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Modified Microstrip Lines with Low Impedance and
Enhanced Coupling for Applications in Passive Circuits

Student: Cheng-Hsien Liang Advisor: Dr. Chi-Yang Chang

Institute of Communication Engineering

National Chiao Tung University

Abstract

This dissertation first proposes a novel low-impedance microstrip line structure. By
inserting ground strips inside the conventional microstrip line, the characteristic impedance of
the microstrip line can be controlled by the signal and ground strips in a coplanar manner.
Compared to the conventional microstrip line with the same transverse width, the effective
capacitance of the microstrip line increases so that the characteristic impedance decreases.
The decreasing amount is particularly large for the thick substrate. In addition, we also insert
signal strips in the microstrip ground plane to further decrease the characteristic impedance.
The low-impedance microstrip line is applied in the quarter-wavelength stepped-impedance
resonator. The designed filter can be insensitive to fabrication tolerances and have a smaller
size and a wider upper stopband. Then, we propose several coupled microstrip line structures
which can provide strong coupling. These tight-coupling structures are used to design
miniaturized wideband bandpass filters and single- and multi-section 3-dB directional
couplers. Although the proposed circuits need more via-holes, they can be easily fabricated on
a single-layer substrate by the conventional printed circuit board (PCB) process with low cost.



piTe £l LT JBEY o R f

S R NS S S LAY

P ST A chigd g glet s q r
O RE R R RS L

DAL RRHTRL AL
GE S BRI (S SN 12 I
ARG S &

BT %2 E Lo b § it

§ AR e B

AN T NS SN PN D
rﬁi%ﬁﬁv15?i.i“*$k.%ﬁ
X NEF L dipes s
50 0 B RO 3 P e R
ALRIIGRE AN

AR R

LRTRIE ¥ LY 3e

SRR T R DR

W A
R EE SRl R ik St

e

LRI 1
BREBE Tt R L AN Y ¥t g X7

\/\-&mfﬁr’”m‘ﬂ ’ —‘JZEFF] i L_«EF _T_/{,‘ZI

FERFTY AR T PR IR YR

e LG IR T NI R & T NG L ST -FE SN T
P EFRFEKE B PRETFFOLLE D

i s g FENEY

N

B S BUAR TP e

-
By ~»

R L FTE 5 bk eomgad AR B

A3l

&

s A
FiEfer W

RS Y T LU ol

o A P A AT R 3 e

] NLER N IR < S - R ) D O M= p
30 el ;H:‘fr’ij:@v EA L RE R Wi T

2

3

5=
Rt

Wentgsd - FRAFN P L L TIE

£

B el i P ENE N A A RNRF I FNREHET AN EE I - SR
FELUCRLIBPER GRS R AMA PR R TSNS S R ER LY
FEAFPE AR Ra- 20 50 RS AR R ELERY T ET R

Bdod BEHBE AR EL A TR ER LI R A AR T E RO LRY %

FEA I ST A ,ﬁﬁxgghv’%$%%%JVWﬁ@%—¢@ﬁ’4%—
g s BAVUERBELZARSE LE

rE OEIT A

2011 &# 7 % 22 p



Contents

ADSIraCt (ChiNESE). . ..t e e e e e i
A T, L . Lt e i
ACKNOWIEAGMENT. . . o i
GO ENES, . o e e e e iv
List of Tables. . . ... vii
LISt Of FIQUIES. . . oot e e e e e e e viii
Chapter 1 INtroduCtion. . ... ... .. e e e e e e 1
1.1 Research motivation. . ... ... ..ot i 2
1.2 LIterature SUIVEY. .. .ottt ettt ittt et e ettt ettt e 3
1.3 Contribution. . . ... .o 6
1.4 Organization . ... ... 0. e e e 7

Chapter 2 Fundamental theory and design of coupled-resonator filters and coupled lines. ... 9

2.1 Coupled resonator theory. . ... ..ot e i 9
2.1.1 Lowpass filter prototype. . ...t e 9
2.1.2 Impedance (K) and admittance (J) inverters. . . ..., 9
2.1.3 Impedance scaling and frequency transformation. . ................... 12
2.1.4 Reactance and susceptance slope parameters. . ................coo..... 14
2.1.5 Design equations for coupled-resonator bandpass filters. .. ............. 15
2.1.6 Extraction of the external quality factor and coupling coefficient. ........ 16
2.1.7 Chebyshev and quasi-elliptic filters. .. ....... ... .. ... ... .. .. .. ... 17

2.2 Resonance properties of the /4 SIR. . ... ... . i 20

2.3 Microstrip line and coupled microstrip lines. ........... ... ... 22
2.3.1 Single microstrip line. . ....... ... i 22



2.3.2 Coupled microstrip lines. .. ... ...t 24
2.3.3 Coupled line coupler. . ... ..ot 26

Chapter 3 Novel low-impedance microstrip line for quarter-wavelength stepped-impedance

resonator filters. ... ... .. 31

3.1 Fabrication-tolerant microstrip quarter-wavelength SIR filter. . .............. 31
3.1.1 New modified microstrip structure. . .............ccviiininenn.... 33
3.1.2 Characteristics of the proposed /4 SIR. .. ... ... ... ... 34
3.1.3 Four-pole cross-coupled filter design. . ......... ... i, 43
3.1.4 Sensitivity to etching tolerances. . ...........cc it 49
3.2 Miniaturized microstrip quarter-wavelength SIR filter. .. ................... 55
3.2.1 Analysis of the proposed structure. .. ...........ccviniiinnen.... 55
3.2.2 Four-pole cross-coupled filterdesign. . ......... ... ... 57
3.3 Resonance of the low-impedance sectionofthe SIR. . ...................... 62
3.4 Discussion of the number-of via=holes; .................................. 67
3.5 SUMMArY. . . 69

Chapter 4 Interdigital coupling structures for wideband stepped-impedance resonator filters. .

................................................................. 70
4.1 Interdigital coupled microstrip lines. ......... ... .. i 70
4.2 Proposed SIR configuration 1. .. ... ... ... it 71

4.2.1 Structure of the resonator. . ..........c.c.uiinreeiiiiiinneeennnn 71

4.2.2 Four-pole Chebyshev filter (filter ). . ....... ... ... ... ... 72

4.2.3 Four-pole generalized Chebyshev filter (filter I1). . .................... 77

4.2.4 Resonance of the circumference of the low-impedance section. . ......... 79
4.3 Proposed SIR configuration 11, . ....... ... ... ..o 82

4.3.1 Structure of the resonator. . .............cciiiiiiiiiiiiinneennnnn. 82

4.3.2 Four-pole bandpass filter design. . .......... ..., 83

\Y



A4 SUMMATY. . .ttt ettt et ettt et et e e 91

Chapter 5 Enhanced coupling structures for tight couplers and wideband filters. . ........ 92
5.1 Proposed coupled-line Structures. . ...ttt 93

BLL TYPE Lottt e e e e 93

0. 2 Type Il e 98

5.2 Wideband quarter-wavelength parallel-coupled filter. .. ................... 101

5.3 Wideband quarter-wavelength hairpin filter. .. ........ .. ... ... .. ... .... 107

5.4 Single-section 3-dB directional coupler. . ........ ... ... ... .. . .. 112

5.5 Three-section 3-dB directional coupler. .. ....... ... ... .. .. ... 118

5.6 Five-section 3-dB directional coupler. . ...... ... ... i, 123

0.7 SUMMANY. . ottt e e ettt et et e e e 129
Chapter 6 Conclusion and future WorkS, i, oo e 131
6.1 CONCIUSION. . . .. o it e e e e et i e e e e 131

6.2 FUtUure WOrKS. . . .. ... i i i e 132
ReferenCes. . ... .. o 134

Vi



List of Tables

Table 3-1 Characteristic impedance (Q) for different numbers of inserted ground strips (Total

line width is kept constantas 3mm.). . ............ ... ..., 34
Table 3-2 Design parameters of the proposed SIR filters. . .......................... 43
Table 3-3 Dimensions of the designed filters. . .. ............ .. .. ... ... iiiiio... 45

Table 3-4 Comparison of measured passband insertion losses for the conventional and propo-
sed SIR fIlters. . . ..o o e 50
Table 3-5 Sensitivity to etching tolerances in terms of the percentage deviation of the center
frequency for the conventional and proposed SIR filters. ................... 54

Table 3-6 Characteristic impedance (€2) of the conventional and proposed microstrip lines. . .

................................................................. 57
Table 3-7 Design parameters of the proposed SIR filters. . .......................... 58
Table 3-8 Dimensions of the designed filters. . . ... ... ... .. .. ... .. ... .. ... .... 59
Table 3-9 Fabricated filters and measured results. . ............... ... .. ...ccovo... 62
Table 5-1 Dimensions (in millimeters) of the three-section directional coupler. ......... 120
Table 5-2 Design parameters of the five-section directional coupler. ................. 123

Table 5-3 Dimensions (in millimeters) of the five-section directional coupler........... 127

vii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

List of Figures

1-1. Cross-sectional view of the conventional microstrip line. ..................... 3

1-2. Cross-sectional views of the symmetric coupled microstrip lines. (a) Conventional.

(b) Modified with the ground-plane aperture. . ........... ... 4

2-1. Lowpass filter prototypes and their element definitions. (a) Prototype beginning with

a shunt element. (b) Prototype beginning with a serieselement. . ............. 10
2-2. Lowpass filter prototypes with (a) K-inverters and (b) J-inverters. . ............ 11
2-3. Bandpass filters using (a) K-inverters and (b) J-inverters. . ................... 13

2-4. Generalized bandpass filters with distributed elements and (a) K-inverters. (b) J-in-

AV /=] 0 (=] £ 15

2-5. (a) Phase response of S1; for the inputiand output coupling structures. (b) Resonant
response of the coupled resonator pair. .. .. ..........coiiiininininnnn.. 17

2-6. (a) Coupling diagram and (b).frequency response for the four-pole Chebyshev filter.

2-8. (a) Conventional A/4 microstrip SIR. (b) Normalized length and (c) normalized

spurious frequency versus impedance ratio for 6,=6,..................... 21
2-9. Capacitance representation of a conventional microstripline. ................. 23

2-10. Quasi-TEM modes of the conventional coupled microstrip lines. (a) Even mode. (b)

Odd MOGE. . ...t 24
2-11. Single-section microstrip coupled line coupler. . ........ ... ... ... 26
2-12. Equivalent circuit for the even-odd mode analysis. . ....................... 26
2-13. N-section symmetric multisection coupled line coupler. .. .................. 30

viii



Fig. 3-1. (a) Conventional A/4 microstrip SIR. Dashed lines represent etching errors. (b) Nor-

malized resonant frequency versus the percentage variation of the impedance ratio.

Fig. 3-2. (a) Top view of the proposed microstrip structure. (b) Cross-sectional view of the cir-
cled portion i (8). . ... ot 33
Fig. 3-3. (a) Proposed A/4 microstrip SIR. (b) Comparison of the frequency responses of the

resonators with one and two via-holes on the ends of each inserted ground strip. . . .

Fig. 3-4. Impedance ratio R of the conventional and proposed 1/4 SIRs versus substrate thick-
ness i and width W, (in millimeters) for: (a) ¢ =3.6, (b) ¢ =6.8, and (C)
g.=10.2. Conventional: solid line. Proposed: dashed line. (circle O: W, =1.35,
N =1; triangle A: W, =24, N'=2; cross x: W, =3.45 N =3; asterisk :

W, =45, N=4; square []: W, =555 N =5; diamond <>: W, =6.6, N=6.)..

Fig. 3-5. Impedance ratio R versus substrate thickness £ for the proposed A/4 SIRs with differ-

ent numbers of inserted ground strips when W, =3.45 mm. (a) ¢ =3.6. (b)
g =6.8.(c) ¢ =10.2. (N: number of inserted ground strips. N =0: conventional
MICIOSEIP SEIUCTUIE.). . .ottt 38
Fig. 3-6. Sensitivity to etching tolerances for the conventional and proposed A/4 SIRs with
various values of the substrate thickness 4 (in millimeters) when W, =3.45 mm.
(@ £ =36. (b) ¢ =6.8. (c) & =10.2. Conventional: solid line. Proposed
(N =3): dashed line. Positive: under-etching. Negative: over-etching. (circle O:
h=0.5; triangle /\: h=0.625; cross x: h=1; square [ |: h=1.25; diamond
Ot M= D)) e 40

Fig. 3-7. Sensitivity to etching tolerances for the proposed /4 SIRs with different numbers

of inserted ground strips. (Case I: W, =3.45 mm, W, =W,=0.3 mm, and W, =

iX



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

W, =0.225 mm. Case II: W, =34 mm, W, =W,=025 mm, W,=0.275
mm, and W, =0.175 mm.) (a) Case I: #=0.5 mm. (b) Case I: #=1.5 mm. (c)

Case Il: #=0.5 mm. (d) Case Il: #=15 mm. (N: number of inserted ground

strips. N =0: conventional microstrip structure.). ............ ... ... ...... 43

3-8. Coupling structures for: (a) electric coupling and (b) magnetic coupling. . ...... 45
3-9. Coupling coefficients of the coupling structures for: (a) electric coupling and (b)
magnetic Coupling. .. ... ...ttt e 45
3-10. Proposed layout of the four-pole cross-coupled filter. . ..................... 46
3-11. Photograph of the fabricated circuit (filter ). .. ....... ... .. ... .. . ... 46
3-12. Simulated (dashed line) and measured (solid line) results (|S11] and |Sz|) of filter I.
(@) Narrowband responses. (b) Wideband responses. .. .................... 47

3-13. Photograph of the fabricated circuit(filter I). . .. ...... .. .. .. .. .. .. .. .... 48
3-14. Simulated (dashed line) and measured (solid line) results (|S11| and |S2y|) of filter II.
(@) Narrowband responses. (b) Wideband responses. .. .................... 49

3-15. Current distribution of the proposed filter at the center frequency. ............ 50

3-16. Measured sensitivity to etching tolerances for the proposed SIR filter. (a) Filter I.
(b) Filter Il (over: over-etching; under: under-etching). . ................... 51
3-17. Measured sensitivity to etching tolerances for the conventional SIR filter (/7 and
Wy are the same as those of the proposed filter). (a) Filter 1. (b) Filter 11 (over:
over-etching; under: under-etching). . .......... .. it 52
3-18. Measured sensitivity to etching tolerances for the conventional SIR filter (R and Wy

are the same as those of the proposed filter). (a) Filter I. (b) Filter 11 (over: over-

etching; under: under-etching). .. ...ttt i 53
3-19. Proposed microstrip structure. (a) Top view. (b) Bottom view. (c) Cross-sectional
VB, Lt e e 56
3-20. Proposed A/4 microstrip SIR. .. ... . e 57



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

3-21. Proposed layout of the four-pole cross-coupled filter. . ..................... 58
3-22. (a) Top view (left side) and bottom view (right side) of the fabricated filter I. (b)
Narrowband responses. (¢) Wideband responses. (simulation: dashed line; mea-
surement: SOlid 1INE.). . ... i 60
3-23. (a) Top view (left side) and bottom view (right side) of the fabricated filter Il. (b)
Narrowband responses. (¢) Wideband responses. (simulation: dashed line; mea-
surement: solid line.). . ... ... i 61
3-24. Resonant response of the proposed SIR in Section3.1...................... 62
3-25. Current distributions of the resonances (a) f,1 and (b) £, in Fig. 3-24. Elimination of
the resonances of the circumference via (c) a bond-wire or (d) a signal strip on the
bottom layer. . ... e 64
3-26. (a) Current distribution of the:resonance f,3 in Fig. 3-24. Elimination of the reso-

nance f,3 via (b) two bond-wires or (c) two signal strips on the bottom layer. . . ...

3-27. (a) Current distribution of the resonance f,. in Fig. 3-24. Elimination of the reso-

nance f,4 via three via-holes and (b) a bond-wire or (c) a signal strip on the bottom

3-28. SIR with three via-holes on each inserted ground strip and either (a) a bond-wire

or (b) a signal strip on the ground plane to eliminate unwanted resonances. (c)

Resonant response of the SIRin(a)or(b) ......... .. ... .. 66
3-29. Current distributions of the resonances (a) 11, (b) f2, and (c) f3 in Fig. 3-28. . . ... 67
3-30. (a) SIRs with one to five via-holes on each inserted ground strip. (b) Comparison of
the resonant responses of the SIRSiN (@) ......... ..., 68
4-1. Two interdigital coupling structures for wideband filter design................ 71
4-2. Proposed A/4 SIR configuration 1. (a) Top view. (b) Bottom view (N =2)....... 72

4-3. Configuration of the proposed filter 1. (a) Top-layer layout. (b) Bottom-layer layout.

Xi



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Filter Dimensions (in millimeters): L, =119, L, =14.45, L,,=13.525, L.=

125, L, =325, W,=W,=025, W, =345, W,=105 and S=d=0.15....

4-4. Design curves for the proposed filter 1. (a) External quality factor Q.. (b) Electric
coupling k12 and k34 (€) Magneticcoupling kzs. . ..o oo 75
4-5. Top view (left side) and bottom view (right side) of the fabricated filter I. . ... ... 76
4-6. Simulated (dashed line) and measured (solid line) results of filter 1. (a) Scattering
parameters. (b) Passband group delay. ............ ... .. i, 77
4-7. Configuration of the proposed filter 11. (a) Top-layer layout. (b) Bottom-layer layout.
UNIES. ML Lttt e e e e e e 78
4-8. Top view (left side) and bottom view (right side) of the fabricated filter II. . .. ... 79
4-9. Simulated (dashed line) and-measured (solid line) results of filter 1I. (a) Scattering
parameters. (b) Passband:-group delay. .. .......... ... ... .. ... ... ... ... 80
4-10. (a) Current distribution of the resonance of the circumference. (b) Elimination of
the resonance N (A). . ...ttt e e 81
4-11. Proposed A/4 SIR configuration 11, . .. ... ... ... ... ... i 82

4-12. Normalized first spurious resonant frequency versus finger number N, finger length

Lr,and WIdth Wz, ..o e 83
4-13. Coupling structures for: (a) electric coupling and (b) magnetic coupling. . ... .. 84
4-14. Proposed layout of filter L. unitssmm. . ... ... ... ... ... ... . ... ... 85

4-15. Coupling coefficients of the coupling structures for: (a) electric coupling and (b)

magnetic Coupling. .. ... ...ttt 86
4-16. Photograph of the fabricated filter I......... ... .. ... ... .. .. . ... 86
4-17. Simulated (dashed line) and measured (solid line) results of filter 1. (a) Scattering

parameters. (b) Passband group delay. ............ ... .. . .. i, 87

Xii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-18. Proposed layout of filter Il unitssmm. . ...... ... ... ... ... ... ... ..... 88
4-19. Photograph of the fabricated filter Il. .. ........ .. ... .. ... .. .. ... 89
4-20. Simulated (dashed line) and measured (solid line) results of filter 11. (a) Scattering
parameters. (b) Passband group delay. .......... ... . . ... 90

5-1. Proposed coupled microstrip lines of type I. (a) Top view. (b) Bottom view. (c)
Cross-sectional VIBW. . ... ...ttt e 93

5-2. Quasi-TEM modes of the proposed coupled microstrip lines (type I). (a) Even mode.

(0) Odd MOde. . . ...ttt e 95
5-3. Coupling factor C versus microstrip line width 1 for two aperture sizes W, =1.65
mm (circle O) and 2.85 mm (triangle /\). Conventional (Fig. 1-2(a)): dashed-
dotted line. Modified with the ground-plane aperture (Fig. 1-2(b)): dashed line.
Proposed: solid 1ine. . .. ... ol e e 96
5-4. Comparison of the coupling factor C for three different coupled lines with two aper-
ture sizes W, =1.65 mm-(circle (O)and 2.85 mm (triangle A\). Structure in [62]:
dashed-dotted line. Proposed without via-holes: dashed line. Proposed with via-
holes: solid line. . ... ... i e 98
5-5. Proposed coupled microstrip lines of type Il. (a) Top view. (b) Bottom view. (c)
Cross-sectional VIBW. . ... ...ttt 99
5-6. Quasi-TEM modes of the proposed coupled microstrip lines (type I1). (a) Even
mode. (b) Odd mode. ....... ... .. 100
5-7. Comparison of the (a) even- and odd-mode impedances (Z., Z,) and (b) coupling
factor C versus microstrip line width # for types | (dashed line) and Il (solid line)

with two aperture sizes W, =1.65 mm (circle O) and 2.85 mm (triangle A) ...

5-8. Even- and odd-mode impedances (Z,, Z,) and effective dielectric constants (&,ce, €eo)

versus normalized values Wih, Wxlh, Wslh, Slh, S¢/h, and Sglh. (@) W,/h=3.5,

Xiii



Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

SIh=S,/h=05, and (W,+S,)/h=15. (b) W,/h=41, SIh=S,/h=05,

and (W, +S,)/h=18. (c) W,lh=41, SIh=S,/h=11, and (W, +S,)/h=15

. 5-9. Configuration of the four-pole 1/4 parallel-coupled filter. (a) Top-layer layout. (b)

Bottom-layer layout. Filter dimensions: L, =22.8 mm, L,=4.8 mm, L,=2.35
mm, L,=155 mm, L, =655 mm, L;=219 mm, § =5;,=055 mm,

S; =015 mm, §,=025 mm, W =11 mm, Wy,=05 mm, and W, =0.3 mm

................................................................ 104

. 5-10. Top view and bottom view of the fabricated 1/4 parallel-coupled filter. . ...... 105
. 5-11. Simulated (dashed line) and measured (solid line) results of the 1/4 parallel-coupled
filter. (a) Scattering parameters. (b) Passband group delay. ................ 106

. 5-12. Measured sensitivity to etching tolerances for the 1/4 parallel-coupled filter (over:
over-etching; under: under-etching) . .. .. ... ... i 106

. 5-13. Proposed A/4 hairpin resonator. (a) Top view. (b) Bottom view. .. ........... 108

. 5-14. Coupling structures and design curves for the proposed 4/4 hairpin filter. (a) Elec-

tric coupling and (b) magnetic coupling. .. ....... ... .. .o ... 109

. 5-15. Configuration of the proposed four-pole A/4 hairpin filter. (a) Top-layer layout. (b)

Bottom-layer layout. Filter dimensions: L, =155 mm, L,=25 mm, L,=
1435 mm, L,=111 mm, L, =165 mm, Ly =146 mm, Lg, =13.45 mm,

wW=075 mm, W,=03 mm, and S§,=S,=5,=5.=015 mm......... 110

. 5-16. Top view (left side) and bottom view (right side) of the fabricated A/4 hairpin filter.

. 5-17. Simulated (dashed line) and measured (solid line) results of the /4 hairpin filter. (a)
Scattering parameters. (b) Passband group delay. ........................ 112

. 5-18. Even- and odd-mode impedances (Z,, Z,) and effective dielectric constants (&,

Xiv



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

€re0) VErsus normalized values Wih, Wglh, Wslh, Slh, Sglh, and Sg/h. (a)
W,lh=41, SIh=S,/h=03, and (W,+S,)/h=1.9. (b) W,lh=47,
SIh=S,/h=03, and (W, +S,)/h=2.2.(c) W,/h=44, SIh=S,/h=06,
and (W +Sp)  h=1.0 . 114
5-19. Configuration of the proposed 3-dB coupler. (a) Top-layer layout. (b) Bottom-layer
layout. Coupler dimensions: L, =3595 mm, L,=33.75 mm, L, =32.85
mm, L;,=315 mm, §=S5,=5,=5,=015 mm, §,=05 mm, W=0.75
mm, W, =0.6 mm, W,=03 mm, and W,=015 mm................ 115
5-20. Top view and bottom view of the fabricated coupler. . .................... 115
5-21. Simulated (dashed line) and measured (solid line) results of the coupler. (a) In-
sertion losses |Sx1| and |Sa1]. (b) Return loss |S11] and isolation |S4|. (c) Phase differ-
ence between the coupled and through ports. .. ........ ... .. .. ... ..., 117

5-22. Measured sensitivity to etching tolerances for the proposed 3-dB coupler (over:

over-etching; under: under-etChing) 1 ... .. ..o e 118
5-23. Schematic of the tight-coupling'section (section2) ....................... 119
5-24. Design chart for the tight-coupling section with S=0.15 mm............. 119
5-25. Simulated response of the proposed three-section directional coupler. .. ... ... 120

5-26. Top view and bottom view of the fabricated three-section directional coupler. . . ..
5-27. Measured response of the three-section directional coupler. .. .............. 121
5-28. Simulated and measured amplitude and phase imbalances between the coupled and

through ports. (a) Amplitude imbalance. (b) Phase imbalance. ............. 122
5-29. Cross-sectional view of the enhanced coupling structure in sections 2 and 4. . .. ..

5-30. Even- and odd-mode impedances (Z., Z,) and effective dielectric constants (.., &)

versus normalized values S/h and W/h for S,/h=0.3 and W;/h=0.6. (a)

XV



Even-mode. (b) Odd-mode. .......... ...t 125
Fig. 5-31. Cross-sectional view of the enhanced coupling structure in section 3. ........ 125
Fig. 5-32. Even- and odd-mode impedances (Z., Z,) and effective dielectric constants (.., &)

versus normalized values Wih and Wi/h for S/h=0.3. (a) Even-mode. (b) Odd-

............................................................... 127
Fig. 5-34. Simulated result of the five-section directional coupler.................... 128
Fig. 5-35. Measured result of the five-section directional coupler. ................... 128

Fig. 5-36. (a) Amplitude difference between the coupled and through ports. (b) Phase differ-

ence between the coupled and through ports. . ........ ... .. .. .. ... ..... 129

XVi



Chapter 1 INTRODUCTION

A microstrip line is one of the most popular transmission lines and plays an important
role in commercialized portable devices and microwave systems. The advantages of a mi-
crostrip line are: 1) planar structure; 2) easy fabrication by photolithographic processes for
low cost; and 3) easy integration with passive and active microwave devices. Due to the rapid
growth in modern wireless communication systems, passive components such as filters,
directional couplers, and etc., are largely constructed by a microstrip line for easy integration
into the printed circuit board (PCB). However, fabrication tolerances and limitations in the
conventional PCB process seriously limit the application of a microstrip line.

Filters are essential components in microwave systems. The trend of bandpass filters
(BPFs) is toward compact size, low cost, high selectivity, and wide stopband. Another
important issue regarding the narrowband filter design is the low sensitivity to fabrication
tolerances, especially for some resonator structures. Recently, wideband communication
systems attract much attention for the high data-rate capacity. To design passive components
for wideband applications, tightly coupled lines are usually required to obtain strong coupling.
Generally speaking, due to fabrication limitations, it is difficult to implement a microstrip
filter with the fractional bandwidth larger than 20% and a microstrip directional coupler with
a 3-dB coupling on a commonly used single-layer substrate (for example, a RO4003 substrate
with a dielectric constant of 3.58 and a thickness of 0.508 mm). In this chapter, we discuss the
difficulties to realize fabrication-tolerant filters, wideband filters, and tightly coupled lines
using the conventional microstrip line and coupled microstrip lines. Previous studies for
compact filters, wideband filters, and tight couplers are described and summarized. Finally,

we give an outline of this dissertation.



1.1 Research Motivation

High performance BPFs have become more and more important in recent years due to
the rapid growth in modern wireless communication systems. The microstrip filter plays an
important role in modern filter applications due to its planar structure and suitability for
circuit integration. Recently, the stepped-impedance resonator (SIR) filter has been a hot topic
because of its ability to reduce the circuit size and to improve the upper stopband performance.
Theoretical analysis reveals that the fundamental frequency and the first spurious frequency
of the SIR are mainly controlled by the impedance ratio of the high- and low-impedance line
sections. As a result, small fabrication errors may cause a large variation of the impedance
ratio, which will degrade the filter performance seriously. Although numerous studies have
been performed on the advantages of SIRs, how to decrease the effect of fabrication
tolerances is still critically lacking.

Next generation wireless systems and high data-rate communication systems require
wideband components. However, it is difficult to achieve moderate to tight coupling in the
conventional coupled microstrip lines due to the minimum allowable line width and gap
spacing. This causes a challenge to design wideband BPFs and tight couplers. In addition, for
wideband BPFs, the first spurious frequency should be far apart from the center frequency, or
the stopband rejection may be poor. Therefore, strong coupling strength and wide spurious-
free performance are the two challenges to design small wideband BPFs. On the other hand, a
directional coupler with a 3-dB coupling is usually required in practical applications. The high
even-mode impedance and the low odd-mode impedance lead to the very narrow line width
and gap spacing, especially for the multisection 3-dB directional coupler.

This dissertation is to demonstrate several novel microstrip lines and coupled microstrip
lines to overcome the drawbacks described above. Fabrication-tolerant filters, small wideband

filters, and 3-dB directional couplers are experimented on the basis of the proposed structures.
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Fig. 1-1. Cross-sectional view of the conventional microstrip line.

In addition, to facilitate the implementation process and to minimize the fabrication cost, all
the circuits should be able to realize on a single-layer substrate by the conventional PCB

process.

1.2 Literature Survey

A microstrip line, as shown in Fig.1-1, supports a quasi-TEM mode of propagation and
is widely applied to design microwave circuits, such as filters, couplers, and etc. The mi-
crostrip parallel-coupled filter proposed by Cohn [1] in 1958 has been extensively used in the
microwave area because of its planar structure, insensitivity to fabrication tolerances, and
well-known synthesis method. However, there are two drawbacks limiting the application of
this type of filter. One is that the whole length of the filter is too long as the order of the filter
becomes high. The other is that due to the unequal even- and odd-mode phase velocities, it
suffers from the existence of the spurious response at 2f, (i.e., twice the center frequency),
which may cause a poor attenuation level in the stopband [2].

SIR filters have been proposed to solve the drawbacks mentioned above [3]-[17]. They
can be categorized into three major types, namely: 1) quarter-wavelength; 2) half-wavelength;
and 3) one-wavelength SIR filters. The resonant frequency of the SIR is primarily controlled
by the impedance ratio of the line sections. For the same substrate, the characteristic impe-

dance of the conventional microstrip line is only controlled by the width of the conductor.
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Fig. 1-2. Cross-sectional views of the symmetric coupled microstrip lines. (a) Conventional.

(b) Modified with the ground-plane aperture.

Due to the restriction of the fabrication process, manufacturing tolerances may influence the
performance of the filter and cause a shift of the center frequency. These effects are much
more obvious on the SIR than on the uniform-impedance resonator (UIR). This is because for
a constant amount of etching error on the conventional microstrip line, the percentage width
variation (i.e., etching error divided by the normal -width in percent) in the high-impedance
section is much larger than that in the low-impedance section. Thus, the variation of the
characteristic impedance of the high-impedance line is different from that of the low-
impedance line, and this may cause the impedance ratio of the SIR to change largely. Thereby,
the conventional microstrip SIR is very sensitive to fabrication tolerances. However, until now,
there is still no works related to the sensitivity of microstrip SIR filters.

Coupled microstrip lines are extensively used to design directional couplers and edge-
coupled filters. Tightly coupled directional couplers (especially a 3-dB coupler) and wideband
filters are essential components in modern wireless communication systems. For the tight
coupler and wideband filter design, strongly coupled microstrip lines [see Fig. 1-2(a)] are
required. Nonetheless, the minimum line width and gap spacing in the conventional PCB
process are only approximately 0.15 mm. On the other hand, most of the popularly used PCBs
have low dielectric constants. It is inherently difficult to implement tightly coupled lines with

low-dielectric-constant substrates.



Various approaches have been proposed to design a single-section 3-dB coupler. The
most famous one is the Lange coupler [18]-[20], which is used extensively in the monolithic
microwave integrated circuit (MMIC). However, the line width and gap spacing for either a
four- or six-line 3-dB Lange coupler will be far below the fabrication limitation of the PCB
process if a common substrate (for example, a RO4003 substrate with a dielectric constant of
3.58 and a thickness of 0.508 mm) is used. The vertically installed planar (VIP) structure [21],
[22] could fit the PCB process, but it needs some special tools to solder the vertical substrate.
The multilayer structure [23]-[27] requires multilayer substrates. A floating conductor along
with a small dielectric layer [28]-[30] can be placed above the signal strips or between the
signal strips and the microstrip ground plane. All the structures in [23]-[30] lead to higher
fabrication costs compared to a single-layer substrate structure. A 3-dB coupler can also be
fabricated on a single-layer substrate with broadside-coupled structures employing coplanar
waveguides (CPWSs) [31], [32]. Nevertheless, these structures may have the input and output
ports on different sides of the substrate and might be difficult to apply to wideband filter
design. Since there must be ground plane metals on two sides of the top layer, filter topologies
such as interdigital, combline, or hairpin filters are not suitable.

Since broadband communication systems (e.g., ultra-wideband (UWB) system) are
highly developed, multisection 3-dB directional couplers are necessary to increase the band-
width. It is much more difficult to implement a multisection 3-dB directional coupler on the
PCB since a very high even-mode impedance and a very low odd-mode impedance are
required for the extremely tight-coupling inner sections. Although the Lange coupler [33] and
the tandem coupler [34] have been used to design the tight-coupling section of a three-section
3-dB directional coupler, they require wire crossovers and may be unable to achieve very tight
coupling on the low-dielectric-constant substrate. Thus, they are not appropriate to realize the
tight-coupling section of a multisection directional coupler. The broadside-coupled and

slot-coupled approaches can be applied to construct very tight-coupling structures [35]-[40],
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but they require multilayer substrates. The VIP structure has been used in the tight-coupling
sections to design a five-section directional coupler with a wide bandwidth of 160% [41]. As
mentioned above, it is complicated from the manufacturing point of view.

To design a microstrip, wideband, coupled-resonator BPF on the PCB, there are many
published works. The ground-plane aperture technique and the defected ground structure
(DGS), as shown in Fig. 1-2(b), are commonly used to enhance the coupling [42]-[44]. In Fig.
1-2(b), the aperture width Wk varies according to the required coupling strength. Dual-plane
and broadside-coupled structures [45]-[48] enable the stronger coupling, and filters with these
structures inherently exhibit wideband characteristics. Other techniques, such as multilayer
structures [30], [49], three-line microstrips [50], multimode resonators [51], [52], the cascade
of lowpass and highpass filters [53], and the new coupling scheme in [54] are used to design
wideband BPFs. However, the above-mentioned filters may be large, require multilayer
technology, or have a narrow upperstopband. To summarize, it is more appropriate to design
new coupling structures suitable for tight couplers, wideband filters, and other circuits that

require strong coupling.

1.3 Contribution

In this dissertation, we propose a new microstrip line with the signal and ground strips on
the same plane. Accordingly, the characteristic impedance of the proposed microstrip line can
be controlled by the signal and ground strips in a coplanar manner, in addition to the total line
width and substrate thickness. The proposed microstrip line is easily adopted in the low-
impedance section of the SIR not only to reduce the resonator size but also to decrease the
sensitivity of dimensional errors of the SIR. As a result, the SIR filter has a further smaller
size and is insensitive to fabrication tolerances.

To implement a small wideband BPF with a high spurious passband, the low-impedance



section of the SIR is modified to have parallel thin strips. Since the magnetic coupling is
much stronger than the electric coupling and can be increased easily by a short-circuited stub,
it is much less constrained. The purpose of the thin strips in the low-impedance section of the
SIR is to obtain a strong interdigital coupling between adjacent SIRs. Consequently, the filter
can have a compact size, a wide passband, and a wide upper stopband.

Two novel microstrip coupling structures are also proposed to solve the coupling
strength problem of the conventional coupled microstrip lines. The proposed coupled-line
structures both have a rectangular ground-plane aperture and two inserted signal strips in the
aperture to increase the coupling strength significantly. The proposed two structures have
good compatibility with the conventional coupled microstrip lines so that they are applied to
implement the single- and multi-section directional couplers. In addition, since these two
coupling structures are easily adopted in.any part of the resonator where the strong coupling is
required, they are used to design wideband BPFs. All the proposed circuits can be fabricated

on a single-layer substrate by the conventional-PCB process.

1.4 Organization

This dissertation is organized as follows. Chapter 1 describes the conventional microstrip
line and coupled microstrip lines, together with their difficulties to design some microwave
components. Chapter 2 introduces the basic filter prototypes and coupled-resonator circuits
for BPFs. The theory of the microstrip parallel coupled line coupler is also expressed.

In Chapter 3, a novel microstrip structure is proposed to design miniaturized filters. The
proposed microstrip line has another degree of freedom to control the characteristic impe-
dance. It is easily incorporated in the conventional microstrip SIR not only to reduce the
resonator size but also to decrease its sensitivity to fabrication tolerances. The concepts and

characteristics of the modified resonator structure are discussed in detail. The filters con-



structed by the conventional microstrip SIR are also designed and fabricated to compare with
the proposed filters.

In Chapter 4, we propose two interdigital coupling structures to design several wideband
SIR BPFs. Generally speaking, it is very difficult to design small wideband BPFs since the
coupling strength would be too weak for small-size resonators, especially for a SIR. However,
the SIR has a high spurious frequency so that it is very appropriate for wideband filter design.
Here, compact wideband BPFs are developed by modifying the low-impedance section of the
SIR. With a proper coupling scheme, the coupling strength between adjacent resonators can
be very large so as to design small wideband SIR BPFs.

In Chapter 5, two novel enhanced coupling structures are presented to achieve moderate
to tight coupling. The proposed two coupling structures have many physical parameters for
design flexibility to meet practical applications.. These two coupling structures only require a
single-layer substrate. No fine lines-and narrow gaps are required so as to fit the conventional
PCB process. In addition, they are both compatible with the conventional microstrip line and
coupled microstrip lines. Therefore, we design several 3-dB directional couplers and wide-
band filters by combining the conventional and proposed microstrip structures.

In Chapter 6, we conclude the dissertation and provide suggestions for future works.



Chapter 2 FUNDAMENTAL THEORY AND DESIGN OF

COUPLED-RESONATOR FILTERS AND COUPLED LINES

This chapter focuses on the theory of coupled resonator circuits and symmetric
microstrip parallel coupled lines. These are the two basic topics for the design of microstrip
filters and couplers in this dissertation. In addition, the coupling schemes of the Chebyshev
and quasi-elliptic filters are illustrated. The characteristics of the 4/4 stepped-impedance

resonator (SIR) are also discussed since it is used in the proposed filter design.

2.1 Coupled Resonator Theory

In 1951, Dishal [55], [56] proposed an: approach to design any lumped-element or
distributed bandpass filter (BPF) by three parameters: 1) the resonator frequency, fo; 2) the
coupling between adjacent resonators, k; and 3) the external quality factor, Q.. Afterwards,

this approach is summarized by Hong and Lancaster [57].

2.1.1 Lowpass Filter Prototype

For the filter design, it is usually from the ladder circuits for lowpass filter prototypes, as
shown in Fig. 2-1, with a source resistance or conductance equal to one (i.e., g,=1) and a
cutoft frequency Q_=1. Both the circuits in Fig. 2-1 give the same response. The element
values g;, i=1 to n, represent a series inductor or a shunt capacitor. g,+; is a load resistance
or conductance. The element values of the lowpass filter prototypes can be tabulated as long

as the filter specifications are given.

2.1.2 Impedance (K) and Admittance (J) Inverters

The circuits in Fig. 2-1 have series and shunt elements. It is often desirable to use only
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Fig. 2-1. Lowpass filter prototypes and their element definitions. (a) Prototype beginning with

a shunt element. (b) Prototype beginning with'a series element.

series or shunt elements to implement filters.- The K- or J-inverter is a two-port network.
Ideally, the inverter parameter is frequency invariable. The ABCD matrix of an ideal

K-inverter is

0 FjK

A B -
CD_i,L 0 @D

JjK

where K is a real value and is defined as the characteristic impedance of the inverter. Thereby,
for a K-inverter terminated with an impedance Z,, the impedance Z; seen from the other port

of a K-inverter is

Z == (2.2)
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Fig. 2-2. Lowpass filter prototypes with (a) K-inverters and (b) J-inverters.
It is seen that if Z, is inductive, Z; becomes capacitive, and vice versa. The inverter has a

phase shift of £90°.

The ABCD matrix of an ideal J-inverter 1s
A B 0 17 2.3)
C D| |_ / '

where J is a real value and is defined as the characteristic admittance of the inverter. Again, if
a J-inverter is terminated with an admittance Y», the input admittance Y; seen looking in the

other port is

2
Y :‘]7. (2.4)
2
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Apparently, a J-inverter has the same property as a K-inverter.

A series inductor with a K-inverter on each side looks like a shunt capacitor. On the other
hand, a shunt capacitor with a J-inverter on each side represents a series inductor. As a result,
the lowpass filter prototypes in Fig. 2-1 are modified to have only series or shunt elements by

including the K- or J-inverters, as shown in Fig. 2-2.

2.1.3 Impedance Scaling and Frequency Transformation

Since the source resistance is unity in the lowpass filter prototype (i.e., g, =1), a source

resistance Zj can be obtained by multiplying the impedances of the prototype circuit by Zy. If
w; and @, denote the passband edges of a BPF, the center frequency w, and the fractional

bandwidth A are expressed as:

W, =+ 0,0, (2.5)

(2.6)

Therefore, the frequency transformation from a lowpass prototype response to a bandpass

response is

Q=""c (2 %oy 2.7)

This transformation is applied to the reactive elements of the lowpass filter prototype. As a
result, the lowpass filter elements are transformed to series LC resonant circuits in the series
arms, and to parallel LC resonant circuits in the shunt arms. To summarize, the new element

values after the impedance and frequency scaling for the series LC circuit are

12
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Ao, 2.8)
c-—28 (2.9)
0,80, Z,

where g represents the series inductor in the lowpass filter prototype. Similarly, the new

element values for the shunt LC circuit are

AZ,

L = 2.10
g waQc ( )
_ 8 2.11)

" AwyZ,

where g represents the shunt capacitor in the lowpass filter prototype.
As a result, the lowpass filter prototypes shown in Fig. 2-2 are converted to the bandpass

filters, as shown in Fig. 2-3.

le Csl Ls2 CS2 Ls3 Cs3
Zo § Ko K K> Kig|-===--- Zu
(a)
YO§ JOI Lpl ::Cpl J12 Lpz ::sz J23 Lp3 ::Cp3 J34 _______ Yn+1
(b)

Fig. 2-3. Bandpass filters using (a) K-inverters and (b) J-inverters.
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2.1.4 Reactance and Susceptance Slope Parameters

At microwave frequencies, distributed-element forms are easier to construct than
lumped-element forms. For the distributed resonator, the reactance or susceptance and the
slope parameter are made equal to those of the corresponding lumped resonator at the center
frequency w,. For a resonator with a series-type resonance (i.e., zero reactance at @), the

reactance slope parameter x is defined as follows:

= dX(@)

2.12
2 do ( )

0=,

where X is the reactance of the resonator. For a lumped series LC resonator, x is equal to @, L

or 1/(®,C). On the other hand, for a resonator exhibiting a shunt-type resonance (i.e., zero

susceptance at o), the susceptance slope parameter d is

p = 2 dB(®)
2 dow

=0,

(2.13)

where B is the susceptance of the resonator. For a lumped parallel LC resonator, b is equal to

@,C or 1/(®,L). Accordingly, the properties of the lumped resonators in Fig. 2-3 can be
defined in terms of the reactance or susceptance slope parameter. Fig. 2-4 shows the bandpass
filters with the general terms X and B to represent the distributed resonators. For the Nth-order

filter (i.e., n= N ), the values of the K-inverters in Fig. 2-4(a) are

K. = Ax,Z, K = A XX,
01 s I,i+1
Q.88 Q. \geg.

14

Ax, 7
s Ky vy = QN—N“ ) (2.14)
i=1,2,.. . N—1 N8N+




The values of the J-inverters in Fig. 2-4(b) are

Jy, = M s i :A % s Jywa = M ) (2.15)
Q.88 Q. \ g8 N Q.8y8 v
Xi(w) X(w) X3(w)
Zo§ Ko K, Ky Ksy|-===--- /)
(a)
| | |
Yog Joi Bi(w) Ji By(w) I3 B3(w) WYY i Yo
I I I
(b)

Fig. 2-4. Generalized bandpass filters with distributed elements and (a) K-inverters. (b)

J-inverters.

2.1.5 Design Equations for Coupled-Resonator Bandpass Filters
Finally, the filter can be expressed in terms of the external quality factor O, and the
coupling coefficient k. For the filter with the K-inverters, as shown in Fig. 2-4(a), the external

qualify factors of the input (Q,;) and output (Q.,) ports are

X Q
0, =1 =S8r% (2.16)
K2 /Z, A
X g;g1+lQ‘,
= n__ = Snbmn% 2.17
Cr Kyl Z,, A @17
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The coupling coefficient k£ between adjacent resonators is obtained as

Ki,i+1 _ A

=121 - :
VXX Q.\/8:&n

(2.18)

i,i+1

Likewise, the design equations for the filter with the J-inverters, as shown in Fig. 2-4(b), are
the same as (2.16) to (2.18). Consequently, the filter is specified by the external quality factors
and the coupling coefficients. The values of these parameters are extracted through the

electromagnetic (EM) simulation as long as the filter specifications are given.

2.1.6 Extraction of the External Quality Factor and Coupling Coefficient

As the input or output resonator has a single loading, the reflection coefficient (S};) at the
excitation port has the phase response presented in Fig. 2-5(a). fioo and fo9 represent the
frequencies which have the phase shifts of +90° and -90°, respectively, versus the absolute

phase at the center frequency fy. The external quality factor O, can be obtained as

o 2.19
Qe ﬁoo_ﬁoo ( )

To extract the coupling coefficient &, very weak coupling is applied to the coupled
resonator pair. The typical resonant response of the coupled resonator structure is shown in
Fig. 2-5(b), where there are two resonant peaks corresponding to f,; and f,». Consequently, the

coupling coefficient k is

2 g2
k=2t (2.20)
pr + pl
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Fig. 2-5. (a) Phase response of S}; for the input and output coupling structures. (b) Resonant

response of the coupled resonator pair.

2.1.7 Chebyshev and Quasi-Elliptic Filters
The Chebyshev filter has the equal-ripple passband and maximally flat stopband. The

transfer function corresponding to this type of filter is

1

15,,(J€Y) |z=m (2.21)
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where Q is a frequency variable for the lowpass filter prototype, n is the order of the filter,

and ¢ is a ripple constant related to a passband ripple L4 (dB) by
Ly
e=\10" —1. (2.22)
T,(Q) represents a Chebyshev function of the first kind of order » and is defined as

cos(ncos™ Q) Q<1

(D)= {cosh(n cosh™ Q) Q>1 (223)

For a four-pole Chebyshev filter, Fig. 2-6 shows the coupling scheme and frequency response.

o N N N =0
(a)

-
—-—————
T
-

Rejection/return loss (dB)
@
o

y
I\ "
-40 5 Y
| ]
] ]
-50f '
\
|
_60 1 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4
Prototype frequency (rad/s)
(b)

Fig. 2-6. (a) Coupling diagram and (b) frequency response for the four-pole Chebyshev filter.

18



The quasi-elliptic filter, also called the generalized Chebyshev filter, has a pair of
transmission zeros at the finite frequencies to improve the selectivity. The transfer function of

this type of filter is

1
S (iQ))fP=z=—mo 2.24
| 21(] )| 1+€2E12(Q) ( )
1
PR (2.25)
1010 —1
F (Q) =cosh{(n—2)cosh™ () +cosh™ (Q Q- l) + cosh'l(Q“Q * 1)} (2.26)

Q,-Q Q,+Q
where Q is a frequency variable for the lowpass filter prototype, and Q=+Q are the
frequencies of a pair of transmission zeros. # is the order of the filter, and ¢ is a ripple constant
corresponding to a return loss Lg. It should be noted that as Q, approaches infinite, the fun-
ction F,(€2) becomes the Chebyshev function. After the lowpass-to-bandpass transformation,

the transmission zeros of the BPF can be obtained as follows:

QA+ J(Q A +4
0, = g ATV 2.27)

al 2

QA+(Q,A) +4 . (2.28)

W, = W 5
Fig. 2-7 shows the coupling scheme and frequency response for a four-pole quasi-elliptic filter.
To generate a pair of transmission zeros on both sides of the passband, the sign of the cross
coupling k14 should be opposite to that of k3. In practical realizations, this means that if k4

represents a magnetic coupling, k»3 must be an electric coupling, and vice versa.
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Fig. 2-7. (a) Coupling diagram and (b) frequency response for the four-pole quasi-elliptic

filter.

2.2 Resonance Properties of the 4/4 SIR

Fig. 2-8(a) shows the structure of a conventional 4/4 microstrip SIR. It comprises a
section of high-impedance (Z;) and a section of low-impedance (Z,) transmission line with
corresponding physical (electrical) lengths L; (6;) and L, (6,), respectively. By ignoring the

effect of the step discontinuity, the input impedance Z; at the open end is given by

7 -z, Z tan6 + Z, tan 6, '
Z,—Z tang, tan 0,

(2.29)
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Fig. 2-8. (a) Conventional A/4 microstrip SIR. (b) Normalized length and (c) normalized

spurious frequency versus impedance ratio for 6, =6, .
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The resonance condition from Z; =0 can be obtained as follows:

tand tand, = R (2.30)

where the impedance ratio R of the SIR is defined as

R==2, (2.31)

The SIR has a minimum length when the high- and low-impedance sections are equal in
length. The resonator length reaches a minimum value of @, =2tan™' JR . The normalized

resonator length versus impedance ratio is plotted in Fig. 2-8(b) for 0<R<1 and 6, =6,,
where R =1 corresponds to the uniform-impedance /4 resonator. Moreover, the relationship

between the fundamental frequency-(f;).and the first spurious frequency (fs1) is given by

Jo_ T (2.32)

and is shown in Fig. 2-8(c). Therefore, to minimize the filter size and to enlarge the span

between the fundamental and first spurious frequencies, we have L, =L, and make R as

small as possible.

2.3 Microstrip Line and Coupled Microstrip Lines

2.3.1 Single Microstrip Line
Since the fields in a microstrip line are not contained within a homogeneous dielectric

region, it cannot support a pure transverse electromagnetic (TEM) wave. Therefore, the
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Fig. 2-9. Capacitance representation of a conventional microstrip line.

dominated mode of a microstrip line is a quasi-TEM mode. In the quasi-TEM analysis, the
capacitance representation of a microstrip line is shown in Fig. 2-9. Here, C, denotes the
parallel-plate capacitance per unit length between the signal strip and the ground plane, and Cy
is the fringe capacitance per unit length from the edge of a microstrip line. The total per-unit-

length capacitance C; of a microstrip line is

ELLE e | (2.33)

The transmission characteristics of a microstrip line are described by the effective dielectric
constant ¢, and the characteristic impedance Z.. These two parameters are determined from

the values of two capacitances as follows:

C
£ =—- 2.34
=C (2.34)

z-—1_ (2.35)

© efcc '

where C; is the total capacitance per unit length with the dielectric substrate present, and C, is
the total capacitance per unit length with the dielectric substrate replaced by air. ¢ is the

free-space light velocity (¢ ~3x10° m/s).
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2.3.2 Coupled Microstrip Lines

Magnetic Wall
S SR
C;“ Cp Cf'e Cfb Cp Cf'
(@)

Electric Wall
Cgﬂ : Cgﬂ

I--ID
SR S
Lk
ng ng
Cf' C,ﬂ CP Cr“
(b)

Fig. 2-10. Quasi-TEM modes of the conventional coupled microstrip lines. (a) Even mode. (b)

0Odd mode.

Symmetric coupled microstrip lines, as shown in Fig. 1-2(a), can be analyzed by the
even-odd mode analysis. For the even-mode excitation, the normal component of the electric
field at the symmetry plane is zero, which leads to a magnetic wall. For the odd-mode
excitation, the symmetry plane behaves like an electric wall. Fig. 2-10 shows the capacitance
representation for the even- and odd-mode excitations. The even- and odd-mode capacitances

(Ce, C,) for either of the coupled lines are given by

C,=C,+C,+C, (2.36)
C,=C,+C,+C, +C,, (2.37)
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where C, is a parallel-plate capacitance per unit length between the signal and ground planes.
Cris the fringe capacitance per unit length from the edge of an uncoupled microstrip line, and
Cr. 1s the fringe capacitance per unit length due to the presence of another line. Cy, and C,y are
the fringe capacitances per unit length across the coupling gap in the air and dielectric regions,
respectively.

The even- and odd-mode effective dielectric constants ¢,. and ¢,, are determined as

C

£, =— 2.38

“=C (2.38)
C

£, =—2 2.39

s (2.39)

where C,. and C,, are the even- and odd-mode capacitances of either of the coupled lines with
air as a dielectric substrate. For the coupled microstrip lines, the even-mode electric field
distributions are much more concentrated in a dielectric substrate compared to the odd-mode
electric field distributions. Consequently;-the value of (2.38) is larger than that of (2.39),
which means that the even-mode phase velocity is smaller than the odd-mode phase velocity.
This will influence the directivity and isolation of the microstrip directional coupler. The

even- and odd-mode impedances Z,. and Zy, are given as follows:

1
Z, =—— (2.40)
O CVCaeCe
]
Z, =—— (2.41)
 efc C

where c is the free-space light velocity (¢ ~3x10° m/s).
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2.3.3 Coupled Line Coupler

Coupled Isolated

Input Through

Fig. 2-11. Single-section microstrip coupled line coupler.

Even mode: ., Zy.
Odd mode: S, Zy,

Fig. 2-12. Equivalent circuit for the even-odd mode analysis.

A single-section microstrip coupled line coupler with a coupling length L is depicted in
Fig. 2-11. With the definitions of the even- and odd-mode impedances described above, the
design equations for the coupler can be obtained by applying the even-odd mode analysis. The
equivalent circuit for the even- and odd-mode excitations is shown in Fig. 2-12. For simplicity,
assume that the coupler has a terminated impedance Z, and the even and odd modes of the

coupled lines have the same velocity of propagation (i.e., S, = B, = f). Therefore, the ABCD

matrices for the even and odd modes are given by

cos@ jZ, sinf

A(! Be .
{ }: jsind

2.42
) (2.42)

cos @

Oe
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4 B .00‘56:9 JZ,,sind -
C, D, | A Y 243)

0o

where 0= L=/ L=/pL. As a result, the even- and odd-mode reflection coefficients can

be obtained as follows:

Jj (ZZ(’e - é) sin @
Slle = S33€ = : 7 e 7 (2.44)
2cosf+ j(=2¢+—=")sin
0 Oe
j (ZZO” — ZZO) sin @
Sl lo = S33n = . Z = Z . (245)
2cos O+ j(—22+=2)sin
ZO 0o
The even- and odd-mode transmission coefficients are calculated as
2
Site = Size = 7 7 (2.46)
2cosf+ j(—2¢+—=")sin b
0 Oe
2
Ss10 =813, = 7 7 . (2.47)
2cosf+ j(22+=2)sin
0 0o
Since
S11 — Slle ;Sllo (248)
Sy = Sizet S ; Ssso (2.49)

to make S, =S;;=0 forany length L, we have the following equation:
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(2.50)

Thus, the scattering parameters for the single-section coupler can be obtained as follows:

S E_S o
Si4 =84 =8, =55, * > He=0
S-S j(Zzoe_Zoo)Sine
S =8, =84=8;= “62 He = ° 7 ° 7
2¢c0s 0+ j(—2 +=%2)sin O
Zy, Z,
S 550, 2
S;3 =85 =8, =8,= * 5 He =

0 0

Now we define the coupling factor C as

— ZOe _ZOO
ZOe +ZO()
so that (2.53) and (2.54) become
jCsin @
S21 - 2 ..
\/I—C cos@+ jsind
1_ 2
S;, = ¢

Ji-c cos@+ jsin@

Z V4 ’
2c0s @+ j(=le + =) sin H
J(Z 7 )

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

For the coupler with L=A4/4 (i.e., #=x/2) and port 1 excitation, the coupling amount to

port 2 is at its maximum. Under this condition, the scattering matrix is
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0 C —jN1=-C? 0

C 0 0 —jV1-C?

[S]= . (2.58)
—jV1-C? 0 0 C

0 —jN1=-C? C 0

As a result, the maximum value of coupling is C for the coupled line coupler. The design

equations for the even- and odd-mode impedances and the coupling factor are given by

7 =7 |[—= 2.59

Oe 0 I—C ( )
1-C

Zy, =L, |——. 2.60

0o 0 1+C ( )

Thus, the coupling strength of the microstrip coupled line coupler can be determined by the
even- and odd-mode impedances. Furthermore, the stronger the coupling is, the larger the
difference between the even- and odd-mode impedances is. This implies the narrow line width
and gap spacing.

The coupling, directivity, and isolation are the three quantities to characterize a

directional coupler and are defined as follows:

Coupling (dB) = lOlogﬁ =20log ! (2.61)
b | S5

Directivity (dB) = 1010gi = 2OlogM (2.62)
b, [ Sa |

Isolation (dB) = 1010g£ =20log ! (2.63)
P, | Sa

where P; is the power incident at port 1, and P, and P, are the power outputs at ports 2 and 4,
respectively.

The bandwidth of a single-section coupled line coupler is usually limited. Therefore, a

29



Coupled Isolated

l 1 2 N-1 N !
Input Through

Fig. 2-13. N-section symmetric multisection coupled line coupler.

multisection coupled line coupler is required to increase the bandwidth. A multisection
coupled line coupler can be either symmetric or asymmetric depending on whether it has
end-to-end symmetry. In this dissertation, we design a symmetric multisection coupled line
coupler which has an odd number of coupling sections, as depicted in Fig. 2-13. For a multi-
section coupled line coupler, each coupling section is a quarter-wavelength long at the center
frequency and is specified by the even- and odd-mode impedances [58]. The even- and

odd-mode impedances for each coupling section have been tabulated in [59].
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Chapter 3 NOVEL LOW-IMPEDANCE MICROSTRIP LINE
FOR QUARTER-WAVELENGTH STEPPED-IMPEDANCE

RESONATOR FILTERS

In this chapter, a new low-impedance microstrip line is proposed and applied in the
conventional microstrip quarter-wavelength stepped-impedance resonator (SIR). The pro-
posed microstrip line has the signal and ground strips on the same plane to provide another
degree of freedom to control the characteristic impedance. The experimental filters have
compact sizes, high selectivity, and wide stopband range. More importantly, it can be used to

decrease the sensitivity of the SIR to fabrication tolerances.

3.1 Fabrication-Tolerant -Microstrip Quarter-Wavelength SIR

Filter

The etching error causes the serious resonant frequency drift of a microstrip SIR. Fig.
3-1(a) depicts the fabrication tolerance in the conventional 4/4 microstrip SIR (i.e., AWy for
under-etching and AW, for over-etching). The normalized resonant frequency versus the
percentage variation of the impedance ratio R is shown in Fig. 3-1(b), where different curves
correspond to different amounts of variation in R due to etching errors. It is observed that
small changes in the impedance ratio would contribute to obvious variations in the resonant
frequency. As an example, consider two conventional 4/4 microstrip SIRs, as shown in Fig.
3-1(a), with different physical dimensions on the substrate with a dielectric constant of 3.6
and a thickness of 0.5 mm. The first case is W, =0.225 mm and W, =3.45 mm, which
corresponds to R =0.204. The second case is W, =1.25 mm and W, =1.45 mm, which

corresponds to R=0.906. For AW, =0.025 mm (i.e., over-etching 0.05 mm), the im-
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pedance ratio R is changed to 0.189 for the first case and to 0.904 for the second case. The
percentage variations of the impedance ratio R for the first and second cases due to the
over-etching are -7.35% and -0.22%, respectively. As a result, the first case would have
-3.334% of the frequency drift, and the second case would only have -0.073% of the
frequency drift. The frequency drift due to etching errors becomes larger as the impedance
ratio becomes smaller. Therefore, the conventional microstrip SIR structure is very sensitive
to fabrication tolerances, such as over-etching, under-etching, and errors in substrate thickness.
Sometimes the filter requires a substantial amount of tuning and even additional iteration to

meet the desired performance specification.

1.12
1.1}
1.08} 15% AR =R (with etching error) — ROrig (original) -
1.06F 10% 1
1.04] -
1.02} ]

ARIR  x 100 (%)
orig

098 L% e ]
096F 5% o mmemmmemmmm—memm===—m=s ]

094F “10%  ___omeemmmmmmm=mmmTTIIIT ]

e m =

0.92f 1

0.9 L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1

Impedance ratio R
(b)

Fig. 3-1. (a) Conventional 4/4 microstrip SIR. Dashed lines represent etching errors. (b)

Normalized resonant frequency (f/fo)

Normalized resonant frequency versus the percentage variation of the impedance ratio.

32



3.1.1 New Modified Microstrip Structure

Inserted Ground Strip

Cga l Cga

¥ Signal strip

. G d Pl
I Ground strip round Hlane Ground Via-hole

(a) (b)
Fig. 3-2. (a) Top view of the proposed microstrip structure. (b) Cross-sectional view of the

circled portion in (a).

Fig. 3-2 shows the top and cross-sectional views of the proposed microstrip structure.
This structure is based on the conventional microstrip line where a ground strip is inserted in
the signal plane and a ground via-hole is used. In Fig. 3-2(b), C, denotes the parallel-plate
capacitance per unit length between the signal strip and the microstrip ground plane; Cg, and
C.q represent the fringe capacitances per unit length across the gap between the signal strip
and the inserted ground strip in the air and dielectric regions, respectively. While the
capacitance C, diminishes due to the inserted ground strip, however, the capacitances Cy, and
C,a can compensate for the decrease of C,. Furthermore, if the strip spacing is small enough
compared with the substrate thickness, Cg, and Cgs become large, which effectively decreases
the characteristic impedance. This concept could be used to minimize the resonator size if the
lower characteristic impedance is needed, especially for the thick substrate. In addition, this
method increases the coplanar capacitance and makes the characteristic impedance less
sensitive to the variation of the substrate thickness.

To demonstrate the properties mentioned above, take the substrates with a dielectric

constant of 3.6 and two thicknesses (#) of 0.5 and 1.5 mm as an example. If the total
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transverse width of a microstrip line is fixed at 3 mm, Table 3-1 compares the characteristic
impedance of the microstrip line for different numbers N of inserted ground strips, where
N =0 corresponds to the conventional microstrip line. We first perform the full-wave
electromagnetic (EM) simulation for the proposed microstrip structure by using Sonnet
software, and then load the two-port S-parameter file in AWR Microwave Office to obtain the
characteristic impedance. Or we can obtain the characteristic impedance by using the
microstrip N-coupled line model (N =2 to 16) in AWR Microwave Office. Here, the widths
of the inner signal and ground strips are all 0.3 mm, and the spacing between adjacent strips is
0.15 mm. Two via-holes are added on both ends of each inserted ground strip, which will be
explained later. Apparently, for a microstrip line with a fixed transverse width, the charac-
teristic impedance decreases as the number of inserted ground strips increases. The decreasing
amount is particularly large for the thick substrate. Furthermore, the characteristic impedance

difference between the microstrip lines on the thin and thick substrates is smallestas N =3.

Table 3-1 Characteristic impedance (€2) for different numbers of inserted ground strips

(Total line width is kept constant as 3 mm.)

N 0 1 2 3
h=0.5 mm 24.5 22.9 21.8 21.2
h=1.5 mm 50.9 37.4 30.8 27

3.1.2 Characteristics of the Proposed 4/4 SIR

On the basis of the structure in Fig. 3-2(a), Fig. 3-3(a) shows the proposed 4/4 microstrip
SIR structure. It is seen in the figure that the high-impedance (Z;) and low-impedance (Z,)
sections are cascaded together and the high-impedance section is short-ended. In comparison
with the conventional 4/4 microstrip SIR structure shown in Fig. 3-1(a), the proposed one has

ground strips in its low-impedance section. The high-impedance section has a physical
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Fig. 3-3. (a) Proposed 4/4 microstrip SIR. (b) Comparison of the frequency responses of the

resonators with one and two via-holes on the ends of each inserted ground strip.

(electrical) length of L; (¢;) and a width of Wjy. The low-impedance section has a physical
(electrical) length of L, (6,) and a total width of ;. The total physical (electrical) length of
the resonator is Ly (7). In the low-impedance section, the width of inserted ground strips is

Wi, the width of inner signal strips is Wy, the width of outmost signal strips is Wsg, and the

spacing between strips is Wg. Thus, W, =2NxW_,+ N xW, +(N -1)xW, +2xW,, where N
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is the number of inserted ground strips. Note that an additional ground via-hole is added on
the other end of each inserted ground strip in Fig. 3-3(a) so as to push the resonant frequency
of the ground strip to higher frequency. To understand this better, consider the simple case of
the resonator with N=1, L =L,, Wy, =W,=03 mm, W, =W, =135 mm, and W, =
0.225 mm on the substrate with a dielectric constant of 3.6 and a thickness of 0.5 mm. Fig.
3-3(b) compares the frequency responses of two resonators where the inserted ground strips
have one and two via-holes on their ends, respectively. It is apparent that the resonator with
two via-holes on the ends of each inserted ground strip has better spurious response. The SIRs
with different numbers of via-holes in the low-impedance section are described in Section 3.4.

Now, we compare the characteristics of the proposed 4/4 SIR with the conventional one.
In the following discussion, a lossless metal is assumed during the simulation. Since the
capability of the available fabrication process s taken into account, each via-hole is 0.3 mm in
diameter and the following physical dimensions are fixed as L, =L,, W, =W, =0.225 mm,
and Wy, =W, =03 mm.

For the same W, and Wy, the impedance ratio R versus substrate thickness / for the
conventional and proposed 4/4 SIRs is shown in Fig. 3-4 for comparison, where solid lines
belong to the conventional SIRs and dashed lines belong to the proposed ones. In Fig. 3-4, the
number of inserted ground strips of the proposed SIRs is maximized so that W, =W, =0.3
mm. Thus, different /; in each figure corresponds to different numbers of inserted ground
strips (i.e., from N =1 to 6). Fig. 3-4(a)-(c) are similar, except substrate dielectric constants
&, are different. As shown in Fig. 3-4, it can be obviously found that the impedance ratio R of
the proposed SIR is lower than that of the conventional one in most of the substrate thickness
values (i.e., #2>0.57 mm in all cases). One extra benefit is that the proposed SIR has a
nearly constant impedance ratio R versus substrate thickness 4. The phenomenon implies that
the impedance ratio of the proposed SIR is insensitive to the variation of the substrate

thickness.
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Fig. 3-4. Impedance ratio R of the conventional and proposed 4/4 SIRs versus substrate
thickness /# and width W, (in millimeters) for: (a) &. =3.6,(b) ¢ =6.8,and (c) & =10.2.
Conventional: solid line. Proposed: dashed line. (circle O: W, =1.35, N =1; triangle /\:
W, =24, N=2; cross x: W, =345 N=3; asterisk *: W, =45 N=4, square [ ]:
W, =5.55 N=5;diamond {: W, =6.6, N=6.)
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Fig. 3-5. Impedance ratio R versus substrate thickness /4 for the proposed 4/4 SIRs with
different numbers of inserted ground strips when W, =3.45 mm. (a) ¢, =3.6.(b) ¢ =6.8.

(c) € =10.2. (N: number of inserted ground strips. N =0: conventional microstrip

structure.)
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Another interesting issue is about the number of inserted ground strips. As the number of
inserted ground strips is not maximized, what will be the performance? Taking W, =3.45
mm as an example, Fig. 3-5 depicts the impedance ratio R versus substrate thickness /4 with
the number of inserted ground strips as a parameter. The number N of inserted ground strips is
varied from 0 to 3, where N =0 corresponds to the conventional microstrip structure. It is
observed that the proposed SIR structure (N =1,2,3) is less sensitive to the substrate
thickness variation compared with the conventional one and N =2 or N =3 has the best
performance. For the conventional A/4 microstrip SIR, the percentage variation of the charac-
teristic impedance of the high-impedance line is much less than that of the low-impedance
line under the variation of the substrate thickness. Therefore, the impedance ratio R varies
largely for the conventional microstrip SIR structure. The principle behind the proposed 4/4
microstrip SIR is that in the low-impedance microstrip section, the coplanar signal and ground
strips also control the characteristic_impedance. As a result, the proposed low-impedance
microstrip structure is much less sensitive to the variation of the substrate thickness. Taking
Fig. 3-5(a) as an example, when the substrate thickness /4 is changed from 0.5 to 1.5 mm, Z; is
changed from 108.4 to 149.7 Q, and Z, is changed from 22.1 to 47.9 Q for the conventional
microstrip structure and from 22.2 to 28.9 Q for the proposed one with N =3. Consequently,
the impedance ratio R is changed from 0.204 to 0.32 for the N =0 case and from 0.205 to
0.193 for the N =3 case.

During the printed circuit board (PCB) manufacturing process, the most serious error is
the etching error. The over-etching or under-etching occurs frequently from lot to lot. The
proposed SIR structure further shows much better tolerance to etching errors than the
conventional one. For the case of W, =3.45 mm in Figs. 3-4 and 3-5, Fig. 3-6 shows the
percentage variation of the impedance ratio R of the conventional and proposed (N =3) 4/4
SIRs versus etching error (from over-etching 0.1 mm to under-etching 0.1 mm). In each figure,

different curves correspond to different substrate thicknesses. Fig. 3-6(a)-(c) are similar,
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Fig. 3-6. Sensitivity to etching tolerances for the conventional and proposed 4/4 SIRs with
various values of the substrate thickness # (in millimeters) when W, =3.45 mm. (a)
g =36.(b) € =68. (c) ¢ =10.2. Conventional: solid line. Proposed (N =3): dashed
line. Positive: under-etching. Negative: over-etching. (circle O: h=0.5; triangle /\:

h=0.625; cross x: h=1;square [ |: h=1.25;diamond : h=1.5))
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except substrate dielectric constants ¢, are different. From Fig. 3-6, it can be clearly observed
that the percentage change of the impedance ratio R of the proposed SIR structure is much
less than that of the conventional one. The mechanism behind this is that the proposed low-
impedance microstrip structure is more sensitive to etching tolerances than the conventional
one to keep the impedance ratio unchanged. In other words, for the conventional 4/4 mi-
crostrip SIR, the characteristic impedance variation of the high-impedance line is much larger
than that of the low-impedance line under the same amount of etching error, and this causes
the impedance ratio to change largely. For example, under the condition of over-etching 0.05
mm and the substrate thickness #=0.5 mm in Fig. 3-6(a), Z; is changed 9.13% (from 108.4
to 118.3 Q), and Z; is changed 0.9% (from 22.1 to 22.3 Q) for the conventional microstrip
structure. Consequently, R is changed from 0.204 to 0.189 (AR/R =-7.35% ). However, for
the proposed low-impedance microstrip structure, Z, is changed 9.46% (from 22.2 to 24.3 Q)
so that R is almost unchanged (R =10.205 and AR/R =0.299%). Here, W, =3.45 mm is
just an example and other W ’s in Fig. 3-4 also show similar results.

Again, it is interesting to change the number of inserted ground strips. Fig. 3-7 shows the
percentage variation of the impedance ratio R of the proposed 1/4 SIR versus etching error for
different numbers of inserted ground strips. There are two sets of physical dimensions to be
used for the simulation. The first one is W, =3.45 mm, Wy, =W,=0.3 mm, and W, =
W, =0.225 mm. The second one is W, =3.4 mm, W, =W, =025 mm, W, =0.275 mm,
and W, =0.175 mm. During the simulation, substrates with thicknesses of 0.5 and 1.5 mm
and a dielectric constant of 3.6 are used. As shown in Fig. 3-7, for the given dimensions, the
best choice for the number of inserted ground strips can be determined. Taking Fig. 3-7(a) as
an example, N =3 (the maximum allowable number) is the best choice for the first set of
dimensions on the given substrate. It is demonstrated that the impedance ratio R of the
proposed A/4 microstrip SIR is less sensitive to etching tolerances compared with that of the

conventional one, even if N =1.

41



X 100 %)

orig

Sensitivity of R (AR/R

X 100 %)

orig

Sensitivity of R (AR/R

% 100 %)

orig

Sensitivity of R (AR/R

15
101 1
o=
5r _‘o,——"oF 1
<8 --0--0---0
Om-- S--B._ 7
= 2
-- ok 1 5
—57‘,/0 tm
()
-10 —N=0 1
-9-N=1
-15 -©-N=2 ]
-B-N=3
_2 I I I T I I I
—8.1 -0.075-0.05-0.025 0 0.025 0.05 0.075 0.1

Etching error (mm)

(2)

10
B--_g
07 -
-~
D
_57 ’,
—N=0
B
-10 -0-N=1 5
-@-N=2
-8-N=3
_1 I I I T I I I
—81 -0.075-0.05-0.025 0 0.025 0.05 0.075 0.1

Etching error (mm)

(b)

15
10
5
0

-

-
-

-10} .-~

.

o -8
IO

<
0"

-9 o---90

- _o---"

PRt E-a g

-

.,
.
’
’

-15
-20

-e-
-0-
-g-

z22z2zZ2Z2
oI

W N~ O

_2 L I L
—8.1 -0.075 -0.05 -0.025

0 0.025 0.05 0.075 0.1

Etching error (mm)

(©)

4



15

g
= 10t
—
x
2
°
& o;
2
x -5¢
5 ¢
Z -10
= >
2 -15¢
(]
0

wWN O

_2 L I L
—8.1 -0.075-0.05-0.025 O

Fig. 3-7. Sensitivity to etching tolerances for the proposed 4/4 SIRs with different numbers of
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Etching error (mm)

(d)

0.025 0.05 0.075 0.1

Table 3-2 Design parameters of the proposed SIR filters

Filter I Filter II
Substrate &, =3.58 h=0.508 mm | #=1.524 mm
Center frequency fo (GHz) 1 1
Bandwidth A 7% 10%
Impedance ratio R 0.205 0.199
Oext 13.697 9.58792
kia=ksa 0.0627716 0.0896737
ka3 0.0484737 0.0692482

3.1.3 Four-Pole Cross-Coupled Filter Design

To demonstrate the proposed structure, two four-pole cross-coupled bandpass filters were

fabricated. Since the cross coupling, which produces transmission zeros, is very weak, the
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initial design procedure is based on the four-pole Chebyshev response filter with a 0.05-dB
equal-ripple passband characteristic. Both filters have the same topology, and their specifica-
tions and coupling coefficients are listed in Table 3-2. Filter I was fabricated on a Rogers
RO4003 substrate with a dielectric constant of 3.58, a loss tangent of 0.0021, and a thickness
of 0.508 mm. Filter II was fabricated on the same substrate as filter I, except the thickness is
1.524 mm.

In the design process, we first fix the widths of Wy, Wi, Ws;, Wi, and W, and then plot
the variation of the impedance ratio versus etching error for different numbers of inserted
ground strips. The proper number of inserted ground strips could be chosen for the prescribed
dimensions and the available fabrication process.

Fig. 3-8 shows the two basic coupling structures for our filter design. Note that each SIR
is folded for size reduction. There are:two kinds of couplings involved in the filter. At
resonance, each of the 4/4 SIRs has:'the maximum electric fringe fields near the open end and
the maximum magnetic fringe fields at the short end. Hence, Fig. 3-8(a) is for the electric
coupling and Fig. 3-8(b) is for the magnetic coupling. For filter I, the resonator dimensions
are W, =345 mm, Wy, =Wy, =W,=03 mm, and W, =W, =0.225 mm. For filter II,
they are W, =34 mm, W, =W, =W,=0.25 mm, W,=0275 mm, and W, =0.175
mm. In both filters, the number of inserted ground strips is three. All diameters of via-holes
have the same size of 0.3 mm. Based on the structures presented in Fig. 3-8, the relation
between the coupling coefficient and the spacing between adjacent SIRs is shown in Fig. 3-9.

Fig. 3-10 depicts the layout of the filters where the physical parameters corresponding to
those of Table 3-3 are indicated. Here, we number these four resonators as 1-4 from left to
right. The coupling k,3 is magnetic, whereas kj, and k34 are electric. The source coupling and
load coupling are both achieved by a tapped feed line because it is space saving and easy to
design [60]. The tap position Ly is chosen to match the Qe value for the 50-Q source/load

impedance. A thin microstrip line provides the small cross coupling [57], [61] between
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(a) (b)

Fig. 3-8. Coupling structures for: (a) electric coupling and (b) magnetic coupling.

0.14 : : : 0.35 : : :

w ===h=0.508 mm B ===h=0.508 mm
o 0.12F —h=1524mm}] = 03 —h=1.524 mm]]
S Q
S 01f b é’ 0.25}F ]
% |5}

3 38
O 0.08f 1 > 0.2p 1
=2} c
c =
S 0.06F . 2 0.5} ]
= o
8 o
o 0.04f 1 g oif 1
= g .
2 0,02} 1 2 0.05f LT 1
w Sema s Rl TS
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ol ‘ ‘ ‘ ‘ ‘ ‘ ‘
8.1 02 03 04 05 06 07 08 09 1 02 04 06 08 1 12 14 16 18
Spacing S (mm) Spacing S (mm)
(a) (b)

Fig. 3-9. Coupling coefficients of the coupling structures for: (a) electric coupling and (b)

magnetic coupling.

Table 3-3 Dimensions of the designed filters

(mm) L L Wy Wse | W Wi Wa WL Lo Ly W, Sz S A\

Filter I | 12.925 | 12.75 | 0.225 | 0.3 0.3 0.3 | 0225 | 3.45 | 4125 | 15.225 | 0.225 | 0.175 | 0.175 | 0.925

Filter I | 13.075 | 12.725 | 0.175 | 0.25 | 0.25 | 0.25 | 0.275 | 3.4 4.1 15.75 | 0.175 | 0.225 | 0.325 1.3
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Ly

S 1 S2 WL

Fig. 3-10. Proposed layout of the four-pole cross-coupled filter.

resonators 1 and 4 to produce a pair of transmission zeros on both sides of the passband. The
passband response almost remains unchanged when the cross coupling is applied. The
strength of the cross coupling is determined by the length Lz, the width W, of the coupling
microstrip, and the gap S between the coupling microstrip and resonators 1 and 4. Herein,
two transmission zeros are placed at 0.8 ‘and 1.2 GHz. The commercial full-wave EM sim-
ulation software Sonnet is used to perform the simulation.

Fig. 3-11 shows the fabricated filter I with a size of 17.2 mm x 13.3 mm. Fig. 3-12

Fig. 3-11. Photograph of the fabricated circuit (filter I).
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Fig. 3-12. Simulated (dashed line) and measured (solid line) results (|S1;| and |S2;]) of filter I.

(a) Narrowband responses. (b) Wideband responses.

illustrates its simulated and measured responses. The measured results show that the filter has
a center frequency of 1.015 GHz and two transmission zeros at 0.784 and 1.222 GHz. The
measured passband insertion loss is approximately 3.1 dB, and the passband return loss is
better than 16 dB. The first spurious response is at 5.631 GHz, and the rejection level is better
than 30 dB from 1.116 to 5.364 GHz. The comparison between the simulated and measured
results gives good agreement.

3-13 shows a photograph of the fabricated circuit, which has a size of
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17.7 mm x 13.5 mm. The simulated and measured responses of filter II are presented in Fig.
3-14. The measured results show that the filter has a center frequency of 1.023 GHz and two
transmission zeros at 0.796 and 1.214 GHz. The measured passband insertion loss is ap-
proximately 2.2 dB, and the passband return loss is better than 15 dB. The first spurious
frequency is at 5.085 GHz, which is a little down-shifted due to the resonance of the cross-
coupling microstrip. The rejection level is better than 30 dB from 1.147 to 4.967 GHz.

It can be seen that both filters have symmetric insertion loss responses and sharp skirt

Fig. 3-13. Photograph of the fabricated circuit (filter II).

0
_20,
o
S -40f
=
%)
4 -60F
%)
-80

_10 L L L L L L L
8.6 0.7 08 09 1 11 12 13 14
Frequency (GHz)

(@)

48



_20,
o
T -40f
IS
2]
2 -60
0

_80,

-100

Frequency (GHz)
(b)

Fig. 3-14. Simulated (dashed line) and measured (solid line) results (|S11| and |S2;]) of filter II.

(a) Narrowband responses. (b) Wideband responses.

characteristics. The insertion loss is mainly due to the conductor loss. Although a lot of via-
holes are used in the proposed low=impedance microstrip structure, they have little effect on
the passband insertion loss. This is because in the passband of the filter, the current is mainly
distributed in the high-impedance section, as shown in Fig. 3-15 for filter I. There is little
current through the via-holes on the inserted ground strips in the low-impedance section.
Therefore, the loss is attributed to the high current density in the high-impedance section.
Table 3-4 compares the measured passband insertion losses for the conventional and proposed
SIR filters with the same specifications. The conventional SIR filters were designed to have:
1) the same W, and Wy; and 2) the same R and Wy as the proposed SIR filters. Since the
filters in the same group have the same Wy, it is apparent that the filters in the same group

have nearly the same passband insertion losses.

3.1.4 Sensitivity to Etching Tolerances
To show the sensitivity to etching tolerances for the proposed SIR filters, we modify the

masks during the fabrication process because PCB factories cannot change their processing
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Fig. 3-15. Current distribution of the proposed filter at the center frequency.

Table 3-4 Comparison of measured passband insertion losses for the conventional and

proposed SIR filters
Passband insertion loss (dB) Filter I Filter I
Proposed 3.1 2.2
Conventional : the same W; and Wy 3.1 2.1
Conventional : the same R and Wy 3 2.1

parameters to match our study. Fig. 3-16 presents the measured responses of both proposed
filters versus etching error, i.e., from over-etching 0.1 mm (4 mil) to under-etching 0.075 mm
(3 mil), to demonstrate their sensitivity. Only the insertion loss curves are shown for clarity.
As observed in Fig. 3-16(a), the center frequency and two transmission zeros of filter I are
almost unshifted in spite of inaccurate fabrication. The passband return losses, although not
shown, are all better than 10 dB. The passband insertion loss and bandwidth are slightly
changed. The passband insertion loss is higher for the over-etched case owing to the lower

unloaded quality factor and narrower bandwidth. The bandwidth is wider for the under-etched
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Fig. 3-16. Measured sensitivity to etching tolerances for the proposed SIR filter. (a) Filter 1. (b)

Filter II (over: over-etching; under: under-etching).

case because the narrower gap results in the stronger coupling between the resonators. The
same results are applied to filter II, as shown in Fig. 3-16(b), except the passband return
losses are better than 12 dB in all cases.

The conventional A/4 microstrip SIR filters were also designed and fabricated on the

same substrates to compare with the proposed ones. The conventional SIR filters have the
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Fig. 3-17. Measured sensitivity to etching tolerances for the conventional SIR filter (W and

Wy are the same as those of the proposed filter). (a) Filter 1. (b) Filter II (over: over-etching;

same center frequencies and bandwidths, as given in Table 3-2, and similar layout con-
figurations, as shown in Fig. 3-10, except that there is no inserted ground strip in the low-
impedance section. We set two groups of parameters for comparison. The first group of the

conventional SIR filters keeps the same dimensions W, and Wy as those of the proposed SIR
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Fig. 3-18. Measured sensitivity to etching tolerances for the conventional SIR filter (R and Wy
are the same as those of the proposed filter). (a) Filter I. (b) Filter II (over: over-etching; under:

under-etching).

filters. The second group of the conventional SIR filters is designed with the same impedance
ratio R and width W} as those of the proposed SIR filters. Their measured responses versus
etching error are shown in Figs. 3-17 and 3-18, respectively. Again, only the insertion loss

curves are shown for both groups of filters. As expected from the figures for both groups of
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the conventional SIR filters, the center frequency and two transmission zeros are significantly
shifted. The passband return losses of the conventional SIR filters, although not shown, are
worse than those of the proposed ones when the etching error occurs. An extra benefit of the
proposed SIR filters is that an obvious size reduction is achieved. For example, there is a size
reduction of 39% for the proposed filter II compared with the conventional SIR filter when
they have the same impedance ratio R and width W}. Table 3-5 summarizes the percentage of
the center frequency drift due to etching errors for the proposed SIR filters and two groups of
the conventional SIR filters. Apparently, the proposed 4/4 microstrip SIR filters show much

less sensitivity to fabrication tolerances and have better performance.

Table 3-5 Sensitivity to etching tolerances in terms of the percentage deviation of the center

frequency for the conventional and proposed SIR filters

Af/ fo x 100 (%) under under under
Af: the amount of center frequency drift normal etching etching etching
0.025mm | 0.05mm | 0.075 mm
Proposed 0 -0.311 -0.48 -0.796
Filter I | Conventional: the same W; and Wy 0 1.921 3.385 5.346
Conventional: the same R and Wy 0 1.898 3.359 5.112
Proposed 0 -0.365 -0.752 -1.252
Filter IT | Conventional: the same W; and Wy 0 1.638 3.598 4.985
Conventional: the same R and Wy 0 1.919 3918 5.372
Af/ fo x 100 (%) over over over over
Af: the amount of center frequency drift etching etching etching etching
0.025mm | 0.05mm | 0.075mm | 0.1 mm
Proposed 0.351 -0.107 0.454 0.52
Filter I | Conventional: the same W; and Wy -2.36 -4.267 -6.356 -8.738
Conventional: the same R and Wy -2.23 -4.077 -6.216 -8.637
Proposed 0.27 0.663 0.096 -0.453
Filter IT | Conventional: the same W; and Wy -1.52 -3.441 -5.368 -7.758
Conventional: the same R and Wy -1.657 -3.749 -5.941 -8.314
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3.2 Miniaturized Microstrip Quarter-Wavelength SIR Filter

The impedance ratio of the SIR is a key point influencing the resonator length and the
resonant frequency. Hence, if the characteristic impedance difference between the high- and
low-impedance transmission lines is required to be large, the widths of the high- and low-
impedance microstrip lines would be very thin and wide, respectively. However, in practical
applications, the achievable line width is limited by the PCB process for a thin microstrip line
and by the appearance of high-order modes for a wide microstrip line. The area of a con-
ventional A/4 microstrip SIR is usually limited by these factors, especially at low frequency
bands. In this section, on the basis of the structure in Fig. 3-2, a microstrip line with a
characteristic impedance even lower than the low-impedance line shown in section 3.1 is
further proposed and applied in the low-impedance section of a SIR. Two miniaturized 4/4

microstrip SIR filters were implemented to demonstrate the proposed structure.

3.2.1 Analysis of the Proposed Structure

Fig. 3-19(a)-(b) show the top and bottom views of the proposed low-impedance mi-
crostrip line, which is an extension of the structure in Fig. 3-2. In this structure, signal strips
are inserted in the microstrip ground plane (bottom layer) and ground strips are inserted in the
microstrip signal metal (top layer). The inserted strips are parallel to each other to form
interdigital capacitors on both the top and bottom layers of the PCB. Again, each inserted strip
uses two via-holes on both ends for better spurious response. Fig. 3-19(c) depicts the cross-
sectional view of the proposed structure. In Fig. 3-19(c), C, denotes the parallel-plate
capacitance per unit length located vertically between the signal and ground strips, whereas
Cqa and Cg represent the fringe capacitances per unit length across the gap between the
coplanar signal and ground strips in the air and dielectric regions, respectively. While the

capacitance C, diminishes due to the inserted strip, however, the capacitances Cg, and Cgs can
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compensate for the decrease of C,. Furthermore, if the strip spacing is small enough compared
with the substrate thickness, C,, and Cy; become dominant terms. This effectively decreases

the characteristic impedance of the microstrip line.

Signal strip

B Ground strip

(@) (b)

Inserted Ground Strip

Si gnal Strip / ga

' -—Vla hole
I —— i —

N l

Ground Plane  Inserted Signal Strip
(©

Fig. 3-19. Proposed microstrip structure. (a) Top view. (b) Bottom view. (c) Cross-sectional

view.

Take the substrates with a dielectric constant of 3.58 and two thicknesses of 0.508 and
1.524 mm as an example. If the total transverse width of a microstrip line is fixed at 3 mm,
Table 3-6 compares the characteristic impedance of the conventional and proposed microstrip
lines. Here, the numbers of inserted ground strips on the top layer and inserted signal strips on
the bottom layer are three and two, respectively. The widths of the signal and ground strips are

all 0.3 mm, and the spacing between adjacent strips is 0.15 mm. The structure in Fig. 3-2 with
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the same dimensions is also included for comparison. For the fixed transverse width, the
microstrip line with the signal and ground strips on both layers has the smallest characteristic

impedance. The decreasing amount is particularly large in the thick substrate case.

Table 3-6 Characteristic impedance (Q2) of the conventional and proposed microstrip lines

Thickness (mm) 0.508 1.524
Conventional 25.2 533
Structure in Fig. 3-2 21.4 26.7
Structure in Fig. 3-19 16.6 18.8

3.2.2 Four-Pole Cross-Coupled Filter Design

Fig. 3-20 shows the proposed 4/4.SIR, which comprises a high-impedance (Z;) and a
low-impedance (Z,) section. The high-impedance section has a physical length of L, and the
low-impedance section has L,, and their respective widths are Wy and W;. Here, we have
L =L, to obtain a minimum resonator length. In comparison with the conventional SIR
structure, the modified one uses the proposed microstrip structure in the low-impedance
section to decrease the characteristic impedance. The width of ground strips is W, the width

of inner signal strips is W, the width of outmost signal strips is Wsg, and the spacing between

Fig. 3-20. Proposed 4/4 microstrip SIR.
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Table 3-7 Design parameters of the proposed SIR filters

Filter I Filter II
Center frequency (MHz) 1000 900
Bandwidth (%) 6 9
17 (Q) 16.6/97.7 | 18.8/139
Substrate thickness (mm) 0.508 1.524

Ly
Wy
Lo
2
— — — ! -—
S S> W

Fig. 3-21. Proposed layout of the four-pole cross-coupled filter.

adjacent strips is d. Two four-pole cross-coupled bandpass filters with the same configuration
were designed and fabricated on a Rogers RO4003 substrate (&, =3.58) with different sub-
strate thicknesses. The specifications and design parameters of two filters are listed in Table
3-7. The filter layout is depicted in Fig. 3-21, where the physical parameters corresponding to
those of Table 3-8 are indicated. The via-hole is 0.3 mm in diameter. Each SIR is folded to
make the electric or magnetic coupling possible and the size compact. A thin microstrip line
provides the small cross coupling between resonators 1 and 4 to produce a pair of trans-

mission zeros on both sides of the passband.
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Table 3-8 Dimensions of the designed filters

(mm) L H1 L H2 WH WSE Ws] WG d WL LQ L A WZ S 7 S 1 Sz
Filter I 11.85 11.7 0.3 0.3 0.3 0.3 0.15 3 3.825 13.05 0.225 | 0.15 | 0.15 1.05
Filter 1T 10.9 10.6 0.3 0.3 0.3 0.3 0.15 3 3.65 14.6 0.225 0.15 | 0.15 1.6
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Fig. 3-22. (a) Top view (left side) and bottom view (right side) of the fabricated filter I. (b)

Narrowband responses. (c) Wideband responses. (simulation: dashed line; measurement: solid

line.)
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Fig. 3-23. (a) Top view (left side) and bottom view (right side) of the fabricated filter II. (b)
Narrowband responses. (¢c) Wideband responses. (simulation: dashed line; measurement: solid

line.)
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Figs. 3-22(a) and 3-23(a) show the top and bottom pictures of two filters. Their sim-
ulated and measured narrow- and wide-band responses are illustrated in Figs. 3-22(b)-(c) and
3-23(b)-(c), respectively. The measured results of both filters are summarized in Table 3-9.
Table 3-9 also shows the percentage of size reduction for the proposed 4/4 SIR filters com-
pared with the conventional ones when they have the same impedance ratio R and high
characteristic impedance Z;. It can be seen that the proposed filters have a significant size

reduction, especially for the thick substrate case (filter II).

Table 3-9 Fabricated filters and measured results

Circuit size Size Center Transmission | Insertion | Return loss Rejection level
Ag: guided wave- reduction | frequency Zeros loss better than better than
length of 50-Q line (%) (MHz) (MHz) (dB) (dB) 30 dB (GHz)
Filter 0.0881, x 0.068/, 26.1 982 778, 1190 33 12 1.067 - 5.7
Filter I 0.0824, x 0.0574, 69.5 897 738;.1052 2.6 11 0.9878 - 4.926

3.3 Resonance of the Low-Impedance Section of the SIR

The proposed low-impedance microstrip line has another resonance to be considered.

Taking the dimensions of the SIRs in filter I of Table 3-3 as an example, their resonant
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Fig. 3-24. Resonant response of the proposed SIR in Section 3.1.
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response is presented in Fig. 3-24. The frequencies f,1 and f,, correspond to the second
resonance of the SIR, along with the resonances of the circumference (i.e., two outmost signal
strips of the low-impedance microstrip line) which is one-wavelength long, and their current
distributions are illustrated in Fig. 3-25(a) and (b). To eliminate the resonances of the
circumference of the low-impedance section, we can add either a bond-wire or a thin signal
strip on the ground plane to connect the middle of the two outmost signal strips for equal
potential, as shown in Fig. 3-25(c) and (d). Furthermore, the resonances of the circumference
are the most important items among the resonances labeled in Fig. 3-24 since they have a
lower frequency and may occur before the first spurious frequency of the /4 SIR (i.e., in the
stopband of the filter).

In the proposed microstrip line, the ring resonance corresponding to one outmost signal
strip and one inner signal strip is labeled 3 in Fig. 3-24, and its current distribution is shown
in Fig. 3-26(a). To eliminate this resonance, either two bond-wires or two signal strips on the
ground plane are used to connect the middle of each pair of one outmost and one inner signal

strip, as depicted in Fig. 3-26(b) and (c).
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Fig. 3-25. Current distributions of the resonances (a) f,1 and (b) £, in Fig. 3-24. Elimination of
the resonances of the circumference via:(¢) a bond-wire or (d) a signal strip on the bottom

layer.
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Fig. 3-26. (a) Current distribution of the resonance f,3 in Fig. 3-24. Elimination of the reso-

nance f,3 via (b) two bond-wires or (c) two signal strips on the bottom layer.
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Fig. 3-27. (a) Current distribution of the:resonance f,4 in Fig. 3-24. Elimination of the reso-

nance f,4 via three via-holes and (b)-a bond-wire or (c) a signal strip on the bottom layer.

The frequency f,4 in Fig. 3-24 is due to the ring resonance of the two inner signal strips
and the resonance of each inserted ground strip. The current distributions of these resonances
are shown in Fig. 3-27(a). To eliminate these resonances, we add one via-hole on the middle
of each inserted ground strip and either a bond-wire or a signal strip on the ground plane to
connect the middle of the two inner signal strips, as depicted in Fig. 3-27(b) and (c).

According to the steps discussed above, the final SIR structure with either a bond-wire or
a signal strip on the ground plane is shown in Fig. 3-28(a) and (b). Its resonant response is
presented in Fig. 3-28(c). The current distributions of the three resonant peaks fi, 5, and f; are
shown in Fig. 3-29. Apparently, they are consistent with the first three resonances of the
conventional 4/4 SIR, indicating that the unwanted resonances of the proposed microstrip line
are all eliminated. Comparing Fig. 3-24 with Fig. 3-28(c), the resonant frequencies of the

circumference (i.e., f,1 and f,, in Fig. 3-24) are almost equal to the second resonant frequency
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of the SIR in Fig. 3-28 (i.e., f> in Fig. 3-28(c)). Therefore, the SIR structure in Fig. 3-28(a) or
(b) is not used in Section 3.1. The same approach can be applied to the SIR in Section 3.2 for

better spurious response.

Bond-wire

Top view Bottom view

(@) (b)

-50F 2

S, (dB)
| |
© ~
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~110] ﬂ ]
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1 2 3 4 5 6 7 8
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Fig. 3-28. SIR with three via-holes on each inserted ground strip and either (a) a bond-wire or
(b) a signal strip on the ground plane to eliminate unwanted resonances. (c) Resonant re-

sponse of the SIR in (a) or (b).
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Fig. 3-29. Current distributions of the reésonances (a) 11, (b) 2, and (¢) f; in Fig. 3-28.

3.4 Discussion of the Number of Via-Holes

Since there are many via-holes in the proposed low-impedance microstrip line, it is
worthwhile to know how many via-holes are required in the inserted strips. To eliminate the
effect of the resonance of the circumference mentioned above, the SIRs with the same dimen-
sions as in Fig. 3-25(c) are adopted. Here, we compare the SIRs with different numbers of
via-holes on the inserted ground strips (i.e., from one to five), as depicted in Fig. 3-30(a). The
resonant responses of these SIRs are shown in Fig. 3-30(b). Apparently, the SIR with one
via-hole on the middle of each ground strip has a lower second resonant frequency, while the
lines corresponding to the SIRs with two to five via-holes on each ground strip are all
overlapped, indicating that these four SIRs have the same second resonant frequency. The
same result also holds for the SIR in section 3.2. Therefore, throughout this chapter, we use

the SIR only with two via-holes on each end of the inserted strip.
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Fig. 3-30. (a) SIRs with one to five via-holes on each inserted ground strip. (b) Comparison of

the resonant responses of the SIRs in (a).
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3.5 Summary

A new microstrip structure appropriate for 4/4 microstrip SIRs has been presented in this
chapter. By inserting ground strips inside the low-impedance microstrip line, a new low-
impedance transmission line, which makes the proposed SIR less sensitive to substrate
thickness variations and etching tolerances, has been achieved. Moreover, the proposed
microstrip SIR has shown an extra benefit of size reduction. To further reduce the resonator
size, the signal strips are inserted in the microstrip ground plane to achieve an even lower
characteristic impedance. A pair of transmission zeros are introduced to obtain higher
selectivity by a cross-coupling microstrip line. Four four-pole cross-coupled filters with the
proposed SIR structures have been designed and fabricated to demonstrate the feasibility. The
elimination of extra resonances and the number of via-holes of the proposed microstrip line

have been discussed in detail in the final part.
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Chapter 4 INTERDIGITAL COUPLING STRUCTURES FOR

WIDEBAND STEPPED-IMPEDANCE RESONATOR FILTERS

It is usually difficult to design microstrip edge-coupled wideband bandpass filters (BPFs)
due to very strong coupling and small gaps between resonators. In addition, as mentioned in
chapters 2 and 3, stepped-impedance resonators (SIRs) have advantages to reduce the circuit
size and to improve the upper stopband performance compared to uniform-impedance
resonators (UIRs). For the SIR structure, the lower the impedance ratio R is, the shorter the
resonator length and the farther the first spurious resonant frequency will be. Hence, the 4/4
microstrip SIR with a low impedance ratio R has a much weaker coupling between adjacent
resonators than the 4/2 and 4/4 UIRs. This is especially obvious for the electric coupling in the
low-impedance section of a SIR on-a thin substrate. As a result, it is particularly difficult to
obtain enough coupling for wideband SIR“BPFs. In this chapter, we propose two types of
coupled microstrip lines which can provide-interdigital coupling between adjacent resonators.
They are adopted in the low-impedance section of the 4/4 SIR to significantly enhance the
coupling between adjacent resonators. All filters were fabricated on a Rogers RO4003
substrate with a dielectric constant of 3.58, a loss tangent of 0.0021, and a thickness of 0.508
mm. All diameters of via-holes have the same size of 0.3 mm. The commercial full-wave
electromagnetic (EM) simulation software Sonnet was used to perform the simulation. The

measurements of all circuits were carried out using an Agilent 8720ES network analyzer.

4.1 Interdigital Coupled Microstrip Lines

Fig. 4-1 shows two types of proposed coupled microstrip lines. These two structures
have interdigital coupling elements to provide strong coupling between microstrip lines easily.

As a result, they are very suitable for planar edge-coupled wideband BPFs. We replace the
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(a)

(b)

Fig. 4-1. Two interdigital coupling structures for wideband filter design.

low-impedance section of the conventional 4/4 SIR with these two interdigital structures.

4.2 Proposed SIR Configuration |

4.2.1 Structure of the Resonator

Fig. 4-2 shows the top and bottom layouts of the first proposed 1/4 interdigital SIR.
Specifically, the proposed 4/4 SIR consists of several parallel-connected thin strips to form the
low-impedance section (Z;) and a short-circuited thin strip to form the high-impedance
section (Zy). Note that in Fig. 4-2(a), via-holes are applied on the open end of each strip in the
low-impedance section where these via-holes are connected through a thin strip on the bottom
layer, as shown in Fig. 4-2(b). This structure enables the resonator to maintain the low
impedance ratio R and to have better spurious response. Due to the slots in the low-impedance
section of the proposed SIR, the impedance ratio R is slightly larger than that of the

conventional microstrip SIR without slots.
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(b)

Fig. 4-2. Proposed A/4 SIR configuration I. (a) Top view. (b) Bottom view (N =2).

4.2.2 Four-Pole Chebyshev Filter (Filter 1)

The proposed four-pole filter I'is a Chebyshev filter with a passband ripple of 0.05 dB, a
center frequency (fp) of 1 GHz, and a fractional bandwidth of 48%. The first spurious
frequency is set more than 5f;. According to the specifications, the filter is implemented using
the design procedures based on the coupling coefficient k£ and the external quality factor Q,
[57]. Here, Q, =1.9975, k, =k;,=0.4304, and k,, =0.3324.

Fig. 4-3 depicts the top and bottom layouts of filter I. Here, we number these four
resonators as 1 to 4 from left to right. Each SIR is folded in order to apply the electric or
magnetic coupling and to reduce the filter size. As shown in Fig. 4-3(a), the parallel-
connected thin strips in the low-impedance section of the SIR are interdigitally coupled to the
adjacent SIR (i.e., Fig. 4-1(a)). This forms a strong capacitive coupling between resonators 1
and 2 as well as 3 and 4. The coupling strength is determined by the gap width d, the strip
width W, the number N of parallel-connected strips, and the interleave length L. By
adjusting these parameters, various degrees of coupling between adjacent SIRs can be

obtained. The strong coupling between resonators 2 and 3 is realized by the common
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(b)

Fig. 4-3. Configuration of the proposed filter 1. (a) Top-layer layout. (b) Bottom-layer layout.

Filter Dimensions (in millimeters): L,=11.9, L, =1445, L,,=13.525, L.=125,

L, =325, W,=W.,=025, W, =345, W,=1.05,and S=d =0.15.
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transmission line connected to ground. The strength of the coupling is adjusted by the length
Ly of the common short-circuited stub. In this filter configuration, the coupling k3 is
magnetic, while ki, and k34 are mainly electric. The tap position Ly of the input and output
feed lines is chosen to match the Q. value for the 50-Q source/load impedance.

In the design process, we first fix the widths of Wx, W, S, and d, and then determine the

number N roughly for a given filter specification. Wy (i.e., n=1) can be adjusted for the
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Fig. 4-4. Design curves for the proposed filter 1. (a) External quality factor Q.. (b) Electric

coupling k1> and k34. (¢) Magnetic coupling k»;.

prescribed normalized spurious resonant frequency. Here, the resonator dimensions are
W,=W,=025 mm, S=d=0.15 mm, W;=1.05 mm, W, =3.45 mm, and N=4. On
the basis of the structures in Fig. 4-3, the design curves for the external quality factor and the
coupling coefficients with Ly, L¢, and Ly, as parameters are shown in Fig. 4-4, respectively.
Fig. 4-5 shows the photograph of the fabricated filter I with a size of 11.45 mm x 14.9
mm, which is 0.06554; x 0.0853/,, where A, is the guided wavelength of the 50-Q line on the
substrate at the center frequency. Fig. 4-6 illustrates its simulated and measured responses.
The measured results show that the filter has a center frequency of 1.0105 GHz. The
measured 3-dB fractional bandwidth is 64.83% from 0.7149 to 1.37 GHz. Within the pass-
band, the minimum insertion loss is 0.63 dB, and the return loss is better than 18.9 dB. The

first spurious response is at 5.152 GHz (=5.1f,), and the rejection level is better than 20 dB

from 1.76 to 4.357 GHz.
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Fig. 4-5. Top view (left side) and bottom view (right side) of the fabricated filter I.
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Fig. 4-6. Simulated (dashed line) and measured (solid line) results of filter I. (a) Scattering

parameters. (b) Passband group delay.

4.2.3 Four-Pole Generalized Chebyshev Filter (Filter I1)

Since planar wideband Chebyshev BPFs usually have the poor upper stopband rejection,
a generalized Chebyshev wideband BPF is proposed using the four-pole cross-coupled
configuration. Fig. 4-7 depicts the top and bottom layouts of filter II along with its physical
dimensions. In this configuration, a thin microstrip line is applied at the bottom of the filter to
provide the small cross coupling between resonators 1 and 4. This cross coupling produces a
pair of transmission zeros on either side of the stopband. Because the cross coupling is weak,
the initial design procedure is based on the four-pole Chebyshev response filter with a 0.05
dB equal-ripple passband characteristic and follows the design process discussed above. After
that, put a thin cross-coupling microstrip line and then slightly fine tune the whole filter. The
proposed filter II is designed at a center frequency (fo) of 1 GHz with a fractional bandwidth

of 46%.
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(b)

Fig. 4-7. Configuration of the proposed filter II. (a) Top-layer layout. (b) Bottom-layer layout.

units: mm.
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> 2 4

Fig. 4-8. Top view (left side) and bottom view (right side) of the fabricated filter II.

Fig. 4-8 shows the photograph of the fabricated filter Il with a size of 11.45 mm X 14.6
mm, i.e., 0.06544, x 0.08334,. The simulated and measured responses of filter II are presented
in Fig. 4-9. The measured results show that the filter has a center frequency of 1.0076 GHz
and two transmission zeros at 0.3185 and 1.877 GHz. The measured 3-dB fractional
bandwidth is 59.19% from 0.7256 to 1.322 GHz. The filter has a minimum insertion loss of
0.64 dB and a return loss better than 19.5 dB within the passband. The first spurious

frequency is at 5.159 GHz (=5.12 ;). The rejection level is better than 20 dB from 1.542 to

4.761 GHz. Apparently, the stopband depth is largely improved compared to that of filter I.

4.2.4 Resonance of the Circumference of the Low-Impedance Section

As the circumference of the low-impedance section of the SIR is one-wavelength long,
there will be a resonance. Taking the dimensions of the SIRs in filters I and II as an example,
the current distribution of this resonance is illustrated in Fig. 4-10(a). In section 3.3, we

indicates that this resonance is the most concerned factor since it may occur in the stopband of
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Fig. 4-9. Simulated (dashed line) and measured (solid line) results of filter II. (a) Scattering

parameters. (b) Passband group delay.
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the filter. To eliminate this resonance, we connect the middle of the outmost signal strips via a
thin strip on the bottom layer, as depicted in Fig. 4-10(b). In both filters I and II, the resonance
of the circumference is beyond the second resonance of the SIR which is approximately 5.2/,

so that the structure in Fig. 4-10(b) is not used in this section.
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Fig. 4-10. (a) Current distribution of the resonance of the circumference. (b) Elimination of

the resonance in (a).
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4.3 Proposed SIR Configuration Il

4.3.1 Structure of the Resonator

N fingers
|

Wy

Fig. 4-11. Proposed 4/4 SIR configuration II.

Fig. 4-11 depicts the layout of the second proposed 4/4 SIR. It consists of a section of a
short-circuited high-impedance line (Zy) and a section of a low-impedance line (Z;) with
corresponding physical lengths L, and L, respectively. Since the electric coupling in the
low-impedance section of the conventional /4 microstrip SIR is the main challenging issue
for large coupling strength, the addition of thin strips on one side of the low-impedance
section forms the interdigital coupling elements (i.e., Fig. 4-1(b)). Therefore, the coupling
strength between two low-impedance sections can be easily adjusted by changing the number
N, the width W, and the length Ly of fingers. Furthermore, the impedance ratio R of the SIR
can be kept low so that the resonator would maintain the small size.

To observe the spurious property of the proposed resonator, we fix the widths
W, =0.225 mm, W, =W, =0.325 mm, the gap spacing d,, =0.575 mm, and the lengths
L =L,=12425 mm. Then we perform the full-wave EM simulation for the proposed
structure. Fig. 4-12 shows the normalized first spurious resonant frequency versus finger

number N and finger length Ly on the substrate with a dielectric constant of 3.58 and a
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Fig. 4-12. Normalized first spurious resonant frequency versus finger number A, finger length

Lr, and width ;.

thickness of 0.508 mm. As shown in the figure, the resonator is set with three different widths
W, and three different finger dimensions for the cases N =6, 16, and 22. It is clearly
observed that the normalized first spurious resonant frequency is much closely related to the

width W, and the finger length Ly, as compared to the finger number N.

4.3.2 Four-Pole Bandpass Filter Design
To demonstrate the proposed structure, two four-pole wideband BPFs were designed and
fabricated. The filter is implemented using the design procedures based on the external quality

factor Q, and the coupling coefficient £ [57].

A. Filter |
The proposed four-pole filter I is a Chebyshev filter with a passband ripple of 0.1 dB, a

center frequency (fy) of 1.04 GHz, and a fractional bandwidth of 38%. According to the
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Fig. 4-13. Coupling structures for: (a) electric coupling and (b) magnetic coupling.

specifications, Q, =2.9179, k,, =k, =0.3158,and k,, =0.2499. In the design process, we
first fix the width Wy, and then determine the width W, the length Ly, the spacing d between
fingers, and the finger number N roughly for a given filter specification. Wy can be adjusted
for the prescribed upper stopband width. Fig. 4-13 shows the two basic coupling structures for
filter I. As shown in the figure, each SIR is folded to make the electric or magnetic coupling
possible and the size compact. There are two kinds of couplings involved in the filter. Fig.
4-13(a) is for the electric coupling, whereas Fig. 4-13(b) is for the magnetic coupling. Fig.
4-14 exhibits the physical layout and dimensions of the proposed filter I, where we number
these four resonators as 1-4 from left to right. The coupling k>3 is magnetic, whereas ki, and
k34 are mainly electric. The tap position Ly is chosen to match the Q. value for the 50-Q
source/load impedance. Here, the resonator dimensions are set as follows: W, =0.225 mm,
W,=1925 mm, W, =3.475 mm, d, =0.575 mm, L, =155 mm, and N=16. A half
number of fingers have the width W, =0.2 mm and the corresponding gap spacing d =0.5

mm. The other half number of fingers have dimensions of W, =0.225 mm and d =0.475
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mm. Fig. 4-15 shows the design curves for the coupling coefficients with the interleave length

L¢ and the spacing S as parameters, respectively.
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Fig. 4-15. Coupling coefficients of the coupling structures for: (a) electric coupling and (b)

magnetic coupling.
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Fig. 4-16. Photograph of the fabricated filter I.
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Fig. 4-17. Simulated (dashed line) and measured (solid line) results of filter 1. (a) Scattering

parameters. (b) Passband group delay.
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Fig. 4-16 shows the photograph of the fabricated filter 1. The size of the filter is 13.26
mm x 13.39 mm, which is 0.0774¢ x 0.0784, where 4, is the guided wavelength of the 50-Q
line on the substrate at the center frequency. Fig. 4-17 illustrates the simulated and measured
responses. The measured results show that the filter has a center frequency of 1.042 GHz. The
measured 3-dB fractional bandwidth is 43.05% from 0.8234 to 1.272 GHz. Within the pass-
band, the minimum insertion loss is 0.83 dB, and the return loss is better than 16.2 dB. The

maximum passband group delay variation is 2 ns. The first spurious response is at 4.455 GHz

(=4.281,), and the rejection level is better than 20 dB from 1.455 to 4.223 GHz.

B. Filter 11
On the basis of the design process discussed above, we design another filter with a wider
bandwidth to show the feasibility of the'proposed structure. Filter II, which resembles the

configuration of filter I, is a Chebyshev filter with a passband ripple of 0.1 dB, a center
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Fig. 4-18. Proposed layout of filter II. units: mm.
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frequency (fy) of 1.04 GHz, and a fractional bandwidth of 55%. Fig. 4-18 shows its physical
layout and dimensions. Again, the finger number is set as N =16. The resonator dimensions
Wy, Wi, Wr, d, and dy are the same as those of filter I. Due to the wider bandwidth, we
choose L. =2.55 mm for the electric coupling. The strong magnetic coupling between
resonators 2 and 3 is achieved by the common transmission line connected to ground, as

shown in Fig. 4-18.

Fig. 4-19. Photograph of the fabricated filter II.

Fig. 4-19 shows the photograph of the fabricated filter II with a size of 11.21 mm x
14.74 mm, i.e., 0.0651; % 0.0864,. The simulated and measured responses of filter II are
presented in Fig. 4-20. The measured results show that the filter has a center frequency of
1.043 GHz. The measured 3-dB fractional bandwidth is 64.57% from 0.7215 to 1.395 GHz.
The filter has a minimum insertion loss of 0.57 dB and a return loss better than 16.4 dB within

the passband. The maximum passband group delay variation is 1.5 ns. The first spurious

frequency is at 3.33 GHz (=3.19f,). The rejection level is better than 20 dB from 1.654 to
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2.885 GHz. Note that the first spurious resonant frequency is smaller than that of filter 1. This

is consistent with the spurious property according to Fig. 4-12.
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Fig. 4-20. Simulated (dashed line) and measured (solid line) results of filter II. (a) Scattering

parameters. (b) Passband group delay.
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4.4 Summary

The two proposed A/4 interdigital SIRs have successfully solved the coupling strength
problem of the conventional 4/4 microstrip SIR. By utilizing interdigital fingers in the low-
impedance section of the SIR, strong coupling between adjacent resonators is achieved. The
filter fractional bandwidth can be easily varied by changing the number of interdigital strips
and the interleave length. In the meantime, the impedance ratio R of the SIR is still kept low
so as to reduce the filter size and to extend the upper stopband. The filter with a generalized
Chebyshev response is easily achieved by applying a thin cross-coupling microstrip line.
Furthermore, the coupling mechanisms between resonators in the filter are all on the same
plane so that misalignment between different layers during the fabrication process can be
avoided. Each of the four filters has a very compact size, a wide passband, and a wide upper

stopband. Therefore, they are suitable.for wideband applications.
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Chapter 5 ENHANCED COUPLING STRUCTURES FOR

TIGHT COUPLERS AND WIDEBAND FILTERS

Tightly coupled lines are difficult to realize on the conventional printed circuit board
(PCB). In chapter 4, two interdigital coupling structures were used for coupling enhancement
to design miniaturized wideband bandpass filters (BPFs). However, these two structures are
unable to realize a tight coupler. In this chapter, we propose two types of novel enhanced
coupled-line structures appropriate for tightly coupled directional couplers and wideband
filters. The proposed coupled-line structures both have a rectangular ground-plane aperture
and two inserted signal strips in the aperture to increase the coupling strength significantly.
Compared to the conventional coupled lines with or without the ground-plane aperture shown
in Fig. 1-2, the proposed ones have -a;much. stronger coupling strength. Both proposed
coupled-line structures have the advantages of process compatibility with the conventional
PCB process, top-layer signal traces, and same-side input/output ports. In addition, they only
need a single-layer substrate. Moreover, for the wideband filter design, they are conveniently
adopted in any part of the resonator where the strong coupling is required. To demonstrate the
feasibility of the proposed structures, two compact wideband BPFs and three 3-dB quadrature
directional couplers with one, three, and five coupling sections, respectively, were designed
and implemented. All circuits were fabricated on a Rogers RO4003 substrate with a dielectric
constant of 3.58, a loss tangent of 0.0021, and a thickness of 0.508 mm. Each via-hole has a
diameter of 0.3 mm. The commercial full-wave electromagnetic (EM) software Sonnet is
employed in the simulation. The measurements of all circuits with subminiature A (SMA)

connectors were carried out using an Agilent 8720ES network analyzer.
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5.1 Proposed Coupled-Line Structures

5.1.1 Type |

(a) (b)
HHL
~ BI Signal strip A1 — A2
h ff%\/ia-hole Signal strip B1 — B2
A2 SG..._EE B2 s Ground Plane
=~ -—
R Ws Ground Plane

Wr
(c)

Fig. 5-1. Proposed coupled microstrip. lines of type 1. (a) Top view. (b) Bottom view. (c)

Cross-sectional view.

Fig. 5-1 shows the top, bottom, and cross-sectional views of the proposed coupled mi-
crostrip lines of type I. The proposed structure, where there are two inserted signal strips in
the ground plane, is basically an extension of the modified coupled lines shown in Fig. 1-2(b).
Note that two via-holes are added on each end of the inserted signal strip on the bottom layer,
penetrate through the substrate, and appear on both ends of each signal strip on the top layer.
Therefore, the strip conductor A1 is connected to 42 and B1 is connected to B2. To separate
the inserted signal strip from the microstrip ground plane on the bottom layer, there is a
narrow gap between them. In the proposed structure, the width of two microstrip lines on the

top layer is W and the spacing between them is S. The width of two inserted signal strips with
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a spacing Sg on the bottom layer is Ws. The spacing between the inserted signal strips and the
microstrip ground plane is Sk. Accordingly, the width of the ground-plane aperture is W, =
2x (W +8,)+S,;. In the quasi-static analysis, the coupling strength of the symmetric coupled
lines is determined by the even- and odd-mode capacitances C, and C, or by the even- and

odd-mode impedances Z, and Z,. The voltage coupling factor C for the coupled lines is given

by [20]

C=Se"%0 (5.1)

Consequently, the larger the difference between the even- and odd-mode impedances is, the
stronger the coupling between the lines will be.

Fig. 5-2 shows the even- and' odd-mode excitations of the proposed coupled-line
structure. For the even-mode excitation shown in Fig. 5-2(a), the normal component of the
electric field at the symmetry plane‘is.zero, which results in a magnetic wall. On the other
hand, under the odd-mode excitation, the symmetry plane behaves like an electric wall, as
indicated in Fig. 5-2(b). In Fig. 5-2, C, denotes the parallel-plate capacitance per unit length
located vertically between the signal and ground planes. Cris the fringe capacitance per unit
length from the edge of an uncoupled microstrip line. C;, and Cs; represent the fringe
capacitances per unit length across the gap between the inserted signal strip and the ground
plane in the air and dielectric regions, respectively. For the odd-mode excitation in Fig. 5-2(b),
C,, and Cy are the fringe capacitances per unit length across the coupling gap in the air and
dielectric regions, respectively, on the top layer, whereas Cg, and Cgq are those on the bottom
layer. Therefore, the even- and odd-mode capacitances (C,, C,) of either of the coupled lines

are given by
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Fig. 5-2. Quasi-TEM modes of the proposed coupled microstrip lines (type ). (a) Even mode.

(b) Odd mode.

Ce = Cf + Cp + Cs‘a + Csd (52)

Cn:Cf+Cp+Cm+C§d+Cm+Ctd+Cga+ng. (5.3)

To compare the characteristics of the conventional and proposed coupled lines shown in
Figs. 1-2 and 5-1, first of all, it is necessary to obtain the even- and odd-mode impedances of
coupled lines. We first perform the full-wave EM simulation for coupled lines by using
Sonnet software, and then load the four-port S-parameter file in AWR Microwave Office to
obtain the even- and odd-mode impedances. During the simulation, a lossless metal is

assumed, and a substrate with a dielectric constant ¢, =3.58 and a thickness /4 =0.508 mm
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Fig. 5-3. Coupling factor C versus microstrip line width W for two aperture sizes W, =1.65

mm (circle () and 2.85 mm (triangle /\). Conventional (Fig. 1-2(a)): dashed-dotted line.

Modified with the ground-plane aperture (Fig:1-2(b)): dashed line. Proposed: solid line.

is used. Since the capability of the-available fabrication process is taken into account, each
via-hole is 0.3 mm in diameter, and the minimum line width and gap spacing are limited to be
0.15 mm. Since there are too many physical parameters in the proposed structure, the dimen-
sions S, Sg, and Sk are fixed at 0.15 mm.

Fig. 5-3 plots the coupling factor C versus microstrip line width W for two different
aperture sizes W, =1.65 mm and 2.85 mm, corresponding to W, =0.6 mm and 1.2 mm.
The lengths of the coupled lines and the ground-plane aperture are 33.75 and 33.15 mm,
respectively. The figure shows that as W varies from 0.5 to 5 mm, the proposed structure
always has the largest coupling factor compared to the conventional parallel coupled lines
with or without the ground-plane aperture under the same physical dimensions. Furthermore,
the wider the width Wy of the ground-plane aperture is, the larger the coupling factor C will
be. The increasing percentage of the coupling factor is especially larger for wide lines. This

property is very advantageous since, for the filter application, it is very difficult to obtain
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strong coupling for wide lines.

To explain the mechanism behind the proposed structure in Fig. 5-3, first, consider the
conventional coupled lines with and without the ground-plane aperture, as shown in Fig. 1-2.
For the coupled lines without the ground-plane aperture, the even-mode impedance Z, is
larger than the odd-mode impedance Z, since the even-mode capacitance C, is smaller than
the odd-mode capacitance C,. For the coupled lines with the ground-plane aperture in Fig.
1-2(b), the decreasing percentage of C, is greater than that of C, owing to the ground-plane
aperture. For this reason, the increasing percentage of Z, is greater than that of Z,, which
results in a stronger coupling compared to the conventional structure in Fig. 1-2(a). On the
basis of the structure in Fig. 1-2(b), now consider the proposed structure shown in Fig. 5-1
and the even- and odd-mode excitations given in Fig. 5-2. It is seen that the inserted signal
strip in the ground-plane aperture increases Cgsand C, simultaneously due to capacitances Cy,
and C,, in both even- and odd-mode excitations. As the width Wy of the inserted signal strip
increases, both capacitances C, and C, increase due to the increases of Cy, and Cyy. Addi-
tionally, the inserted signal strip introduces C,, and C,, in the odd-mode excitation. Thus, the
increasing percentage of C, is much greater than that of C,. In other words, the proposed
structure decreases Z, and Z, at the same time, and the decreasing percentage of Z, is much
smaller than that of Z,. This method effectively enhances the coupling strength compared to
the structure in Fig. 1-2(b).

It is interesting to compare the proposed coupled lines with and without via-holes and the
coupled-line structure with a floating ground-plane conductor in [62]. Here, the dimensions in
Fig. 5-3 are used as an example so that W, =1.65 mm and 2.85 mm correspond to the width
of the floating ground-plane conductor 1.35 and 2.55 mm in [62], respectively. Since the
coupling enhancement is concerned in this study, Fig. 5-4 shows the coupling factor C for
these three structures. As shown in the figure, the structure in Fig. 5-1 always has the largest

coupling factor, and via-holes are necessary for strong coupling. The via-holes in the proposed
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Fig. 5-4. Comparison of the coupling factor C for three different coupled lines with two
aperture sizes W, =1.65 mm (circle OO) and 2.85 mm (triangle /\). Structure in [62]:
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structure have an extremely small size and are primarily used for maintaining equal potentials
on the top and bottom signal strips. In other words, they are not used to connect the signal
strip to the ground plane. Accordingly, the current on the coupled lines is mainly along the
longitudinal direction so that the inductive effect of via-holes is not severe and can be
neglected. In the following circuit design, we ignore the effect of via-holes and consider them

just as an interconnection between the top and bottom signal strips.

5.1.2 Type Il

Fig. 5-5 depicts the top, bottom, and cross-sectional views of the proposed coupled
microstrip lines of type II. In comparison with type I, type II has the same cross-sectional
profile, except that the signal strips on the top layer are cross-connected to the inserted signal

strips in the ground plane. Therefore, in Fig. 5-5(b) and 5-5(c), the strip conductor 41 is
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Fig. 5-5. Proposed coupled microstrip lines of type II. (a) Top view. (b) Bottom view. (c)

Cross-sectional view.

connected to 42 and B1 is connected to B2. Although two pairs of via-holes are not placed
symmetrically on both sides with respect to the central vertical plane, the even- and odd-mode
excitations are still applied since the via-holes are very small compared to the whole circuit.
The even- and odd-mode excitations of type II are shown in Fig. 5-6. Under the same physical
dimensions, the even-mode excitation in Fig. 5-6(a) is the same as that in Fig. 5-2(a) so that
this structure has little influence on the even-mode impedance Z, of type I. However, com-
paring the odd-mode excitations in Figs. 5-2(b) and 5-6(b), this structure further decreases the
odd-mode impedance Z, of type I due to additional capacitance C;. Thereby, types I and II
have nearly the same even-mode impedance, whereas type II has a much smaller odd-mode
impedance compared to type I. As a result, the coupling factor of type II is larger than that of
type 1. Take the dimensions given in Fig. 5-3 as an example. Fig. 5-7 compares the even- and
odd-mode impedances (Z., Z,) and the coupling factor C versus microstrip line width W for

types I and II to verify that type II has a much stronger coupling strength than type 1.
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5.2 Wideband Quarter-Wavelength Parallel-Coupled Filter

Since a 4/4 resonator has a smaller size and fewer spurious modes than a 4/2 resonator, it
is suitable for microstrip filters. The A/4 parallel-coupled filter presented in [63] was adopted
to design a four-pole Chebyshev filter with a passband ripple of 0.05 dB, a center frequency
(fo) of 1.5 GHz, and a fractional bandwidth of 40%. According to the analysis and design
process in [63], the initial even- and odd-mode impedances of the coupling sections are
Z,=72.0728 Q and Z =38.7455 Q. Since the formulas in [63] are suitable for narrow-
band filters, the developed filter should be fine tuned after the first design phase. Finally, the
even- and odd-mode impedances of the coupling sections are Z, =72.4 Qand Z =38.8 Q.
However, in this example, the spacing of the conventional parallel coupled lines is only 0.075

mm (i.e., smaller than 0.15 mm), which is beyond the fabrication capability. Hence, the
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proposed structure of type I [see Fig. 5-1] is used to obtain enough coupling.

Fig. 5-8 plots the even- and odd-mode impedances versus normalized widths W/h (from
1.4 to 2.6) and Wg/h (from 0.3 to 1.2), together with the variations of the even- and odd-mode
effective dielectric constants &.. and &.,. For easy comparison between parameters, we set
S/h=S8;/h=0.5 in Fig. 5-8(a) and 5-8(b) and S/h=S,/h=1.1 in Fig. 5-8(c). Therefore,
the normalized ground-plane aperture width W,/h=3.5 and 4.1 in Fig. 5-8(a) and 5-8(b)
correspond to (W, +S;)/h=1.5 and 1.8, respectively, and W,/h=4.1 in Fig. 5-8(c) corre-
sponds to (W, +S,)/h=1.5. As shown in the figure, both Z, and Z, decrease as W/h and
Ws/h increase. From Fig. 5-8(a) and 5-8(b), as Wg/h varies from 3.5 to 4.1, Z, increases
obviously while Z, increases slightly. Comparing Fig. 5-8(a) and 5-8(c), as S/ and S¢/h
increase from 0.5 to 1.1, Z, increases, whereas Z, remains almost the same. On the basis of the
above discussion, we first choose W/h, Wslh)and Sr/h for Z,, and then determine S/h and Sg/h
according to Z,. The even- and odd-mode effective dielectric constants are estimated using the

linear interpolation method.
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Fig. 5-8. Even- and odd-mode impedances (Z,, Z,) and effective dielectric constants (&ce, €reo)

versus normalized values W/h, Wg/h, Ws/h, S/h, Sc/h, and Sg/h. (a) W,/h=3.5,

S/h=S,/h=05, and (W,+S,)/h=15. (b) W,/h=41,

S/h=S,/h=05, and

Wo+S,)/h=18.(c) Wy/h=41, S/h=S,/h=1.1,and (W,+S,)/h=15.
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Fig. 5-9. Configuration of the four-pole 4/4 parallel-coupled filter. (a) Top-layer layout. (b)

Bottom-layer layout. Filter dimensions: L, =22.8 mm, L,=4.8 mm, L,=235 mm,
L,=1.55 mm, L, =655 mm, Ly=2190mm, S =5§;=055 mm, § =0.15 mm,

S$, =025 mm, W=11 mm, Wy=05 mm,and W, =0.3 mm.

Once the even- and odd-mode impedances are determined, the dimensions of the
coupling sections can be obtained using the design charts in Fig. 5-8. The physical layout and
dimensions of the 4/4 parallel-coupled filter are shown in Fig. 5-9. Note that two additional
via-holes are added on the middle of each coupling section to eliminate the resonance. The
two additional via-holes have little effect on the even- and odd-mode impedances and the
coupling factor since they are very small compared to the whole circuit.

Fig. 5-10 shows a photograph of the fabricated filter. The size of the filter is 55.8 mm x
4.3 mm, which is 0.48014 x 0.0374,, where A is the guided wavelength of the 50-Q line on
the substrate at the center frequency. The simulated and measured responses of the filter are
presented in Fig. 5-11. The measured results show that the filter has a center frequency of

1.519 GHz. The measured 3-dB fractional bandwidth is 49.11% from 1.18 to 1.926 GHz. The
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Fig. 5-10. Top view and bottom view of the fabricated 4/4 parallel-coupled filter.

filter has a minimum insertion loss of 0.5934:dB and a return loss better than 18.1 dB within

the passband. The maximum passband group delay variation is 1.5 ns. The first spurious

frequency is at 4.176 GHz (=2.75f;;), and the rejection level is better than 20 dB from 2.381

to 4.109 GHz.
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Fig. 5-11. Simulated (dashed line) and measured (solid line) results of the A/4 parallel-coupled

filter. (a) Scattering parameters. (b) Passband group delay.
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Fig. 5-12. Measured sensitivity to etching tolerances for the A/4 parallel-coupled filter (over:

over-etching; under: under-etching).
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To show the sensitivity to fabrication tolerances for the proposed coupled-line structure,
we modify the mask during the fabrication process because PCB factories cannot change their
processing parameters to match our study. Fig. 5-12 presents the measured responses of the
A4 parallel-coupled filter versus etching error, i.e., from over-etching 0.05 mm (2 mil) to
under-etching 0.025 mm (1 mil). In spite of inaccurate fabrication, the center frequency and
the bandwidth are almost unchanged. The passband return losses for all cases are better than

14.8 dB. Hence, the filter is insensitive to fabrication tolerances.

5.3 Wideband Quarter-Wavelength Hairpin Filter

The proposed coupling structures are easily incorporated in any part of the resonator
where the strong coupling is needed. Fig. 5-13 depicts the top and bottom layouts of the
folded microstrip A/4 resonator with the propesed type I structure. Here, the resonator is
folded in a hairpin shape in order to apply the eclectric and magnetic couplings easily. In
comparison with the conventional 4/4 hairpin_structure, the proposed one has an inserted
signal strip in the ground plane along the edge of the open-end section of the resonator. The
resonator has a top linewidth of W, and the width of the inserted signal strip in the ground
plane is Ws. The spacing between the inserted signal strip and the microstrip ground plane is
Sk. The length of the inserted signal strip is Lg, and the total physical length of the resonator is
2xL +L,. Since, in this example, the length of the coupling section and the width of the
resonator are arbitrarily chosen, the design procedure is conveniently based on the coupling
coefficient k and the external quality factor Q,,, [57]. In the design process, we first fix # and
Sk, and then adjust Wj iteratively to assure that the required coupling coefficient can be

achieved for the minimum allowable spacing between resonators.
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Fig. 5-13. Proposed 4/4 hairpin résonator. (a) Top view. (b) Bottom view.

The designed four-pole A/4 hairpin filter is a Chebyshev filter with a passband ripple of
0.05 dB, a center frequency (fo) of 1.4 GHz, and a fractional bandwidth of 37%. According to

the specifications, O, , =2.5913, k,, =k, =0.3318, and k,; =0.2562. The resonator di-

ext
mensions are determined as follows: L,=2.5 mm, W =0.75 mm, W;=0.3 mm, and
Sz =0.15 mm.

For the resonator dimensions listed above, Fig. 5-14 plots the two basic coupling
structures and the design curves for the proposed 4/4 hairpin filter. There are two kinds of
couplings involved in the filter. Fig. 5-14(a) is for the electric coupling and Fig. 5-14(b) is for
the magnetic coupling. The proposed type I structure forms a strong capacitive coupling
between resonators where the coupling strength is determined by the widths W and Wy and the
spacings S and Sg. The strong magnetic coupling is realized by a common transmission line

connected to ground. The coupling strength is adjusted by the length L, of the common

short-circuited stub.
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Fig. 5-14. Coupling structures and design curves for the proposed A/4 hairpin filter. (a)

Electric coupling and (b) magnetic coupling.
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(b)

Fig. 5-15. Configuration of the proposed four-pole A/4 hairpin filter. (a) Top-layer layout. (b)

Bottom-layer layout. Filter dimensions: L, =155 mm, L, =25 mm, L,=1435 mm,
L,=11.1 mm, L, =165 mm, Lg=146 mm, Ly, =1345 mm, W =075 mm,

Wy=03 mm,and S, =§,=S,=5;,=0.15 mm.
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Fig. 5-15 depicts the physical layout and dimensions of the /4 hairpin filter. Here, we
number these four resonators as 1-4 from left to right. The coupling k>3 is magnetic, whereas
ki» and k34 are electric. A tapped-line input/output structure is used for the external coupling
since it is space saving and easy to design. The tap position Ly is chosen to match the Qe

value for the 50-Q source/load impedance.

il

il

N
S

Fig. 5-16. Top view (left side) and bottom view (right side) of the fabricated /4 hairpin filter.

Fig. 5-16 shows a photograph of the fabricated /4 hairpin filter with a size of 16.45 mm
x 15.5 mm, i.e., 0.13134, x 0.12374,. Fig. 5-17 illustrates the simulated and measured re-
sponses. The measured results show that the filter has a center frequency of 1.409 GHz. The
measured 3-dB fractional bandwidth is 47.84% from 1.077 to 1.751 GHz. Within the pass-
band, the minimum insertion loss is 0.6526 dB, and the return loss is better than 14.2 dB. The

maximum passband group delay variation is 1.5 ns. The first spurious response is at 4.522

GHz (=3.21f,), and the rejection level is better than 20 dB from 2.016 to 4.334 GHz.
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Fig. 5-17. Simulated (dashed line) and measured (solid line) results of the A/4 hairpin filter. (a)

Scattering parameters. (b) Passband group delay.

5.4 Single-Section 3-dB Directional Coupler

To realize a tight coupler, the proposed structure of type II [see Fig. 5-5] is chosen. Fig.

5-18 plots the even- and odd-mode impedances versus normalized widths W/h (from 0.6 to
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1.5) and Wg/h (from 0.3 to 1.6). Since there are many physical parameters in the proposed
structure, we set S/h=S./h=0.3 in Fig. 5-18(a) and 5-18(b) and S/h=S,/h=0.6 in
Fig. 5-18(c) for easy comparison between parameters. Accordingly, the normalized ground-
plane aperture width W,/h=4.1 and 4.7 in Fig. 5-18(a) and 5-18(b) correspond to
Ws+S:)/h=19 and 2.2, respectively, and W,/h=4.4 in Fig. 5-18(c) corresponds to
W5 +S,)/ h=1.9. The figures show that both Z, and Z, decrease as W/h and W/h increase.
Comparing Fig. 5-18(a) and 5-18(b), as Wg/h varies from 4.1 to 4.7, Z, increases, whereas Z,
remains almost unchanged. From Fig. 5-18(a) and 5-18(c), as S/h and S¢/h increase from 0.3
to 0.6, Z, increases, whereas Z, remains almost the same. Thus, in the design process, we first
determine W/h, Wg/h, and Sg/h according to Z., and then choose S/ and Sg/h for Z,. In
addition, Fig. 5-18 gives the variations of the even- and odd-mode effective dielectric
constants. The linear interpolation method is applied to estimate the even- and odd-mode

effective dielectric constants owing to_their small variations.
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Fig. 5-18. Even- and odd-mode impedances (Z., Z,) and effective dielectric constants (&ee, €reo)
versus normalized values W/h, Wg/h, Ws/h, S/h, Sc/h, and Sg/h. (a) W,/h=4.1,
S/h=8;/h=03, and (Wy+S,)/h=19 . (b) W,/h=47, S/h=S8;,/h=03, and
Ws+Sp)/ h=22.(c) Wy/h=44, S/h=S./h=0.6,and (W,+S;)/h=109.
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31.5 mm, §,=S5,=5,=5,=0.15 x =05 mm, W=0.75 mm, Wy=0.6 mm,

W.=03 mm,and W,=0.15 mm.

Fig. 5-20. Top view and bottom view of the fabricated coupler.
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In this study, the coupler with a 3+0.5-dB coupling factor was designed at the center

frequency of 1.5 GHz. The corresponding even- and odd-mode impedances are Z, =132.3
Qand Z =18.9 Q. On the basis of the analytical results and the design curves presented in
Fig. 5-18(a)-(c), Fig. 5-19 depicts the top and bottom layouts of the directional coupler along
with its physical dimensions. Again, two additional via-holes are added on the middle of the
coupler to eliminate the resonance.

Fig. 5-20 displays the photograph of the fabricated coupler. The overall size of the
coupler 1s 9.85 mm x 35.95 mm. Fig. 5-21 shows the simulated and measured responses. The
measured results show that the coupling strength is 2.671 dB at the center frequency. The
amplitude difference between port 2 (coupled port) and port 3 (through port) is less than 1 dB
over the frequency range of 0.875-2.112 GHz, corresponding to a fractional bandwidth of
82.47%. The phase difference between the' coupled and through ports is 89.9° at the center
frequency and remains 90+1.5° from 0.1 to 2.132 GHz. The return loss and isolation are both

better than 17.5 dB in the operating band.
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Fig. 5-21. Simulated (dashed line) and measured (solid line) results of the coupler. (a)
Insertion losses |S21| and |S31]. (b) Return loss |S11| and isolation |S4|. (c¢) Phase difference

between the coupled and through ports.
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Fig. 5-22. Measured sensitivity to etching tolerances for the proposed 3-dB coupler (over:

over-etching; under: under-etching).

Fig. 5-22 presents the measured responses of the proposed 3-dB coupler versus etching
error, i.e., from over-etching 0.05 mm (2 mil) to under-etching 0.025 mm (1 mil), to
demonstrate its sensitivity. Only the insertion losses for the through port and the coupled port
are shown for clarity. It is seen that the coupler is insensitive to manufacturing inaccuracies.

As discussed above, there are many physical parameters for design flexibility in the
proposed two coupling structures. In the next sections, the design criteria regarding these
parameters are illustrated to achieve a very high even-mode impedance and a very low
odd-mode impedance for a multisection 3-dB directional coupler. In addition, the proposed

two coupling structures facilitate the connection between coupling sections so that they are

very appropriate for multisection directional coupler design.

5.5 Three-Section 3-dB Directional Coupler

A three-section directional coupler with a passband ripple of 0.4 dB was designed to
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Fig. 5-23. Schematic of the tight-coupling section (section 2).
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Fig. 5-24. Design chart for the tight-coupling section with §=0.15 mm.

cover the ultra-wideband (UWB) (i.e., 3.1-10.6 GHz). In the design process, first, the
dimensions of each coupling section are designed based on the even- and odd-mode
impedances (Zo., Zo,). According to the multisection TEM coupler theory [59], the two outer
sections have Z;, =63.52 Q and Z,, =39.36 Q. These two sections can be implemented
by the conventional coupled microstrip lines. Their dimensions are easily synthesized using

the commercial circuit simulator. The central section has Z,, =183.28 Q and Z, =13.64

Q and is realized by the enhanced coupling structure of type II. To facilitate the design
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Table 5-1 Dimensions (in millimeters) of the three-section directional coupler

Section w Wr S Sk L
1 and 3 0.95 - 0.15 - 5.7
2 1.15 4.85 0.15 1.2 7.7
L: Length of the coupling section.
0 — 0

magnitude, dB

-14+F

—coupling v return loss
[ == -transmission ‘== isolation
_16 L L L L 1 L L L L 1 L L L L 1 L L 1 L L L _40
1.5 35 55 7.5 9.5 11.5

frequency, GHz

Fig. 5-25. Simulated response of the proposed three-section directional coupler.

process and to obtain a very low odd-mode impedance, here, the widths of the top and bottom
signal strips are all set equal to W. The spacings between the signal strips on the top and
bottom layers are both S. Consequently, the cross-sectional view of the center section is
depicted in Fig. 5-23. On the basis of the minimum allowable spacing § =0.15 mm, Fig.
5-24 shows the design chart for the tight-coupling section. Apparently, the four dashed lines
corresponding to Zy, for different ground-plane aperture sizes are all overlapped. Therefore,
we first determine I for Z,, and then choose W5 or Sk according to Zy..

After each section has been designed individually, the three sections are connected
together. Since the discontinuities between the coupling sections would degrade the coupler

behavior, the overall performance of the coupler is fine-tuned by using the full-wave EM
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simulation software. The final dimensions of the coupler are given in Table 5-1. The

simulated results are presented in Fig. 5-25.

Fig. 5-26. Top view and bottom view of the fabricated three-section directional coupler.
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Fig. 5-27. Measured response of the three-section directional coupler.
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Fig. 5-26 shows the photograph of the fabricated directional coupler, which has a size of
12.35 mm x 21.3 mm. The measured results in Fig. 5-27 show that the return loss S;; and the
isolation S4; are both better than 19.5 dB up to 11 GHz. Fig. 5-28 indicates that the amplitude
imbalance between the coupled and through ports is less than 1.1 dB from 2.09 to 11.3 GHz,
and the phase imbalance is less than 1° up to 10.9 GHz. As a result, the proposed directional

coupler performs well over the UWB band.
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Fig. 5-28. Simulated and measured amplitude and phase imbalances between the coupled and

through ports. (a) Amplitude imbalance. (b) Phase imbalance.
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5.6 Five-Section 3-dB Directional Coupler

For the five-section directional coupler, the two outer sections use the conventional
parallel-coupled microstrip lines, and the three inner sections consist of the proposed two
enhanced coupling structures. Here, we design a five-section 3-dB directional coupler with a
passband ripple of 0.3 dB and a center frequency of 3 GHz. Following the multisection TEM
coupler theory, the even- and odd-mode impedances for each coupling section can be found in
[59] and are listed in Table 5-2. The conventional coupled microstrip lines are used for

sections 1 and 5. Their dimensions can be synthesized using the commercial circuit simulator.

Table 5-2 Design parameters of the five-section directional coupler

Section Z. (Q) Z, (Q) C (dB)
1 and 5 56.83 43.99 -17.9
2 and 4 74.78 33.43 -8.36
3 220 11.36 -0.9
w. .S W
mmxmm

ssssssw Signal strip 41— 42
Signal strip Bl — B2

s Ground Plane

h ' %Vla-hole

A2 4—h- i
%%W

S‘R W _ Grlound
W » Plane

Fig. 5-29. Cross-sectional view of the enhanced coupling structure in sections 2 and 4.

For sections 2 and 4, the coupling structure of type I is selected. This structure can
implement a coupler with a moderate coupling factor. Here, the cross-sectional view of this

structure is shown in Fig. 5-29. The width of two microstrip lines on the top layer is W and the
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spacing between them is S. The width of two inserted signal strips on the bottom layer is W
and the spacing between them is also S. The spacing between the inserted signal strip and the
microstrip ground plane is Sk. Thereby, the width of the ground-plane aperture is W, =

2x (W, +S,)+S . Among these physical parameters, we fix S, =0.15 mm (i.e., S,/h=0.3)
according to the minimum allowable spacing and W; =0.3 mm (i.e., W;/h=0.6) based on
the minimum available diameter of via-holes to obtain design curves. Fig. 5-30 shows the
even- and odd-mode impedances (Z., Z,) and effective dielectric constants (&, &,) versus
normalized strip linewidth W/h and spacing S/h. Apparently, W affects Z, and Z,, whereas S
primarily controls Z,. Consequently, we first determine W according to Z., and then choose S
based on Z,.

To implement the extremely tight-coupling section 3, the structure of type II is chosen.

The cross-sectional view of the structure'is 'shown in Fig. 5-31. Since Z, is very small in this
section and is mainly dominated by the overlap region between the top and bottom signal

strips, these four signal strips have the same width . The spacings between the adjacent

signal strips on the top and bottom layers are both equal to §=0.15 mm (i.e., S/h=0.3)
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Fig. 5-30. Even- and odd-mode impedances (Z,, Z,) and effective dielectric constants (&, &)

versus normalized values S/h and W/h for S,/h=0.3 and W;/h=0.6. (a) Even-mode. (b)

Odd-mode.

based on the minimum allowable spacing. In addition, Z, is very large in this section so that
Wk is initially set large enough so as to determine W for a specific Z,. Once W is obtained, Wz
or Sk is adjusted for Z.. Fig. 5-32 plots the even- and odd-mode impedances and effective
dielectric constants versus W/h and Wx/h for S/h=0.3. The figure indicates that both Z, and
Z, decrease as W increases. Moreover, as W is fixed, Wy primarily influences Z, and has little

effect on Z,. Hence, W is first chosen based on Z,, and then W% is determined according to Z..
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Fig. 5-31. Cross-sectional view of the enhanced coupling structure in section 3.
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Fig. 5-32. Even- and odd-mode impedances (Z,., Z,) and effective dielectric constants (&, &)

versus normalized values W/h and Wi/h for S/h=0.3. (a) Even-mode. (b) Odd-mode.

According to the even- and odd-mode impedances in Table 5-2, each coupling section
was individually designed from Figs. 5-30 and 5-32, and then the five sections were joined
together. Finally, the whole directional coupler was simulated by using full-wave EM

simulation software, and the preliminary physical dimensions were slightly adjusted to
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Fig. 5-33. Top view and bottom view of the fabricated five-section directional coupler.

Table 5-3 Dimensions (in millimeters) of the five-section directional coupler

Section 174 Ws Whr S Sk L

1 and 5 1.05 - - 0.4 - 14.65

2 and 4 0.7 0.3 1.1 0.2 0.15 14.3
3 1.45 - 8.95 0.15 33 17.3

L: Length of the coupling section.

compensate for the parasitics encountering in the discontinuities between sections. Fig. 5-33
displays the photograph of the fabricated five-section directional coupler, where the physical
dimensions of each coupling section are given in Table 5-3. The three ground-plane apertures
of sections 2, 3, and 4 are separated with each other by a ground metal with a length of 0.6
mm, i.e., 0.3 mm long for each section. The overall size of the circuit is 16.45 mm x 77.4 mm.
Figs. 5-34 and 5-35 show the simulated and measured responses. The measured return loss
and isolation are both better 15 dB for the frequency range of 0.1 to 5.22 GHz. The amplitude
difference between port 2 (coupled port) and port 3 (through port) is shown in Fig. 5-36(a)

and is less than 0.85 dB over the frequency range of 0.63-5.24 GHz, corresponding to a
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fractional bandwidth of 157%. The phase difference between the coupled and through ports is

presented in Fig. 5-36(b) and remains 90+5° from 0.1 to 5.22 GHz.
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Fig. 5-34. Simulated result of the five-section directional coupler.
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Fig. 5-35. Measured result of the five-section directional coupler.
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Fig. 5-36. (a) Amplitude difference between the coupled and through ports. (b) Phase differ-

ence between the coupled and through ports.

5.7 Summary

Two types of enhanced coupling structures have been presented to solve the coupling
strength problem of the conventional parallel-coupled microstrip lines. The coupling strength
can be easily varied by adjusting the size of the ground-plane aperture and the width of
inserted signal strips. This allows the relaxation of fabrication tolerances since strict dimen-
sions are avoided. The proposed structures are easily fabricated on a single-layer substrate by

the conventional PCB process. A four-pole 1/4 parallel-coupled filter and a four-pole 4/4
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hairpin filter were constructed to demonstrate their convenient applications in many resonator
configurations to enhance the coupling between adjacent resonators. Furthermore, the pro-
posed two structures have good compatibility with the conventional coupled microstrip lines.
Three 3-dB directional couplers with one, three, and five coupling sections, respectively, have
been designed and fabricated by combining the conventional coupled microstrip lines with the
proposed two types of tight-coupling sections. As a result, the implemented 3-dB directional

couplers have a simple configuration and are very attractive for broadband applications.
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Chapter 6 CONCLUSION AND FUTURE WORKS

6.1 Conclusion

In this dissertation, novel low-impedance microstrip lines and tightly coupled microstrip
lines have been presented to improve some important features of filters and to solve the
realization difficulty of single- or multi-section 3-dB directional couplers. All of the proposed
structures are easily incorporated with the conventional microstrip line on a single-layer low-
dielectric-constant substrate. To demonstrate the generality of the proposed structures, all the
circuits were fabricated on a commonly used substrate, namely, a Rogers RO4003 substrate
with a dielectric constant of 3.58 and a thickness of 0.508 or 1.524 mm, by the conventional
printed circuit board (PCB) process.

In chapter 3, the signal and ground strips have been placed on the same plane to obtain
the low-impedance microstrip line. This structure is particularly useful in the low-impedance
section of the stepped-impedance resonator (SIR) to further decrease the impedance ratio. As
a result, the designed filter has a smaller size-and a higher spurious frequency compared to the
conventional one. In addition, since the conventional SIR filter is very sensitive to etching
tolerances, by properly choosing the number of ground strips inside the low-impedance
microstrip line, two fabrication-tolerant SIR filters were successfully realized.

In chapter 4, two interdigital coupling structures have been presented to achieve strong
coupling. These two structures are used in the low-impedance section of the SIR to maintain
the low impedance ratio of the SIR and to obtain large coupling between adjacent SIRs. In
addition, the filter fractional bandwidth is easily varied by adjusting the parameters of
interdigital coupling elements. Four four-pole wideband bandpass filters (BPFs) were de-
signed and fabricated. All the filters have the advantages of compactness, wide bandwidth,
wide stopband range, and ease of fabrication.

In chapter 5, two enhanced coupling structures have been proposed to design wideband
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BPFs and tightly coupled directional couplers. Since there are many physical parameters in
these two structures, design flexibility can be achieved and strict dimensions are avoided for
practical applications. Two four-pole wideband BPFs have been implemented to demonstrate
their facility in many filter configurations. Furthermore, the conventional coupled microstrip
lines and two types of proposed tight-coupling sections have good compatibility with each
other. We have designed the one-, three-, and five-section 3-dB directional couplers for future
broadband applications (e.g., ultra-wideband (UWB)).

Since the proposed microstrip lines have signal or ground strips on both sides of the
substrate via via-holes, they require the double-sided fabrication process. Thereby, compared
to the conventional microstrip line, misalignment between different layers during the fabri-
cation process may become a critical factor in the proposed structures. As a matter of fact,
misalignment in the conventional PCB. process is usually very small so that it would not
contribute to the severe deviation from the specified response in the proposed circuits. On the
other hand, via-holes are necessary and will become a limitation for the proposed structures as
the frequency of the designed circuit is high. This is because, compared to the line width and
gap spacing, the via-hole has a larger minimum size and cannot be reduced according to the

frequency in the conventional PCB process.

6.2 Future Works

In chapters 3 and 4, a pair of transmission zeros are realized by a thin cross-coupling
microstrip line on the top or bottom of the filter. The length of the microstrip line should be
short enough so that its first resonant frequency would be higher than the first spurious
frequency of the filter. However, if a high-dielectric-constant substrate (e.g., RT/Duroid 6010
substrate with a dielectric constant of 10.8) is used, the line will be too short to produce a pair

of transmission zeros on both sides of the passband. Therefore, other filter configurations may
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be adopted to introduce a cross coupling between nonadjacent resonators directly, instead of
by a cross-coupling microstrip line.

In chapter 5, due to the unequal even- and odd-mode phase velocities of the proposed
enhanced coupling structures, the directional coupler cannot have high directivity. Since there
are many physical parameters for design flexibility in these two structures, we may adjust
these physical parameters to obtain enough coupling along with the same even- and odd-mode
effective dielectric constants.

The enhanced coupling structures in chapters 4 and 5 may have the potential to design a
BPF that covers the UWB passband. Since the first spurious passband is a critical point in the
wideband filter design, we can use the SIRs with the same fundamental resonant frequency
but with different spurious resonant frequencies to further widen the upper stopband, as
mentioned in [13] and [15]. Moreover, the proposed two coupling structures in chapter 5 are
suitable for other microwave component design, such as rat-race couplers [64] and asym-
metric directional couplers [65]. In addition to the PCB circuit, they can be applied to the

monolithic microwave integrated circuit (MMIC).
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