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Student: Szu-Hsien Yu Advisor: Dr. Chi-Yang Chang

Institute of Communication Engineering
National Chiao Tung University

Abstract

This thesis presents a small=size and low=insertion-loss balanced diplexer module
by using LTCC technique. This:module comprises two diplexers, five bandpass filters,
a lowpass filter, and two baluns. The ¢ireuit. components will use LTCC material with
high dielectric permittivity (&, =33) and low dielectric loss. The diplexer module
will meet IEEE 802.11a(5.2GHz ~ 5.7GHz) and 802.11b(2.4GHz) wireless LAN’s
specifications. In order to save space, LTCC balance diplexer module will be
integrated with surface-mounted MMIC switch. The lowpass filter is designed based
on the theory of the m-derived filter. The bandpass filter is a three-pole combline filter
with cross-coupled capacitances. The diplexer is composed of two transmission lines,
a lowpass filter, and a bandpass filter. Last, we connect the bandpass filter and baluns

together to complete the designs.
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Chapter 1 Introduction

Low-temperature cofired ceramic (LTCC) technology enables the creation of
monolithic, three-dimensional, and cost-effective microwave circuits. Due to its
outstanding high frequency and mechanical properties the low-temperature cofired
ceramic technology holds enormous potential regarding the possibilities of functional
integration and miniaturization. The most active areas for high frequency applications
include Bluetooth module, Front End Module of mobile phones, Wireless Local Area
Network (WLAN), Local Multipoint Distribution System (LMDS) and Collision
Avoidance Radar, etc.. The recent development of LTCC substrate material extends the
application frequency of the technigue ‘up t0:100GHz. In addition, LTCC substrate
material has a wide tunable range of thermal expansion coefficient. Monolithic LTCC
structure incorporating buriedzcomponents and surface-mounted components allow
increased design flexibility by providing a mechanism for establishing microstrip,
stripline, coplanar waveguide, and DC lines within the same medium. Integrated
passive components such as filters, couplers, baluns and impedance transformers are
usually based on transmission line sections of quarter wavelengths that at low
frequencies the sizes of these circuits are large. With today’s fast expansion of the
wireless communication industry, the main goal for wireless purpose front-end module
is to integrate functional units as much as possible and to reduce the overall size.

Wireless communication for WLAN has experienced tremendous growth in recent
years. The WLAN system facilitates wireless connection between PCs, laptops, and
other equipment within a local area. For the 2.4GHz WLAN system, the frequency
ranges form 2400 to 2484 MHz for IEEE 802.11b. As for the 5GHz WLAN system, the

frequency is at 5150~5350/5725~5825 MHz for IEEE 802.11a and 5150~5350/



5470~5725 MHz for HIPERLANY/2. Currently the 2.4GHz band has been widely used
for WLAN application. The market estimate shows a strong shift from 2.4 to 5GHz in
the future. There have been numerous researches undertaken to integrate different
applications, especially for applications in IEEE 802.11a/b and HIPERLAN/2 systems,
in one piece of electronic equipment.

Figure 1-1 shows the balanced diplexer module for WLAN. In this thesis this module
will be implemented and integrated into LTCC technology to meet the specifications of
IEEE 802.11a/b. For WLAN applications, the image signals need to be highly
attenuated to maintain high quality signals received from the antenna. Moreover, the

leakages of harmonics from the transmitted circuit to received circuit must be

suppressed.
X 24 GHZ
2.4 & 5GHz EEE 1
! *
' BPF '
2.4 & 5GHz Rx-5.GHz _!
_lswld T,
BPF
BPF
Part 3

Figure 1-1 LTCC balanced diplexer module for WLAN

For designing of baluns and low pass filters, the multi-layer structure of LTCC is
quite useful. To achieve minimal dimension of the filter and broad stopband, this work
is concentrated on stripline comblines filter. Using the technique of cross coupling to

produce transmission zeros can increase the rejection at the lower stopband and reduce
2



the number of resonance. Therefore, the insertion loss, size, and the cost for

manufacture and design are less at the same time.

Specification 2.4GHz Band 5GHz Band
Frequency band(GHz) 2.4~2.5 4.9~5.9
Input impedance((2) 50 50
Output impedance((2) 50 50

30dBc @ 0.88GHz~1.785GHz

30dBc @ 0.5GHz~4GHz
35dBc @ 1.85GHz~1.91GHz

20dBc @ 4GHz~4.5GHz
30dBc @ 2.1G

BPF’s rejection 30dBc @ 9.8GHz~11.8GHz

30dBc @ 4.8GHz~5GHz
20dBc @ 14.7GHz~17.7GHz
20dBc @ 7.2GHz~7.5GHz

30dBc @:4:8GHz~6GHz
20dBc:@ 7.2GHz~7.5GHz

LPF’s rejection

Imbalanced amplitude 1dB 1dB

Imbalanced phase 10 10°

Table 1-1 Specifications-of-the LTCC filters for WLAN

The dielectric constant of LTCC substrate is 33 and the conductor is silver with
conductivity of 1.23x10°S/m so that we can minimize the circuit as small as
possible.

In Chapter2, the Marchand balun is implemented with two structures corresponding
to two operating bands. We choose different structures for the two bands in order to get
better response.

In Chpater3, a simple-structure low pass filter is proposed because the high dielectric
constant of the ceramic substrate. Moreover, we design the filter at higher cutoff
frequency to reject second or third harmonics.

In Chapter4, the three-pole combline filter with cross coupling is shown. Table 1-1

3



shows the specifications of the filter in Fig. 1-1.

In Chapter5, we connect the bandpass filters and baluns as part3 in Fig.1-1 and use a
lowpass filter of 2.4GHz and a bandpass filter of 5GHz to design the diplexers. Because
of the high dielectric constant, the impedance matching becomes a big problem when
designing the diplexers. We use lower system impedance (lower than 50Q) to improve
the diplexer performance. However, a broadband impedance transformer is needed to

transform the system impedance to 50Q2.



Chapter 2 Balun

The word, balun, is an acronym for a balanced-to-unbalanced transformer used to
convert an unbalanced signal to two equal potential signals with 180-degrees phase
difference. Generally a balun has three ports, but some four-port passive circuits, such
as rat-race hybrids and waveguide magic-T, can also be used as baluns. Major
limitations of these components are their narrow bandwidths and the lack of a method
for grounding the center-tap. Marchand balun is a microwave balun and is important in
realizing of balanced mixers, amplifiers, multipliers, and phase shifters. Through the
use of multiple quarter-wave sections, it is theoretically possible to achieve a
Chebyshev response up to one to six bandwidth [1]. As compared with a short-ended

couple-line, this structure needs. notto", implement the coupler with high

even-to-odd-mode impedance ratio. Generally the performance is good if Z,, is3to5
times of Z,, in such structure“With properparameters, the balun can even achieve a

bandwidth of more than 10:1.

2-1 Analysis of Marchand Balun

Fig. 2-1 shows the basic structure and operation theory of the Marchand balun. This
balun consists of two coupled-line sections, which can be realized by microstrip, Lange
couplers, multilayer coupled structures, or spiral coupled-lines. The length of each
section is about quarter-wavelength at the center frequency. The first section divides the
signal into two signals with equal magnitude and phase over a broad frequency range
and the second section provides —90 degrees and +90 degrees phase shift for these two

signals that the two output signals will have 180 degrees phase difference.



Ald
1

O°O—§j Phase shifter A
f:j [S,, phase]
7 2O +90°
1 214 14
OOO—:'—E Phase shifter B
L‘SI [S., phase]
3 b —90°
Unbalanced input
Al4 Al4
b +——1 1 Open

e

Balanced output

Phase shifter. . A+ Phase Shifter B
S;,  Phase—S,,*/Phase|=180°

Figure 2-1 Basic Structure of Marchand Balun

Couplerl
Port2
Portl = % 7
1
Z, Al4 =

i Port3
- Coupler2 % Z,

Figure 2-2 Schematic of the symmetrical Marchand Balun



The scattering matrix of a symmetrical balun can be derived from the scattering
matrix of two identical couplers as Figure 2-2 shown. If the unbalanced input

impedance is Z, and the balanced output impedance is Z,, the scattering matrix of

an ideal coupler with the coupling factor C and infinite directivity, and the S-parameters

of the balun are shown below [2].

0 C — jy1-C? 0
[S]'dl - C 0 0 — j¥1-C?
ideal _ coupler —J\/ﬁ O 0 C
0 — jy1-C? C

1o (2] zcﬁf zcﬁf
ol nelEa) welEy
i AT
T e B ez
e
o) el welE]

The scattering matrix of the balun above demonstrates by using two identical

coupled sections results in the outputs with equal amplitude and opposite phase,

regardless of the coupling factor and port terminations. In order to achieve optimum

equal power transfer (-3dB) , we require that:

1
|821|:|831|:E

zcﬁf 2 T
el




When the source impedance Z, and the load impedance Z, are given, we can get

the coupling factor and design Marchand balun. For example, if all ports are terminated

with 502, the required coupling factor is —4.8dB.

2-2 Realization of the Marchand Balun for LTCC

There are two steps to construct the Marchand balun in LTCC structure: the
multi-layer structure and meander and/or spiral lines. The coupled-line width is
limited by the circuit size and the processes. We can obtain proper coupling by
controlling the layer thickness. In fig. 1-1, one balun is designed to operate in the
frequency range of 2.4~2.5GHz, and the other is in.the frequency range of 4.9~5.9GHz.
Unbalanced input impedance and two balanced output impedances are all 50¢2. Each
design we have proposed two structures.-One-is to put these two sections in the same

plane as shown in Fig. 2-3(a), and the pther is.to stack them up as shown in Fig. 2-3(b).

(a) Structurel (b) Structure2

Figure 2-3 Two structures of LTCC Marchand Balun
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2_4GHz Balun

0
-5
-10
-15
20 -a-DB(S(1,D) -%-DB(IS(1, 1))
- Balunl Balun2
£+ DB(IS(2,1)N) DB(IS(2,D
05 Balunl Balun2
- DB(IS(3,1)l) —+DB(IS3, DD
Balunl Balun2
-30 T T aE

1.5 2 2.5 3 35
Frequency (GHz)

Figure 2-4 The performance of 2.4~2.5GHz Balun

For 2.4~2.5GHz balun, the overall size of structruel is 160milx50milx22.2mil and

that of structure? is 80milx50milx42milziFor 4.9~5.96Hz balun, the overall size of

structruel is 100milx50milx22.2mil and that of structure? is 70milx50milx42mil.

- Balunl (L) £ Balun2 (L) <-Balunl (R) % Balun2 (R)
Magnitude Difference Magnitude Difference Phase Difference Phase Difference
Imbalance

2 ———— 3

1 2.25

0 ‘ 1.5
1 ‘ 0.75
-2 P T HoT 0

2 2.2 24 2.6 2.8 3
Frequency (GHz)

Figure 2-5 The imbalance of 2.4~2.5GHz Balun

The simulated results are shown in Fig. 2-4, Fig. 2-5, Fig. 2-6, and Fig. 2-7



respectively. In the operating frequency band, the insertion loss and the return loss are
less than -0.3dB and -18dB for 2.4~2.5GHz balun while the insertion loss and the
return loss are less than -0.8dB and -10dB 4.9~5.9GHz balun respectively. The
amplitude and phase imbalances of structure2 for 2.4~2.4GHz between balanced
outputs are within 0.5dB and 0.6°, while the imbalances of structurel for 4.9~5.9GHz

between balanced outputs are within +0.5dB and 4.5° respectively.

SGHz Balun
0
-10
-20 ‘
-A-DB(IS(1,DI) -%-DB(IS(1,DI)
Balunl Balun2 ‘ ‘
-30 £ DB(IS(2,D)) DB(IS2,DI)
Balunl Balun2
-©-DB(IS(3,DI) —+DB(ISG,DI) ‘ ‘
Balunl Balun2
—40 b 4‘)‘0\[1 5‘)(‘1”7
3 4 5 6 7
Frequency (GHz)

Figure 2-6 The performance of 4.9~5.9GHz Balun

-A-Balun2 (L) +F Balunl (L) -©-Balun2 (R) % Balunl (R)
——  Magnitude Difference Magnitude Difference Phase Difference Phase Difference
5 Imbalance 0

6.75

4.5

225

Frequency (GHz)

Figure 2-7 The imbalance of 4.9~5.9GHz Balun
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Apparently, the imbalances of 4.9~5.9GHz balun are worse than that of 2.4~2.5GHz
one. The challenge is that the former needs about 19% of fractional bandwidth. No
doubt the structure2 is smaller, and the performance and imbalance are better than
structurel for 2.4~2.5GHz, so we choose structure2 to connect it with a bandpass filter
as part3 in Fig.1-1. For 4.9~5.9GHz application, under the consideration for the module
arrangement and the response, structurel is chosen. The overall simulated results are

shown in Chapter5.

11



Chapter 3 Low Pass Filter

In this chapter, constant-k and m-derived filter lowpass filters are presented and then

implement the low pass filters using low temperature co-fired ceramic.

3-1 Analysis of m-derived filter

Two important building blocks, namely T and 7 circuits, are commonly used to
construct the lowpass ladder network, which can be made in the symmetric form. The
element values of a filter prototype were taken from the Butterworth table [3] and can
be arranged as 7 or T network. The arrangements of capacitors and inductors can
be interchanged directly before de-normalizing the component values and the circuit

still has the same signal response. By ithe image.parameter method [4], the image

characteristic impedance of -z network is Z, =.Z,Z,/\1+Z,/4Z, and the

2
propagation constant of the network'is  e” =1+i+ 4 + le
2Z, Z, 47,

Z,12 Z,12 Z,
w EZZ\/Z\/ \gzzz
O O O

(a) (b)

Figure 3-1 T and 7 Networks

A constant-k section is a symmetrical two-port network and, therefore, the input

impedance (or image impedance) is equal to the output image impedance of the filter

12



section. Consider a 7 network shown in Fig. 3-1(b), a low pass filter can be formed
by combining a series inductor and two shunt capacitors which tend to block
high-frequency signals while passing low-frequency signals. That we can get
Z =jwL and Z,=1/jwC. So the constant-k section has an image impedance that

is a function of frequency and is defined as :

2 2 2
Z, =Ry 1=, =120 20 @ 4
a)C a)C a)C a)C

2 L
where @o,=—— and R, =,/—=KkK
JLC > \Nc

o, the cutoff frequency; R, :nominal characteristic impedance

L/2 L/2 L
oYY Y YRR G Y o
C ~ —~C/2 ~C/2
3 O

Figure 3-2 Low pass constant-Kk filter section inT and 7z form

a,pB i
|
- _:— Passband —>i<—Stopbary

|
|
|
|
|
|
|

>

0 Q¢ (0]

Figure 3-3 Typical passband and stopband characteristics of the lowpass constant-k sections

® For w<aw, (passhand) : Z,

I

isrealand » isimaginary.

13



c

22 2 2
e’ :(1— 20 J Ao (1— a)zjzl
o, o, %)

® For w>w, (stopband) : Z

I

is imaginary and y is real. When o> @, the
attenuation rate is 40dB/decade.

The dependency on frequency is a limitation of the filter section since the image

impedance will not match constant source or load impedance. This disadvantage, as

well as the fact that the attenuation is rather small near cutoff, can be remedied with

the modified m-derived sections.

pon)

mL/2 mL/2 “am
QW\T/W\/\_O Ot A
mC 1{
m
(1—m2) i, cl2 T
)L 'mc/2 0m
4dm
O @) O O

Figure 3-4-m-derived filter section

The m-derived section is a modification of the constant-k section and both sections
still maintain the same image impedances as defined in [4]. But the new m-derived T
section has an LC series resonance in the shunt arm of the filter and the new
m-derived 7 section has an LC shunt resonance in the series arm to provide an
additional freedom as shown in Fig. 3-4. This resonance provides the ability to modify

the passband attenuation. The resonant frequency of the LC arm is defined as

®, = e 0<m<1(note: if m is set to one, the passband characteristics are

Ji-m?’

identical to those of the constant-k section.) Although the m-derived section can get a

very sharp cutoff response, the nonconstant image impedance still exists because of

the dependence on m; moreover, its attenuation decreases for o> @, . Since it is

14



often desirable to have infinite attenuation as » — «, the m-derived section can be
cascaded with a constant-k section to give the composite attenuation response. From
Fig. 3-5 we see that by combining in cascade the m-derived section and the constant-k
section can keep the sharp cutoff and the constant-k section provides high attenuation

further in to the stopband. This type of design is called a composite filter.

o, |

: Composite response
m — derived :
attenuation :
\ |
I

: Constant —k attenuation

I
I
I

L >

0 W | O, 0

(1-m?)
C L
4dm
O Y YYD 4
|/
AN
mL
Tmc/2 —1+2mC”\ Cl2 —
O O

Figure 3-6 The composite filter

3-2 Design and realize LTCC low pass filter

From the analysis described above, we can realize the filter with the desired

attenuation by using the composite filter. Because the filter should pass 2.4GHz signal,
15



the first design is a filter with cutoff frequency at 3.3GHz, the impedance of 50¢2, and

the finite frequency attenuation pole at 5GHz.

L= 2R, ~4.823x10°H =4.823nH
a)C
C= 2 =~1.93x10*C =1.93pF
ROG)C
2 9 2
m= i de| = p-[3310) L o75
f, 5x10
T type T type
m m
L=>L 1.8 nH ¢,=C 0.725pF
C,=mC 1.45pF L, =mL 3.62 nH
_ 2 _ 2
L=1mmy 0.7.nH &l ™c 0.28 pF
4m 4m
1+m 1+m
L, == L 4.22nH C, :TC C, 1.70 pF
C,=C 1.93nH L, =L 4.823nH
L C
L=< 2.4nH C=2 0.965pF

Table 3-1 The corresponding component values of low pass filter for'T and 7 types

ID=L2
L=3.62 nH
PORT IND PORT
P=1 Af}ﬁéffAngzgﬁ\\gg{}f D p=2
Z=50 Ohm L=4.823 nH Z=50 Ohm
—E—O= ‘ } B{}—{}74//\6/7§/\\——{}<<]
che
ID=C2
CAP —L C=0.28 pF —L—CAP —L_cap
ID=C1 ID=C3 ID=C5
C=0.725 pF—— — —C=1.7pF . C=0.965 pF

= — =
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Low Pass Filter
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Figure 3-7 Circuit Simulation of the low pass filter by Microwave Office

The simulation results by using MicrowaveOffice are shown in Fig. 3-7. Here we
choose 7 type section for the proeess-‘consideration. Next, try to convert the ideal
inductance and capacitance into LTCC:structure, -Because we have calculated the
component values of low pass filter, by.the exported spice-model file the lengths and
widths of the transmission line with corresponding capacitances and inductance can be
estimated. Fig. 3-8 shows the configuration of proposed stripline LPF. This filter is a
kind of semi-lumped LPF using two sections of m-derived units. Because the high
dielectric constant of LTCC material is used, we can only control the dielectric

thicknesses to get the needed capacitances instead of large size parallel-plate capacitor.

LT
—

Figure 3-8 The configuration of proposed stripline LPF

17



Low Pass Filter
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Figure 3-9 EM simulation of lowpass filter by Sonnet and HFSS
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Chapter 4 Band Pass Filter

1]

e
———

|nput OUtpUt

._:%II If_.

Figure 4-1 Typical combline bandpass filter

4-1 Theory of the typical.-combline. filter

As shown in Fig. 4-1, a typical tapped combline filter consists of mutually coupled
resonators. The lines are each short circuited to.ground at the same end while opposite
end are terminated in lumped capacitors that the physical length can be reduced less
than a quarter wavelength by loading capacitive loads. As the capacitors are increased
the shunt lines behave as inductive elements and resonate with the capacitors at a
frequency below the quarter-wave frequency. The larger the loading capacitances, the
shorter the resonator lines, which results in a more compact filter structure with a wide
stopband between the first passband and the second passband. If the capacitors are not
present, the resonator line will be 4,/4 long at resonance, and the structure will have
no passband because the magnetic and electric couplings cancel each other out in this
case.

For a typical filter using A,/4 resonators, the second passband occurs

approximately at three times of main passband frequency. If the resonator lines are
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Ao 18 at the center frequency, the second passband will be pushed at about four times

of the first passband frequency. So when the resonator lines are less than A, /8 at the

primary passband, the second passband can be even pushed to higher frequency.

4 Yot Yot
b b % % —yC,
YOealYOoa T T YOe ’YOo 2 ’
1 1 0 -

\\}7
\\}7

Yo" =VC

a

Figure 4-2 Transformation of the equivalent circuit of a coupled line

Yo J=|Y,cotd|, 6=90°

o— o
QN
P

o

—

—

(\©}

Figure 4-3 The schematic diagram of J-inverter

Y = VCab Y = Vcbc

QD

Figure 4-4 The equivalent circuit of the combline filter

20



According to the Grayzel and Matthaei’s methods [8,9], the equivalent circuit of a
combline filter as shown in Fig. 4-4 is derived form the coupled lines of Fig. 4-2. While

6 = 90° the combline filter can be equivalent to a J-inverter connected with two shunt

arms under the condition, J = |YO cot 49| , that we can get the J-inverter equivalent circuit

of a combline filter in Fig. 4-5.

IR EIES

Ya=V(C +C_; +C; 1)

0

Yal Ya2 Ya3

Figure 4-5 The J-inverter equivalent circuit for the combline filter

Next, denote ®,, the phase of Y-parameter Syy. First consider the series capacitor
as two port devices in Fig. 4-6(a). The signal from portl will undergo a phase shift after
going through the capacitor. The phase shift, ®,,, tends toward +90°. When the
capacitor is replaced by a inductor, the phase shift will become -90°. In Fig. 4-6(c)
shows the phase shift of a shunt inductor/capacitor pairs. The inductance and
capacitance can determine a resonance frequency. Below the resonance frequency, the
phase shift tends toward +90° while above the resonance frequency the phase shift
tends toward -90".

Shown in Fig. 4-7(a) is a coupling structure of cascaded trisection or CT filter. Path
1-2-3 is the primary path and path 1-3 is the secondary path which follows the
capacitive cross-coupling. Below the resonance frequency the phase of path 1-2-3 is

270" while the phase of path 1-3 is 90°, this means these two paths are out phase.
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Above the resonance frequency these paths are in phase. This destructive interface
causes a transmission zero on the low-side skirt as shown in Fig. 4-7(b). If the coupling

between 1 and 3 is stronger the zero will move toward the passband, and vice versa.

.1
joC J oL
.—W—.
° € °
Port 1 Port 2 Port 1 Port 2
° °® ° )
®,, =+90° @, =-90°
(a) (b)
@, =ang(Y,)
° ° +90°

Port 1 —— POrt <2 e

[ ) —90°

(c) Resonant  frequency

Figure 4-6 Phase shifts for (a) Series capacitor (b) Series shunt (c) Shunt inductor/capacitor pairs

V

-80

-100

1 3 3 T 9 1a
Frequency (GHz)

(a) (b)
Figure 4-7(a) The coupling schematic of three-pole cross-coupled filter

Figure 4-7(b) Possible transmission response of CT type bandpass filters
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Below Resonance frequency Above Resonance frequency
Path 1-2-3 90°+90°+90°=270" -90°-90°-90= -270°=90°
Path 1-3 90° 90°
Phase shift Out phase In phase

Table 4-1 Phase shifts for two paths in a CT section with capacitive cross-coupling

4-2 Design of the LTCC combline filter with cross-coupled capacitor

As discussed in chapter 4-1 we can use CT structure with the capacitive cross-
coupling between the resonators 1 and 3 to generate a zero in the low-side skirt. The
proposed structures are shown in. 4-8. It is confirmed that the combline filter with cross
coupling capacitor has two wave propagation paths. One is the cross-coupled capacitor
and the other is the coupling ,through the. adjacent resonators. Fig. 4-8(b) is a
modification of Fig. 4-8(a). The coupling between -adjacent resonators can be easily
tuned with the direct-coupled ‘capacitorss-Moreover, the edge coupling restricts the
bandwidth of the typical combline; filter-that the modified combline filter with

direct-coupled capacitors can achieve larger bandwidth.

Cross—coupling Capacitors

0O
e

13

. et o COI

I C
o | 10 3 10 3 .
1/0 Port I/O Port 1/0 Port 1/0 Port

L i T lCoupIed Capacitors
(a) (b)

Se——
%U*

e

Figure 4-8 Equivalent circuits of three-pole combline filter with

(@) coupled-line (b) coupled capacitors
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Magnitude and Phase of Admittance
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-100
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-45.39 dB
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-200 -100
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Figure 4-9 Phase and magnitude of two paths’ admittance

When the loading capacitances and the length of the resonator lines are given, the
resonance frequency is determined. Fig, :4-9 .shows the magnitude and phase of
admittance, Y. As mentioned in Section 4-1, because path 1-3 and path 1-2-3 are
out-off phase below the resonance. frequency, the transmission zero occurs at the
frequency where these two paths have the same magnitude but opposite phase.

The design steps are as follows:

1. Choose the optimum loading capacitors. The adaptive capacitance not only
shortens the resonance lines to reduce the total circuit size but also results in a
wider stopband between the first and the second passband. The value of the
MIM capacitors is not very large under the restriction of the circuit size.

2. Using transmission lines as resonances to get wanted resonance frequency.

3. Choose Cj; and Cy3 that can control the bandwidth of the filter, and C13, which
can determine the position of the transmission zero.

4. Fine tune.

Initial design are simulated by Microwave Office and then implemented in LTCC
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structure by EM-simulation tools, Sonnet and HFSS.

CAP
ID=C13
C=0.32 pF

1 1.1

cApP
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= c
C=4.24 pF CAP  C=3.93 pF CAP C=4.24 pF
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Figure 4-10 Circuit simulation results of 2.4~2.5GHz Bandpass filter
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T
>GND

(a)2.4 ~ 2.5GHz (b)4.9~5.9GHz

Figure 4-11 3D structure of LTCC combline filter
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The component values of the 2.4~2.5GHz bandpass filter is shown in Fig. 4-10. This
filter can suppress not only the second and the third harmonic frequency signals but
also the lower side stopband signals. Next, we convert these values into LTCC structure.
The circuit size is 100 milx75 milx31.2mil. As shown in Fig. 4-12, there is an extra
transmission zero in the lower-side skirt. The vias which connect the resonance line to
ground can be equivalent to an inductor. From Microwave Office simulation we can
estimate the inductance is about 0.028nH and the spice model file exported from

Sonnet also shows the equivalent inductance is about 0.028nH at low frequency.

24GHz
-0.02718 dB

2.5GHz
Sonnet 2_4GHz BPF

-10
-20
-30
-40
-50
-60

2.1 GHz
-40.08 dB

-70
80 24 GHz_| 2.5 GHz
22.04dB | -20.93 dB
-90
- DB(S(1,D))
-100 bpf12
i £ DBS21)l)
10 bpf12
-120

0.5 1.5 2.5 35 4.5 5.5 6.5 7.5 8.5 9.5 10
Frequency (GHz)

Figure 4-12 EM simulation results of 2.4~2.5GHz Bandpass filter

- Magnitude and Phase of Admittance with an inductor
100
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P om -100 (_'2‘
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=3 Ang(Y(@.3)) (Deg) — DBAY(2.1))
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-200
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Figure 4-13 Phase and magnitude of two paths’ admittance with an inductor
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Fig. 4-15 is the comparison between measured result by GSG probe and simulated
result. The insertion loss in the passband (2.4~2.5GHz) is about 2.5dB. The return loss
is less than -10dB from 2.35 to 2.55GHz. The suppression for second and third

harmonic is below -30dB.

ND l[
T

cMm |1

Figure 4-14 Photograph of the LTCC Combline Filter

—--DB(|S(1,1)) —-DB(S(2,1)[) = DB(IS(1,1))) -% DB(|S(2,1)[)
Measurement Measurement Simulation Simulation

0
-20
-40
-60

2.0213 GHz

-30 dB
-80
-100
0.045 2.04 4.05 6.05 8.04 10
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Figure 4-15 Comparison of measured (GSG Probe) and simulated results
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Because the measured result is a little different from the simulated result, we slice the
circuit to check the layout again to make sure of the factors which may affect the

consistency.

ﬁﬂﬁ'l@%":@h (Linel): iu_%t’fr']'_p'l ﬁﬂﬁ'l@%ﬂﬁ% (Line2) @ LT

T 98 o1} = f,°  d kot =[°

It M | L AT N N e
- I I

]j u ]_[ o 0 0 H H H T O O

Figure 4-16 Cross-sectional views of 2.4~2.5GHz LTCC combline filter

It is clear that the G and E layers don’t overlap as shown in Fig. 4-16. However, in
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our original design, the overlaps between these two layers control the coupling of
adjacent resonators. Decreasing of this overlapping will directly affect the bandwidth of
the combline filter. This is why the bandwidth in measured result is smaller than the
simulated result.

Next, use the same method to design 4.9~5.9GHz bandpass filter. This filter’s size is
90 milx50 milx32.4mil. Fig. 4-17 shows EM simulations of Sonnet and HFSS. For
Sonnet the Box consists of perfect E while for HFSS the Box and metals with dielectric
loss tangent, 0.001, and bulk conductivity, 1.23x10" are used, so we care about HFSS

simulated results more than Sonnet simulated results.

-A-DB(S,1)h) --DB(S(1,DI) —DB(S{,DI) -~ DB(IS,1)l)
HFSS SGBPF_setupl HFSS 5GBPF_setup2 HFSS 5GBPF_setup3 Sonnet SGHz BPF
= DB(IS2,D)) 2-DB(IS2,D)I) —+DB(IS2,1)) DB(IS@2,D)I)
HFSS 5GBPF _setupl HFSS 5GBPF _setup2 HFSS 5GBPF_setup3 Sonnet 5GHz BPF
JGHz BPF
0 s
10
20 B
-30
-40
-50
-60
'70 4.902 GHA.91 GHz
0.515253545556.57.58.59.510.511.512.513.514.515.516.517.518.519.30
Frequency (GHz)

Figure 4-17 EM simulation results of 4.9~5.9GHz Bandpass filter
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Chapter 5

5-1 Diplexer

Nowadays, diplexers are essential components in modern RF front module to
separate a multiband or transmit/receive frequencies. In some instances they isolate
transmitting and receiving channels, and in other cases separate bands at different
frequencies for different receiver channels. In this thesis we use two diplexers to
separate different-frequency bands for Tx and Rx, respectively.

The basic components of the diplexer are a lowpass filter, a bandpass filter, and a
matching network between them. An ideal. diplexer is designed that for 2.4GHz band
the other output port is open for.2.4~2.5GHz signal, i.e. it seems that the other output

port doesn’t exist. Similarly, for4.9~5.9GHz signal the 2.4GHz end is open.

2
~— I C/GHBPF )
Z .0,
: v 500

O—
5002

3

— I 5o BPF )
£l 500

2

Figure 5-1 The Configuration of the LPF/BPF diplexer
In order to simplify the design process and save the simulation time, we separate the
diplexer into two parts. First, because the other part is required as an open end for one
part, for 2.4~2.5GHz low pass filter change the impedance and electrical length of the

transmission line to set S11 at 4.9~5.9GHz near the open point on the Smith Chart
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Figure 5-2 The Smith Chart of 2.4GHz part
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Figure 5-3 The Smith Chart of 5GHz part

When the impedance of the transmission line rises, the curve near passband of the

filter will move toward the center of Smith Chart that the impedance matching is better.

At the same time, we can observe the curve of S11 in the left figure at the frequencies

where the other end desired as open spread wider than that in the right figure.
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Figure 5-4 The performance of the filter with the matching network

Under the limitations of the design rule and the material, the maximum impedance is
only about 322 for the stripline. So we try to lower the system input impedance that
an extra transformer is needed.

Next, we still want to save time to simulate and design so first make sure if EM
simulation consists with the circuit simulation of combining three S-parameter files,
where the three files are get from EM simulation separately, or not. The Comparison
between EM and Circuit simulated results is shown in Fig. 5-5. Apparently, besides a
little shift for the lowpass filter, the overall curves are almost the same. It indicates that
the matching network can be separately designed, and connecting these three

S-parameter files can get accurate responses of the diplexer.
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Figure 5-5 The Comparison between EM (Sonnet) and Circuit (MWO) simulated results
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Figure 5-6 The diplexer using ideal transmission lines
After designing a 2.4GHz lowpass filter and a 5GHz bandpass filter in a 130 milx
110 milx 37 mil box, import the S-parameter files into Microwave Office and use the
ideal transmission line to design in the first step. The simulated result is in Fig. 5-6
where the input impedance is 20Q2. The line in LTCC structure is different with the
ideal transmission line, so we can only try to fit these two curves as close as possible.

Fig. 5-7 shows EM simulations by HFSS and Sonnet.
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Figure 5-7 EM simulations of a.L.PF/BPF diplexer by HFSS
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Figure 5-8 EM simulations of a LPF/BPF diplexer with a lowpass filter by HFSS
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Because the system input impedance is reduced to 20(2, an impedance transformer is
needed which covers a wide range of frequencies from 2GHz to 6GHz. Here we use
constant-Q match to design the transformer. The circuit in Fig. 5-9 is known as a
constant-Q match because of its shape, and it does have the attribution of simplicity.
For the application over 2GHz to 6GHz, a two-order transformer is used. First, select
the impedance between 2GHz to 6GHz and calculate the values of Q, L and C by using
the equations in Fig.5-9. Because the first deep of constant-Q match is at f;, when
calculating these values, we choose f, as 2.45GHz that for 2.4~2.5GHz band the
impedance matching is good. Next fine-tune the component values to make the second

deep around or in 4.9~5.9GHz band.

L
O—"Y Y Y \ash
Q= &_1:L: B,
R o R R, R, 1/R
2 ’
O XS:Q.sz Bp:%

-10
-20
o |

\ \,
-50
VAR N

70 | |
J -4-DB(IS(1,1l) &-DB(S@2,D)  <©-DB(IS3,D) X DB(S1,DI) DB(IS@,1))  —~DB(S3,DI)
Part_LPF Part_LPF Part_LPF Part2 Part2 Part2

-80

0.1 21 41 6l 8.1 10
Frequency (GHz)

Figure 5-10 The performance of the LPF/BPF diplexer from 0.1~10GHz
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Figure 5-11 The second harmonic of the LPF/BPF diplexer
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Figure 5-12 The third harmonic of the LPF/BPF diplexer
Before we connect the impedance transformer with the diplexer, the second and third
harmonics don’t meet the specifications so that a low pass filter is needed to reject the
harmonics, but the insertion loss becomes worse at the same time. Fig. 5-10, 5-11, and
5-12 show the simulated results of the LPF/BPF diplexer with and without the lowpass
filter after connecting with the impedance transformer. From the results, we know that

the extra lowpass filter is not needed.
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5-2 Bandpass filter + Balun

After finishing the designs of bandpass filters and baluns for 2.4~2.5GHz and
4.9~5.9GHz, we connect them respectively. Because the Box’s size of the modules are
bigger than that of original designs, the filters and baluns are required some

modifications. The circuit size is 140 milx 80 milx 41.8 mil.

Figure 5-13 3D structure of the bar‘\dpass‘ filter connecting a balun (2.4GHz)
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Figure 5-14 The differences of magnitude and phase between two output ports

Observing the 3D structure shown in Fig.5-13, it can be found that the left

placements of the two sections for balun are not same. This will cause the balun not
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Figure 5-15(a) The responses of the bandpass filter with a balun without and with loss
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Figure 5-15(b) The responses of the bandpass filter with a balun without and with loss

only can’t have the good response but also a small difference of magnitude and phase
between two output ports should occur if the two sections are identical. So we modify
the length and width of one section a little bit to trade for a balance between good
response and the differences of the output ports. Fig 5-14 shows the differences of the
magnitude and the phase for four combinations of the same bandpass filter and different

baluns. There is a trade-off between the difference of the magnitude and that of the
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phase so we choose one (the red line) which can meet the specification. The
performances are in Fig. 5-15.

Below is the simulated result of a 5GHz bandpass filter connecting with a 5GHz
balun. The conductivity of the metal type is set to infinity. Apparently, the balun is
detrimental for the response at high frequencies. We try to use a lowpass filter to reject

the second and third harmonics. The simulated result by HFSS is in Fig5-16.

0 Sonnet Simulation without loss
-20
NI
-60 ‘ ‘ & DBAS(L, D)
‘ ‘ 5GHz BPF+Balun
4.9 GHz 59GHz £ DB(S(2, D))
-80 4875dB || -2236dB SGHz BPF+Balun
‘ ‘ -6-DB(ISG3, 1))
5GHz BPF+Balun
- 100 ‘JN!Z‘(]W 11 X‘(v“7 14.7 GHz 17.7 GHz -
0.5 5.5 10.5 15.5 20
Frequency (GHz)

Figure 5-16 The response of the bandpass filter connecting a balun with loss (5GHz )

HFSS Simulation with loss

A DB(S(1, D) A DB(IS(L D)) A DB(S(1, D)
SGHz BPF+Balun SGHz BPF+Balun SGHz BPF+Balun
B DB(S.) HDB(IS, ) HDB(ISQ,Dh
SGHz BPF+Balun SGHz BPF+Balun SGHz BPF+Balun
< DB(SG.1)) < DB(IS(3, 1)) € DB(SG. D)
SGHz BPF+Balun 5GHz BPF+Balun 5GHz BPF+Balun
9 12 15 18
Frequency (GHz)

Figure 5-17 The EM simulated result of the combination of a bandpass filter, a balun,

and a two-order lowpass filter by HFSS
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The size of the combination of a bandpass filter, a balun, and a second-order lowpass
filter is 160 milx 100 milx 32.2 mil. The purpose of the two-order lowpass filter is to
reject the second and third harmonics. In Fig. 5-17 although the second and third
harmonics have been improved, there is still about 200~300MHz band that S21 and

S31 don’t meet the specification. And due to the lowpass filter, the loss increases.
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Chapter 6 Conclusion

In this thesis, we present a balanced diplexer module for WLAN applications. In
Chapter 2, we have two structures to choose. For 2.4GHz application, under the
considerations of the circuit’s size the stacked balun is used to connect with the
bandpass filter. Theoretically, the two sections of couple lines should be the same, but
the length and width of one of the coupled lines of stacked balun needs to be fine-tuned
so that the responses and the balances of the magnitude and the phase can meet the
specifications. For 5GHz applications, the performance of the stacked balun is worse
than the other, so the later is chosen. Besides, we use the meander lines to further
reduce the circuit’s size.

Next, based on the theory of the m-derived. filter, we propose a simplified lowpass
filter. Because of the high dielectric constant of the"LTCC substrate, the filter can be
implemented by using two lines~and--a-wvia ‘instead of multi-layer semi-lump
capacitances and inductors. A two-order: filter can get sharper cut-off and control the
high-side zero by adjusting the second section.

In Chapter 4, the simulated and measured (by GSG probe) results of the three-pole
combline filter with cross coupling have been demonstrated. There are some possible
reasons causing the difference between the simulation and measurement, such as the
error of the dielectric constant during manufacturing, the tape shrinkages after firing,
the misalignment between layers, and the resolution of the process.

In Chapter 5, we have shown the simulated results of the LPF/BPF diplexer and
Part3 in Fig.1-1. Usually, as two components needs to be connected, it must be sure that
if there is any interaction between the two components. The vias can be used to lower
the influence of the interaction. If there is no interaction between these two components

the cost of the design can be reduced by using circuit-simulation tools. Moreover, the
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fine-tuning is necessary because the size of box increases.

All designs in this thesis use the LTCC substrate whose dielectric constant is 33. The
advantages are small circuit dimensions and lower loss than the substrate with dielectric
constant of 7.8. Nevertheless, the parasitic capacitances increase, and the tape shrinkage
effect becomes more sensitive. The increase of the parasitic capacitances has
advantages and disadvantages. The lowpass filter in Chapter 3, for example, takes the
advantage of the parasitic capacitance. The increase of the sensitivity of the tape
shrinkage effect may decrease the yield when the process is not good and stable enough.
Moreover, the high dielectric constant limits the impedance matching because in the
process the minimum line width is 3mil leading to the maximum impedance is only
about 30(2. It is a serious problem especially in the design of diplexers. So, we lower
the system input impedance and.add a transformer in front of the diplexer. Finally,
during using of circuit-simulation tools, it must be' careful about the highest dielectric

constant of the model to make sure that'the-model is still correct.
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