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Abstract

The thesis includes the two _kinds of microwave circuits, namely the miniaturized
ultra-broadband quadrature hybrid couplerand.the multilayer wideband bandpass filter.

We adopt a 5-section symmetrical cascaded coplanar waveguide (CPW) structure to
realize the ultra-broadband (2-18GHz) quadrature hybrid coupler. In the tightest
center coupling section, we propose the vertically installed planar (\VIP) structure to achieve it
and also compensate the unequal odd- and even-mode phase velocities. The fabricated circuit
size miniaturized by high dielectric substrate (&, = 9.8) is 16.8 mmx6 mm.

Then, a wideband (2-4GHz) bandpass filter is designed by using parallel coupled line
stepped impedance resonators (SIR). The properties of SIR can reduce the resonant length and
suppress the upper stopband interference. Furthermore, we propose multilayer structure to
obtain the tight-coupling. Finally, a wideband filter with center frequency at 3 GHz, 66.67%

fractional bandwidth, and high stopband rejection is presented.
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Chapter 1
Introduction

In microwave broadband communication systems, high performance broadband
directional coupler and bandpass filter are two key components. This thesis, therefore, is
focused on these components. Miniaturization and low-cost will also be main issues.

In chapter 2, we apply the high dielectric constant substrate (&, = 9.8) to miniaturize the
circuit size and utilize the VIP structure to overcome the tight-coupling problem. The VIP
coupled-line structure can supply a high even-mode characteristic impedance and a low
odd-mode characteristic impedance in the same time. As a result, a very tight coupling can be
implemented. Furthermore, we alsoipropose a method to compensate the unequal even- and
odd-mode phase velocities by putting dielectric blocks at both sides of the VIP substrate. The
directivity of the VIP coupler improves-drastically. Finally, a miniaturized 5-section CPW
ultra-broadband quadrature hybrid coupler is realized.

In chapter 3, we adopt parallel coupled stepped impedance resonators (SIR) to realize a
wideband bandpass filter. The SIR can not only reduce the resonant length but also make the
first spurious resonant frequency much higher than twice of the passband center frequency.
The effect can be enhanced by adjusting the impedance ratio of the high-Z and low-Z
segments. Due to this advantage, the spurious passband response can be pushed to a very high
frequency. Moreover, we propose a multilayer structure to satisfy the required filter
parameters. The proposed multilayer structure can provide the extremely tight-coupling as
well as a high to low even-mode characteristic impedances. Finally, we utilize the proposed
structures to implement a wideband bandpass filter.

In chapter 4, we compare the measured results with the simulated results and make a

conclusion for the designed circuits.



Chapter 2
Miniaturized Ultra-Broadband (2-18GHz)
Quadrature Hybrid Coupler

2.1 Introduction

Ultra-broadband (2-18GHz) quadrature hybrid coupler is one of the most important
devices in the ultra-broadband antenna mode former network. To obtain an approximately
constant coupling over a wider frequency bandwidth, cascading a number of coupled sections
is more feasible than using a single-section coupler. Each section is quarter wavelength at the
center frequency. By properly choosing the'odd=,and even-mode characteristic impedances of
the various sections, the bandwidth of the coupler increases accordingly. The theory of a
multi-section quadrature hybrid=[1][2], had been ‘investigated completely and the design is
tabled into the odd- and even-mode characteristic impedances of each section. According to
the studies, a five-section TEM mode cascaded coupler is required to achieve the
specifications of the ultra-broadband quadrature hybrid. Based on the analysis [1][2], however,
we need to achieve the TEM mode restriction and the tightest center coupling section
(-0.77dB). This is the most challenging work of this hybrid.

Although the papers [3][4] mentioned that using the multi-section nonuniform cascaded
coupler in inhomogeneous media can achieve the ultra-broadband performance, the length of
total circuit is much longer than the method in [1][2]. Besides, the complicated analysis,
difficulty in layout, and extremely tight coupling at the center portion of the coupler limit the
practical implementation.

Conventional approach to develop an ultra-broadband quadrature hybrid coupler is using

stripline structure. The stripline structure has the advantages of equal even- and odd-mode



effective dielectric constants and TEM transmission mode. That is the same with the
assumption of the theoretical analysis described in [1][2]. The broadside-coupled structure
implements the tight coupling section (tighter than -3dB of coupling) in multi-section
cascaded coupler. Nevertheless, stripline needs the complicated and accurate mechanical
housing, otherwise the performance of the broadband coupler degrades. Most of striplines use
a low dielectric substrate (about&, =2.2) to reduce the sensitivity of the housing dimensions.
As aresult, the circuit size is relatively large.

To solve the mentioned problems, we propose a coplanar waveguide (CPW) structure to
realize an ultra-broadband quadrature hybrid coupler. The CPW can not only use high
dielectric constant (&,=9.8) substrate to shrink the circuit size but also be easy to fabricate
without complicated mechanical housing. Although microstrip lines have these two
advantages, the junction’s discontinuity effects ofmicrostrip lines at high frequency are not
easy to control in a multi-section cascaded coupler. The CPW allows different geometrical
dimensions [5] to minimize the discontinuity effect between coupling sections.

For the tight-coupling problem; several methods have been proposed in the literatures.
One solution is to utilize tandem couplers to realize a tight-coupling coupler [6]. Using
tandem coupler, the tightly coupled central section of a multi-section coupler might be
achieved. Although this method can avoid the tight-coupling problem and is easy to
implement, the tandem coupler consumes larger circuit area and has much stronger junction
discontinuity effect. Another approach is to use interdigital layout to achieve the tight
coupling [7][8]. However, it is still difficult to implement a coupler tighter than -3dB.
Re-entrant structures [9]-[11] can achieve the tight coupling, but is not easy to fabricate by
conventional PCB processes. We propose the vertically installed planar (VIP) structure [12] to
satisfy the tight coupling. The VIP structure comprises a main horizontal substrate and a
vertical (VIP) substrate. The structure does not need a complicated fabrication processes and

takes the advantage of the broadside-coupled method to realize the tight coupling. The VIP



structure will be discussed further in Section 2.2-4.

The odd- and even-mode phase velocities of the quasi-TEM mode CPW structure are
unequal. This characteristic often makes the performance of the broadband cascaded couplers
worse. A compensating approach proposed in [13] that a dielectric layer is added on top of the
coupled lines to equalize the odd- and even-mode phase velocities. We can take advantage of

this method to overcome the challenge.

2.2 Theory

According to [1][2], the ultra-broadband (2-18GHz) quadrature hybrid coupler needs at
least five-section TEM mode couplers as shown in Fig. 2.1 (a). The phase relationship
between coupled and through port of the end-to-end symmetrical coupler is independent of
the frequency. Due to this property, wewadopt ‘the symmetrical multi-section coupler.
Asymmetrical multi-section couplers shown in Fig: 2.1 (b) do not exhibit the required
quadrature phase property. Front.{1],we find'that‘a five-section, * 0.5dB ripple level, and
frequency bandwidth ration B=9.62"can achieve the desired specifications. Then, we
determine even-mode characteristic impedances of the various sections from the table in [1].
Once the even-mode characteristic impedances are known, we can find the odd-mode
characteristic impedances and also the coupling in dB of various sections of the coupler as
given in Table 2.1. From Table 2.1, we know that the 5-section coupler consists of the three
kinds of coupled-lines, namely, loose, middle and tight couplings. In the following section we

will describe the analysis method.



S1 S2 S3 S4 S5

input V through
coupled — T/ isolated

Zoel Zoe2 Zoe3 Zoed Zoes
Zool Zoo2 Zoo3 Zood4d Zoo5

Fig. 2.1 (a) A five-section symmetrical coupler

S1 S2 S3 S4 S5

input I/_/_ﬁ
coupled E
isolated

Zoel Zoe2 Zoe3d Zoe4 Zoeb
Zool Zoo2 -Zo03 7004 Zo005

through

Fig. 2.1 (b) A five-section asymmetrical coupler

S1&S5 S2&S4 S3
Zoe (Q) 59.411 79.63 237.13
Zoo (Q) 42.08 31.40 10.54
Coupling(dB)|  -15.35 -7.24 -0.77
5 (dB) 0.5
W 1.62357
B 9.62609

0 (passband ripple level) ~ w (fractional bandwidth) ~ B (bandwidth ratio)
Table 2.1 Parameters of a five-section, symmetrical and ultra-broadband (2-18GHz)

quadrature hybrid coupler
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2.2-1 The theory of the coupler — odd- and even-mode excitations
We utilize the odd- and even-mode excitation to analyze the CPW coupler. The CPW
coupler structure is shown in Fig. 2.2. The equivalent circuit of coupler is shown in Fig. 2.3

and the odd- and even-mode equivalent circuits are shown in Fig. 2.4(a) and (b), respectively.

Top View

Ground
Ground

Coupled lines

Fig. 2.2 Top view of the CPW coupler structure

2y 0,0, -
B Zy, 2  Z

P
; —O—"\\A

Fig. 2.3 The equivalent circuit of coupler

0, -

Electric-wall s
Blectric-watl P

Z,, @ Zo

1V
%MH 2
oA
P

Fig. 2.4 (a) The odd-mode equivalent circuit of coupler



1V He =
- Z, 1) = - Q) Z
-Oo— A
P e Magnetic wall-— oo P
\ O VvV
+
vy e Zoe @ % |

Fig. 2.4 (b) The even-mode equivalent circuit of coupler

Because the structure is symmetrical about the plane PP’, we can simplify Fig. 2.4(a) and

(b) as Fig. 2.5 (a) and (b), respectively. The four-port network is reduced to a two-port

network. It is easy to analyze the two-port network. We analyze it by the ABCD matrices. The

ABCD matrices for the odd and even mode are given, respectively, by

and

A, By | | cosé, 1Z,, sin6,
C, DO, 3 JY,, siné, cosd,

{Ae Be}_[ c0s0, jZOesinﬁe}

C. DB, JY, sin G, cos 6,
0o

O— —O
Zoo

Fig. 2.5 (a) The simplified odd-mode equivalent circuit of coupler

ZO

e

Fig. 2.5 (b) The simplified even-mode equivalent circuit of coupler

(2.1a)

(2.1b)



We obtain the odd- and even-mode scattering matrices by transferring the ABCD

matrices as scattering matrices

'S S

[SO] — 11o 120:| (223)
_8210 S220
'S S

[Se] — 1le 126:| (22b)
_SZIe SZZe

Finally, we obtain the scattering parameters of a coupled-line coupler as follows:

811:( lle+S]10) (233)
2

S, = (Sz1e + Szlo) (2.3b)
2

= B3 %) ;S”°) (2.3¢)

5 _(Sae=530) (2.3d)

2

Because the coupler is symmetrical structure, the scattering parameters are also symmetrical.
Following relationships hold.

S21 = S12, S31= S13, Sa1 = S14, S32 = S3, Sa2 = S04, S11=S33

S43 = S34, S33 = S11, Sas = S22, S34 = S12, S23 = Si4, S31=Sa2
According to (2.3) four scattering parameters, we can completely show the whole scattering

matrix. By computing the scattering matrix, we obtain the return loss (Sy)
S, =
(Z0.’Zyy” = Z,")sin0,sin0, + (Z,’Zy. - ZyZ4eZyy )siNG, €080, + J(Zy'Z oo — ZoZ oo Lo, )sinb, cosé,
(2, +Z,, )sin6, —2jZ,Z,, cosB,1[(Z,> +Z,, )sin6, —2jZ,Z,, cosb,]

2.4)

Let 6,=6, to simplify (2.4). In order to achieve the return loss is zero, the following (2.5) is

needed.



Zo = ZOeZOO (2.5)

If (2.5) is satisfied, the S3; (coupling), S,; (insertion loss) and S4; (isolation) are given as

following, respectively

l(ZOe -Z,,)sinb, l(ZOe —Z,,)sing,
Sy = 2 2

+
Z,.sin@,+2Z,,sin6,—2j\/Z,,Z,, cosO, Z,sinb +Z,sin6,—2j\/Z,,Z,, cosb,

(2.6)

B 27,2, (c0s8, +¢0s6,) + j\| Zy.Zoo (Zo, +Zy, )(sinG, +5ind,)
2y Z,.Zy, €080, + JZ,. sinb, + JZ,, sin6,)(2/Z,.Z,, cosb, + JZ,, sinb, + jZ,, sinb),)

SZI

2.7)

_ 2ZOeZOO(COSHo —COSQE)-I- jZOe ZOeZOO (SiIlHo —Sil’l(9e)+ jZOo ZOeZOO (Singo —Sil’l@e)
Z,.Z,, cosO,+ JZ, sinb, + jZ,, sinG, )2\ Zy.Z,, cos6, + JZ,, siné, + jZ,, siné,)

(2.8)

Then, let 6,=6,=60 to simplify (2.6)'as (2.9)

S (ZOe_ZOO) (2.9)
S @yt Zi) - 12y2,.2,, cot6 |

From (2.9), we know S3; (coupling) ‘is+a function of 6. The maximal amount of coupling

occurs when 6 = %, so we substitute 6= % in (2.9), which gives

Z,.—Z
S — C — Oe 0o
31 —Z()e 17, (2.10)

where C stands for coupling. Under the same condition, Sy; (insertion loss) is given as

S, = —jJ1_C? = — 1242 Zy,

2.11
ZOe + ZOO ( )
When 6, =6, is achieved, S4; (isolation) (2.8) is zero. The Directivity is defined as
S
D= >3 2.12)
Sy

The characteristic of the coupler tends towards ideal when 6, =6, and Z,=./Z,.Z,, are



satisfied.

2.2-2 The analysis of the conventional CPW coupler

Top View

Ground

(a)
Coupled lines

. GIWISIW.I G
o ) ) | | |

7 T

(b)

Fig. 2.6 (a) Top and (b) cross-sectional views of the CPW coupled line

(b)

Fig. 2.7 (a) Even- and (b) odd-mode equivalent circuits of the CPW coupled line

From Fig. 2.7, we can express the odd- and even-mode equivalent capacitances per

10
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length as

G, =C,+2C, (2.13a)
C.=C, (2.13b)
The odd- and even-mode characteristic impedances can be expressed as

L

Z, = [— 2.14a

©=\C (2.14a)
L

Z,, = |— 2.14b

0=\c (2.14b)

The odd- and even-mode phase velocities can be expressed as

Vo, =S (2.152)
\lé‘or_eff
Ve, =S (2.15b)

\/c‘i'er_eff

where ¢, £°% e« and &£°% e denote the velocity of light, the effective dielectric constants of

odd mode, and the effective dielectric constants of even mode, respectively.

The magnitude of the effective dielectric constants is related to the distribution of the
electric filed. When the electric “field-is most-in the air, the effective dielectric constant is

small and the phase velocity is fast. The‘'odd- and even-mode phases are given

0,=—2 (=21 u (2.16a)
Vo, C

0,=—21=20e u (2.16b)
Ve, ¢

We can adjust the geometrical dimensions (S, W, and G) of the CPW coupled line to
achieve the desired coupling and make the odd- and even-mode phase velocities close to fit

the theory mentioned earlier.

11



2.2-3 The analysis of the loose-coupling CPW coupler

Top View Ground

Ground
Ground

Coupled lines

Fig. 2.8 The CPW coupler structure after inserting the ground strip between two coupled lines

The CPW coupler structure after inserting the ground strip between two coupled lines is
shown in Fig. 2.8. The new structure will change the distribution of the odd- and even-mode
electric field, and the variation amount of distribution of even-mode electric field is much
more. There are some parts of even-mode electric field attracted to the center ground strip.
The new even-mode equivalent circuit is shown. in Fig. 2.9 (a). The even-mode characteristic

impedance will decrease due to the increased even-mode equivalent capacitance.

Cp 2Cme 2Cme Cp

S W SRV W WS

Fig. 2.9 (a) Even-mode equivalent circuit of the CPW coupled line after inserting the ground

strip between two coupled lines

Co 2Cmo 2Cmo Cp

S g SRV W WS

Fig. 2.9 (b) Odd-mode equivalent circuit of the CPW coupled line after inserting the ground

strip between two coupled lines

There are some parts of odd-mode electric field attracted to the center ground strip. This

will make the odd-mode equivalent capacitance slightly increase. As a result, the odd-mode

12



characteristic impedance decreases slightly. The odd-mode equivalent circuit is shown in Fig.

2.9 (b). After inserting the ground strip to the center, the even- and odd-mode characteristic

Zy = L (2.17a)
C,+2C,

Z,, = _ L (2.17b)
C,+2C,,

From (2.10), when the amount of decrease in the even-mode characteristic impedance is

impedances are

larger than the amount of decrease in the odd-mode characteristic impedance, the coupling

decreases. The loose-coupling coupler is achieved.

2.2-4 The analysis of the vertically installed planar (VIP) coupler

As described earlier, we know: that designing the tight-coupling section is the most
difficult portion in the implementation of & multi-section coupler. The tightest coupling of the
conventional CPW coupler is about -7 dB;but a-tight coupling of -0.77dB is need. Also using
a Lange type coupler layout can increase the ecoupling, it still can not achieve -0.77dB of

coupling. Here, we adopt the vertically installed planar (VIP) coupler structure [12] as shown

in Fig. 2.10.
ViP Main substrat VIP substrat
ain substrate substrate
Metal [i substrate
Ground

Main substrate (@) (b)

Fig. 2.10 (a) Cross-sectional view and (b) full view of the VIP structure
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Electric wall

Magnetic wall

(a) ' (b)
Fig. 2.11 (a) Even- and (b) odd-mode equivalent circuits of the VIP structure

The VIP substrate stands vertically on the main substrate. Both metals on the VIP
substrate act as a broadside-coupled lines giving the tight coupling to achieve our need.
The even- and odd-mode equivalent circuits of.the: VIP structure are shown in Fig. 2.11,
where a magnetic wall and an electric wall‘are located at the symmetrical planes respectively.
The odd-mode equivalent capacitors contain Cp and 2C,,. Because the distance (4 mil)
between the symmetrical plane and the signal conductor is very small, the capacitance 2C,, is
much larger than capacitance Cp. Therefore, the capacitor 2C,, is the major term. We can
adjust the metal widths on the VIP substrate to fit the desired odd-mode characteristic
impedance and adjust the distance between the ground and the VIP substrate to fit the desired
even-mode characteristic impedance. In the odd-mode excitation, the electric field is mostly
confined in the VIP substrate (&, = 3.38). In the even-mode excitation, most of electric field
is in the air (&, =1). Therefore, the VIP structure has inherently different odd- and even-mode
phase velocities. We know the phase velocities are related to the effective dielectric constants
given by (2.15a), (2.15b). Therefore, the odd-mode phase velocity is slower than even-mode
phase velocity. The problem needs to be solved, otherwise the isolation is bad and the

directivity is bad, too. The compensated solution is to put the dielectric blocks (&, =3.38) at
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both sides of the VIP substrate as shown in Fig. 2.12.

Main

substrate

Dielectric VIP

block substrate

Fig. 2.12 The compensated VIP structure with dielectric blocks (¢, =3.38)
After compensating the circuit, the effective dielectric constants of odd and even mode can be

much closer. As a result, the odd- and even-mode phase velocities can be nearly equal.

2.3 Design procedure and Simulation

From Table 2.1, we obtain the design, patameter such as odd- and even-mode
characteristic impedances and coupling. We adopt-the symmetrical structure due to its
advantage mentioned earlier. Fot.structural-symmetry, the 5-section coupler has 3 different
coupled-line sections. The 90° phase difference between coupled port and through port should
be independent of number of sections. If each section is fitted to Table 2.1, we can achieve the
desired specifications. In order to shrink the circuit size and increase the coupling, we choose
the high dielectric substrate (&, = 9.8) with 15 mil thickness and the VIP substrate (¢, = 3.38)

with 8 mil thickness, respectively.

2.3-1 The loose-coupling section (section 1 and section 5)

From Table 2.1, we see the section 1 and section 5 are loose-coupling structure
(-15.35dB of coupling). The CPW loose coupled-line structure in Fig. 2.8 is used. This
structure reduces not only the coupling but also the circuit area. One more advantage is that

the strip width of the second section coupled-line is nearly the same with this loose
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coupled-line structure. Therefore using this loose coupled-line structure has less
junction-discontinuity effect.

The design targets of the loose-coupling section (S1&SS5) are Zoe=59.411 Q ,
Z00=42.08Q and coupling= -15.35 dB. Roughly calculate the gap, spacing, width and the
coupled line length. Then, use EM simulator such as Sonnet to simulate the circuit. Slightly
adjust the physical dimensions of the circuit to fit the values of Zoo and Zoe and to obtain the
desired coupling (-15.35dB) at center frequency 10GHz. The cross-sectional view of the

loose-coupling section is shown in Fig. 2.13.

Fig. 2.13 The cross-sectional view of the loose-coupling section

The even- and odd-mode excitations are shown in Fig. 2.14 (a) and (b). Fig. 2.15 (a) shows
the simulated results (S parameters) using EM simulator such as Sonnet. Fig. 2.15 (b) shows

the even- and odd-mode phases.

z0e=59.41

SUBCKT
ID=S2

NET=t741
NET="ZY

zz=z0€/2

PORT

P=1 ;

Z=zz Ohm

DD 1 2a
PORT
JJA P2
Z=zz Ohm
(a)
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200=42.08

XFMRTAP SUBCKT
ID=X1 ',\'fg_l?‘jz - ID=X2
N1=0.707 = N1=0.707

PORT N2=0.707 N2=0.707

p=3

XFMRTAP

Z=z00 Ohm 1z r:jl 3 %‘ nol: 1
1 1
0, 4 1 2 4 o
L 2| 3 ? el L mRIESIEE J
PORT
,r 5- =5 1 P=4
- 1:n2 l4 8 n2:1 - 25200 Ohm

(b)

Fig. 2.14 (a) Even- and (b) odd-mode excitations

Graph 4
0
10 GHz
-10 -15.5dB
//B/’”’Epfzﬂi 775»””B”””"B~,,,,,
-20 = T
- [
-30 - g?(ls(l.l)l)
40 = DB(|S(2,1)]) [ 1 4
S1 ____/
-50 —-DB(|S(3,1)]) / \
s1 [ 2 3
-60
2 7 12 = g?(|5(4,1)|) 17 18
Frequency (GHz)

Fig. 2.15 (a) The simulated results of the loose-coupling section

Graph 2 -+ Ang(S(2,1)) (Deg)
0 Schematic 1
-20 -5 Ang(S(4,3)) (Deg)
Schematic 1
Az
-60
-100
-140 10 GHz
-91.38 Deg
-180
2 7 12 17 18
Frequency (GHz)

Fig. 2.15 (b) Even- and odd-mode phases of the loose-coupling section
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From Fig. 2.15 (a) the simulated coupling -15.5dB almost equals the desired coupling

-15.35dB. From Fig. 2.15 (b) the even- and odd-mode phases are near 90 degree.

2.3-2 The middle-coupling section (section 2 and section 4)

The coupling of the section 2 and section 4 are both -7.24dB. We use the conventional
CPW coupled lines as shown in Fig. 2.6 to implement. The design of this coupled-lined
section is much easier than the others. We obtain the physical dimensions of the CPW coupled
line by keying the values of Zoo, Zoe and electrical length by ADS LineCal.

The design targets of the middle-coupling section (S2&S4) are Zoe=79.63 Q ,
Z00=31.40Q and coupling= -7.24 dB. The gap, line width, and the coupled line length are
firstly obtained from the ADS LineCal. Then, use EM simulator such as Sonnet to simulate
the circuit. Slightly adjust physical.dimensions of the circuit to fit the values of Zoo and Zoe
and to obtain the coupling (-7.24dB) at center frequency 10GHz. The cross-sectional view of

the middle-coupling section is shown in-Fig..2.16.

10

Fig. 2.16 The cross-sectional view of the middle-coupling section



10 GHz
Graph 1 -7.392dB
-10 = B

20 & DB(S(L,1)])

o __/
-30 = pB(seLN| _ / \

s2 2 3

-40

—-DB(|S(3,1)])
S2

-50
~%DB(IS(4,1)))
S2

-60

2 7 12 17 18
Frequency (GHz)

Fig. 2.17 (a) The simulated results of the middle-coupling section

~-Ang(S(2,1)) (Deg)
Zoe Zoo

—% Ang(S(4,3)) (Deg) 0
Zoe Zoo

10 GHz 50
-89.15 Deg

-100
10 GHz 150
-91.16 Deg
-200
2 7 12 17 18
Frequency (GHz)

Fig. 2.17 (b) Even- and odd-mode phases of the middle-coupling section
Fig. 2.17 (a) shows the simulated results (S parameters) using Sonnet. The simulated coupling
-7.392dB almost equals the wanted coupling -7.24dB. Fig. 2.17 (b) shows the even- and
odd-mode phases of the middle-coupling section. The even- and odd-mode phases are near 90

degree.
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2.3-3 The tight-coupling section (center section)

The VIP structure is a 3D structure that a 3D EM simulator such as HFSS is used to
simulate. Because there is no analytic method for analyzing the VIP coupler, trial-and-error
method is used to obtain the solution. According to equations (2.14a), (2.14b), a high
even-mode characteristic impedance can be obtained by moving the CPW ground strip far
away from the VIP substrate because the equivalent even-mode capacitance decreases as the
distance between signal strips and CPW ground strips increases. A lower odd-mode
characteristic impedance can be achieved by increasing the widths of the metal strips on both
sides of the VIP substrate because the equivalent odd-mode capacitance increases as the
widths of the metal strips increase. We follow the rule to try the solution. 3D view of the final

solution of the VIP structure is shown in Fig. 2.18 where W is 60 mil and D is 100 mil.

Fig. 2.18 3D diagram of the VIP structure in HFSS
Fig. 2.19 (a) and (b) show the simulated S parameters, the even- and odd-mode phases,
respectively. At the center frequency 10GHz, the coupling fits our need, but the phase

difference between the even- and odd-mode is large. The phase difference is about 17 degree

at 10GHz.
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Graph 1

B

- 10 GHz
-0.7709 dB
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] ©-DB(SE.1) \ /
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% DB(S(@.1) —
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I 2 3
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Frequency (GHz)

-40

Fig. 2.19 (a) The simulated results of the tight-coupling section

Graph 2 £+ Ang(S(4.3)) (Deg)
Zoe Zoo — 0
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-80.9 Deg | | 2%%%°

-50

-100

10 GHz

-97.43 Deg \S\S -150

-200

0 5 10 15 18
Frequency (GHz)

Fig. 2.19 (b) Even- and odd-mode phases of the tight-coupling section

We compensate the phase difference by putting the dielectric blocks (&, =3.38) at both
sides of the VIP substrate as shown in Fig. 2.20. The odd- and even-mode phase velocities are

equalized by adjusting the size of dielectric blocks. The simulated results are shown in Fig.
2.21 (a) and (b).

21



Dielectric

block Dielectric
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(&, =3.38)
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X

Fig. 2.20 The compensated VIP structure
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Fig. 2.21 (a) The simulated results of'the compensated tight-coupling section
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Fig. 2.21 (b) Even- and odd-mode phases of the compensated tight-coupling section

From Fig. 2.21 (b), we see that difference between the even- and odd-mode phases are
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much smaller and close to 90° at the center frequency. The dielectric blocks (&, =3.38)
increase the even-mode capacitance, so the even-mode characteristic impedance decreases. As

a result, the coupling decreases. The coupling is about 0.5dB decrease from the original value.

2.3-4 The total cascaded circuit

Now, we have finished the design of each section, so we can cascade them one by one as
shown in Fig. 2.22. We can first simulate the cascaded response by Microwave Office. The
simulated results are shown in Fig. 2.23. We can see that the performance of the cascaded
circuit is good from 2.2~18.2GHz. It saves much time to simulate the cascaded circuit by
circuit simulator. Though the simulated results are less accurate, it still gives a good initial

design.

SUBCKT

SUBEKT SUBCKT

NET="S1" SUBCKT SUBCK

PORT NET="V[P_pa
P=1
2=50 Ohm
3
1 2
PORT
4 P=2

Fig. 2.22 The total cascaded circuit in Microwave Office

-+ DB(|S(1,1)]) -DB(|S(3,1)])
Schematic1  Schematic 1

-5 DB(|S(2,1)|) % DB(|S(4,1)))[]
Graph 7 Schematic1 ~ Schematic 1

dubhbhoNrko

1 3 5 7 9 11 13 15 17 19
Frequency (GHz)

Fig. 2.23 The simulated results by Microwave Office

To verify which section is most sensitive, we replace designed S3 with an ideal coupler
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as shown in Fig. 2.24. The simulated results are shown in Fig. 2.25 to see the influence of the
S3. Fig. 2.25 shows that the simulated results are very close to an ideal 5-section coupler. We

confirm that the design of the other sections except S3 satisfies our need.

Ideal S3

SUBEKT UBEKT
ZE=2374 ID=S4 ID=S5
NETL"S2"

SUBCKT
ID=S1
NET="S1" SUBCKT

ID=S2
PORT
P=1
2=50 Ohm

NET="S2"
et e (]

PORT

Fig. 2.24 The total modified cascaded circuit in Microwave Office

-+-DB(IS(1,1)) —<-DB(IS(3,1)])
Schematic 2 Schematic 2

-5-DB(IS(21))) % DB(S@.1)) [}
Graph 8 Schematic 2 Schematic 2

Yo hAbNbiko

1 3 5 7 9 11 13 15 17 19
Frequency (GHz)

Fig. 2.25 The modified simulated results by Microwave Office

Finally, we simulate the whole 5-section coupler by an EM simulator such as HFSS to
get more accurate results. The 3-D structure of the whole 5-section coupler is shown in Fig.
2.26. Fig. 2.27 (a) shows the simulated results by HFSS. The useful bandwidth is from 2 to 16
GHz. The maximal amplitude error between the coupled and through port within the
bandwidth is about 3.6 dB. Fig. 2.27 (b) shows the phases of the coupled and through port.
The phase error is up to about 15° at 15.5 GHz. Compare Fig. 2.27 (a) with Fig. 2.23, the
performance degradation is mainly from the junction discontinuity effect between each

section, especially between section 3 and its neighbors.
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Fig. 2.26 The total circuit in HFSS
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Fig. 2.27 (a) The simulated results of the total circuit by HFSS
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Fig. 2.27 (b) Phases of the coupled and through port
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2.4 Circuit fabrication and Measurement

(a) (b)
Fig. 2.28 Photos of (a) the fabricated 5-section hybrid coupler and (b) the fabricated 5-section
hybrid coupler with dielectric blocks

Based on the previously mentioned design procedures, the proposed 5-section hybrid
coupler is fabricated. The photos of tl_]\fﬂp__r __p,oigd 5-section hybrid coupler are shown in Fig.
2.28. The circuit size is 16.8mm >< nd th w\d%l;ectrlc blocks at each side of VIP are with
the size of 2.5mm x 2.5mm. The cl{neg :ﬂh&:ﬂlé{ectrlc block is 60mil.

The measured results of the;: helﬁ?é ,ﬁ%ﬁn" coﬂgler without dielectric blocks are shown
in Fig. 2.29 (a). We see the perféjma;%ﬁqm requency goes high. Fig. 2.29 (b) shows
the phases of the coupled and thrﬁggh port. Fi :-2 29 (c) depicts the amplitude and phase
errors between the coupled and through E115(9?%1'iq751"he phase error is keeping at 90 -8/+3 degree
over the designed frequency of 2-18 GHz. The maximal amplitude error is up to 6.8 dB at 16
GHz and it does not meet the hybrid specifications.

-4-DB(S(2,1))) ~<-DB(|S(2,1)])
aircoup airthr

Graph 3

£ DB(IS(2,1)]) % DB(|S(1 1))
airiso

T RN ENAINTNGY

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Fig. 2.29 (a) The measured results of the total circuit without dielectric blocks
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Fig. 2.29 (b) Phases of the coupled and through port
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Fig. 2.29 (c¢) The amplitude and phase errors between the coupled and through port

Two dielectric blocks at both sides of the VIP substrate are used to improve central
section performance. The measured results of the coupler with dielectric blocks are shown in
Fig. 2.30. The amplitudes and phases of the coupled and through port are shown in Fig. 2.30
(a) and (b), respectively. It can be seen that the amplitude error is smaller than that of the
circuit without dielectric blocks. The performance of return loss and isolation are also better
than that of the circuit without dielectric blocks. The phase error is smaller than 10° and
amplitude error is less than 2.8dB over 1.8 to 17 GHz bandwidth as shown in Fig. 2.31.
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Fig. 2.30 (a) The measured results of the total circuit with dielectric blocks

9.5 GHz -A- Ang(S(2,1)) (Deg)
163 Deg Graph 2 rolargecoup
£ Ang(S(2,1)) (Deg)
rolargethr
17 GHz
87.83 Deg
0
-100 }
17 GHz
-170.4 Deg
-200 \ m‘cuz
0.045 10.05 20.05 26.5
2 GHz 9.5GHz | Frequency (GHz)
-127 Deg -114.8 Deg

Fig. 2.30 (b) Phases of the coupled and through port
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Fig. 2.31 The measured and simulated amplitude and phase errors between the coupled and
through port
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Fig. 2.31 shows the comparison between the measured and simulated amplitude and
phase errors. The dotted lines and solid lines are simulated and measured results, respectively.

An acceptable agreement between the simulated and measured results is obtained.
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Chapter 3
Multilayer Wideband Bandpass Filter

3.1 Introduction

Wideband bandpass filters are the fundamental building blocks for modern broadband
wireless communication systems. Bandpass filters in microwave communication systems are
often used to eliminate out-band interference signals. This application requires having steep
passband-to-stopband transition, high stopband attenuation, wide stopband range and spurious
resonant frequencies far away from passband frequency. The microstrip parallel-coupled filter
using resonators with half wavelength has been one of the most commonly used filters [14].
This kind of filter has many advantages such as easy design procedures, a wide bandwidth
range (from a few percent to more than 40%) and-a planar structure. Influenced by the
spurious responses at 2f,, twice the passband frequency, the microstrip parallel-coupled filter
may seriously diminish the attenuation ef the upper stopband as the bandwidth gets wider.

Stepped impedance resonators (SIR) are composed of transmission lines with different
characteristic impedances. They provide an effective way to minimize circuit space and push
spurious resonant frequencies away from passband [15]. The resonant frequencies of SIR can
be controlled by adjusting the geometrical dimensions, such as the impedance ratio of the
high-Z and low-Z segments. Due to the property the first spurious resonant frequency can be
much higher than 2f;,, it is useful in wideband bandpass filter application.

A quarter-wavelength resonator filters has the spurious passband at 3fj instead of 2f,, but
it is still not enough for wideband application [16]. The wiggly-line filter [17] can reject the
harmonic passband of the filter by using a continuous perturbation of the width of the coupled
lines following a sinusoidal law, but the circuit layout can not achieve wideband filter and is

not suitable for suppression of wide spurious passband. Here, we propose the parallel-coupled
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filter using half-wave SIR and multi-layer PCB process to realize the wideband bandpass

filter.

3.2 Theory

Firstly, the conditions of fundamental and spurious resonance of a half-wave SIR are

discussed. The resonator structure to be considered here is shown in Fig. 3.1. The half-wave

SIR is symmetrical and has two different characteristic impedances, Z; and Z, in the

resonator.
« 01_:2(914_97) R < 991- :2,2(Z|+07)9
92 29] 92 “— 2 pe¢—1  pe—2—»

Z, 74 % Zy Z, 7,

QT < O >r
(a) (b)

Fig. 3.1 Structures of the SIR (a) K =Z,/Z, <1 (b) K=Z,/Z,> 1

The admittance Y; of the resonator looking into the open end is

2(Ktan g, +tan 6,)(K —tan 6, tan 6,)

Y, = jY
BRAE K(1-tan? 6,)(1—tan” §,) — 2(1 + K*) tan 6, tan 6,

Z, . . . e
where K = =% is the impedance ratio. The resonance condition is

1

Yi =0
From (3.1) and (3.2) at the fundamental resonant frequency we have
K =tang, tan 6,

The relationship between &, and 6, is derived from (3.3) as

6; 1 K
tan — = ———(
2 1-K tan§,

+tan 6,) (when K #1)
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0. =rx (when K =1) (3.5
When K= 1, this corresponds to a uniform impedance resonator (UIR). The resonator length
€; has minimal value when 0 <K< 1 and maximal value when K> 1. This condition can be

obtained by differentiating (3.4) by 6,,

1
1-K

(tan” 6, — K)sin® 6, =0 (3.6)
then

6, = tan"' (VK) (3.7)
The above equation is the condition that &, has the maximal or minimal value for constant
K. For practical application it is preferable to choose &, =6, because the design equations

can be simplified considerably. Therefore, in the following discussion, the SIR is treated as

having 6, =6, =0, and (3.1) can be expressed as

v, ] 2(K++ 1)(K — tan® @) tan @
' * K =20+ K+ K?)tan> 0 + K tan* 6

(3.8)

The resonance condition is then giveny using the fundamental frequency fy and corresponding

length 6,, as
tan” 6, = K
or
g, = tan"' (VK) (3.9)

Taking the spurious resonance frequency to be f, (n =1, 2, 3,---) and corresponding &

with 6, (n=1,2,3,---), we obtain from (3.8) and (3.2)

tan 6, = oo
K-tan’ 6, =0 (3.10)
tand, =0

Then, the first three spurious resonance frequencies are given by
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fo_0n _ il

f, 6, 2tan”' VK

o 0o _offu] (3.11)
fO 00 fO

The above results are all a function of the impedance ratio K. Hence, the spurious response
can be controlled by the choice of the impedance ratio K, which is a key feature of this type of
filter. We can utilize the low impedance ratio K to push the spurious response to high
frequency and the length of the resonator will be shortened. The above equations neglect the
physical step discontinuity effect at the junction of the two lines.

Next, we consider a parallel coupled transmission line with arbitrary length and its
equivalent circuit. For designing bandpass filters with SIR in which lines are coupled in
parallel, it is necessary to find the relationship between even- and odd-mode characteristic
impedances in the parallel coupled sections and the admittance inverter parameters. Fig. 3.2 (a)
shows even- and odd-mode characteristic impedances Zoe, Zoo of a coupled line of electrical
length @, and its equivalent circuit is expressed by two single transmission lines of electrical

length @, impedance Zo and admittance inverter parameter J as shown in Fig. 3.2 (b)

Zoe, Z00
@ e A, Vzzzzz— 1 —
VA0 < R -90° ) R
(a) (b)

Fig. 3.2 (a) Parallel coupled line and (b) its equivalent circuit

The ABCD matrix for Fig. 3.2 (a) and (b) can be expressed as
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_ 2 2 29
;OG + ;OO COSH j (ZOE Z;O()Z + (ZZOG ; .2009) cos 0
F |= oe ~ oo 0e — £qo JSIN
[F.] 25in 0 Z, +2,, (3.12)
Jm—— —*—%cosf
Zoe - Zoo Zoe - Zoo i
_ N
37 +—|sinfcoso | 32,7 sin> oY
JZ, J
[F,]= g | (3.13)
j ——Jcos’ 0 JZ,+— [sinf@cos O
Jz, JZ,
Then equalizing each corresponding matrix element [F, |=[F, ], we can obtain
Mcow?: JZ, +L sin @ cos @ (3.14)
Zoe - Zoo ‘]Zo
_ 2 2 2 2
(Zoe = Z0)" +(Z4e +;00) 08”6 _ 17 2gin? - 59 (3.15)
2(Z,, - Zg)siné J
2sin@ |- sin” @
= 5 ~Jcos* @ (3.16)

Zoe _Zoo y JZ

0

The above simultaneous equations.are not independent of each other, and any two equations

among the three are valid for solution. Solving (3.14) and (3.16), we obtain

2
l+icsct9+ i
Z Y, Y,
—2 = 5 (3.17)
Z, J
1—(] cot’ @
YO
J Y
1——cscO+| —
Z Y, Y,
9 — (3.18)

Z, 2
1- [J] cot’ @
YO

These are generalized expressions for parallel coupled lines with arbitrary length. In the

special case of quarter-wavelength coupling, by considering the situation & zg in (3.17)

and (3.18) then the following can be obtained:
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2
%:1{%}(%] (3.19)

Zy _ (Zo).(Z)
o= (Kj+(Kj (3.20)

where Z? = Yi (K 1s impedance inverter parameter ).

The fundamental configuration of n-stage bandpass filter considered here is shown in Fig.

3.3, and slope parameters for all resonators are of equal value, b(b=26,Y,). When element

values gj and relative bandwidth w are given as fundamental design parameters of a bandpass

filter, the admittance inverter parameter Jjj+1, can be expressed as
5, - \/Y bW ..\ \/2w90
909, 909,
N PPy A - % (j=1~n-1) (3.21)
g g j+1 g g j+l
2wo,
” " j+l g gn+1

(Zoe)1a

Z0 % (Zoo)1»
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P (Zoe)nnti
» ;54 y %@:2:‘. (Z0o0)nn+1
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[
%

Fig. 3.3 Bandpass filter using SIR structure
Using (3.17) and (3.18) in the previous section, the design data for coupled lines can be

obtained. It is then possible to design a bandpass filter as a SIR structure.
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3.3 Design procedure and Simulation

The circuit model of a parallel coupled-line describe above is only good for relatively
narrowband and is not suitable for wideband (fractional bandwidth >309g) filter. The
fractional bandwidth of the proposed filter is 66.67% (2-4 GHz). The above method has
significant errors.

We utilize the optimization to design the wideband filter. Using the optimization saves
our time without analyzing the complicated mathematical formulas to obtain circuit
parameters such as impedances and effective dielectric constants etc. The optimization
procedures are described as follows. Firstly, we construct the filter model of center frequency
3 GHz and passband 2-4 GHz in Microwave Office. Then, utilize the optimization to obtain
the design parameters shown in Fig. 3.4, Fig. 3.5 depicts the simulated wideband bandpass

filter response. The first spurious resonant;frequency is pushed to about 3.8 times passband

Zoel=97 Zoe2=51
Zo01=10 Z002=8.3
ko1=3.1 ko2=3.15
kel=1.84 ke2=2.4
72=193
L1=302 z1=193
or1=1.718 L3=210 er2=1.718 CLINP
CLINP CLINP Laz107 CLINP ID=TL4
ID=TL1 Lo=144 ID=TL2 = ID=TL3 ZE=Zoel Ohm
ZE=Zoel Ohm = ZE=Zoe2 Ohm  TLINP ZE=Zoe2 Ohm Z0=Z0o1 Ohm
Z0=Z0o1 Ohm Z0=z002 Ohm  ID=TL6 Z0=7002 Ohm L=L1 mil
L=L1 mil L=L3 mil 20=72 Ohm L=L3 mil KE=kel
KE=kel KE=ke2 L=L4 mil KE=ke2 KO=kol
PORT KO=kol LN KO=ko2 Eeff=er2 KO=ko2 AE=0
P=1 AE=0 IboTLs AE=0 Loss=0 AE=0 TLINP AO=0
z=50Ohm  AO=0 - AO=0 FO=0 GHz AO=0 ID=TL7
Z0=Z1 Ohm Z0=71 Oh
1 3 L=L2 mil 1 3 1 3 = m 1 3
w iy w w L=L2 mil w
fpetinns Eeff=er1
> Loss=0 PORT
F0=0 GHz FO=0 GH: P=2
2 a 2 4 2 a 2 =50 Ohm
2w e a2l w 2w e a2l W P

Fig. 3.4 The wideband bandpass filter model
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Fig. 3.5 The wideband bandpass filter response

From the design parameters, we seerthatthigh.and low impedances of even mode are
needed. We propose multilayer broadside coupling sttucture to achieve high even-mode and
low odd-mode characteristic impedances. Fig-3.6 depicts the proposed 3-layer structure. The
3 layers of metal are the ground metal in'the middle layer and signal lines at two outer layers
of metal, respectively. Where W is the width of the signal line and G is the overlap (negative
symbol) or gap (positive symbol) between ground metal and signal lines.

We can utilize the odd- and even-mode excitations to analyze the structure due to its
symmetrical structure. In the odd-mode excitation, we set the middle plane as an electric wall
to simplify simulation. We use the same method to solve the even-mode excitation, but set the
middle plane as a magnetic wall. Fig. 3.7 shows the odd- and even-mode equivalent circuits.
We can obtain the characteristic impedances and effective dielectric constants of odd and even

mode from the simulated results.
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Fig. 3.7 (a) Odd-mode and.(b).even-mode equivalent circuits

Odd- and even-mode characteristic impedances are expressed as

/L ’L
Zoo: C_Oﬂ Zoe: C_e

wil 1w

(4.21)

Fig. 3.8 shows the 3D diagram of even- and odd-mode circuits in HFSS. The substrate

thickness and relative dielectric constant are 8mil and 3.38, respectively. We set the width of

the high characteristic impedance line as 10 mil for easy fabrication. The simulated results are

shown in Fig. 3.9(a)-(e). It can be observed in Fig. 3.9 (a) that even-mode characteristic

impedances increase as G increases and W decreases. Because increase G and decrease W,

reduce the even-mode equivalent capacitances (Ce).
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Fig. 3.8 The 3D diagram of even- and odd-mode excitations in HFSS
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Fig. 3.9 (b) Even-mode effective dielectric constants versus G and W
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Fig. 3.9 (b) depicts that the even-mode effective dielectric constant increases as G and W
decrease. Because smaller G and W attract more electric field in the substrate, the even-mode
effective dielectric constant increases. For the same reason, we can explain Fig. 3.9 (¢)-(e). It
should be point out that the characteristic impedances and effective dielectric constants of
odd-mode are less influenced by parameter G. From Fig. 3.7 (a), we see the middle plane is

electric wall that is similar to a ground plane, so parameter G has less influence on the result.
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Fig. 3.9 (¢) Odd-modé characteristic impedances versus G and W
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Fig. 3.9 (d) Odd-mode effective dielectric constants versus G and W
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According to the 51mulated results Wefcan obtai‘n the desired geometrical dimensions.
| .«'

The circuit diagram in EM 51mulator HB S 1s shown in Fig. 3.10. There are step-junction and

4 .i
3 ol

open-end effects that affect responsesjof,theuclrcult. Therefore, the circuit has to be finely
tuned. The final geometrical dimensions of the wideband bandpass filter are shown in Table

3.1 and the simulated results are shown in Fig. 3.11.

Fig. 3.10 (a) 3D view of the wideband bandpass filter diagram
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Fig. 3.10 (b) Cross-sectional view of the wideband bandpass filter diagram

W1 {GI|LI [W2|G2|L2 | W3 |G3|L3|W4|G4 | L4 | W50
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200

Table 3.1 The geometrical dimensions of the wideband bandpass filter (unit: mil)
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Fig. 3.11 Simulated results of the wideband bandpass filter

From Fig. 3.11, we see that the filter bandwidth is slightly reduced. In the tuning process, we

have to trade off between the passband return loss and bandwidth. We sacrifice some

bandwidth for better return loss.
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3.4 Circuit fabrication and Measurement

Fig. 3.12 shows the photos of the multilayer wideband bandpass filter. The circuit size is

1313 milx366 mil (33.4mmx9.3 mm).

(b) Back-side view

Fig. 3.12 (a) Front-side view and (b) back-side views of the circuit photos
From the circuit photos, we see that the two substrates are fixed by six screws. This can

cause fabrication errors because the six screws can not fix every part of the two thin substrates
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very tightly. The measured and simulated results are both shown in Fig. 3.13 for comparison.
The solid and dotted lines are measured and simulated results, respectively. The measured and
simulated results are matched well, except the measured passband return loss is not as well as
the simulated one. The return loss degradation might come from the fabrication errors. The
fabrication errors include air gaps between two screw-fastened substrates and misalignment of
the circuit. A very wide upper stopband clearance of -23dB up to 20GHz is achieved.
Fortunately, the spurious response at 13GHz in the measured results is not as high as the

results in the simulation.
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Fig. 3.13 Comparison between the measured and simulated results
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Chapter 4
Conclusion

This thesis has demonstrated two kinds of microwave circuits namely, multi-section
ultra-broadband quadrature hybrid coupler and multilayer wideband bandpass filter.

In chapter 2, miniaturized ultra-broadband quadrature hybrid coupler has been realized
by using 5-section cascaded CPW coupler structure. The synthesis techniques based on the
concept of odd- and even-mode analysis has been developed. The VIP structure to achieve a
extremely tight of coupling has been proposed. The unequal modal phase velocities, however,
are a serious problem in the VIP structure. Putting two dielectric blocks with the same
dielectric constant as the VIP substrate at both sides of the VIP substrate to compensate the
modal phase velocities of a VIP.coupled-line has been successfully developed. Although two
dielectric blocks improve the directivity; they lower the even-mode characteristic impedance.
Tradeoff between directivity and cotupling should be made. Finally, the measured results have
shown a good agreement with the simulated results. The bandwidth reduction mainly results
from the insufficient even-mode characteristic impedance in the tight-coupling section, the
discontinuities between each section, and the air gaps between the dielectric blocks and VIP
substrate. There still has space to improve the performance.

In chapter 3, the wideband bandpass filter has been realized by using the parallel coupled
stepped impedance resonators (SIR). Utilizing the SIR to push the spurious frequency far
away from the passband center frequency has been successfully developed. The multilayer
structure to achieve a high to low even-mode characteristic impedances has been proposed.
According to the design parameters from the simulated results, a wideband bandpass filter can
be easily designed. Finally, the measured and simulated results have been matched well. A

very wide upper stopband clearance of -23dB up to 20GHz has been achieved.
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