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CHAPTER 1  Introduction 

Bandpass filters are important components in wireless 

communication systems, used for filtering the signals that are not wanted 

and providing transmission at the desired frequency. Due to their wildly 

application in the wireless communication systems, the filters with small 

size, low cost and high performance are seriously attractive. The fact that 

communication systems go smaller and lighter is another motivation of 

the filter design. If the bandpass filter can be integrated with active 

components by inserting all external filter components into the transceiver 

chip, the cost of the system will be greatly reduced.  

 

In this thesis a bandpass filter based on the structure which using 

short–ended coupled line with lumped capacitors is introduced. The 

compacted size and the surrounding ground structure enable it can be 

inserted into the transceiver systems. In addition, the high quality factor 

(Q) and the relatively stable center frequency are other advantages. The 

filter can be fabricated using the standard CMOS process. 

1.1 An introduction to the filters at present 

To meet the demand of some certain applications, the size reduction 

of filter is of primary importance. Smaller filters are desirable, even 

though reducing the size of a filter generally leads to reducing 
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performance. Many efforts have been done on reducing the size of the 

conventional filters. So far, numerous new filter configurations become 

possible. For instance, the miniature dual-mode resonator filters [1]-[3] 

can reduce the filter by half. Slow-wave resonator filter [4], [5] is another 

effective approach in reducing the size of the bandpass filter by making 

use of the slow-wave effect in periodic structures. Combline filters using 

low temperature co-fired ceramic (LTCC) or ceramic materials with the 

multi-layer technology can be an effective size reduction method [6], [7]. 

But conventionally the electrical length has been recommended by 45 

degree. There are many other size reduction methods such as the hairpin 

resonator filters [8] and the step impedance filters (SIR) [9]-[11]. All these 

methods mentioned above can achieve relatively compact bandpass filter 

size. But still take up a large circuit space. It is inconvenient for the 

system integration. 

 

Recently, CMOS bandpass filters for a single RF transceiver chip 

have been driven by reducing the cost and decreasing the RF system 

design time. A CMOS-based integrated filter using lumped inductors was 

fabricated [12]. However, the filter design is not convenient and has 

limitations since the lumped inductor has a complex equivalent circuit and 

low self-resonance frequency. Active bandpass filter can be an effective 

approach on size reduction. Great efforts have been done in the area of 

on-chip active bandpass filter. However, their uptake for commercial RF 

front end designs is limited owing to the poor performances resulting 

from the low quality factor of monolithic spiral inductors. These inductors 

suffer inherently from a variety of energy dissipation mechanisms. The 

Ohmic loss is unavoidable as the primary inductor current flows through 
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the thin metals of the spiral. Displacement current losses within the 

dielectric between the inductor and the underlying semiconductor 

substrate, and eddy current losses within the silicon (Si) substrate [13], 

[14]. Many approaches have been proposed to solve or alleviate these 

lossy inductor issues. Such as use patterned ground shields with 

polysilicon [15] and multi-metal spiral inductors [16], [17]. However, the 

realization of high quality factors (>10) still remains a challenge using the 

standard CMOS process. A series of active filters could be used to 

compensate for the inductor losses, but this approach suffers with other 

problems such as limited dynamic range, narrow bandwidth, high 

intermodulation distortion, high noise figure and poor in-band flatness. It 

has been reported that the system performance using the 

silicon-on-isolator (SOI) process (where inductors with quality factors Q 

> 20 are attainable) was comparable to that of a conventional low noise 

amplifier with an off-chip bandpass filter [18]. However, it is not usual for 

a single chip transceiver to include an integrated bandpass filter. In spite 

of its small silicon area and good insertion loss of the active filters, the 

active circuit has a drawback inherent that it has nonlinear and poor noise 

characteristics and consumes the DC power. Until recently, there have 

been limited publications regarding low GHz band, CMOS passive filters. 

 

In this thesis, a novel bandpass filter was designed using the 

diagonally short-ended coupled line with loaded lumped capacitor for size 

reduction. The structure is simple and it is convent to integrate with active 

components. In order to enhance the quality factor, multilayer conductors 

were used to the coupled line. And the measured result confirmed that the 

quality factor of the multilayer circuit was much better than the one layer 
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circuit’s. The extraction procedure of Q factors from measurements of 

miniaturized coupled-line BPFs will be described based on theoretical 

circuit analysis. The Q factors of the equivalent distributed inductors 

implemented using the standard CMOS process will be compared with 

other types of filters. As another advantage of the bandpass filter, it is 

proved has relatively stable center frequency when the substrate 

permittivity changes. It means the out circumstances, such as the package, 

hardly have an impact on it. The mathematical proving and the simulation 

results were provided to support the fact.  

1.2 Organization of the thesis 

The contents of the thesis are as follows: 

 

Chapter 1 depicts the background and purpose of this work and give 

a briefly introduces to the outline of the thesis. 

 

Chapter 2 introduces the design theory of the bandpass filters. 

 

Chapter 3 the simulation and the measurement results are plotted, 

including simulation in HFSS and measurements. Analyses of the results 

are showed here.  

 

Chapter 4 draws the conclusion of this work. 
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CHAPTER 2  The Bandpass Filter Design 

Theory 

There are many traditional bandpass filter structures, such as the 

end-coupled microstrip bandpass filter, interdigital bandpass filter. Since 

the parallel coupled-line microstrip filter was proposed by Cohn in 1958 

[19], it has been widely used in microwave applications. Due to its strong 

advantages such as planar structure, simple synthesis procedures and 

fabrication facility, it becomes an important component in bandpass filter 

design. However, as the development of the mobile communication, these 

conventional parallel coupled-line filters are too large to insert into the 

mobile systems. Many approaches had been developed for miniaturizing 

the coupled line. In this chapter, the basic theory of this thesis that based 

on capacitive loading of diagonally short-ended coupled-line for 

miniaturizing will be introduced.  

2.1 Size reduction method 

As is well known, a quarter-wave transmission line can be 

miniaturized to a short line with electrical length of q , using 

combinations of shortened transmission line and shunt lumped capacitors 

proposed by Hirota [20] as shown in Fig. 2.1. The related equations are as 

follows, 
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qsin/0ZZ =
                          (2.1) 

qw cos)/1( 01 ZC =
                        (2.2) 

where Z ,
0Z , q  and w  are the characteristic impedance of the 

shortened transmission line, the characteristic impedance of the 

quarter-wavelength line, the electrical length of the shortened line. 
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(b) 

Fig. 2.1 Quarter-wave transmission line (a) and the shortened transmission line with 

lump capacitors (b).  

From (2.1), it is clear that the characteristic impedance of the 
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shortened transmission line Z goes higher as the electrical length q  

goes smaller. When it is highly miniaturized, the impedance Z will too 

high to obtain. In order to reach very small electrical length up to several 

degrees, the coupled line component was adopted. Since it is easy to get a 

highly impedance through choosing the even-mode impedance 

approximate to the odd- mode impedance. A diagonally shorted coupled 

lines and its equivalent circuit [21] are shown in Fig. 2.2.  
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(b) 

Fig. 2.2 Diagonally shorted coupled lines (a) and the equivalent circuit of the coupled 

lines (b). 
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The characteristic impedance of the diagonally shorted coupled lines 

can be represented by the even-mode and odd-mode characteristic 

impedance and thus is given by: 

oooe

oooe

ZZ

ZZ
Z

-
=

2
                         (2.3) 

Fig. 2.3 shows a shortened transmission line using Hirota’s method 

with artificial resonance circuits. At the resonance frequency, the 

capacitance 
0C and the inductance 

0L cancel each other. So the 

equivalent circuit is the shortened quarter-wave transmission line using 

the Hirota’s method as mentioned foregoing. At the resonance frequency, 

the following equation is satisfied: 

0

0

1

C
L

w
w =                           (2.4) 

Compare the dotted box part in Fig. 2.3 and the equivalent circuit of 

the coupled lines in Fig. 2.2 (b). If the following equation is satisfied the 

dotted box part in Fig. 2.3 can be substitute by the equivalent circuit of the 

coupled lines. Then we get the substituted equivalent circuit as shown in 

Fig. 2.4. 

qw tan0 oeZL =                        (2.5) 



- 9 - 

q

Z

1C 1C0C
0C0L

0L

 

Fig. 2.3 A shortened transmission line with artificial resonance circuits. 
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Fig. 2.4 The equivalent circuit substituted by the coupled lines’ equivalent. 

 

Finally, the two capacitors in each side of the Fig. 2.4 can combine 

mathematically, and the part in the dotted box is a diagonally shorted 

coupled line of Fig. 2.2 (a). The basic component of the filter can easily 

get. The structure of the diagonally miniaturized coupled lines with 

lumped capacitors appears as shown in Fig 2.5. And the relative equations 
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are as follows: 

10 CCC +=                          (2.6) 
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C ==                     (2.8) 
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Fig. 2.5 The final equivalent circuit of the miniaturized quarter-wave transmission 

line.  

 

This is the basic component of the proposed bandpass filter in this 

paper. 

2.2 The one-stage filter 

When design the filter, a capacitor was inserted between the input 
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and the output ports used to control the attenuation pole which located at 

the right of the center frequency. Since a mutual inductance appears due to 

the magnetic coupling between coupled lines, a series-parallel resonance 

composed of the center capacitor and the mutual inductor appears near the 

second harmonic frequency. But basically this attenuation pole can’t be 

control without other components. A simple structure of the bandpass 

filter is shown in Fig. 2.6, in which the Cc is the inserted capacitor.  

 

The capacitor Cc is used to control the attenuation pole which located 

at the right of the center frequency. The relation between the capacitance 

and the attenuation pole’s location is researched using the HFSS software. 

The simulated result by HFSS software is plotted in Fig. 2.7. It shows that, 

the attenuation pole will move to the right as the capacitance increases. 

And the curve seems better. But if the capacitor is too large, in the higher 

frequency a peak will appear. So the capacitance has a limitation value. 

Using this capacitor, the curve shape can be optimized.  

 

q

Z
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Fig. 2.6 The miniaturized coupled line bandpass filter with inserted capacitor 

between input and output ports.  
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Fig. 2.7 The simulated results of the bandpass filter with different capacitance 

inserted to the input and output ports. 

2.3 The quality factor enhancement method 

The TSMC or MagnaChip CMOS procedure has 6 layers metal. 

Other types of CMOS procedure maybe has more or less metal layers. All 

of the metal layers can be used to make coupled lines to enhance the 

quality factor. In the next chapter, both the simulated and measured results 

will be plotted to show the different performances between the 6 layers 

coupled lines and single layer coupled line.  
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CHAPTER 3  The Simulation , fabrication and 

results analysis 

In this chapter, the extraction procedure of quality factors from 

measurements of miniaturized coupled line bandpass filters will be 

described based on theoretical circuit analysis. And the Q factors of the 

designed filter will be compared with the filter which using a spiral 

inductor.  

3.1 The quality factor extraction 

The loss of the inductor is due to the series resistance. If we set the 

inductor is lossy and the capacitor is lossless. The equivalent circuit of the 

miniaturized transmission line in Fig 2.4 can be expressed as Fig. 3.1. 
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Fig. 3.1 The transmission line’s equivalent circuit with lossy inductors. 
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The dotted box parts LY in both side of the equivalent circuit can be 

re-depicted in Fig. 3.2 by substituting the series resistance with shunt 

conductance. 

 

1C
0C GindB

 

Fig. 3.2 The series resistance is substituted by the shunt conductance. 

 

Where 
lZ

l
G

oe b

a
2sin

=                    (3.1) 

lYB oeind bcot=                        (3.2) 

When resonance occurs, 00CBind w=
 
is satisfied. And the 

capacitance 0C
 cancelled with the inductance 0L

 as known in Chapter 

2. Then the total conductance of the equivalent circuit in Fig. 3.2 at 

resonance frequency is shown as: 

10CjGYL w+=                        (3.3) 



- 15 - 

And then the form of the quality factor can be derived from (3.3) as 

follow: 
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The parameters a and b can be extracted from the measured 

parameters. From the Fig. 3.1, the entire ABCD matrix of the miniaturized 

quarter-wave transmission line is: 
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The entire ABCD matrix of the miniaturized quarter-wave 

transmission line is as follow: 
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The ABCD matrix can know from the measured results. From (3.4) 

and (3.7), the Q factor can be calculated from the measured data. It is the 

ratio of the imaginary part and the real part of B parameter. Shown as 

follow: 
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However, the measured S21 of the fabricated BPF has an attenuation 

pole at high frequency [23], [24]. In practice, the Q-factor needs to be 

compensated for the attenuation generated from this magnetic inductor, as 
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seen in Fig. 3.3(a). The Q factor should be modified.  
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Fig. 3.3 (a) The equivalent circuit of the coupled line filter including the magnetic 

coupling inductor and (b) the equivalent circuit of the inductor. 

 

The ABCD matrix of the inductor is: 
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And the Y parameter of the inductor can be calculated as: 
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The Y parameter of the miniaturized coupled line can be calculated from 

(3.9). 
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So the total Y parameter of Fig. 3.3 (a) is as follow: 
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And the total ABCD matrix can be expressed as: 
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where measuredB  is the B parameter of the measured ABCD matrix.  

 

The ratio of the imaginary part and the real part of measuredB  

parameter is: 
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From equation (3.15)  
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Since 
50

)( 2
0Z

r =   

Z0 is derived from the measured data as follow: 

rZ 500 =                     (3.19) 

where r is the input resistance at the center frequency which is a real 

number and can be known from the measured Smith Chart.  
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From the equations (3.17), (3.18) and (3.19) the modified Q factor is 

calculated as follow: 
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3.2 The experiment results of the Q factor 

To examine the suitability of each equivalent circuit for the modeling 

of the measured results, the bandpass filters were fabricated with TSMC 

0.18μm and MagnaChip 0.18μm process respectively. In order to compare 

the Q factors and to examine the Q enhance method, 1 layer and 6 layers 

circuit are fabricated with MagnaChip 0.18μm process. Fig. 3.4 shows the 

structures of miniaturized coupled coplanar bandpass filter, with 1 and 6 

layers. For one layer circuit with the MagnaChip 0.18μm process, a 

coupled line of 7o electrical length is used. The coupled line width is 

20μm, the transmission line length is 570μm and the separation between 

the two coupled lines of 110μm is used to provide input/output impedance 

matching to the system impedance 50Ω. The six layer filter has a 20μm 

line width, 570μm line length, and 120μm coupled line separation.  

 

These filters have been fabricated on a 10 Ω·cm bulk silicon 

substrate with aluminum metal layers. The total die area, including the 

ground plane surrounding the integrated BPF, is 700μm × 400μm. 

Coplanar coupled lines for the coupled line bandpass filter is used to 

avoid the coupling to other basic components in the transceiver system. 

Except for the input and output ports the ground plane is capsulated 
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around the filter. Photograph of the layout is shown in Fig. 3.5. 

 

(a) 

 

(b) 

Fig. 3.4 (a) Miniaturized coupled line filter with 1 layer transmission line and (b) the 

filter with 6 layers transmission line. 
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(a) 

 

(b) 

Fig. 3.5 (a) Photograph of the fabricated bandpass filter using MagnaChip 018 

process and (b) the filter using the TSMC 018 process. 

The measured S11 and S21 of the filter using MagnaChip 0.18μm 

process are plotted in one figure, as shown in Fig. 3.6. The insertion loss 
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of the 6 layer BPF at its resonant frequency of 4.8 GHz is -5.35 dB. This 

is an improvement of 1.9dB compared with the 1 layer BPF, which has an 

insertion loss of -7.27dB at resonance. Apparently, the BPF with 6 layers 

metal has advantage over the one with 1 layer.  

 

The simulated and the measured results of the filter with 6 layers are 

plotted in one figure, as shown in Fig. 3.7, the simulated and the measured 

results are agree very well. The simulation is under the conditions, that the 

conductivity of the conductor is 0.1x107 S/m, because the conductivity 

goes smaller as the frequency goes higher, and the Si substrate 

conductivity is 10 Ohm·cm, that is in the most case.  
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Fig. 3.6 The measured curves of the 1 layer and 6 layers bandpass filters.  
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Fig. 3.7 The simulated and the measured results of the circuit with 6 layers coupled 

lines. 

The attenuation constant is composed of the dielectric and 

conductive losses, as dc aaa += . Actually， the coupled coplanar 

transmission line is used in the CMOS process because grounding 

components does not require through-wafer via hole into the bottom 

ground beneath the substrate. The dielectric loss constant is described by 

[25] 

geff

r
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q
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tan
=                   (3.21) 

where re
 

is the relative dielectric constant of the substrate, effe
 

is the 
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relative effective dielectric constant of the guide, 
gl  is the guide 

wavelength, and q is guide filling factor, expressed as )1/()1( -- reff ee . 

The conductive loss in the end-shorted stub with the characteristic 

impedance of Zoe is given by [26], 

K

R effS

c

e
a =                    (3.22) 

Where Rs is the surface resistivity of smp /0f  and K is a valuable 

involving the geometrical structure of coupled coplanar line. Notice that 

the substrate dielectric loss and conductive loss are both frequency 

dependent. But they operate in the different ways. The propagation 

constant b  and substrate dielectric loss are simultaneously, inversely 

proportional to the frequency. In contrast, the conductive loss decreases 

proportionally with the square root of frequency as seen in (3.22). The 

simple quality factor in relation to the frequency is therefore shown by: 

)(/)(1 2

1

lossconductorfklossdielectric

k
Q

×+×
=  (3.23) 

Here, k1 and k2 are the relative constants and, specially, k2 is a key 

factor that determines which of the dielectric of conductor loss is 

dominant. As an illustration of the frequency trend, Q-factor increase of 

CPW along with the frequency in the CMOS process was reported in [27]. 

It implied that the conductive loss in the CPW of the general CMOS 

process was still a relatively significant factor. It therefore gives the 
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intuitive insight that the thicker metal wires realized by connecting 

multiple metal layers in standard silicon technology can effectively 

improve the quality factor [28]. 

 

The ABCD matrix can be obtained from 

t

S-parameter measurements, 

from (3.10), the Q factor of 1 layer and 6 layers circuits are found to be 

3.7 and 10.5 respectively. When the magnetic coupling inductor of Fig. 

3.3 (a) is included in the calculations using equation (3.20), the Q factor of 

1 layer circuit is found to be 4.5, and the Q factor of 6 layer circuit is 

found to be 11.4. These modified Q factors include the loss tangent of the 

dielectric of the shunt MIM capacitor in the resonator. Assuming the Q 

factor of the MIM capacitor to be 50 [29], the Q factors of the BPF on 

removal of this dielectric loss as found to be 4.9 and 14.8 for the 1 and 6 

layer filters, respectively. Therefore, the effect of the multi-level 

implementation has been a Q factor improvement by a factor of around 3. 

Another BPF with 6 layers transmission line using TSMC 018 process 

was fabricated. And the Q factor is found to be 10.3 and the Q factor on 

removal of dielectric loss as found to be 12.  

 

Many active bandpass filters employing spiral inductors have been 

developed but the performance are limited due to the low Q factors of the 

inductors. The performance of the fabricated filters are summarized in Tab. 

1 and compared to other published RF active bandpass filters. As can be 

seen in Table 1, the Q factor of the distributed inductor in the bandpass 

filter with 6 layers is the highest yet reported when comparing with active 

BPFs using spiral inductors.  



 

Table 1. Quality factor comparisons of BPFs implemented using the standard CMOS process. 

*This is a simulation value and used a differential quality factor concept.

Parameter Unit [30] [31] [32] [33] [34] 

This work 

MagnaChip 1 

layer 

This work 

MagnaChip 6 

layers 

This work 

TSMC 6 layers 

Technology μm 
CMOS 

0.25 

CMOS 

0.18 

CMOS 

0.5 

CMOS 

0.8 

CMOS 

0.8 

CMOS 

0.18 

CMOS 

0.18 

CMOS 

0.18 

Die area mm2 1.9 0.81 0.15 2.0 0.65 0.28 0.28 0.28 

Filter order  6 4 4 4 2 4 4 4 

3dB bandwidth MHz 60 130 80 18 27.7 2500 2500 1500 

Center frequency MHz 2140 2030 1800 850 830 4800 4800 3850 

Inductor Q  6 10* 2.7 3 3 4.9 14.8 12 
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3.3 The stability of the center frequency 

The equivalent circuit of the miniaturized coupled line as shown in 

Fig. 2.5 is shown in Fig. 3.8. The end-shorted shunt stub in Fig. 3.8 is a 

distributed inductor indZ  for the shunt resonance circuit.  

 

l
v

l
p

w
bq ==

oep

oe
Cv

Z
1

=

q

Z

oeZ q

C C

 

Fig. 3.8 A equivalent circuit of the miniaturized coupled line. 

When the electrical length is very small, the distributed inductor is 

expressed by  

p

oeoeoeind
v

l
jZjZjZZ

w
qq === tan        (3.24) 

The even mode impedance of a coupled coplanar waveguide is as 

follow [35],  
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where 'K  is a constant to be related to geometrical structure. In (3.24), 

pv is expressed by 

 

eff

p

c
v

e
=                     (3.26) 

In (3.24), the effective permittivity in the oeZ  and pv  are 

cancelled each other. The indZ  is proven to be a constant regardless of 

the variations of the effective permittivity. Therefore, the dielectric 

materials’ variation of oxide multi-layers in the fabrication procedure or 

effective dielectric change due to packaging do not make the center 

frequency of BPF swift at all. 

 

In order to support the equation (3.24), the circuits with different 

substrates are simulated using HFSS. Fig. 3.9 shows the structure of the 

BPF. In the metal layers, the slot (the distance between the coupled lines) 

is 120μm and the gap (the distance from the coupled line to the ground) is 

105μm. The width of the coupled line is 15μm. The HFSS simulation 

results of the BPF with different substrates are plotted in Fig. 3.10. Four 

kinds of substrates are used. The center frequency can easily be shown not 

to change when the relative dielectric constant under the silicon substrate 

shown in Fig. 3.9 changes. The results are agree well with the 
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phenomenon which expressed by the mentioned equations. The dielectric 

materials under the substrate and the circumstances of the integrated BPF, 

such as the package, hardly have an effect on the center frequency of 

highly miniaturized BPF. 

 

 

Fig. 3.9 The structure of the BPF with different substrates. 
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Fig. 3.10 The simulation results of the BPF with different substrate. 
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CHAPTER 4  Conclusion  

A novel coupled lines bandpass filter are proposed in this paper. The 

proposed filter is based on the structure of capacitive loading of the 

parallel short-ended coupled-line, which is a relatively simple mean of 

reducing the coupled-line electrical length that usually plays a decisive 

role to the filter size. The proposed filter is a better way to solve the 

problem that the poor performance of on-chip active bandpass filters 

resulting from the low quality factor of monolithic spiral inductors. In 

addition, it was proven to have a relatively stable center frequency no 

matter how much the effective permittivity surrounding BPF changed. 

The dielectric materials’ variation of oxide multi-layers in the fabrication 

procedure or effective dielectric change due to packaging do not make the 

center frequency of BPF swift at all. It demonstrated that the proposed 

BPF has a good feature which has a relatively stable center frequency for 

embedding into the transceiver chip. The methodology of quality factor 

extraction of distributed inductors from measurements of miniaturized, 

diagonally coupled line bandpass filters is presented.  

 

The filters based on the TSMC CMOS and MagnaChip CMOS 

procedures were fabricated. Both single layer coupled line filter and 6 

layers coupled lines filter are included. It is proved that the filter with 6 

layers coupled lines has better performance than the one with only single 

layer coupled line. The insertion loss of the 6 layer BPF at its resonant 

frequency of 4.8 GHz is -5.35 dB. This is an improvement of 1.9dB 
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compared with the 1 layer BPF, which has an insertion loss of -7.27dB at 

resonance. The performance of the fabricated filters were compared with 

the other published RF active bandpass filters’, the quality factor of 14.8 

presented in this study is the highest published value for bandpass filter 

inductors implemented using the standard CMOS process. The quality 

factor of 14.8 achieved here is a good starting point and can be expected 

to further improve system noise figure, to the extent that it becomes 

comparable with that obtained when using off-chip filters. Following the 

trend within RFIC design to use copper conductors and to add further 

metal layers, this approach to on-chip BPF implementation is likely to 

become even more attractive and competitive in the future.  
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