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Abstract

Bandpass filters are key components in RF/microwave
communication systems. As the system goes smaller and lighter, size
reduction becomes more and more important. In addition, impedance
matching and high performance is also crucial to a communication
system. Thus, a two-stage bandpass filter with both small size and

automatically matching is more desirable.

In this thesis, a novel miniaturized CMOS bandpass filter will be
introduced. It is based on the structure of diagonally short-ended
coupled line with loaded capacitors for size reduction and using
multilayer conductors for high quality factor. In this structure, the
ground plane is capsulated around the filter, which enables it avoid the
coupling to other basic components in the transceiver system. In
addition, as another major advantage, it was proven to have an
impedance matching automatically. The greater difference between the
simulation and measurement in CMOS fabrication is also analysed and
it will be proven to be caused by transmission losses and quality factors

in the lossy distributed inductor of shunt resonator.

Design equations and method will be fully explained in this thesis.
A lot of simulated results and measured results are also presented. The
method of enhancing the performance of the bandpass filters and
automatically impedance matching will be described. Four kinds of

circuits which based on the MagnaChip 0.18um process are fabricated.



Many simulated and measured data are collected and provided here to

show the advantages of the proposed bandpass filter.
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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 two-stage 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 automatically impedance matching 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
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
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.
On the other side, these filters published by CMOS technology have
suffered from inherent losses with silicon substrate. Especially, these
losses with spiral inductors are inclined to cause the center frequency to
shift to the lower frequency. For the frequency tuning in the active BPFs,
the master—slave (M/S) tuning[19], self-tuning, such as the correlated
tuning loop[20] or orthogonal reference tuning technology [21] was



implemented. A ground plane on metal in BPF with the standard
multilayer metal CMOS technology was employed to address these
frequency shifting, thereby, minimizing the electrical field leakage into
the silicon substrate[22]. The greater difference between the simulation

and measurement in CMOS fabrication was not analyzed until now.

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 have an excellent impedance matching, two-stage
structure is used. An extra ground plane is inserted into below the signal
line between two filters in the multilayers to enhance the performance of
the filter. The simulation result confirmed that the filter with ground plane
below the inter-stage line has a better performance than the one without
ground plane. The center frequency shifts will be theoretically proven to
be caused by transmission losses and quality factors in the lossy
distributed inductor of the shunt resonator. These approaches will be

verified by the measurements of BPFs with two kinds of quality factors.
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.



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
[23], 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 &, using
combinations of shortened transmission line and shunt lumped capacitors
proposed by Hirota [24] as shown in Fig. 2.1. The related equations are as

follows,
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where Z ,Z,,6 and @ 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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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



shortened transmission line Z goes higher as the electrical length &
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 [25] are shown in Fig. 2.2.
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Fig. 2.2 Diagonally shorted coupled lines (2) and the equivalent circuit of the coupled
lines (b).



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:

Z_ 2ZOGZOO 23
7 _7 (2.3)

oe 00

Fig. 2.3 shows a shortened transmission line using Hirota’s method
with artificial resonance circuits. At the resonance frequency, the
capacitance C, and the inductance L, 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:

gk — (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.

oL, =7Z,tan @ (2.5)
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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

10



are as follows:

C=C,+C, (2.6)

C - cosé @.7)
oL,

! ! 2.8)

C = =
’ w,’L, L, tand

C_T;_ [ 0 >|}_T

o
= F

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 two-stage filter

As we know, two-stage filter has many advantages compared to one

11



stage filter such as the improved flatness in the passband which increases
the immunity against the perturbation of center frequency because of
fabrication. In addition, two stage filters are always matched in the input
and output port regardless of any fabrication error if two filters have same
characteristic. Fig. 2.6 shows the two-stage filter. The process is as

follows:

Z,=(2,)' /2, 2.9)
Z. =<Z;) -7, (2.10)

Equation (2.9) shows the input impedance Z. , at terminal of the

inl
second filter. Z,is the impedance of the transmission line, Zis the

characteristic impedance.
As shown in equation (2.10), the input impedance of the two stage
filter Z, is equal to Z,, that is, the two stage filter is matched

0
automatically.
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Miniaturized90 degrees

Fig. 2.6 The two-stage bandpass filter

2.3 The inter-stage signal line enhancement method

The inter-stage signal line between to filters is very important
because there is some coupling between two resonators. However, in the
CMOS process the coupling is even more severe. An extra ground plane
is inserted into below the signal line to enhancement the performance of
the filters. In the next chapter, both the simulated and measured results
will be plotted to show the different performances between the filters with

extra ground plane and the ones without.
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CHAPTER 3 The Simulation , fabrication and

results analysis

In this chapter, the enhancement method of the inter-stage line of the
two-stage bandpass filter will be described based on theoretical circuit
analysis. The performance of the innovative filters will be compared to
the original ones. And the center frequency shifts will be theoretically
proven to be caused by transmission losses and quality factors in the lossy

distributed inductor of the shunt resonator.
3.1 The inter-stage signal line improvement

For the actual circuits, an inter-stage part is very important because
there is some coupling between two resonators. Fig. 3.1 shows an
extremely miniaturized two-stage bandpass filter with a small
transmission line in the middle which connects two resonators. It has been
proved by [26] that the inter-stage transmission line is indispensable and
the filtering characteristics get better as the line length is longer. However
we pursue a compact size, so we have to make a tradeoff between the size

and good performance.
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T
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n n

Fig. 3.1 An extremely miniaturized two-stage bandpass filter..

The structure of the BPF using the CMOS process is shown in Fig.
3.2. The Si substrate is used as the substrate to implement the RF CMOS
process. A multi-layered circuit is constructed on the substrate with
ground pillars arranged at both sides of a coupled line to avoid the
coupling to other components. The oxide is used as the insulator inserted

into the structure to prevent a current from flowing down.

round conductor
/ insulator
= - 3 7.5um

600 um

Si — Substrate

Fig. 3.2 The series resistance is substituted by the shunt conductance.
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Fig. 3.3 (a) shows cross-sectional views illustrating the connection
part of the original BPFs. The ground pillars arranged at both sides of the
connecting line, so that the coupling can be effectively avoid. However,
interference between two filters in the two-stage filter is very critical. If an
extra ground plane is inserted under the line, the coupling will decrease
further, and accordingly the performance of the filter should be better

theoretically. The improvement is shown in Fig. 3.4 (b).

Groupd

Signal line

(@)
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Signal line

(b)

Fig. 3.3 The inter-stage signal line of the 2-stage bandpass filter (a) without ground

plane (b) with ground plane.

3.2 Simulation and fabrication
To verify the approaches both the original and the improved cascade

miniaturized coupled line BPFs were considered with 1 and 6 layers,

respectively. The structures of the filter with only inter-stage line and with

17



extra ground below the signal line are shown in Fig. 3.4. Firstly, a one
stage bandpass filter is designed at 5.5 GHz. For the BPF with one layer, a
coupled line of 7° electrical length is used. The coupled line width is 20
um, the transmission line length is 570 um and the separation between the
two coupled lines of 140 um is used to provide input/output impedance
matching to the system impedance Z0 = 50 Q. The six layers filter also
has a 20 pm line width, 570 um line length, and 140 um coupled line
separation. Then, two same one stage filters with 1 and 6 layers are
cascaded, respectively. This technology is well explained by [27]. The
thickness of the signal line is 2.34um, and the thickness of the extra
ground plane inserted into below the signal line is 1.91um.

These filters have been fabricated on a 10 Qcm bulk silicon substrate
with aluminum metal layers. The total die area, including the ground
plane surrounding the integrated BPF, is 1440 pum x 410 um. Photograph
of the BPFs with 6 layers are shown in Fig. 3.5. In Fig. 3.5 (a) the
connection part of the original filter is only the transmission line and in

Fig.3.5 (b) the line is covered by ground plane

18



(b)

Fig. 3.4 Structure of the two-stage bandpass filters (a) the original filter without

ground plane (b) the improved with ground plane.

9
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(b)

Fig. 3.5 Photograph of the fabricated six-layer bandpass filters with 6 layers (a) the

original filter without ground plane (b) the improved with ground plane.

The connection part of the bandpass filter is based on coplanar
waveguide (CPW) structure. Before describing the result of the filters we
compare the two connection structures to gain some insight into the new
design. Fig. 3.6 shows the electrical (E) distributions for the original
structure and the improved with extra ground plane. Fig. 3.7 is the two
connection parts with vector electrical distributions. The waveguides
become lossy due to the parasitic coupling between the signal line and the

substrate. As shown in Fig. 3.6(a), the electric field lines clearly penetrate

20



through the substrate and distributed in a nonuniform area. This will affect
the performance of the filter. After inserting an extra ground plane
shielding the signal line, the electric field penetration through the
substrate is completely eliminated as shown in Fig. 3.6 (b). The electric
field distributed in uniformly under the signal line. Fig. 3.7 shows the
same distribution. Simulation and measured results will be plotted to
verify it.

The simulated results of the circuit with one-layer and six-layer
coupled lines are plotted in two figures, respectively. As shown in Fig. 3.8
(a), with 1 layer, the result of the original circuit without extra ground
plane is distorted at 4.3 GHz because of the severe coupling while the
improved one with extra ground plane has an normal bandpass filter shape.
The insertion loss of the innovative filter is -4.13dB at its resonant
frequency. This is an improvement of 1.79dB compared with the original
one, which has an insertion loss of -5.92 at resonance. In Fig. 3.8 (b), the
result of the original circuit without extra ground plane is distorted at 4.2
GHz while the improved one with extra ground plane has an normal
bandpass filter shape. The insertion loss of the innovative filter with 6
layers is -2.3dB at its resonant frequency while the original one has an
insertion loss of —5.67 at resonance. This is an improvement of 3.37dB.

Fig. 3.9 plotted the measured result of the 6-layer circuit. The circuit
without extra ground plane was distorted at 4.7GHz because of the sever
coupling while the approved one with extra ground plane had an normal
bandpass filter shape. Apparently, the improved BPF with extra ground
plane under the connecting line has advantage over the typical one both

with 1 layer and 6 layers.

21



(b)

Fig. 3.6 Electric field distributions for original connection part (a) and improved

connection part (b).
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Fig. 3.7 Vector electric field distributions for original connection part (a) and

improved connection part (b).
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Fig. 3.8 The simulated results of the circuits with (a) 1 layer and (b) 6 layers.
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Fig. 3.9 The measured results of the circuits with 6 layers.

3.3 The quality factor effect on the resonance
frequency shift

The BPF using a shunt resonator and a section of high-impedance
transmission line is shown in Fig. 2.3. For the ideal BPF, we can set the
conductivity of the substrate to zero and transmission line to lossless.

The resonator in Fig. 2.3 has a resonance frequency as follows:

25
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where W, is the center frequency.

Equation (3.1) shows that the resonance frequency w, is equal to

the center frequency W, as expected, and the corresponding Q factor is

Nl

infinity.

=
By =~
>
o]

=zl

Fig. 3.10 The Equivalent circuit of the resonator

However, the substrate’s loss effect is actually too severe to be

ignored as the silicon substrate is inherently lossy and the electrical field
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tends to leak into it. Although the exact equivalent circuit of the
distributed inductor is complicated, we assume that the inductor loss is
mainly due to the series resistance R,, as shown in Fig. 3.10 (a), the
R,, of the
parallel part does not change the resonant frequency of shunt resonance.

Fig. 3.10 (b) is the simplified circuit of Fig. 3.10 (a) for modeling the

equivalent circuit of the resonator, because the resistance R,

resonance frequency deviation. For the MIM capacitor, an equivalent
series resistance R, exists in the MIM circuit model and a maximum Q
of about 80 was reported [28].

The resonator in Fig. 3.10 (b) has the following Y admittance:

1 1
= —
R, + jwL, 1
wé,
_ R—jwl, jwC,(1- wRC,)
R; +(wL,)’ 1+(WRC,)’

The imaginary part of equation (3.2) equals to zero for resonance,

+R

1

(3.2)

— JWLo + jWCo
2 2 2
R, +(WL)" 1+(wWRC,)

=0 (3.3)
The resonance frequency is derived from equation (3.3)

1- f R,
w, = 2 (3.4)
\/Loco - (Rlco)2
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From equation (3.4), the resonance frequency of the circuit in Fig.

3.10 (b) using the quality factors is expressed as follows:

W o=W, L (3.5)

Q = 2b (3.6)

Q. is the quality factor of the MIM capacitor ,

1
W,R,C,

Qe (3.7)

The corresponding operating resonance frequency W, in equation
(3.5) will be smaller than the center frequency W, of the lossless circuit.
In Fig. 3.11, the logarithm of A%O versus Q, factor is plotted. Three
kinds of curves are showed at Q. =40, 60, and 80, respectively. As Q.
increases as shown in Fig 3.11, logM increases. This trend is to be
notable as not to be expected. When (5\(/:0 isequal to Q, in Fig. 3.11, w,

Aw .
becomes W,and —is zero.
W,
0
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Fig. 3.11 The logarithm of A% versus the Q, factor
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In Fig. 3.12, the simulated and measured results of the improved
filter with one-layer and six-layer coupled lines are plotted. The Q_
factors of the BPF were found to be 4.9 and 14.8 for the one-layer and
six-layer filters, respectively. The Q, factor of the six-layer BPF circuit
was better than that of the one-layer circuit. The simulated and the
measured results are shown in Fig. 3.12. The dotted line was
electromagnetically simulated by HFSS (Ansoft). The measured center
frequency of the one-layer coupled lines BPF moved from 5.5 GHz to 4.7
GHz with 0.8 GHz shift as shown in Fig. 3.12 (a), whereas in Fig. 3.12 (b),
the measured center frequency of the six-layer circuit moved from 5.5
GHz to 5 GHz with 0.5 GHz shift. Both of them have the center

frequency shifting to the lower frequency after fabrication. According to
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the simulation and measured results, the higher the Q, factor, the less

the center frequency shifts.
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Fig. 3.12 The simulated and the measured results of the improved circuit with

one-layer coupled lines (a) and six-layer coupled lines (b)
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CHAPTER 4 Conclusion

A novel two-stage 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 with an extra ground plane
inserted into below the signal line between two filters in the multilyers has
an improved performance, since the ground plane can prevent the
unwanted coupling between two filters from operating each other. In
addition, the greater difference between the simulation and measurement
of the bandpass filters in CMOS fabrication has been analyzed. The filters
have suffered from inherent losses with silicon substrate and conductor
losses. These losses are inclined to cause the center frequency to shift to
the lower frequency. It is theoretically proven that the center frequency
shifts is caused by transmission losses and quality factors in the lossy

distributed inductor of shunt resonator of the coupled lines BPF.

The filters based on the MagnaChip CMOS procedures were
fabricated. Both single layer coupled line filter and 6 layers coupled lines
filter are included. It is proved that the improved filter with ground plane
below the signal has better performance than the one with only signal line.
With 1 layer, the insertion loss of the innovative BPF at its resonant
frequency is -4.13 dB. This is an improvement of 1.79dB compared with

the original BPF, which has an insertion loss of -5.92dB at resonance. The
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insertion loss of the innovative filter with 6 layers is -2.3dB at its resonant
frequency while the original one has an insertion loss of —5.67 at
resonance. This is an improvement of 3.37dB. The approach is very novel
and verified effective. Following the trend this approach to on-chip BPF
implementation is likely to become even more attractive and competitive

in the future.
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