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ABSTRACT 

In this paper, using the conductor-backed coplanar wave-
guides (CBCPWs) and the slow-wave stepped-impedance 
resonators, a second-order and a fourth-order inductively/capa- 
citively coupled bandpass filters are designed, implemented, 
and measured.  For second-order bandpass filter, two H-shaped 
defected ground structure (DGS) patterns are etched on the 
backside metallic ground planes of the input and output feed-
lines, it is found that two attenuation poles exist on both sides 
of the passband.  When compared to the fourth-order bandpass 
filter without H-shaped DGS, the second-order bandpass filter 
with H-shaped DGS has compact size and comparable rolloff 
at the edges of  the passband.  In addition, the measured results 
of the filters agree well with the simulated ones. 

I. INTRODUCTION 

The uniform impedance resonators (UIRs) have been widely 
applicated in the design of microwave circuits.  But a UIR 
seriously suffers from spurious harmonics in addition to its 
relative large size.  A stepped-impedance resonator (SIR) ex- 
hibits advantages in size reduction and good spurious cha-
racteristics when compared to a UIR [10, 8] 

Coplanar waveguides (CPWs) have several advantages over 
conventional microstrip lines, including no need of via-holes, 
easy connection of both series and shunt components, low 
dispersion and radiation loss, and so on [5].  Furthermore, due 
to an additional backside metallic ground plane, the conduc-
torbacked coplanar waveguides (CBCPWs) could improve 
both the power-handling capability and the mechanical strength 
of the integrated circuit [2]. 

In the equivalent circuit of the defected ground structure 
(DGS), there are a series inductor and a shunt capacitor, so the 
DGS exhibits a bandstop response.  Although the open or short 
stub also exhibits a bandstop response, but it can’t reduce the 
circuit size.  Recently, the DGSs have been extensively studied 
to further reduce the circuit size and improve the stopband 
characteristics of the filters [6, 7, 1].  To date, the slow-wave 
CBCPW  SIR and the CBCPW with DGS have not been stu-
died to design microwave circuits.  In this paper, the slow- 
wave CBCPW SIR and the CBCPW with H-shaped DGS are 
studied firstly and then used to design two inductively/capa- 
citively coupled bandpass filters, one is second-order with 
H-shaped DGS and the other is fourth-order without H-shaped 
DGS. 

II. SLOW-WAVE CBCPW SIR 

The basic structure of the slow-wave CBCPW SIR is 
shown in Fig. 1, where Z1 > Z3 > Z2 is assumed.  Due to the 
smallest impedance among the three CBCPW sections, the 
midsection can be embedded into the upside metallic ground 
plane and introduce slow-wave effect, which can reduce the 
size of the circuit. 

The input admittance (Yi) looking into the right port of the 
SIR can be expressed as [11] 
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where Z1, Z2, Z3 are the characteristic impedances of the three 
CBCPW sections, and θ1, θ2, θ3 are the corresponding elec-
trical lengths.  At resonance, Yi = 0 and the resonance condi-
tion is 
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Fig. 1.  Structure of the slow-wave CBCPW SIR. 
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Fig. 2.  Structure of the CBCPW with H-shaped DGS. 

 
For simplicity consideration, θ1 = θ3 is assumed.  The total elec- 
trical length (θt) of the slow-wave CBCPW SIR is expressed 
as 

 ( )
2

-1 2 3 1 2 1
1 2 3 1 2

1 3 2 1

tan
2 tan .

tan
t

Z Z Z Z

Z Z Z

θθ θ θ θ θ
θ

 −
 = + + = +

+  

 (4) 

The total electrical length (θt) of the slow-wave CBCPW SIR 
is a function of Z1, Z2, Z3, and θ1.  When Z1, Z2, and Z3 are fixed, 
θt is only a function of θ1. 

III. CBCPW WITH H-SHAPED DGS 

The structure of the CBCPW with H-shaped DGS pattern 
etched on the backside metallic ground plane is shown in Fig. 
2. 

Based on a DICLAD-880 substrate with εr = 2.17 and h = 
0.635 mm, the slow-wave factor of the CBCPW with 
H-shaped DGS and the frequency responses of 11S  and 21S  

simulated by the full-wave EM simulator  Sonnet are plotted in 
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Fig. 3.  The slow-wave factor of the CBCPW with H-shaped DGS. 
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Fig. 4.  Frequency response of the CBCPW with the H-shaped DGS. 

 
Figs. 3 and 4, respectively.  From Fig. 3, it is found that the 
slow-wave factor is apparently increased due to the insertion 
of H-shaped DGS.  In other words, the H-shaped DGS has the 
slow-wave effect and can reduce the circuit size. From Fig. 4, 
in the 21S  response, fo is the frequency of attenuation pole, fc1 

and fc2 are the lower and upper 3-dB cutoff frequencies, re-
spectively.  Besides, fn is the notch frequency in the 11S  

response.  In other words, the CBCPW with H-shaped DGS 
exhibits a bandstop response and has sharp cutoff characteris-
tics. 

From the simulation results, it is found that the influences 
of the length (a) of the H-shaped DGS are more pronounced, 
but those of the rest structure parameters (b, c, and d) are less 
pronounced.  In other words, the length of the H-shaped DGS 
is the dominant structure parameter to determine the frequency 
of attenuation pole. 
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IV. CPW COUPLING STRUCTURES 

The inductive and capacitive coupling structures are usually 
utilized in the design of directly coupled filters [3, 4, 12].   
Figure 5(a) shows the CPW inductive coupling structure, 
where W1 and W2 are the strip widths, and S1 and S2 are the slot 
widths of the two different CPWs.  In addition, t is the 
coupling length, and T1 and T2 are two reference planes.  
Based on the analysis of Z-parameters, the equivalent 
K-inverter is shown in Fig. 5(b), where the normalized 

K-inverter impedance 
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where 11 11 1/ ,X X Z=  22 22 2/ ,X X Z=  12 12 1 2/ ,X X Z Z= and 
2

11 22 12.X X X X= −   Besides, X11, X22, X12 are the imaginary  
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Fig. 6.  K-inverter  parameters as a function of coupling length.  (a) Nor- 

malized K-inverter impedance. (b) Electrical length. 

 
parts of Z11, Z22, Z12, respectively, and Z1 and Z2 are the cha-
racteristic impedances of the two CPWs.  If these two CPWs 
are the same, that is W1 = W2 and S1 = S2, the normalized 
K-inverter impedance and electrical lengths are given by 
(5)-(7) with the substitution of Z1 = Z2 and X11 = X22. 

The simulated results of the normalized K-inverter im-

pedance 
1 2

K

Z Z

 
 
 
 

 and the electrical lengths (φ1 and φ2) as a 

function of the coupling length (t) are plotted in Figs. 6(a) and 
6(b), respectively.  From the simulation results, it can be seen 
that the normalized K-inverter impedance decreases when the 
coupling length increases.  But, the electrical lengths increase 
with the coupling length. 

On the other hand, Fig. 7(a) shows the CPW capacitive   
coupling structure, where W and S are the strip and slot widths,  
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respectively, of the two CPWs.  In addition, f is the coupling 
length, and T1 and T2 are two reference planes.  On the basis of 
the analysis of Y-parameters, the equivalent J-inverter is 
shown in Fig. 7(b), where the normalized J-inverter admit-

tance 
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 and the electrical lengths (ρ1 and ρ2) can be 

expressed as 

 

1 1
11

21 2 12

sin cos
2 2

sin
2

B
J

Y Y B

ρ ρ

ρ

   +   
   =

 
 
 

 (8) 

 
11 22

1
1 22 2

22 11

2( )
tan

(1 )

B B B

B B B
ρ −

 +
 = −
 + − −  

 (9) 

 
22 11

1
2 22 2

11 22

2( )
tan

(1 )

B B B

B B B
ρ −

 +
 = −
 + − −  

 (10) 
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2

11 22 12.B B B B= −   In addition, B11, B22, B12 are the imaginary 

parts of Y11, Y22, Y12, respectively, and Y1 and Y2 are the cha-
racteristic admittances of the two CPWs.  The two CPWs, as 
shown in Fig. 6(b), have the same strip and slot widths, re-
spectively, so Y1 = Y2 and B11 = B22. 
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Fig. 8.  J-inverter  parameters as a function of coupling length.  (a) Nor- 

malized J-inverter admittance.  (b) Electrical length. 

 
The simulated results of the normalized J-inverter admit-

tance 
1 2

J
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 
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 and the electrical lengths (ρ1 and ρ2) versus the 

coupling length ( f ) are plotted in Figs. 8(a) and 8(b), respec-
tively.  From Fig. 8, it can be seen that when the coupling 
length increases, the normalized J-inverter admittance de-
creases but the electrical lengths increase. 

V. NTH-ORDER BANDPASS FILTER WITH λ/4 
RESONATORS 

Based on the filter theory, the coupling coefficients of the 
inductive and capacitive coupling structures in the Nth-order 
bandpass filter with λ/4 resonators can be expressed as [9]. 
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where ∆ is the 3-dB fractional bandwidth, and gi (i = 0, 1, 2, …, 
N + 1) are the prototype element values of the lowpass  filter.  
K01 is the inductive coupling coefficient between the input 
feedline and the first resonator, Ji,I+1 or Ki,I+1 is the capacitive or 
inductive coupling coefficient between the adjacent resonators.  
In addition, JN,N+1 or KN,N+1 is the capacitive or inductive 
coupling coefficient between the last resonator and the output 
feedline.  If the ith coupling structure is inductive, the elec-
trical length (θci) of the ith resonator is given by 

 1

1
( ),  1, 2, ...,

2ci t i i+ i Nθ θ φ ρ= + + =  (14) 

where θt, φ1 and ρi+1 are given by (4), (7), and (9), respectively.  
On the other hand, if the ith coupling structure is capacitive, 
the electrical length (θci) of the ith resonator is given by 

 ( )1

1
,  1, 2, ...,

2ci t i+ i i Nθ θ φ ρ= + + =  (15) 

where θt, φi+1 and ρi are given by (4), (6), and (10), respec-
tively. 

VI. INDUCTIVELY/CAPACITIVELY COUPLED 
CBCPW BANDPASS FILTER 

In this paper, the slow-wave CBCPW SIRs are used to de-
sign two inductively/capacitively coupled bandpass filters, 
one is second-order with H-shaped DGS and the other is 
fourth-order without H-shaped DGS.  All the designs are fa-
bricated on DICLAD-880 substrates with dielectric constant 
(εr) of 2.17, thickness (h) of 0.635 mm, and loss tangent of 
0.0008 @10 GHz. 

1. Design Procedure 

Step 1. According to the design parameters of the two 
bandpss filters, determine the prototype element 
values (gi) of the lowpass filters.  In this paper, both 
two filters have the center frequency of 6 GHz, 3-dB 
fractional bandwidth of 6%, and passband ripple of 
0.1 dB in the Chebyshev response.  In addition, for the 
second-order bandpass filter with H-shape DGS, 
there are two attenuation poles on both sides of the 
passband, one at 5.5 GHz and the other at 6.5 GHz.  

As a result, g0 = 0, g1 = 0.8431, g2 = 0.6220, g3 = 1.3554 
for the second-order case, and go = 1, g1 = 1.1088, g2 = 
1.3062, g3 = 1.7704, g4 = 0.8181, g5 = 1.3554 for the 
fourth-order case. 

Step 2. Determine the inductive and capacitive coupling 
coefficients (K and J), the coupling lengths (t and f ), 
and the electrical lengths (φ and ρ) of the equivalent 
K- and J-inverters, respectively.  As a result, for the 
second-order case, K01 = K23 = 0.2364, J12 = 0.0651; 
t01 = t23 = 0.72 mm, f12 = 0.66 mm; φ01 = φ23 = –10.05°, 
ρ12 = –6.17°.  For the fourth-order case, K01 = K45 = 
0.2062, K23  = 0.0301, J12 = J34 = 0.0392; t01 = t45 = 
1.47mm, t23 = 2.75 mm, f12 = f34=1.01 mm, and  φ01 = 
φ45 = –9.53°, φ23 = –7.59°, ρ12 = ρ34 = –5.94°. 

Step 3. Select the values of Z1, Z2, and Z3 in the slow-wave 
CBCPW  SIR, and determine the corresponding elec- 
trical lengths θ1, θ2, and θ3.  In this paper, Z1 = 75 Ω, 
Z2 = 20 Ω, Z3 = 25 Ω, and θ1 = θ3 = 26.93°, θ2 = 5.35°.  
Furthermore, calculate the final electrical length (θci) 
of each slow-wave CBCPW SIR, including the 
equivalent K- or J-inverter parameters (φ or ρ).  As a 
result, for the second-order case, θc1 = θc2 = 51.10°.  
For the fourth-order case, there are four slow-wave 
CBCPW SIRs, θc1 = θc4 = 51.48° and θc2 = θc3 = 
55.45°. 

Step 4. Determine the strip width (W) and the slot width (S) of 
each CBCPW in the slow-wave SIR.  The calculated 
results for 75 Ω, 20 Ω, and 25 Ω CBCPWs are W1 = 
0.77 mm, W2 = 6.44 mm, W3 = 4.65 mm, and S1 = 0.4 
mm, S2 = 0.8 mm, S3 = 0.4 mm. 

Step 5. Determine the structure parameters (a, b, c, and d) of 
the two H-shaped DGSs in the second-order bandpass 
filter.  For introducing two attenuation poles at 5.5 
GHz and 6.5 GHz, two H-shaped DGS patterns are 
etched on the backside metallic ground planes of the 
input and output feedlines.  For attenuation pole at 5.5 
GHz, the H-shaped DGS parameters are a1 = 19.79 
mm,  b1 = 0.5 mm, c1 = 0.6 mm, and d1 = 0.5 mm.  On 
the other hand, the H-shaped DGS parameters are a2 = 
16.52 mm, b2 = 0.5 mm, c2 = 0.6 mm, and d2 = 0.5 mm 
for attenuation pole at 6.5 GHz. 

Step 6. Using the full-wave EM simulator Sonnet to simulate 
each bandpass filter. 

2. Simulated Results 

The layout of the second-order banspass filter with H-shaped 
DGS is shown in Fig. 9(a).  The dimensions of the filter are 
w50 = 1.67 mm, w1 = 0.77 mm, w2 = 6.44 mm, w3 = 4.65 mm, 
s50 = 0.4 mm, s1 = s3 = 0.4 mm, s2 = 0.8 mm, ℓ50 = 5.5 mm, ℓ1 = 
1.51 mm, ℓ2 = ℓ5 = 0.52 mm, ℓ3 = ℓ4 = 1.52 mm, ℓ6 = 1.52 mm, 
g1 = g2 = 0.4 mm, t1 = 0.74 mm, t2 = 0.71 mm, f1 = 0.66 mm, 
a1 = 19.79 mm, a2 = 16.52 mm, b1 = b2 = 0.5 mm, c1 = c2 = 0.6 
mm, d1 = d2 = 0.5 mm.  The overall size of the filter is 20.2 
mm × 23 mm.  Figure 9(b) shows the simulated frequency 
response of the filter.  It is found that the center frequency is  
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Fig. 9.  Simulated results of the second-order bandpass filter with H- 

shaped DGS.  (a) Filter layout.  (b) Frequency response. 

 
5.99 GHz and the 3-dB bandwidth is 365 MHz.  The insertion 
loss is less than 0.91 dB and the return loss is better than 23.2 
dB in the passband.  Due to two H-shaped DGS patterns etched 
on the backside metallic ground planes of the input and output 
feedlines, which won’t give rise to extra circuit dimension, 
there are two attenuation poles exist at 5.5 GHz and 6.5 GHz in 
the simulated 21S  response.  In addition, the attenuations at 

the two poles are 47.1 dB and 53.9 dB, respectively. 
On the other hand, the layout of the fourth-order filter with- 

out H-shaped DGS is shown in Fig. 10(a).  The dimensions 
of the filter are w50 = 1.67 mm, w1 = 0.77 mm, w2 = 6.44 mm, 
w3 = 4.65 mm, s50 = 0.4 mm, s1 = s3 = 0.4 mm, s2 = 0.8 mm, 
ℓ50 = 5.0 mm, ℓ1 = 1.58 mm, ℓ2 = ℓ5 = 0.52 mm, ℓ3 = ℓ4 = 1.57 mm, 
ℓ6 = 2.15 mm, g1 = g2 = 0.4 mm, t1 = t3 = 1.61 mm, t2 = 2.68 
mm, f1 = f2 = 0.96 mm.  The simulated frequency response of 
the filter is shown in Fig. 10(b).  The overall size of the filter 
is 36.6 mm × 22 mm.  It is noted that the filter has the center 
frequency of 5.98 GHz and 3-dB bandwidth of 368 MHz.  
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Fig. 10.  Simulated results of the fourth-order bandpass filter without 

H-shaped DGS.  (a) Filter layout.  (b) Frequency response. 

 
In the passband, the insertion loss is less than 0.92 dB and the 
return loss is better than 22.8 dB.  The attenuations at 5.5 GHz 
and 6.5 GHz are 41.5 dB and 37.9 dB, respectively. 

The comparison between the simulated frequency responses 
of the two filters is shown in Fig. 11.  There are two attenua-
tion poles, one at 5.5 GHz and the other at 6.5 GHz, on both 
sides of the passband in the second-order bandpass filter with                  
H-shaped DGS.  The attenuations at 5.5 GHz and 6.5 GHz in 
the second-order bandpass filter with H-shaped DGS are 
greater than those in the fourth-order case.  Furthermore, it is 
observed that the rolloff at the edges of the passband in the 
second-order bandpass filter with H-shaped DGS is compa-
rable to that in the fourth-order case.  On the other hand, the 
circuit size of the second-order bandpass filter with H-shaped 
DGS is 37.3% smaller than that of the fourth-order case.  In 
addition, the filters designed using  CBCPW, slow-wave SIR, 
and DGS do much more performances when compared with 
other types of CPW filters. 
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Fig. 11.  Comparison between the simulated frequency responses of the 
two filters. 
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Fig. 12.  Implemented second-order bandpass filter with H-shaped DGS. 

(a) Top view.  (b) Bottom View. 

 

3. Measured Results 

The two implemented bandpass filters are shown in Figs. 
12 and 13, respectively.  The measured results of the two band-  

0 1 2 3 4  
Fig. 13.  Implemented fourth-order bandpass filter without H-shaped 

DGS. 
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Fig. 14.  Measured and simulated results of the two bandpass filters.  (a) 
Second-order with DGS.  (b) Fourth-order without DGS. 

 
pass filters are shown in Fig. 14, where the simulated results 
are also drawn for comparison.  For the second-order bandpass 
filter with H-shaped DGS, the center frequency is 5.98 GHz 
and the 3-dB bandwidth is 368 MHz.  In the passband, the 
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insertion loss is less than 1.46 dB and the return loss is better 
than 20.9 dB.  Furthermore, the attenuations at the two poles, 
which are measured at 5.49 GHz and 6.49 GHz, are 45.2 dB 
and 50.4 dB, respectively.  In addition, the measured results 
agree well with the simulated ones. 

On the other hand, the fourth-order bandpass filter without 
H-shaped DGS has the center frequency of 5.97 GHz and 3-dB         
bandwidth of 371 MHz.  The insertion loss is less than 1.56 dB 
and the return loss is better than 20.1 dB in the passband.  Fur-
thermore, the measured attenuations at 5.5 GHz and 6.5 GHz 
are 37.2 dB and 38.9 dB, respectively.  In addition, the discre-
pancy between the measured and simulated results is small. 

VII. CONCLUSION 

Using the slow-wave CBCPW SIRs, a second-order with 
H-shaped DGS and a fourth-order without H-shaped DGS 
inductively/capacitively coupled bandpass filters have been 
designed, implemented, and measured.  Agreement between 
the simulated and measured results has been shown to be well.   
Since two H-shaped DGS patterns were etched on the back-
side metallic ground planes of the input and output feedlines in 
the second-order bandpass filter, it has been found that two  
attenuation poles exist on both sides of the passband. 

Furthermore, the second-order bandpass filter with H-shaped 
DGS has comparable rolloff at the edges of the passband in 
addition to its relative compact size when compared to the 
fourth-order case.  Additionally, it is expected that the present 
method can be applicated to reduce the circuit size and im-
prove the performances of other microwave circuits. 
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