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High-Performance LPF Using Coupled C-Shape DGS and Radial
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Abstract—A high-performance microstrip low-pass ﬁlter (LPF) with low cutoﬀ frequency, negligible
passband insertion loss, very sharp transition band, and deep ultra-wide stopband is designed, fabricated
and measured. The presented ﬁlter is realized using three types of resonators which are coupled C-shape
defected ground structure (C-CDGS), mirrored series-resonant branch loaded by radial stub and high
impedance line loaded by radial stub. A novel equivalent circuit model of the C-CDGS resonator is
created, and its corresponding parameters are also extracted. The proposed ﬁlter is experimentally
veriﬁed through the measured results which show good agreement with electromagnetic simulations.

1. INTRODUCTION
Low-pass ﬁlter (LPF) plays an important role in all frequency mixers [1]. The proposed LPF placed in
output port of a microwave down-converter mixer must let pass just generated low-frequency mixing
signal (around 1 GHz) and provide good rejection of high-frequency signals (around 11 and 12 GHz).
Low cutoﬀ frequency, negligible insertion loss, high selectivity, deeper wide stopband and compact size
are the most important ﬁltering characteristics of a required LPF for microwave mixer application.
Diﬀerent techniques and structures have been reported in the recent researches to achieve a LPF
with improved characteristics [2–14]. A stub-loaded coupled-line hairpin unit [2] and a folded stepped
impedance open stub [3] are exploited to achieve a microstrip lowpass ﬁlter with high selectivity and wide
stopband. An arrangement of several stepped impedance, radial stub and folded open stub resonators is
proposed in [4] and [5] to realize a LPF with superior speciﬁcations such as sharp roll-oﬀ, wide stopband,
good return loss and compact size, but this improvement has cost complicate structure. Another LPF
design technique employing various forms of defected ground structures DGS [6] is presented in [7–14].
In [7], spurious harmonic of an even-order elliptic function LPF is eliminated by using conventional
shaped DGS. In [8] and [9], stepped-impedance low-pass ﬁlter employing I-shaped and C-shaped thin
slots DGS is presented to achieve ultra-wide stopband with 2 GHz cutoﬀ frequency. In [10], a compact
dual-planar electromagnetic bandgap microstrip low-pass ﬁlter conﬁguration is investigated for achieving
wide stopband. Low 3-dB cutoﬀ frequency compact LPF using V-shaped DGS was proposed in [11].
The meandered slot in [12] provides a wideband resonator with low insertion loss and very sharp cutoﬀ
frequency response. In [13], a novel compact LPF with quarter-circle-shape DGS shows suppression
levels approximately 20 dB from 4 GHz to more than 20 GHz. Moreover, the LPF in [14] has been
designed by employing a novel DGS pattern with two attenuation poles to obtain a sharp selectivity
and a very wide rejection bandwidth with the cost of large size. However, these ﬁlters’ performances do
not completely achieve all the ﬁltering characteristics of a required LPF for the down-converter mixer.
In this work, a LPF with all excellent ﬁltering characteristics for a microwave mixer is achieved.
It is based on microstrip radial stubs and coupled DGS resonators. The design takes advantage of
using both sides of the substrate, so a novel equivalent circuit model of the coupled DGS resonator is
developed. Experimental justiﬁcation of the simulation is also provided.
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2. DESIGN PROCEDURE
Figure 1 shows the geometry structure of the proposed LPF Resonator 1 which is composed of two
coupled C-shape DGS cells etched in ground plan. Resonator 2 is composed of mirrored series-resonant
branch loaded by radial stub. Resonator 3 is made of high impedance microstrip line loaded by
radial stub. It should be noted that the circuit is designed on an FR4 substrate having a thickness
of h = 0.762 mm, permittivity of εr = 4.5, and dielectric loss tangent of tan δ = 0.021. The EM
simulation is obtained by using CST Microwave Studio tool.

Ground

Figure 1. Layout of resonators used in the LPF design. Grey zones represent the metallization of
microstrip: the dark shade denotes the top layer, while the light shade represents the ground.
To simplify the design theory of the proposed ﬁlter, the following steps are used. The ﬁrst step
is to realize the equivalent circuit model of resonator 1. The second step is to design and analyze
microstrip resonators 2 and 3. The third step is to combine the three resonators correctly to implement
the proposed LPF. The ﬁnal step is to fabricate a prototype and measure the performances.
2.1. Resonator 1 Design and Circuit Modeling
Figure 2(a) shows the conﬁguration of a C-shape DGS (CDGS) unit etched in the ground plan layer
under a transmission line. The parameters (in millimeters) are: a = 1.1, b = 3 and w = 0.6. The
calculated width w0 of the microstrip transmission line is 1.39 so as to attain Z0 = 50 Ω of characteristic
impedance. The microstrip line coupled to the CDGS can be considered eﬀectively as a short-circuited
λ/4 line and acts as a parallel LC resonance circuit near the resonance frequency. According to [6],
CDGS can be represented by the parallel LC model of Fig. 2(b). It can be observed from EM simulation
in Fig. 2(c) that the resonance frequency f0 is around 17.5 GHz and the 3-dB cutoﬀ frequency fc around
13.45 GHz.
The parallel LC resonator of the equivalent circuit is given by [6].
ωc
1
· 2
(1)
CR =
Z0 g1 ω0 − ωc2
(2)
LR = 1/4π 2 f02 CR
where ω0 is the resonance angular frequency, ωc the 3-dB cutoﬀ angular frequency, g1 the Butterworth
one-pole prototype low-pass ﬁlter element, and Z0 the characteristic impedance of the microstrip line.
The circuit parameters extracted from the EM simulation are LR = 0.485 nH and CR = 0.17 pF.
In order to design a ﬁlter with improved bandstop, two CDGS resonators which have equal size and
inverse direction are placed close together along with the transmission line as shown in Fig. 3(a). The
coupling intensity between the CDGS resonators depends on the separation distance s. The coupling
coeﬃcient can be calculated from the well-known following equation.

 2
 f1 − f22 


(3)
k= 2
f + f2 
1

2
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Figure 2. C-shape DGS unit, (a) structure, (b) equivalent circuit model, (c) circuit and EM simulations.

(a)

(b)

(c)

Figure 3. Ground current pattern of inductive coupling in coupled CDGS resonators for (a) f1
frequency and (b) f2 frequency, (c) coupling coeﬃcient k as a function of distance s.
where f1 and f2 are two resonance frequencies exhibited by the two CDGS resonators due to the coupling
eﬀect.
To identify the nature of the coupling between CDGS resonators, the ground current orientation
in the two coupled CDGS resonators at frequencies f1 and f2 is investigated. As seen from Fig. 3(a),
for the ﬁrst frequency (f1 = 13.1 GHz in the case s = 0.4 mm), if current circulation of ﬁrst CDGS
is clockwise, then the current circulation of second CDGS will be anti-clockwise and vice-versa. For
the second frequency (f2 = 19.65 GHz) as in Fig. 3(b), the current circulation in both resonators takes
either anti-clockwise or clockwise orientation simultaneously. As a result, the coupled CDGS resonators
exhibit inductive coupling with negative mutual inductance eﬀect [15]
Lm = −kLR

(4)

Using Equations (3) and (4), the coupling coeﬃcient and mutual inductance in the case s = 0.4 mm
are k = 0.3781 and Lm = −0.1834 nH, respectively.
The eﬀect of distance s on the coupling coeﬃcient k is illustrated in Fig. 3(c). It is observed that an
increase in s results in a decrease in k. As the distance between the two CDGS resonators is increased,
fewer ﬁelds couple between the resonators.
Figure 4(a) represents the simple equivalent LC circuit used to develop the novel detailed equivalent
circuit shown in Fig. 4(b) for the magnetically coupled CDGS resonators. The negative mutual
inductance Lm is multiplied with 2 because there are two coupling gaps between CDGS resonators. The
negative coupling eﬀect increases the stored ﬂux in the single resonator circuit, so that the resonant
frequency f0 is shifted down to 13.4 GHz [16].
As shown in Fig. 4(c), the attenuation pole f0 , due to the negative coupling eﬀect, greatly improves
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(a)

(c)

(b)

Figure 4. Coupled CDGS ﬁlter, (a) the simple equivalent circuit, (b) the novel detailed equivalent
circuit model for the magnetically coupled CDGS resonators, (c) fall wave electromagnetic simulation
compared with circuit model simulation (in case s = 0.4 mm).
the stopband rejection, i.e., a broad-stopband (−13.8 dB) from 12 GHz to more than 20 GHz is achieved.
It can be observed that there is a very good similarity between circuit simulation and EM-simulation,
which veriﬁes the success of the proposed novel model.
2.2. Resonators 2 and 3 Design and Analysis
A second ﬁlter with mirrored series-resonant branch loaded by radial stub is designed. First,
a conventional compact three-order microstrip low-pass ﬁlter with open-circuited stub is designed
(Fig. 5(1) and Fig. 5(a-1)), where the high characteristic impedance lines (w1 = 0.3 mm, l1 = 10.25 mm)
act as series inductors and the low impedance open-circuited stub (w2 = 5.5 mm, l2 = 1.8 mm) as shunt
capacitor [17]. In order to excite a transmission zero (Fig. 5(a-2)), two apertures with the length of

1

(1)

(2)

(3)

(4)

(a)
Figure 5. Mirrored series-resonant branch loaded by radial stub resonator design process and
simulations. (1) 3-pole LPF using open-circuited stub, (2) series-resonant branch, (3) series-resonant
branch loaded by radial stub, and (4) mirrored structure, (a) S21 simulations.
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Figure 6. High impedance lines loaded by radial stub resonator, (a) structure, (b) transfer
characteristics for diﬀerent A2 (l4 = 7.85 mm), (c) transfer characteristics for diﬀerent l4 (A2 = 166◦ ).
l3 = 2.45 mm and width of w3 = 0.9 mm are etched inside the open-circuit as shown in Fig. 5(2).
A series-resonant branch that shorts out transmission at its resonant frequency is obtained [18]. To
improve the selectivity, a radial stub (A1 = 91◦ , r1 = 1.8 mm) is added at the terminal of the seriesresonant branch to move the transmission zero toward 3-dB cutoﬀ frequency (Fig. 5(3) and Fig. 5(a-3)).
Finally, a mirrored structure of the series-resonant branch loaded by radial stub is added to achieve a
wide stopband (Figs. 5(4) and (a-4)).
By using the mirrored series-resonant branch loaded by radial stub, a ﬁlter with low 3-dB cutoﬀ
frequency at 1.4 GHz and wide rejection area starting from 3 to more than 10 GHz is achieved. However,
both the stopband and the sharpness still need improvement.
As can be seen from Fig. 6(a), the third resonator consists of high impedance lines loaded by radial
stub. The dimensions are as follows: l5 = 13 mm, w1 = 0.3 mm, l4 = 7.85 mm, w4 = 0.4 mm, A2 = 166◦ ,
r2 = 3.1 mm.
Figures 6(b) and (c) illustrate the frequency response of the proposed resonator as the functions
of angle A2 and length l4 , respectively. It can be seen from the results that the resonator exhibits two
deep transmission zeros that are aﬀected separately by A2 and l4 . When l4 is ﬁxed and A2 decreased,
the low transmission zero location moves up to upper frequencies. On the other hand, when A2 is ﬁxed
and l4 decreased, the high transmission zero location moves up. So, the locations of two transmission
zeros can be easily adjusted by changing only the parameters A2 and l4 in the proposed resonator.
2.3. High-Performances LPF Implementation and Measurement
Based on the proposed three resonators, a high-performance low-pass ﬁlter has been designed (Fig. 1).
The resonators are properly combined in both sides of the substrate. The distance between resonators is
optimized using EM simulation (d1 = 5.8 mm, d2 = 1.8 mm, d3 = 1.3 mm). Firstly, two wide stopbands
are achieved by adding four cascaded resonator 1 units (b = 3.6 mm) to resonators 2. Secondly,
selectivity and stopband are improved by connecting two units of resonator 3 at both sides of resonator 2.
In fact, the low transmission zero of resonator 3 causes an attenuation poles close to the cutoﬀ frequency
1.4 GHz of resonator 2 which leads to obtaining sharp transition band while the high transmission zero of
resonator 3 gather together the two stopbands of resonators 1 and 2. Consequently, ultra-wide stopband
is obtained.
Figure 7 shows a photograph of the fabricated LPF. Its S-parameters are measured by using Rohde
and Schwarz ZVB 20 vector network analyzer. The electromagnetic simulations and measured results,
which are in good agreement, are shown in Fig. 8. The measured radiation losses around 10 and 16 GHz
can be ignored because they are less than 10 dB. The results indicate that the ﬁlter presents numerous
remarkable characteristics such as small 3-dB cutoﬀ frequency of 1.56 GHz, very sharp transition band
of 115.6 dB/GHz, negligible insertion loss lower than 0.32 dB, low return loss inferior to −15.7 dB and
ultra-wide stopband from 1.75 GHz to more than 20 GHz of at least 21 dB suppression levels and has also
a relatively compact size of only 0.37λg ×0.182λg . For comparison, Table 1 summarizes the performance
of the proposed LPF and other related LPFs.
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(a)

(b)

Figure 7. Photographic views of proposed LPF,
(a) top view, (b) bottom view.

Figure 8.
results.

EM simulation and measurement

Table 1. Summaries and comparisons.

Ref.

Substrate
dielectric
constant/
Height (mm)

Insertion
loss (dB)

[3]

3.38/0.508

[4]
[5]

3.38/0.508
2.2/0.7874

[11]

3.38/1.524

[12]

Cutoﬀ
frequency
(GHz)

transition
band
(dB/GHz)

0.37

2.28

121

(2.42 to 14.9 @ 20)

0.271 × 0.15

0.4
0.164

1.796
2.37

140
528.57

(2.02 to 15.14 @ 25)
(2.4 to 16 @ 13.2)

0.247 × 0.107
0.324 × 0.109

1.688

gradual

(2.22 to 7.12 @ 20)

0.204 × 0.193

4.4/0.8

0.7

> 2.5

51

(2.9 to 12 @ 20)

0.342 × 0.189

[13]

3.38/0.813

0.1

[14]

2.2/0.508

This work

4.5/0.762

0.32

Stopband
(GHz@dB)

Normalized
circuit size
(λg × λg )

2.95

gradual

(4 to 20 @ 20)

0.426 × 0.266

3.25

56.25

(3.75 to 30 @ 30)

1.062 × 0.128

1.56

115.6

(1.75 to 20 @ 21)

0.37 × 0.182

3. CONCLUSION
In this paper, a high-performances low-pass ﬁlter using coupled C-shape DGS and radial stub resonators
is designed, fabricated and measured. To describe the coupled CDGS resonator, a novel equivalent
circuit model is given in detail. The design process of the mirrored radial stub resonator conﬁguration
is described step by step. By utilizing correct arrangement of resonators, a ﬁlter with numerous excellent
performances such as low cutoﬀ frequency, negligible passband insertion loss, excellent skirt selectivity,
and deep ultra-wide stopband is obtained. With these advantages, the proposed ﬁlter may have wide
applications in the design of microwave mixers.
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