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摘要 

本文提出一種適用於標準CMOS製程的新式傳輸線結構─高慢波係數共平面

帶線，並將其運用在濾波器之設計。 

本設計藉由同時增加傳輸線單位長度電感值及單位長度電容值，可在不改

變傳輸線特性阻抗下，大幅降低訊號傳輸之相位速度，亦即大幅降低波長，可縮

短 70%以上傳輸線長度，亦即減少佔用晶片面積。此外，波長的縮短，亦使得單

位波長之損耗大幅降，而使得本設計之傳輸線可用來實現小面積、高品質之電路。 

此新式傳輸線為一週期性結構，藉由調整週期結構單元，可改變傳輸線截

止頻率，故傳輸線本身即可用來設計低通濾波器。此外，本文利用此新式傳輸線

設計一 40GHz電容耦合共振帶通濾波器，特點在小面積、小基板損耗、及適用於

標準CMOS製程，其佔用面積僅有 72*400um
2，最小介入損耗(Insertion Loss)為

1.4dB，和目前所發表之濾波器比較面積大幅縮小，品質亦顯著提升，更因不需

任何後製程而節省了製造成本。 
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ABSTRACT 

 

This thesis presents a novel transmission line─ high slow-wave-factor coplanar 

stripline (HS-CPS) and exploits the new structure to filter applications. 

In the HS-CPS structure, the distributive inductance and the distributive 

capacitance per unit length are enhanced simultaneously and consequently the 

slow-wave characteristic can be increased significantly, while the characteristic 

impedance can be remained the same. The wavelength reduction of above 70% in the 

HS-CPS indicates the above 70% occupied area can be saved as compared with the 

conventional coplanar stripline. In addition, the total attenuation decreases as the 

length is reduced. 

The HS-CPS consists of several identical cells, and the cell length determines 

the cutoff frequency. Therefore, a lowpass filter can be realized simply utilizing the 

HS-CPS itself. For further application, a 40GHz capacitive coupled one-resonator 

bandpass filter has been designed and fabricated utilizing the HS-CPS. This bandpass 

filter features in small size, low substrate loss, and suiting for standard CMOS 
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technology. The occupied area and minimum insertion loss are 72*400um2 and 1.4dB 

respectively. As compared with the other presented on-chip filters, it is extremely a 

cheap, miniature, and high-performance solution. 
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CHAPTER 1 

Introduction                                   

 

1.1 Motivation 

As the expanding market of the portable communication, a low cost, high 

integration, and high performance semiconductors technology is an urgent demand for 

RF and Microwave circuits design. Fortunately, scaling of Silicon-based CMOS 

technology offers an opportunity of a highly integrated single-chip solution and the 

advance of nano-CMOS technology makes it possible to apply for high-frequency 

applications [1]. 

Since many passive components are implemented with transmission lines such as 

resonant tanks, impedance matching networks, signal splitters, balun transformers and 

filters, a low-loss, compact-size, and easy-fabricated transmission line, or interconnect, 

in CMOS technology is needed for monolithic components. Unfortunately, typical 

epi-substrate with a low-resistivity bulk silicon, which is used to improve yield and 

suppress latch-up, causes significant high frequency losses, and the occupied areas of 

those components are still extremely large for on-chip implementation.  

Therefore, many post-processes have been proposed to minimize Si-substrate 

loss but those methods increase the cost of fabrication. To reduce the occupied areas 

of those passive components, several slow-wave structures have been presented. To 

further shrink the sizes of the passive components and overcome the severe high 

frequency losses, a novel transmission─ high slow-wave-factor coplanar stripline 

(HS-CPS) is presented in this thesis. It features in low substrate loss, compact size, 

and easy fabrication (without any post-processes). 

1 



 

While the high performance transmission line is available, the high performance 

passive components mentioned previously can be realized. Accordingly, this thesis 

make efforts in the miniature bandpass filter design since the bandpass filter is an 

essential components in RF and microwave circuits. 

 

1.2 Thesis Organization 

Chapter 2 reviews the basic transmission theory and introduces the 0.18um 

CMOS process and several popular transmission line structures suited to monolithic 

integration including microstrip, stripline, coplanar waveguide (CPW), and coplanar 

stripline (CPS). 

Chapter 3 presents the novel HS-CPS structure and the comparison with several 

previous slow-wave transmission lines. Simulated results of the HS-CPS show that 

the high slow-wave characteristic and low substrate loss are possible for the novel 

structure. Moreover, further investigation of the cutoff frequency of the HS-CPS is 

done and it shows the potential for lowpass filter applications. 

Chapter 4 introduces the 40GHz miniature bandpass filters formed with the 

novel HS-CPS structure. Moreover, the occupied area and the minimum insertion loss 

are compared with the previous on-chip bandpass filters. Finally, the measured 

method and results are displayed. 

Chapter 5 makes a summary of the thesis and provides some future works about 

the applications of the HS-CPS circuit. 
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CHAPTER 2 

Monolithic Transmission Lines                    

 

In this Chapter, some concepts of transmission lines are reviewed in section 2.1. 

They are basic but essential to design a high performance monolithic transmission line. 

Section 2.2 gives some information of the commercial 0.18um CMOS process used in 

this thesis and shows several popular monolithic transmission lines. 

 

2.1 Transmission Line Theory 

Transmission line theory differs from circuit theory in one essential feature─

electrical wavelength. While circuit analysis assumes the physical dimensions of a 

network are very much smaller than the electrical wavelength, transmission lines are 

usually a considerable fraction of a wavelength and may even be many wavelengths 

long. They can’t be described by lumped parameters and must be described by circuit 

parameters which are distributed throughout its length.  

 

2.1.1 Equivalent Circuit 

As shown in Fig 2.1, a transmission line is usually described by the equivalent 

circuit with four parameters: 

R= series resistance per unit length, for both conductors, in Ω/m 

L= series inductance per unit length, for both conductors, in H/m 

G= shunt conductance per unit length, in S/m 

C= shunt capacitance per unit length, in F/m 
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The series inductance L represents the total self-inductor of the two conductors, 

and the shunt capacitance C is due to the close proximity of the two conductors. The 

series resistance R represents the resistance due to the finite conductivity of the 

conductors, and the shunt conductance G is due to dielectric loss in the material 

between the conductors. 

 

2.1.2 Wave Propagation 

From the circuit of Fig. 2.1, Kirchhoff’s voltage law and current law can be 

applied to give 

0),(),(),(),( =∆+−
∂

∂
∆−∆− tzzv

t
tzizLtzziRtzv                       (2.1a) 

and 

0),(),(),(),( =∆+−
∂

∆+∂
∆−∆+∆− tzzi

t
tzzvzctzzzvGtzi           (2.1b) 

respectively. In the limit as , the following general transmission-line equations 

can be given:  

0→∆z

t
tziLtzRi

z
tzv

∂
∂

−−=
∂

∂ ),(),(),(                                      (2.2a) 

t
tzvCtzGv

z
tzi

∂
∂

−−=
∂

∂ ),(),(),(                                .     (2.2b) 

For the sinusoidal steady-state condition, with cosine-based phasors, (2.2a, b) become 

time-harmonic transmission-line equations: 

)()()( zILjR
dz

zdV ω+−=                                         (2.3a) 

)()()( zVCjG
dz

zdI ω+−=                                         (2.3b) 

The coupled time-harmonic transmission-line equations, (2.3 a, b) can be combined to 
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solve for and : )(zV )(zI

)()( 2
2

2

zV
dz

zVd γ=                                              (2.4a) 

)()( 2
2

2

zI
dz

zId γ=                                              (2.4b) 

where ))(( CjGLjRj ωωβαγ ++=+=                                (2.5) 

is the propagation constant whose real and imaginary parts,α and β , are the 

attenuation constant and phase constant of the line, respectively. 

The solutions of (2.4a, b) are 

rzz
o eVeVzV −−+ += 0)( γ                                           (2.6a) 

rzz
o eIeIzI −−+ += 0)( γ                                           (2.6b) 

where the term represents wave propagation in theze γ− z+ direction, and the term 

represents wave propagation in the

zeγ

z− direction. Applying (2.3a) to the voltage of 

(2.6a) gives the current on the line: 

][)( 0
rzz

o eVeV
LjR

zI −−+ −
+

= γ

ω
γ  

Comparison with (2.6b) shows the characteristic impedance, , can be defined 

as 

0Z

CjG
LjRLjR

I
V

I
VZ

o

o

o

o

ω
ω

γ
ω

+
+

=
+

=
−

== −

−

+

+

0                              (2.7) 

In the lossless line ( ), the characteristic impedance of (2.7) reduces to 0== GR

C
LZ =0                                                      (2.8) 

Propagation constant and phase velocity can be given as 

),0( LCLCjj ωβαωβαγ ===+=  
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Fig. 2.1 Equivalent circuit of an incremental length of transmission line. 

 

2.2 Monolithic Transmission Lines  

With the operating frequencies rising to several tens of gigahertz, the monolithic 

transmission line becomes an attractive topic. A variety of monolithic transmission 

lines have been presented and investigated in a few decades [2]. Accordingly, the 

accurate modeling of transmission lines helps designers predict the performance of 

high frequency circuits and furthermore allow them to invent a useful component. 

Before the investigation of monolithic transmission lines, it is necessary to 

review the back end of 0.18um CMOS process. 
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2.2.1 0.18um CMOS Process 

As depicted in Fig. 2.2 for a 0.18um generation, the process provides a 

polysilicon layer for the gates of MOS and six metal layers (M1~M6) for interconnect. 

Each of the first five metal layers has a thickness of about 0.5um. The thicker top 

metal layer (M6) with lower sheet resistance can be used to form the spiral inductors. 

The metals are separated by dielectrics of the dielectric constant, rε , of about 4. A 

special metal layer (CTM) between the M6 and M5 is only used for 

Metal-Insulator-Metal (MIM) capacitor of unit capacitance of about 1fF/um2. The 

Si-substrate resistivity is about 10 Ω-cm. 

 

2.2.2 Microstrip, Stripline, Coplanar Waveguide, and Coplanar Stripline. 

Microstrip, stripline, CPW, and CPS are four popular monolithic transmission 

lines. In this section, both of them are reviewed and the performance limitations in 

0.18um CMOS process are mentioned.  

The geometry and the field lines of the microstrip line is shown in Fig. 2.3. It is 

composed of a conductor of width W and an infinite conductor plane, separated by a 

dielectric sheet with dielectric constant, rε . Because the dielectric does not fill the air 

region above the strip, the microstrip line cannot support a pure TEM wave. However, 

the fields are quasi-TEM wave. In other words, the fields are essentially the same as 

those of the static case. Therefore, good approximations can be obtained from static 

solutions. 

Unfortunately, the presence of the Si-substrate in the CMOS process 

complicates the behavior and analysis of microstrip line. Illustrated in Fig 2.4(a), the 
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properties of microstrip line on Si-SiO2 system, named metal-insulator-semiconductor 

(MIS) microstrip line, were investigated a few decades ago [3], it exhibits three types 

of fundamental modes and the condition for the appearance of each mode. The 

wavelength depends on the operating frequency, substrate resistivity and the dielectric 

constant. In the slow-wave mode, signal propagates very slowly or the slow-wave 

factor is very high. Unfortunately signal attenuation in this mode is very high as well. 

In the dielectric mode, wave velocity and wavelength are simply inversely 

proportional to the square root of the effective relative dielectric permittivity of the 

transmission line. On the standard CMOS process Si-substrate, a slow-wave mode 

propagates at low frequencies. As frequency is increased, a quasi-TEM mode 

propagates. It is a pity that both of them suffer from severe attenuation due to the low 

resistivity of the Si-substrate. 

Microstrip also can be formed by the top metal (M6) and the first metal (M1) 

layers, as illustrated in Fig. 2.4(b). The first metal layer prevents the energy from 

penetrating into the Si-substrate and eliminates the severe attenuation results from 

substrate loss. However, because the thickness of the dielectric between M6 and M1 is 

only about 6 um, the capacitance per unit length of the line is large resulting in low 

characteristic impedance. It can be overcome by shrinking the width of the strip but 

the series resistance will increase. 

Another structure is the stripline configuration, depicted in Fig.2.5. It is similar 

to the coaxial transmission line. The signal line is realized in an intermediate metal 

layer and shielded by reference ground planes in M1 and M6 and vertical walls in 

stacked vias. Since the reference ground is around the signal strip with smaller 

distance than the microstrip, the capacitance per unit length of the stripline is larger 

indicating lower characteristic impedance compared with the microstrip line. 
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The physical realization of a monolithic coplanar waveguide (CPW) is indicated 

in Fig. 2.6. It consists of a center signal strip and two wide reference ground planes 

both in M6. Since the space between the signal strip and reference ground planes is 

adjustable, the capacitance per unit length can be smaller than the microstrip and 

stripline by increasing the space. In other words, the characteristic impedance of the 

CPW can be enlarged. Unfortunately, as seen in Fig.2.6, the more the space increase, 

the more E-field couples to the Si-substrate and then the more signal energy dissipates 

in the lossy substrate [1]. 

Another coplanar transmission line is coplanar stripline (CPS), which consists of 

two identical strips in M6 as shown in Fig. 2.7. Comparing with CPW structure, it is 

suitable for differential circuit design due to its balance configuration and saves a 

great deal of occupied area. However, the trade-off between characteristic impedance 

and substrate loss in CPS is similar to CPW. 
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Fig. 2.2 The cross-section of the 0.18um CMOS process. 

 

Fig. 2.3 Geometry and field lines of the microstrip 
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(a) 

(b) 

Fig. 2.4 Geometry of (a) the MIS microstrip line and (b) the microstrip line with M1 

ground shield. 
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Fig. 2.5 Geometry and field lines of the monolithic stripline 
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(a) 

 

(b) 

Fig. 2.6 Geometry and field lines of the (a) small space and (b) large space monolithic 

CPW  
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Fig. 2.7 Geometry and field lines of the monolithic CPS 

 

 

14 



 

CHAPTER 3 

High Slow-Wave-Factor Coplanar Stripline (HS-CPS)

 

In this chapter, an on-chip interconnect of HS-CPS on the standard 0.18um 

CMOS process Silicon-based low-resistivity substrate is realized using the structure 

of coplanar striplines. With MIM capacitors distributed along the striplines, signal 

propagation reaches a high slow-wave factor, which is demonstrated to be 3.5 times 

larger than that of conventional coplanar striplines over a wide frequency range. The 

occupied area can be therefore greatly reduced. It is further found that the 

transmission loss is minimized, mainly due to metal loss rather than substrate loss. 

Finally, the cut-off frequencies and the optimum strip width of the HS-CPS are 

investigated. 

 

3.1 Introduction and Previous Slow-Wave Transmission 

Lines 

Scaling of Silicon-based CMOS technology offers an opportunity of a highly 

integrated single-chip solution. The advance of CMOS technology makes it possible 

to apply for high-frequency applications. On-chip passive components, such as filters 

and resonators, however, still require further effort to minimize the size for cost 

concern. To do so, it needs to reduce the effective wavelength of signal propagation in 

a standard CMOS structure. 

An on-chip interconnects, or transmission lines, can be simply implemented by a 

top conductor over dielectric, silicon substrate and ground plane, namely a 

metal-insulator-semiconductor (MIS) microstrip line [3].The wavelength depends on 
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the operating frequency, substrate resistivity and the dielectric constant. Three 

fundamental propagation modes exist in such a structure. In the slow-wave mode, 

signal propagates very slowly or the slow-wave factor is very high. Unfortunately 

signal attenuation in this mode is very high as well. In the dielectric mode, wave 

velocity and wavelength are simply inversely proportional to the square root of the 

effective relative dielectric permittivity of the transmission line. To compromise signal 

attenuation and to decrease the wavelength, periodic ground plane microstrip [4] and 

electric-magnetic-electric (EME) microstrip line [5] were developed for enhancement 

of the slow-wave characteristic. Typically microstrip structures yield to high signal 

attenuation due to significant portion of energy propagating in the lossy substrate. As 

the operating frequency moves to higher, the attenuation becomes higher. 

This issue of substrate loss can be alleviated by the configuration of uniplanar 

transmission lines, such as coplanar waveguide (CPW) and coplanar stripline (CPS) 

[6] structures, which are also easy for solid-state device integration. For hybrid-circuit 

implementation, miniature periodic-structure CPW [7] has been proposed for filter 

applications in less area. On-chip implementation can actually make use of 

multi-layer configuration. As such, a slow-wave CPW (S-CPW) structure was 

presented, consisting of CPW top conductors and a second layer of floating metal 

strips [8]. This S-CPW design overcomes many of the limitations of existing design 

that the on-chip wavelength of MIS and CPW structures is about one-half of the 

free-space wavelength for Silicon-based processes. Slow-wave performance of these 

structures is summarized in Table 3.1. 

In this Chapter, a novel high-slow-wave-factor coplanar stripline (HS-CPS) is 

presented. As compared to CPW lines, the CPS structure, as shown in Fig.3.1 (a), is a 

better choice for balanced circuit design. It is also simple for implementation of open- 

16 



 

or short-ended stubs. The HS-CPS features in small size, low substrate loss, and easy 

fabrication (by standard process). To the best knowledge of the author, the slow-wave 

factor achieves to a value much higher than those in previous work, and the 

attenuation is small enough for practical applications. 

 

Table 3.1 Summary of slow-wave performance. 

 structure slow-wave factor attenuation 
(dB/λ)

Configuration 
width 

[3] 
MIS 
microstrip 
(on-chip) 

15 
(0.03-4GHz) 

15 
(at 4G) 160um 

[4] 

periodic 
ground 
plane 
microstrip 

3-7 
(0.5-8.5GHz) ---- 25mil 

[5] (EME) 
microstrip 

2.5-3 
(0.5-7GHz) 

0.48 
(at5GHz) 4.268mm 

[7] 
periodic- 
structure 
CPW 

3.5-4.1 
(0.5-8.5GHz) ---- 55mil+ground 

width*2 

[8] S-CPW 
(on-chip) 

4.5-4.7 
(1-40GHz) 

1 
(at20GHz) 420um 

This 
work 

HS-CPS 
(on-chip) 

7.1-7.5 
(1-30GHz) 

1.61 
(at20GHz) 72um 

 

17 



 

3.2 Design Principles and Considerations 

3.2.1 Enhancement of Slow-Wave Propagation 

From the transmission-line theory, the propagation constant and phase velocity 

of a lossless transmission line are given as LCωβ =  and LCp /1=ν , respectively, 

where L and are the inductance and capacitance per unit length along the 

transmission line. Thus, increasing the values of 

C

L and can reduce the phase 

velocity and therefore effectively enhance slow-wave propagation. 

C

Consider an on-chip CPS as shown in Fig.3.1 (a), realized by two top conductors 

as a differential signal path on the same metal layer. Similar to those approaches in [7], 

there are several modifications to the CPS structure to enhance the slow-wave 

characteristic. The effective inductance can be enlarged by increasing the space and 

decreasing the widths of the two strips, while the effective capacitance can be 

increased by branching out the strips. Larger space between two conductors 

essentially corresponds to larger magnetic flux in the current loop formed by the two 

conductors. A narrower width results in higher line impedance or a more inductive 

transmission line. Branching strips produce higher capacitive coupling between the 

two conductors. 

In the proposed HS-CPS structure, capacitive coupling is further enhanced by 

MIM capacitors available in standard processes. The capacitance of a MIM capacitor 

can be adjusted quite arbitrarily and the value is much larger than that per unit length 

in a conventional CPS line, and that of capacitive coupling in branching strips. Thus, 

MIM capacitors, placed underneath the branches, enable much more capacitive 

coupling. Moreover, these MIM capacitors introduce no extra area since they are 

located in a different layer from the top conductors. The new structure is depicted in 
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Fig. 3.1 (b) and (c), where all the aforementioned improvements are realized in a cell 

unit, which is placed periodically along the line. The inductance and capacitance per 

unit length are consequently increased. 

 

3.2.2 Losses in HS-CPS 

In the HS-CPS configuration, the issue of substrate loss is insignificant. As can 

be seen from simulations, signal energy is strongly confined near the region of MIM 

capacitors. Only a fraction of energy leaks into the substrate. Newer generations of 

nano-CMOS technology will help improve this issue as the thickness of the dielectric 

layer becomes thicker and the top conductor layer is more distant from the substrate. 

On the other hand, signal attenuation mainly arises from the resistivity due to 

non-ideal top conductors and the discontinuity due to placement of MIM capacitors. 

The impact of the discontinuity can be minimized by using small value of numerous 

MIM capacitors placed closely and uniformly along the transmission line. As to the 

former issue of metal loss, it is a trade-off between substrate loss and the effective line 

resistance. Theoretically wider strips produce less resistivity. Nevertheless it is limited 

by the skin effect and the factor that more energy coupling into the substrate occurs. A 

narrow width is preferred for the reason of a higher inductance per unit length, but the 

effective resistance per unit length may also become larger. As a result, the conductor 

width needs to be optimized. The trade-off will be relaxed in newer generations of 

nano-CMOS technology as the top conductor becomes thicker and higher 

conductivity of metal can be used. 
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(a) 
 

 

(b) 
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(c) 

 

Fig. 3.1. On-chip CPS transmission lines. Cross-sectional view of (a) the conventional 

CPS and (b) HS-CPS, and (c) Top view of the conventional CPS and HS-CPS 

 

3.3 Simulation Results 

The 3-D EM simulation software of Ansoft HFSS is used to extract the 

S-parameters in all the configurations, and then other electrical parameters can be 

obtained. 

 

3.3.1 Simulation Results 

Three configurations are under consideration, the CPS, the HS-CPS, and the 
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HS-CPS with perfect conductors. The CPS and HS-CPS are both designed for 

characteristic impedance Zo of about 50Ω. In the simulations, the length of a 

transmission line is chosen as 280um. 

A 0.18um CMOS process is assumed. The top conductor is with a thickness of 

about 2um and the conductivity σ of about 2.8e7 S/m. The bottom layer of MIM 

capacitors is labeled as “Metal5”. The thickness of SiO2 layer is about 8um. The 

dimensions of each configuration are depicted in Fig. 3.1 (a), (b) and (c). The CPS 

line consists of two 34.5um–wide strips separated by 3um gap. The strip width in the 

HS-CPS line is chosen as 8um. Four MIM capacitors, each of 16fF, are uniformly 

distributed in two cells, as illustrated in Fig. 3.1(c). The total widths of the entire 

configuration for the CPS and the HS-CPS are the same as 72um. In the simulation 

case for the HS-CPS with perfect conductors, all the metal is set as ideal. 

The characteristic impedances of all configurations are plotted in Fig. 3.2. From 

the phase information of S-parameters, the effective relative dielectric constant effε  

is calculated and plotted in Fig. 3.3 (a). The slow-wave factor, defined as effε based 

on effp c εν /= , is shown in Fig. 3.3 (b). The HS-CPS reaches a high 

slow-wave factor of 7.1 at 20 GHz, which is 3.5 times larger than that of the 

conventional CPS, indicating great wavelength reduction. Thus, an on-chip λ/4 CPS 

line at 20 GHz reduces in size from 1.88 to 0.53 mm when using the HS-CPS 

configuration. 

Fig. 3.4 (a), (b) show the attenuation per mm and per wavelength of all 

configurations respectively. Using the HS-CPS, the attenuation at 20GHz is improved 

from 5.51 to 1.61 dB/λ. The improvement is for the reason that total attenuation in a 

transmission line decreases as the effective wavelength is greatly reduced. In the 
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HS-CPS line, metal loss dominates the total loss. It can be verified by the case with 

perfect conductors. The attenuation of the HS-CPS with perfect conductor drops down 

to be less than 1dB per wavelength, as shown in Fig. 3.4(b). The results indicate that 

signal attenuation due to substrate loss and discontinuity of MIM capacitors is 

insignificant. Fig. 3.5 (a), (b) show the electric field distribution of CPS and HS-CPS 

respectively. Due to the relative large capacitance of MIM capacitors, the electric field 

in HS-CPS is mostly confined near the region of MIM capacitors, while it can be seen 

that more energy couples into Si-substrate in CPS. Performance of the HS-CPS is 

summarized and compared to previous work in Table 3.1. 

 

3.3.2 Investigation of Cut-off Frequency 

In order to investigate the cut-off frequencies of the HS-CPS structures, two 

two-cells HS-CPS structures of 190um and 380um unit cell length respectively, and a 

three-cells HS-CPS structure of 190um unit cell length, as illustrated in Fig.3.6 (a), (b), 

(c) are simulated. Each of them has the same cross-sectional view as shown in 

Fig.3.1(b), and the same MIM capacitors, each of 21.16fF, per unit length. The 

S-parameters and slow-wave factors are shown in Fig.3.7. Similar to [7], The cut-off 

frequency for the unit cell length, , can be estimated as: l

..4
0

FSl
cfc ××

=                                                (3.1) 

where the  is the velocity of light in vacuum and the  is the slow-wave factor 

of the HS-CPS structure. Comparing the two-cells HS-CPS of 190um cell length with 

the three-cells one, it is obviously that sharper rolloff can be accomplished simply by 

inserting more cells, while the cut-off frequency can be determined by the cell length. 

Therefore, a lowpass filter can be design. 

0c ..FS
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3.3.3 Optimization for Attenuation per Wavelength 

The strip width of the HS-CPS can be further reduced and the capacitance of 

MIM capacitors can be increased for higher inductance and capacitance per unit 

length along the HS-CPS. Therefore, the slow-wave factor can reach a much higher 

value. However, as the strip width shrinks, the series resistance of the HS-CPS goes 

up resulting in severer attenuation per unit length. In other words, the trade-off is 

between slow-wave factor and attenuation per unit length. 

In order to find the optimal strip width, another two HS-CPS structures of 

different strip widths, 3um and 13um, depicted in Fig. 3.8(a), (b), are investigated. For 

the same characteristic impedances, 50Ω, MIM capacitors of different capacitance, 

30.25fF and 12.25fF, are used in the two HS-CPS structures respectively. 

Through the simulator, Ansoft HFSS, slow-wave factors, attenuations per mm, 

and attenuations per wavelength of the three 50Ω HS-CPS of different strip widths, 

3um, 8um, 13 um, are given in Fig.3.9 (a), (b), and (c). As shown in Fig.3.9 (a), (b), 

although the slow-wave-factor of the HS-CPS of 3um strip width can reach the 

highest value about 9, unfortunately, the aggravation of attenuation per mm is the 

severest simultaneously due to the highest series resistance of the narrowest strip 

width. The HS-CPS of 13um strip width has the least attenuation per mm, however, 

the slow-wave factor is the lowest. Since the trade-off is between slow-wave factor 

and attenuation per unit length, the attenuation per wavelength is a fair criterion for 

optimal strip width. According to the attenuations per wavelength, as demonstrated in 

Fig.3.9 (c), both the structures of 13um strip width and 8um strip width are better 

choices than that of 3um strip width. Since the attenuation per wavelength of the 

HS-CPS of 8um strip width is almost the same as that of 13um strip width, the 8um 
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strip width is a better choice than the 13um strip width because of the much higher 

slow-wave factor. The design flowchart of the HS-CPS is shown in Fig.3.10. 

 

3.3.4 The Effect of the Arrangement of MIM Capacitors 

In order to find the effect of the arrangement of MIM capacitors, the 

performances of two HS-CPS lines of eight 3.25x3.25um2 MIM capacitors and of two 

6.5x6.5um2 MIM capacitors respectively, shown in Fig.3.11, are compared with the 

aforementioned HS-CPS of four 4.6x4.6um2 MIM capacitors. In other words, each 

HS-CPS has the same total MIM capacitance about 84.5fF but has different 

arrangement of it. 

Simulation results of the slow-wave factor, attenuation per mm, and attenuation 

per wavelength of the three HS-CPS lines are depicted in Fig.3.12, Fig.3.13, and 

Fig.3.14. According to above simulation results, there is no significant difference 

between the three HS-CPS lines. In other words, the effect of the arrangement of the 

MIM capacitors doesn’t matter in this case. A little divergence of the slow-wave factor 

of the HS-CPS of eight 3.25x3.25um2 MIM capacitors should result from the fringing 

capacitance of the MIM capacitance. Under the cases of the same capacitance, the 

more small MIM capacitors are used, the more fringing capacitance are introduced 

and results in larger slow-wave factor than expected. 
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Fig. 3.2 Characteristic impedance ( ) of CPS and HS-CPS. 0Z
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(a) 

 

(b) 

Fig. 3.3 (a) Effective relative dielectric constants. (b) Slow-wave factors of CPS and 

HS-CPS 
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(a) 

 

(b) 

Fig. 3.4 Attenuation (a) per mm and (b) per wavelength of CPS, HS-CPS, and 

HS-CPS with perfect conductivity 
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(a) 
 

 

(b) 
 

Fig. 3.5 Electric field (a) in CPS couples to Si-substrate (b) in HS-CPS is mostly 

concentrated in the MIM capacitor 
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Fig. 3.6 Two-cells HS-CPS of (a) 190um cell length and (b) 380um cell length. (c) 

Three-cells HS-CPS of 190um cell length. 
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(a) 

 

(b) 
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(c) 

Fig. 3.7 (a) S21, (b) S11, and (c) slow-waver factors of the HS-CPS structures with 

different cell length or the number of cells. 
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Fig. 3.8 Two-cells HS-CPS of (a) 3um strip width and (b) 13um strip width.  
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(a)

 

(b) 
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(c) 

Fig. 3.9 (a)Slow-wave factor, (b) attenuation per mm (dB), and (c) attenuation per 

wavelength (dB) of the HS-CPS structures with different strip width. 
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Fig. 3.10 The design flowchart of the HS-CPS. 

36 



 

 

 

 

 

 

Fig.3.11 The HS-CPS lines of (a) eight 3.25x3.25um2 MIM capacitors and (b) two 

6.5x6.5um2 MIM capacitors. 
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Fig.3.12 The slow-wave factors of the HS-CPS lines of different arrangements of 

MIM capacitors. 

 

Fig.3.13 The attenuations per mm of the HS-CPS lines of different arrangements of 

MIM capacitors. 

38 



 

 

 

 

Fig.3.14 The attenuations per wavelength of the HS-CPS lines of different 

arrangements of MIM capacitors. 

 

3.4 Conclusion 

A new type of slow-wave periodic CPS using MIM capacitors has been 

proposed. It is suitable to be applied in the standard CMOS process without any 

additional post-process. The slow-wave factor is 3.5 times larger than that of 

conventional CPS and the substrate loss is also minimized significantly. The new 

structure therefore has the potential to improve the performance and miniaturize the 

size of any component consisting of transmissions. 
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CHAPTER 4 

40GHz Miniature Bandpass Filter                 

 

An on-chip high performance 40GHz miniature bandpass filter is presented. 

Implemented in a standard CMOS process without any extra post processing, the filter 

features in small size (72*400um2) and low insertion loss (1.4dB) by using the 

HS-CPS 

 

4.1 Introduction and Previous Works 

As far as the cost and the level of integration is concerned, silicon-based CMOS 

technology has become a good candidate as the solution of a highly integrated 

single-chip system, which incorporates digital, analog and RF circuitry [9]. While 

CMOS devices have been successfully applied to RF integrated circuit design, the 

on-chip filter, an essential component in RF or microwave circuits, however, still 

suffer from the high insertion loss due to the lossy substrate as well as the large 

occupied area in a standard CMOS process. Consequently an external off-chip 

filtering circuit is typically employed in a high performance system. Extensive 

research has been conducted in the area of on-chip filter design. 

It can be found that much effort has been directed to high resistivity substrates in 

order to minimize the effect of substrate loss, including methods by directly using 

high resistivity Si wafers [10], by using thick polyimide layer on the top of lossy Si 

substrate [11], by microelectromechanical system (MEMS) technology [12], or by 

proton implantation process [13]. Nevertheless, it is of great interest to design filters 

on a standard CMOS substrate without extra post processing. 

40 



 

Several structures have been proposed for size reduction by enhancement of 

slow-wave characteristics, such as periodic ground plane microstrip [4], and 

slow-wave CPW (S-CPW) [8]. Besides, a bandpass filter of compact size has been 

implemented by an electric-magnetic-electric (EME) microstrip line [5] and miniature 

lowpass filters have been realized by periodic-structure CPW [7]. For on-chip 

implementation, it is necessary to further reduce the effective wavelength of signal 

propagation since filtering is generally related to the wavelength. That is, it is 

essential to design the filtering structure appropriately in a manner to enhance the 

slow wave characteristic.  

In this paper, an on-chip miniature bandpass filter is designed at the frequency 

of 40GHz and realized by the novel HS-CPS structure. It features in small size, low 

substrate loss, and easy fabrication (by standard 0.18um CMOS process). The 

slow-wave factor of the HS-CPS achieves to a value higher than those in previous 

work, and the attenuation is small enough for practical applications. Therefore, the 

two critical limitations, large size and severe substrate loss, of the on-chip filters can 

be relaxed 

 

4.2 Design Consideration for Size Reduction 

To reduce the size of a filter, it is critical to apply a transmission line, or an 

interconnect, with high slow-wave characteristic. The conventional CPS line is shown 

in Fig. 4.1(a). The slow-wave characteristic is enhanced in two folds by using a 

narrow strip width and large spacing between strip lines, and by adding capacitive 

coupling branches, as the HS-CPS structure shown in Fig. 4.1 (b). The cross-sectional 

view is illustrated in Fig. 4.1 (c).  

The result of a narrow strip width and wide spacing is large magnetic flux in the 
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current loop formed by the two strips. Consequently the distributive inductance per 

unit length of the CPS line increases. Furthermore, each coupling cell contains two 

MIM capacitors such that the capacitive coupling between strip lines increases and 

essentially the distributive capacitance per unit length of the CPS transmission line is 

enlarged. As a result, the slow-wave characteristic is enhanced as the phase velocity 

decreases, LCv p /1= , where L and C are distributive inductance and 

capacitance per unit length, while the characteristic impedance can be remained the 

same. The advantage of the structure lies in the flexibility to choose a large value of 

MIM capacitors available in multi-layer on-chip configuration. Also, it minimizes 

signal attenuation due to substrate loss because most signal energy is near the area of 

MIM capacitors instead of the Si-substrate 

 

 
(a) 
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(b) 
 

 

(c) 
 

Fig. 4.1 (a) Cross-sectional view of the conventional CPS. (b) Top view and (c) 

cross-sectional view of the HS-CPS. 

43 



 

4.3 Filter Design and Simulation Results 

The bandpass filter is implemented in TSMC 0.18um CMOS technology and 

analyzed by 3D EM simulation software of Ansoft HFSS. The passband is designed to 

be centered at 40GHz with 30% fractional bandwidth. A Chebyshev-type capacitive 

coupled single-stage resonator is employed for the design [14]. 

Fig. 4.2(a) and (b) show the transmission line model and the design of the filter. 

The characteristic impedance of the transmission line is chosen as 50Ω, implemented 

by using a HS-CPS line with the dimensions as shown in Fig. 4.1 (c). The slow-wave 

factor is plotted in Fig.4.3 (a), reaching to 7.5 at 40 GHz, which is 3.9 times larger 

than that of the conventional 50-Ohm CPS line shown in Fig. 4.1(a), indicating great 

size reduction. In Fig. 4.3 (b), the attenuation at 40GHz is improved from 4 to 1.4 dB/

λ for the reason that the total attenuation decreases as the effective wavelength is 

reduced. To further explore the mechanism that causes signal attenuation in such a 

structure, all conductor of the HS-CPS is replaced with perfect electric conductor. It is 

found that attenuation decreases to much less than 1dB per wavelength as shown in 

Fig. 4.3(b), demonstrating attenuation is mainly due to conductor loss rather than 

Si-substrate loss. 

According to one-stage 3dB Chebyshev filter coefficient, g1=1.9953, the 

electrical length, θ1, is 128° (at 40GHz), which corresponds to a length of 360 um in 

the HS-CPS structure but 1400 um in the conventional CPS line. It stands for a length 

reduction of 74%. The values of C1 and C2 in the transmission line model of the 

bandpass filter are required to be as of 50fF, which leads to a value of 100fF for the 

MIM capacitor C. 

In Fig. 4.4, it shows the simulation results of this miniature bandpass filter. The 

center frequency is 39.5GHz with an insertion loss of 1.1dB, and the 3-dB frequencies 
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are 32.5GHz and 50.5GHz. The S-parameters of the theoretical design and the 40GHz 

CPW bandpass filter on proton-implanted Si-substrate [13], depicted in Fig. 4.5, are 

also plotted in the same figure. The comparison in Table 4.1 shows that the insertion 

loss of this design is smaller than that of the proton-implanted filter and that of the 

filter with thick Polyimide layer [11] and the occupied area are reduced significantly. 

Another advantage of this bandpass filter is the spurious response rejection. As 

the bandpass filter is investigated in higher frequencies, shown in Fig.4.6, it is 

obvious that there is no passband near the second harmonic (80GHz). It is due to the 

cut-off frequency of the HS-CPS used in the bandpass filter is less than 80GHz, and 

therefore, it works as a lowpass filter rejecting the signal of higher frequency than its 

cut-off frequency. 

In order to investigate the substrate loss and metal loss of this filter, all metals 

used in the filter are replaced with perfect conductor. It means the metal loss is 

eliminated and the remaining loss is substrate loss. The simulation results in Fig. 4.7 

show the substrate loss is insignificant. It also can be verified by replacing the lossy 

substrate of 0.18um CMOS technology with lossless substrate (σ=0 S/m). The 

simulation results are also shown in the same figure. As the lossy substrate of 0.18um 

CMOS technology is replaced with lossless substrate, the insertion loss is improved 

slightly indicating the slight effect of the lossy substrate in this novel structure. 

 

 

 

 

45 



 

 

(a) 
 

 

(b) 

Fig. 4.2 (a) Transmission line model of capacitive coupled one-resonator bandpass 

filter and (b) dimensions. 
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(a) 

 

(b) 
Fig. 4.3 (a) Slow-wave factors and (b) attenuation per wavelength of conventional 

CPS and HS-CPS 
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Fig. 4.4 S-parameters of the HS-CPS miniature bandpass filter, theoretical bandpass 

filter, and the CPW bandpass filter on proton-implanted Si-substrate. 
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Fig. 4.5 The CPW bandpass filter on proton-implanted Si-substrate. 
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Fig.4.6 The spurious response rejection of the bandpass filter. 

 

Table 4.1 Size and min. insertion loss (IL) of on-chip bandpass filters. 
 

Structure Configuration 
Length 

Configuration
Width Min. IL 

thick Polyimide 
layer filter[11] 3400um* 215um 2.76dB 

proton-implanted 
filter [13] 1000um ～ 500um 3.4dB 

This work 400um 72um 1.1dB** 

* Center frequency is at 30GHz 
**Measured Min. insertion loss is 1.4dB 
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Fig. 4.7 S-parameters of the HS-CPS miniatures bandpass filters with perfect 

conductor, lossless substrate, and 0.18um CMOS technology. 
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4.4 Measurement Considerations and Results 

Two issues of measurements of this filter will be discussed in this section, one is 

the measurement of the CPS-like structure with Ground-Signal-Ground (GSG) probes 

and the other is the de-embedding method used in this measurement. 

 

4.4.1 Measurement with GSG probe 

The S-parameters was measured on wafer with two-port GSG probes from 

10MHz to 50GHz by Agilent E8364B. While this CPS-like filter is measured with 

GSG probes directly, there will be an obvious discontinuity of electric field at the 

GSG pads. It is likely to cause the inaccurate measurement. In order to measure this 

CPS-like structure accurately by GSG probes, another identical filter is put aside the 

under-test filter symmetrically as shown in Fig. 4.8. It means that the results of the 

shunt circuit of the two identical filters will be measured. After the Y-parameters of 

the shunt structure,  , is measured, the Y-parameters of the single filter,[ ]Y [ ]'Y , can 

be got from the following equation (4.1). 
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[ ] [ ]YY
2
1' =                                                     (4.1) 

4.4.2 De-Embedding Method 

For accurate measurement of the filter, the parasitics of the pads and 

interconnects should be removed. Therefore, the open/short/thru de-embedding 

(OSTD) [15] is used in this measurement. The parasitics ( , , ) and the device 

under test (DUT) are illustrated in Fig. 4.9 (a). After the impedances of the open (Z

iz py lz

in,o), 

short (Zin,s), and thru (Zin.thru) pads, depicted in Fig. 4.9 (a), (b), are measured. The 

three parasitics can be extracted through the following equations. 
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and then the ABCD matrix of DUT, ,can be derived: 
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Therefore, the Y-parameters of the DUT, [ ]DUTY , can be obtained from: 
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Finally, the Y-parameters of the single filter, [ ]'Y , is given through (4.1) and then the 

S-parameters of the single filter can be derived. 
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4.4.3 Measurement Results 

Fig.4.10 shows the measured S-parameters for the miniature bandpass filter. 

Good agreement with the simulation is observed. The center frequency is 39 GHz and 

the minimum insertion loss is 1.4dB.The measured group delay is shown in Fig.4.11. 

 

 

Fig. 4.8 Die photo of the two shunt miniature filters 
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(a) 

 

 

(b) 
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(c) 

Fig. 4.9 (a) Device under test and the parasitics of pads and interconnects. 

(b)Parasitics and (c) photo of the short, open, and thru pads. 

 

Fig. 4.10 Measured S-parameters of the miniature bandpass filter. 
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Fig. 4.11 Group delay of the miniature bandpass filter. 

 

4.5 Conclusion 

A high performance miniature on-chip bandpass filter is implemented in a 

standard CMOS process without extra post processing. The size is greatly reduced 

with good performance as compared with previous works. It shows a great potential 

for high-frequency applications of low-cost highly integrated single-chip circuits. 
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CHAPTER 5 

Summary and Future Works                       

 

5.1 Summary 

In this thesis ,a novel monolithic transmission─ HS-CPS is presented. The 

slow-wave factor can achieves to a value (7.1~7.5) higher than those in previous 

works, and the attenuation (1.61dB/λat 20GHz) is small enough for practical 

applications. The high slow-wave factor means the compact occupied area and small 

attenuation indicates the high quality. Furthermore, it is suitable to be applied in the 

standard CMOS process without any additional post-process resulting in low cost. 

A 40GHz miniature bandpass filter is designed using the novel HS-CPS. Taking 

the advantages of the HS-CPS, it features in mush smaller size (72*400um2) and 

lower insertion loss (1.4dB) and easier fabrication (standard CMOS process) 

comparing with previous works. It shows a great potential for high-frequency 

applications of low-cost highly integrated single-chip circuits. 

 

5.2 Future Works 

Further development on nano-CMOS technology will leverage up the advantage 

of this HS-CPS line since higher conductivity metal is used and the lossy substrate is 

further from the top metal. The new structure therefore has the potential to further 

improve the performance and miniaturize the size of any component consisting of 

transmissions. 

Several useful attributes of transmission lines as circuit elements such as small 

inductors, controlled-impedance interconnects, and electrostatic discharge protection 
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have been summarized and some examples of transmission lines circuit applications 

such as distributed amplifiers, distributed oscillators, and rotary traveling-wave 

oscillators are provided [2]. Obvious, it is an interesting topic to investigate how to 

improve the performances or reduce the occupied area of those circuits by the novel 

HS-CPS structure. 
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