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Abstract

This study proposes an unbalanced. to balanced’ band-pass filter and a balanced
input-output band-pass filter. Firstly, an unbalanced to balanced band-pass filter which is
composed from a Marchand balun cireuitry using Low Temperature Co-fired Ceramic
(LTCC) technology is proposed and designed. Based on the Marchand balun, this work
uses a shunt capacitor connecting the input port to ground, and then lets the open end of
the input transmission line be short to ground, thus can derive a resonator. Besides, a
capacitor is connected between the two balanced output ports of the Marchand balun, and
remaining the other end of each output transmission line connected to ground. Therefore,
it can form another resonator. For improving the performance of selectivity, tapped-C is
used to enhance the circuit Q of the resonator and to couple the signal to the next stage.
The proposed unbalance to balance band-pass filter which has low insertion loss at pass
band and good attenuation at suppression area can be applied in Bluetooth or IEEE
802.11b/g WLAN (Wireless Local Area Network).

Secondly, a balanced to balanced band-pass filter is proposed. Also based on the

Marchand balun mentioned above, a capacitor is connected between the two balanced

output ports, and thus forms a parallel-LC resonator by co-operating the grounded

il



transmission line. After duplicating the same balanced ports with back-to-back
structure, a balanced to balanced band-pass filter is derived.

In order to verify the circuit simulation, we used low loss R/T Duroid/5880
substrate and high-Q discrete ceramic capacitors to implement the experiment circuit.
The proposed balanced to balanced band-pass filter can also be applied in Bluetooth or
IEEE 802.11b/g WLAN (Wireless Local Area Network).
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Chapter 1 Introduction

Balanced circuits are important in building a modern communication system due to
better gain and second-order linearity, superior spurious response performance, and noise
immunity. Analog signals processed by a communication system are degraded by two
different types of noises, namely, the environmental noise and device electronic noise.
The former refers to the random disturbances that a circuit experiences through the dc
power supply, ground lines, or substrate coupling. The latter includes the thermal noise,
shot noise, and flicker noise, which comes from the internal active device [1]. Most of RF
low-noise amplifier or balanced mixers which have the differential signal format are
often used in Silicon CMOS circuits fot’their. excellent rejection of common-mode
substrate noise. It still needs single-ended components,-such as the antenna and the filter,
in the RF front-end module.

An unbalanced to balanced component, ‘such as balun, is thus necessary to be put
between the single-ended RF front-end module and the balanced chipset. The balun is a
passive electronic device that converts balanced transmission signal into an unbalanced
signal and vice versa. In a balun, one pair of terminals is balanced, that is, the currents are
equal in magnitude and opposite in phase. The other pair of terminals is unbalanced; one
side is connected to electrical ground and the other carries signal [2]. Due to the
selectivity of RF devices are based on out-of-band suppression, therefore, a band-pass
filter is often used to cascade the balun to reach such a performance. There are many
literatures investigating the configurations and the performance of the balun and

band-pass filter on [3]-[9],



The thesis proposes a differential band-pass filter which is composed from a Marchand
balun circuitry, the resonated capacitors, and a balanced to balanced band-pass filter. The
Marchand balun is realized with two sets of folded broadside-coupled lines to fully utilize
the LTCC multilayer advantage. The circuit is simulated by 3D EM simulator [14] to
optimize the band-pass performance. The filters has been designed by using circuit
simulation as well as full-wave electromagnetic (EM) simulation tool. The measured
results agree very well with the simulated results. This shows great application potentials
of the proposed differential LTCC band-pass filter in wireless single-chip RF transceivers.
Besides, the structure of balanced to balanced filter should be connected to a dipole
antenna to RF transceivers also. This thesis consists of four chapters. Chapter 1 gives the
brief introduction of balanced band-pass filter."In_chapter 2, the configuration of the
Marchand balun with advanced poles of resonator suitable for IEEE 802.11b/g WLAN is
proposed. The theory analysis, 3-D LTCC layouts, EM simulation and measurement
results are also presented in chapter:2.-:In chapter 3, a balanced to balanced band-pass
filter is proposed and designed. The design concept is based on the previous description
of balanced filter. Additionally, the circuit simulation and measurements are also

presented in this chapter. At last, conclusions are followed in chapter 4.



Chapter 2 Unbalanced to Balanced Band-pass Filter

The conventional band-pass filter is usually in a single-ended structure, which
requires an additional balun to connect to the differential RF low-noise amplifier or
balanced mixers. The differential signal format is often used in modern Silicon CMOS
circuits for their excellent rejection of common-mode substrate noise. In this differential
band-pass filter design, the balun is incorporated into the band-pass filter circuitry such
that a miniaturized fully-integrated LTCC band-pass filter can be used directly between
the antenna and the single-chip differential CMOS RF transceiver. A good band-pass
filter has low pass-band insertion loss andsprovides large suppression in the rejection area
including the image signal and insband signal harmenics. High suppression in rejection
area can be provided by generating transmission zeros at the rejection frequencies or
good sharpness performance in skitt area.

This chapter describes the theory and design with the Marchand balun, which uses a
shunt capacitor connecting the input port to ground, and then lets the open end of the
input transmission line be short to ground, thus can derive a resonator. Besides, a
capacitor is connected between the two balanced output ports of the Marchand balun, and
remaining the other end of each output transmission line connected to ground. Therefore,
it can form another resonator. The section 2.1 describes the theory of skill tapped-C for
enhancing the circuit Q of the resonator to improve the selectivity performance of the
band-pass filter and to couple the signal to the next stage. Furthermore, the theory
analysis, 3-D LTCC layouts, EM simulation and measurement results are also presented

in Chapter 2.



2.1 Theory and Design

The schematic of the conventional balun is shown at Fig.2.1, the balun represents
the common Marchand transmission line balun [12], let’s investigate behavior of the
balun’s characteristics in wider frequency band. Considering to method described in [11],
the balun’s amplitude characteristic is periodical and one period consists of transmission
band and notches. As shown in Fig.2.2, the balun has a simple harmonic rejection due to
a notch at 6.5GHz.

TL 1 TL 1

Port | Q—o

B TL 2 1 | TL 2

Port2-'= Port.3

Open End

~ 7

\-_

Fig. 2.1 Conventional Marchand balun

-10

-20

-30

-40

-50
-60 v, S 21&31

Scattering Parameter (dB)

-70

-80
0.5 2.5 4.5 6.5 8.5 10

Frequency (GHz)

Fig. 2.2 Characteristics of the Marchand balun using ideal elements, also illustrates the

result of Fig.2.1



The schema of the unbalanced to balanced band-pass filter is shown in Fig. 2.3, it is
represented as modification of the common Marchand transmission line balun [10]-[12].
Compact designs to miniaturize the balun were reported in literature [10]. TL;, which has
the short end of the transmission line, has Zx — complex impedance that used for
improving of the circuit’s matching. The prototype of the proposed schema appears as the
result of the balun’s miniaturization. Capacitors, CT;, CT, and C; are used for contraction
of the transmission line (TL). In Fig. 2.3, in the upper network of the schema of the
Marchand balun, CT; is cascaded to CT, and the strip-line section TL; is connected to
ground to form a resonator with the lower network C, between the balanced output
portions of the Marchand balun. Besides, the end of the two transmission lines of output
ports is connected to ground. Therefore, that will-generate another resonator. The two
resonators can generate two poles, supporting ‘the filter’s pass-band. The equivalent
circuit is shown in Fig.2.4. It is the filter with coupled resonators that provides impedance
transformation and balanced outputs. It:should-be-taken into account that changing the
line’s length during optimization causes the frequency offset of the center working
frequency and the change of the bandwidth. To improve the selectivity performance of
the balanced band-pass filter, we use the skill of tapped-C to improve the circuit loaded Q

of the resonator and to couple the signal to the next stage.
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Fig. 2.5 shows the simulation result of Fig. 2.3. It is calculated with the circuit simulator
Microwave Office [13], both results of circuit simulation are shown and compared in Fig. 2.5.
The solid line indicates result of circuit simulation with tapped-C for selectivity improvement,
and the dashed line represents circuit simulation without tapped-C. From the
circuit-simulated scattering parameters shown in Fig 2.5, it agrees with the expectation of the
previous discussion of the tapped capacitor for which impedance transformation will reach
narrow-bandwidth and better selectivity in out-of-band of high skirt side. It can be observed

from S;; and S3; that the filter with tapped-C is 10dB sharper than the one without tapped-C.
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Fig. 2.5 Selectivity comparison between filters with and without tapped capacitor

The selectivity of the band-pass filter can be solved graphically. Fig. 2.6 depicts the
different load impedance shunt with parallel-LC resonator. The simulation illustrates that the
high impedance will reach the better sharpness in skirt area of band-pass filter. The simulated

results shown in Fig. 2.6 are calculated with the circuit simulator Microwave Office [13].
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The circuitry in Fig. 2-7(a) is usually used to be the input stage of a high frequency
amplifier. Assume that R, Rj,, the resonant frequency, f,, and the bandwidth, BW, are
given, and L, Cy, and C; are the target to design. Additionally, the loss of L is so small to
be ignored. Fig 2-7(a) is transformed into Fig 2-7(b) by applying serial-to-parallel

transformation, and we can derive that C equals the series connection of C; and Cie.
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Fig. 2.7 (a) The parallel to serial transformation of tapped capacitor (b) The serial to

parallel transformation. (c¢) The ideally equivalent transformation
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In a high-Q circuitry with known f, and BW, then Q can be derived as:

f f
0— _ BWDO—2 _
Q. BW . 2-2)

L

From parallel-to-serial impedance transformation, the relation between Ri, and R is:

R.

n

se QLz 41 (2-3)

(2-3) illustrates that Ry is derived from Rj, and Q. Moreover, the Q-factor of parallel
connection of C; and R is Qp, by applying parall€l-to-serial impedance transformation.

Qp =0, CR (2-4)
From parallel-to-serial impedancé transformation, Ry can also be denoted as:

Rse = R 2
1+Qp

(2-5)

From (2-4), it is clearly that Qp=0, thus R is no less than Rg. This explains that if a

resistor is parallel-connected to an inductor or a capacitor, and the resultant resistor will
always be smaller than the original resistor after parallel-to-serial impedance
transformation. Because the right-hand side of (2-3) is equal to that of (2-5), Qp can thus
be derived as:

R 1/2

Q. = [(QLZ + 1)— - 1} (2-6)

Rin

Moreover, at the resonant frequency, the characteristic of the circuitry impedance

transformation is similar to an equivalent ideal transformer with ratio of turns, N, and

10



with ratio of impedance, N?, as illustrated in F ig 2-7(c), assumed that

&:NZ
R

By substituting (2-7) into (2-6),
1/2
2 +1
QP = E—(QL ) - 1]

N2

With QL =10, (2-8) can be simplified as:

If Qp >10, and assumed that % >10 ,4(2-9) can be simplified again to:
QL
[ ==
Qr N

(2-10) shows that approximation formula is applied if Qp >10,

non-approximation formula is used for Qp <10.

11

2-7)

(2-3)

(2-9)

(2-10)

otherwise,



Design procedure for Qp <10
1. With known R, Ry, f,, and BW, derive first that

fO
BW

Q.U (Q.210)

and N°? :(&J
R

. =~ ——, shows that Qp <10, we can calculate Qp trom (2-
2.1If Qp ?\IL h h 10 lcul fi 2-9

Q, <10
Q o) 1/2
Q1 (N_Lz_ J
3. Applying (2-4), we derive that
C, 0 Qe
o, R
Calculating that
2
G, (1+Q57)
se 2
Qr
4. Finally, calculate from (2-1) such that
C - C,.xC
1
Qse -C

12



Design procedure for Qp >10

1. Qr,C, L, and N can be derived from the counterpart of the previous procedure.
Q >10
N

1. If % > 10, calculate Ry, and Cs, by using approximation formula.

2. Given C,[J QTQ , and replace Qp by & ,and assume R, [ Q , thus we can
1)

N o C

0]

get:
C,=NC
CLBC,

3. Therefore, we can derive that

o CIXC2
C +C,

C

And substitute C, = NC into the above equation, we find that

NxC  C,
" N-1 N-=1

13



If substitute C, = NC again into (2-7), it becomes that

2 2 2
ﬁ:w:(& (c+C, ) _[ X
R C C, X_,

2
R R[g "

Fig. 2.8 shows the circuit model of the design. The unbalanced to balanced
band-pass filter is workable as demonstrated. To improve the selectivity performance,
tapping skill is used to improve the ¢ircuit-Q-ofresonator and to couple the signal to the
next stage; the theory has been described on the previous section. This LTCC layout has
two ground layers on Layer 1, Layer 31, which-are connected for equal potential by side
electrodes. These side electrodes shouldibe iconnected with test instrument’s ground
through the evaluation board. Besides, it still has some problems that the number of
LTCC layers must be increased to avoid the parasitic capacitance between the ground

layer and the coupled transmission lines, which also means a higher fabrication cost.

14



Cl1

Port 1

@)

Dcl I
I

TL1

Ccl
I
Crl Cr2
| | ¢ | =
TL2 Tapped Junction TL2 -
= T3 J) © TL3 )

Port 2

Fig. 2.8 The architecture of the unbalanced to balanced band-pass filter with tapped

Port 3

capacitor for selectivity-improvement

The performance of the circuit simulation, a 2.4 GHz unbalanced to balanced
band-pass filter is designed from this new structure. Fig. 2.9 shows the circuit
simulation results. In this circuit design, the dielectric constant of LTCC substrate for
each layer is 35 (at 2.5 GHz); the loss tangent is 0.002(at 2.5 GHz). The thickness of the
metal plates (silver alloy) was 0.014 mm. The DC blocking capacitors Dcl, Ccl, are
equal to 1.45 pF, 1.2 pF, respectively. The grounding capacitor C1 is equal to 3.0 pF.
The tapped capacitor Cry, Cr; are equal to 3.31 pF, 2.92 pF, respectively. The physical
lengths of the transmission lines TL1 is equal to 1.58 mm, TL2 and TL3 are equal to

1.64mm, and their widths are equal to 0.15 mm. The spacing between each coupled

15



transmission line is equal to 0.6 mm. The input impedances of the three ports are equal
to 50 Q, which means a 50 Q unbalanced port and a 100 Q balanced port. All the
resonators were merged to the same resonant frequency at 2.45 GHz. Therefore, the
magnitude response will have three poles in the pass band. According to the simulation
results in Fig.2.9, the magnitude imbalance between S21 and S31 is within 0.1dB in the
pass band, and the phase imbalance is very close to 0 degree from 1 GHz to 6 GHz. The
insertion loss and minimum return loss in the pass band are 4.0 dB and 20 dB

respectively.

. 25
. ~
7 o
S, -10 3
1))
’5 -15 o
£ 20 (i e
% > Phase imbalanced | 5 &
£ 30 S 21 2 =
S =
o0 -40
g 5 @
5 50 P
g B 15 %
\
£ 0 S21&31 ‘. ﬁ
0 25
1 2 3 4 > 6
Frequency (GHz)

Fig. 2.9 Scattering parameters and the phase imbalances of the proposed unbalanced to

balanced band-pass filter by circuit simulation
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2.2 LTCC Layouts and EM Simulation

Based on the proposed filter schema, unbalanced to balanced band-pass filters with
tapping junction for selectivity improvement were designed and fabricated using the
LTCC process. In this circuit design, the dielectric constant of LTCC substrate for each
layer is 35 (at 2.5 GHz); the loss tangent is 0.002(at 2.5 GHz). The thickness of the metal
plates (silver alloy) was 0.014 mm. The structure of the proposed unbalanced to balanced
band-pass filter is composed of the capacitors and the coupled transmission lines. The
capacitors can be implemented in the LTCC substrate by metal-insulator-metal or

interdigital-capacitor with the parallel plate capacitor formula of

C = (11)

where ¢ is the permittivity of the substrate, A is the overlapping area of the two plates,
and d is the separated distance of the two plates. To cover the tolerance of fabrication, one
of the plates should be larger than the other with at least 50 um in each side while
designing a parallel plate capacitor. The physical size of the coupled transmission line
depends on the circuit simulation result. However, it also needs fine tuning by EM
simulation software. The component size is 2.5 mm X 2.0. mm % 1.0 mm and is designed
using 31 layers of the LTCC substrate. The thickness of each layer is 0.031 mm. The
designed component in this study which has a pass band centered at 2.45 GHz is typically

applied in Bluetooth or IEEE 802.11 b/g WLAN. The first step is to adjust the filter’s

17



component values with the circuit simulator to obtain the ideal frequency responses.
Second, a multilayer LTCC structure is designed using the new component values, and
simulated using the full-wave commercial package HFSS [14], which is a 3-D
finite-element-based EM simulator. This LTCC layout has three ground layers on Layer 1,
Layer 31 and small fraction on Layer 16, which are connected for equal potential by side
electrodes. These side electrodes should be connected with test instrument’s ground
through the evaluation board. From Layer 2 to Layer11, Layer 17 to Layer22, and from
Layer 26 to Layer 30, these are blank layers for diminishing parasitic capacitance. The
capacitor Dc; which is connected to Port 1 (the input port) is generated by the metal
plates on Layer 12, Layerl3 and Layer 15 after equalizing the potentials on the metal
plates of Layer 12 and Layer 15 by+a via. The edpacitor C;is formed by Layer 12 and
Layer 15 which are coupled to the ground layer, Layer 1 and Layer 31, respectively. The
capacitor C, which is connected to Port2-and Port 3-(the output ports), respectively, is
generated by the metal plates on Layer 23, Layer 24 and Layer 25. The capacitor Cq
which connects the first pole to the tapping junction of Ctl and Cr12, respectively, is
formed by the metal plates on Layer 12 and Layer 13. The capacitors Cr; and Cr, are
cascaded to be the tapping junction, which are connected to the strip-lines TL2 (on
Layer13) and ground respectively, are generated by the metal plates on Layer 12, Layer
13, Layer 15, and Layer 16. The strip-lines TL3 are located on Layer 23 with 0.15 mm
width. Considering the limitation of minimum distance between two adjacent lines in
fabrication, this coplanar layout can reduce the inaccuracy in LTCC fabrication. The
required mutual inductance can be obtained using an appropriate coupling spacing.

Significantly, the mutual inductance is formed by broadside-coupled with strip-lines TL2
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and TLs. One end of the strip-line TL, is connected to Dc;, C;and C.; on Layer 13, and
the other end is connected to ground by utilizing a via to connect the metal plates on
Layer 13 and Layer 15 and join the grounded strip-line. Notably, the via contributes a

small inductance to TL;

Ground

Layer 23

Layer 24

Layer 25

Layer 26-30

Bottom
Layer 31

Ground

Fig. 2.10 Illustration of the 3D LTCC layout for EM simulation of a 2.4 GHz unbalanced

to balanced band-pass filter with size of 2.5 mm x 2.0 mm x1.0 mm
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The ideal circuit simulation is calculated by the circuit simulator Microwave Office
[13]; the EM simulation is simulated by the full-wave commercial package HFSS [14],
which is a 3-D finite-element-based EM simulator. The results are presented in Fig. 2.11.
The dash lines indicate the results of the EM simulation and the solid lines represent the
ideal circuit simulation. Both simulation results match well as expectation. Due to the
parasitic capacitance between Port 1 on Layer 13 and TL3 on Layer 23, it produces a
serial-LC resonator by parasitic capacitor and TL3, thus causing a transmission zero near
5.3 GHz. In addition, the transmission zero located at 1.8GHz is also generated by a
grounding serial-LC resonator, which is formed by the parasitic capacitor between Port 1
and the two sections of TL2. These results, demonstrate that the 3-D configuration is a
good unbalanced to balanced band-pass filter-with low in-band insertion loss and high
out-of-band rejection around 45dB. at 1.8/1°97GHz and 25dB at the second harmonic
frequency (4.9 GHz). In addition, the return loss approximates -18 dB. Fig. 2.11 also

illustrates the EM simulation results of the LTCC layout.
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Fig. 2.11 Circuit simulation and EM isimulation ‘results: (a) Three-port scattering

parameters and (b) Phase and magnitude imbalance responses
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2.3 Experimental and measurement Results

After the analysis and EM simulation, the designed filter was fabricated using the
LTCC process with dielectric constant of 35 (at 2.5 GHz), loss tangent of 0.004 (at 2.5
GHz) and thickness of the silver alloy of 0.017 mm. The commonly used printed-circuit
board FR4 with dielectric constant of 4.4, loss tangent of 0.02, and thickness of 0.4 mm
was applied as the test board to measure the performance of the fabricated LTCC filters.
The measurement results are collected from Agilent ENA (ES071B) [15]-[16]. E5071B
has four-port measurement capability, and it has the built-in functions to provide
scattering parameters measurement in balanced mode and common mode without any
external circuit or calculation, it igithus suitable for the measurement of the proposed
unbalanced to balanced band-passifilter. Both the EM simulation and measurement
results are shown and compared i Fig. 2.12(@);7with,EM simulation results in dashed line
and measurement results in solid line./ Assshown in Fig. 2.12(a), the measured results
agree with the simulations which have three transmission poles in the pass band. It can be
observed from the S11 curves that the measurement result has a minimum return loss of
20 dB. It is a little regret for response that the poles were not obvious due to layout
defectiveness, the insertion losses (S21 and S31) in the pass band at the two output ports
are both less than 4.2 dB. Particularly, there is a transmission zero near 5.3 GHz as can be
observed from both the EM simulation and measurement results. Significantly, the zero at
the high-skirt side of the measured result is much deeper than that of the simulation. Fig.
2.12(b) shows the magnitude and phase imbalances of the unbalanced to balanced

band-pass filter. According to the measured results, S21 and S31 have good balanced
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performance in the pass band. Fig. 2.12(c) shows the details of the magnitude imbalances.
As revealed from the measurement, the magnitude imbalanced is lower than 0.32 dB. Fig.
2.12(d) shows the details of the phase imbalances. The phase imbalance is smaller than 3
degrees in the pass band. After checking all the items, the measured response is found to
agree well with the EM simulation. Fig. 2.13 shows the photograph of the fabricated

LTCC unbalanced to balanced band-pass filter.
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Fig. 2.12 Measurement and EM simulation results of the fabricated LTCC unbalanced to
balanced band-pass filtet. (a) Three-port,scattering parameters, (b) Magnitude
and phase imbalance characteristics, (¢) The details of magnitude imbalance (d)
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Fig. 2.13 Photograph of the LTCC balanced-to-unbalanced band-pass filter (size is 2.5

mm x 2.0 mm % 1.0 mm)
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Chapter 3 Balanced to Balanced Band-pass
Filter

In this chapter, it describes the modified lumped-distributed balun [10] for balanced
to balanced filter applications, and detailed analysis of the structure and performance of
the modified lumped-distributed balun is introduced. In order to verify the feasibility of
the proposed structure, a 2.4 GHz balanced to balanced band-pass filter is designed by
using circuit simulator Microwave Office [13]. RF balanced to balanced band-pass filter
uses a resonator capacitor between the balanced output ports of Marchand balun. To
verify the circuit simulation, we use'low loss R/T Duroid/5880 as the substrate, and use
the high Q discrete ceramic capacitor to implement-the experiment circuit. The proposed
balanced to balanced band-pass filter can use-Low Temperature Co-fired Ceramic (LTCC)
technology to meet the miniaturized Size:;Fhe LTCC technology is successfully used for
the component integration in RF section. There are two integration levels widely used in
production: components integration and integration of components in the modules. Fig.
3.1 shows the application of the balanced to balanced band-pass filter between Dipole
antenna and the RF frond-end stage. This is very attractive for balanced to balanced

topology application.
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Balance

g\(tenna Balanced to Eront End
Dip.ole Balanced filter Stage
Antenna

RF chip

Fig.3.1.The application of Balanced to Balanced band-pass filter

The prototype of the balanced to balanced band-pass filter is based on the structure
of Fig. 3.2(a) [10]-[12]. The capacitor C,is connected between the two balanced output
ports of Marchand balun. Besides, one end of the transmission line TL2 is connected to
ground. Thus, the capacitor and thé. twe-transmission lines can form a resonator.
Therefore, we can derive a balance ‘output port of the resonator. Then duplicating the
same structure of the resonator using back-to-back method for signal coupling, as shown
in Fig. 3.2(b), the prototype of the balanced to balanced band-pass filter is easily
synthesized. The schema of Fig. 3.2 shows the structure migration of the balanced to

balanced band-pass filter.
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Fig. 3.2 Structure migration of the balanced to balanced band-pass filter

3.1 Circuit design of balanced to balanced band-pass filter

Fig. 3.3(a) shows the circuit'simulation of 2.4 GHz balanced to balanced band-pass
filter which was calculated by the Circuit simulator Microwave Office [4]. In this study,
the proposed filter was fabricated using the RT/Duroid 5880 as the substrate, which is
processed with dielectric constant of 2.20, thickness of 0.381mm, and thickness of the
copper of 0.008mm. All the discrete capacitors used for the circuit design are high Q
discrete capacitors made by Murata Co., Ltd, for improving the sharpness of the skirt
response. The DC blocking capacitors Dcl, Dc2, Dc3 and Dc4 are equal to 1.6 pF for
improving the return loss for each port. C; and C; are equal to 2.4 pF, which are located
between the balanced input and output portions of Marchand balun. Besides, one end of
each transmission line is connected to ground. As a result, two parallel-LC resonators
accompanied two poles can be generated, supporting the filter’s pass band. The physical

lengths of the transmission lines TL1, TL2 are equal to 3.72 mm, and their widths are
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equal to 2.0 mm. The spacing between each coupled transmission line is equal to 0.18
mm. The input impedances of the four ports are equal to 50 Q. The resonators are merged
to the same resonant frequency at 2.50 GHz. Therefore, the magnitude response will have
two poles in the pass band. According to the circuit simulation results in Fig. 3.4, the
phase imbalance is very close to 0 degree from 1 GHz to 6 GHz. In addition, the insertion

loss and the minimum return loss in the pass band are 1.25 dB and 30 dB, respectively.

Port 2 Port 1
@ @)
[ | |
Dc2 - ol Dcl
TL1 Cl TL1
TL2 c2 TL2
| |
DCl o mmm DC3
O @)
Port 4 Port 3
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3.2 Experimental and measurement Results

After the analysis and the circuit simulation, the proposed filters were fabricated using
the RT/Duroid 5880 as the substrate, which is processed with dielectric constant of 2.20,
thickness of 0.38 Imm, and thickness of the copper of 0.008mm. The measurement results
are collected from Agilent ENA (E5071B) [15]-[16]. E5071B has four-port measurement
capability, and it has the built-in functions to provide scattering parameters measurement
in balanced mode and common mode without any external circuit or calculation. It is thus
suitable for the measurement of the proposed balanced to balanced band-pass filter. For
improving the response of the balanced, to.balanced band-pass filter, all the discrete
capacitors used for the circuit design are, thé high Q .discrete capacitor made by Murata
Co., Ltd. Besides, two 1.2-pF capacitors with parallel connection are located on both the
balanced input and balanced output potts in-order to substitute the single 2.4-pF capacitor
for reducing the parasitic inductance between terminals of the capacitor. Both the circuit
simulation and measurement results were shown in Fig. 3.5, and were compared with
circuit simulation results in dashed line and measurement results in solid line. Fig. 3.5(a)
showed the measured scattering parameter was a little tilt, but it was still very close to the
simulation result. Two transmission poles in the pass band can be observed from S11
curves of the measurement, with a minimum return loss of 20dB. The insertion losses
(S21) in the pass band at the two output ports are both smaller than 1.25 dB. Fig. 3.5(b)
shows the transmission performance of the balanced mode and the common mode. In the
pass band, the maximum insertion loss of the balanced mode is 1.65 dB, and the

minimum return loss of the common mode is 32 dB. Fig. 3.5(c) shows the detailed
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magnitude imbalances of the balanced to balanced band-pass filter. According to the
measured results, port 3 and port 4 have good balanced performance in the pass band.
From the measurement results, the magnitude imbalanced is lower than 0.2 dB. Fig. 3.5(d)
shows the details of the phase imbalances. The measured response agrees well with that
of the circuit simulation. The measurement result of the phase imbalance is smaller than
2.8 degrees in the pass band. Fig. 3.6 shows the photograph of the balanced to balanced
band-pass filter using R/T Duroid/5880 with &=2.2 and % oz. (8 pum) electrodeposited

copper foil. The board size is 40mm x 40mm % 0.38mm.
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Fig. 3.5 Measurement and circuit simulation results of the fabricated balanced to
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Fig. 3.6 Photograph of the balanced to balanced band-pass filter using R/T Duroid/5880,
with &=2.2 and % oz. (8 um) electrodeposited copper foil. The board size is

40mm x4 Omm x 0.38mm.
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Chapter 4 Conclusions

In this study, a lumped distributed balun as balanced band-pass filter has been
proposed and operated in the 2.4 GHz — 2.5 GHz, and has been fabricated and measured
to verify the design in a compact size using the LTCC technology. In the proposed
configuration, the method of producing two resonators by using the two capacitors in
distributed balun and the design concept of tapped-C configuration were clearly
described in this study. The circuit design, LTCC layout, EM simulation and
experimental results were thoroughly described. Although some parasitic capacitance
produced between the coupled transmission lines generated transmission zeros at 1.8GHz
and 5.3GHz, the responses are not affecteéd much:, The measurement results were found to
agree well with the EM simulation| results. The fabricated unbalanced to balanced
band-pass filter was compact with low insertion loss in the pass-band and high
suppression in the rejection area.”’This design can’be applied in Bluetooth or IEEE
802.11b/g WLAN (Wireless Local Area Network).

Furthermore, a RF balanced to balanced band-pass filter based on modification of
the common Marchand balun is proposed. The circuit simulation and experimental results
were thoroughly described. The measured S-parameters show excellent agreement with
the circuit simulation results. To verify the circuit simulation, we use low loss R/T
Duroid/5880 substrate and high Q discrete ceramic capacitor to implement the
experiment circuit. The measurement results were found to agree well with the circuit
simulations. The proposed balanced to balanced band-pass filter operating at the
2.4GHz-2.5GHz can also be applied in Bluetooth or IEEE 802.11b/g WLAN (Wireless

Local Area Network).
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