) Shifts in the locations of the transmission
zeros and changes in pass-band bandwidths with
variations in Gy, and (b) changes in the coupling
coefficient K with variations in Gy.

band significantly flattened with the decrease in Gy, and
therefore, with the increase in magnetic coupling level.
Figure 4(b) depicts the coupling coefficient K as a function
of Gy, where K was calculated using the following equa-
tion [14]:

K:
VAR

where f| and f, are the first and second resonant frequen-
cies, respectively. The value of K was 0.1293 and 0.0422
when Gy was 0.2 and 0.6 mm, respectively.

oy @

Therefore, coupling coefficient of the proposed BPF
exhibited a negative correlation with Gy, and indicated that
the 3-dB bandwidth of the proposed BPF can be flexibly
controlled by varying the magnetic coupling level [15].
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Fig. 5. Measured results of the fabricated prototype BPF:
(a) Schematic of the fabricated prototype BPF, and
(b) comparison of the simulated and measured
S-parameters.
CF IL/RL &/h FBW Size
Rl |Gty | qaB) | (ygmm] | (o] | ] ()
17 1.7 1.2/20 | 3.55/0.508 9.4 2 16 x 7.8
18 2.4 0.9/10 | 2.20/0.508 8.2 2 28.4 x 2.3
19 2.4 1.45/21 | 3.55/0.508 | 10.5 2 104 x 5.2
20 5.2 1.2/22 | 3.38/0.762 | 19.2 2 9x6
21 5.5 1.5/ 18 | 3.55/0.508 9.7 2 8.5x5
22 5.8 0.9/22 | 2.20/0.254 8.5 3 8.6 x 18.1
This | 383 | 0.83/27 | 25270504 | 1298 | 4 | 12:6%9
work

CF: Center frequency, IL: Insertion loss, RL: Return loss, FBW:
Fractional bandwidth, TZ: Transmission zeros

Tab. 1. Performance characteristics comparison of the
proposed BPF with several reported BPFs.

3. Multipath Coupled BPF Analysis

A Teflon substrate with dielectric constant ¢, = 2.52,
loss tangent & = 0.02, and thickness 2 = 0.504 mm was
used for the implementation of the proposed BPF with
a simulated central frequency of 3.85 GHz and a 3-dB
bandwidth of 12.8%. The full-wave electromagnetic simu-
lation was carried out using Sonnet software, and the opti-
mized physical parameters for the BPF with the simulated
central frequency of 3.85 GHz and 3-dB bandwidth of
8.31% are: [y = 10.8 mm, /[, = 4.7mm, w = 0.6 mm, d =

1.2 mm, WC =0.6 mm, W‘[ =14 mm, G=02 mm, GCl =
1.2mm, Ge, = 0.2mm, Gy = 0.3 mm, and L = 0.4 mm.
Figure 5 compares the simulated and measured results. The
central frequency of the fabricated filter, tested and charac-
terized using an Agilent 8510C vector network analyzer
(VNA), was 3.83 GHz, which was up- and down-shifted
by 20 MHz with respect to the simulation. The frequency
shifting may be attributed to the dielectric loss of the sub-
strate, dispersion loss at the bends of the resonator, and the
accuracy of the physical dimensions [16]. The return and
insertion losses of the pass band were measured to be 27.58
and 0.82 dB, respectively. The measured transmission
zeros, which were observed at 4.7, 7.75, 8.6, and 9.35 GHz
with return losses of 45.7, 21.9, 48.1, and 41.5 dB, respec-
tively, generated a wide stop-band extending from
100 MHz to 3.17 GHz and 4.21 GHz to 10 GHz.

Table 1 indicated that our developed BPF exhibits
a noticeable advantage of higher number of transmission
zeros, and therefore, better stop-band selectivity than sev-
eral recently reported BPFs [17-22]. Additionally, the
present BPF exhibits a more compact effective size Moreo-
ver, the superior pass-band selectivity of the proposed BPF
is marked by the lower insertion loss and higher return
loss.

4. Conclusion

In this letter, a high-selectivity microstrip BPF based
on an STSRR was presented. Multipath source-load cou-
pling effects were introduced to improve the in-band and
out-of-band selectivity of the proposed BPF by embedding
the STSRR inside the capacitively coupled folded signal
feeding lines shunt-connected with capacitively coupled
transmission lines. The employed multipath coupling ef-
fects generated the multiple transmission zeros in the upper
stop band and allowed the flexible control of the BFP
bandwidth, rendering the proposed method of designing
a BPF suitable for various wireless communication appli-
cations. A prototype BPF with a measured central fre-
quency of 3.83 GHz and bandwidth of 12.98% exhibited

a compact size of 0.029 1%,
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