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Abstract

Two asymmetric branch-line _hybrids with-arbitrary power divisions are cascaded for
design of a crossover coupler. The two pairs of the diagonal ports are allowed to have
different characteristic impedances. Block “ABCD. matrices are applied to estimate the
bandwidth of the crossover coupler.

To achieve the dual-band operation, an elementary two-port is employed to replace the
AM4-section of each hybrid. The two-port consists of a stepped-impedance section with two
open stubs shunt at both of its ends. By means of the transmission-line theory, analytical
equations are formulated to solve the circuit parameters. A circuit designed at 0.9/1.8 GHz is

realized and measured to validate the idea.
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Chapter 1

Introduction

Crossover is an essential device for microwave and radio frequency integrated circuits.
In a microstrip circuit [1], an air-bridge interconnect is an intuitive solution, and this three-
dimensional structure exhibits a low-pass characteristic. In [2], two signal traces are laid on
different metal layers and an additional grounded plane is placed in between to shield one
signal from the other. One can expect that extra vias are required to have all the input and
output terminals of the crossover in one metal plane. Obviously, if a fully planar crossover
coupler can be realized with ideal transmission loss, return loss and isolation, not only the
vias mentioned above and hence the fabrication cost, can be saved, but also the overall circuit

performance can be enhanced.

1.1 Literature Review

To reduce the design complexity, a series of fully planar multi-port couplers with
crossover applications have been investigated in [3-9]. Ideally, the crossover junction is
supposed to provide 0-dB insertion loss to diagonal ports and perfect isolation to adjacent
ports. In [3], microstrip and stripline crossovers are contrived on the basis of two cascaded
branch-line hybrids. In [4], octave-wide matched symmetrical and reciprocal four- and
five-port networks are proposed. A circular disk can also be designed as a symmetrical and
reciprocal four-port crossover junction [5]. In [6], a novel planar configuration of 0-dB
directional coupler is presented as a single-layer crossover in microwave integrated circuits.
The circuit configured in a “window”-shape [7] may have an improved bandwidth if the
characteristic impedances of the constitution branches can be properly designed. Recently, in

[8-9], a double-ring structure is proposed for design of microstrip four-port crossover coupler.



The eigenmode model is developed for analysis to investigate the circuit performance. The
measured data of the circuit show that the isolation and return loss of the prototype coupler
exceed 20 dB over a bandwidth of 20%. In [10], a four-port crossover coupler with a simpler

configuration is proposed and investigated.

Recent rapid progress in wireless communication systems has created a need of
dual-band operation for RF devices [13-19]. In [13], a rigorous design is presented for
microstrip bandpass filters with a dual-passband response in parallel-coupled and
vertical-stacked configurations. In [14], a novel branch-line coupler is proposed to operate at
two arbitrary frequencies with additional stubs. In [15], a two-port consisting of a
stepped-impedance section with open stubs attached to its two ends is proposed to imitate the
90°-section at the two designated frequencies with different characteristic impedances. In [16],
novel arbitrary dual-band microwave-components based on components using right/left hand
transmission lines have been-presented. In [17], a novel-elementary two-section impedance
transformer has been shown to.be capable of dual-band operation under unrestricted load and
frequency conditions. In [18], a-new dual-band 3-dB three-port power divider based on a
two-section transmission-line transformer for arbitrary impedance terminations is proposed.
In [19], two novel PIFA-related dual-band antennas with spiraled and coupled structures have
been proposed and demonstrated. Note that all crossover junctions in [1]-[10] are designed to
have identical diagonal port impedances and operate in a single passband. Thus, this thesis
studies the dual-band design of the crossover junction based on the approach employed in

[15]. Design graph will be provided.

1.2 Contribution

Crossover coupler can also be designed using two branch-line hybrids in a cascade [3].

By applying standard hybrid analysis techniques, theoretically, the signal emerges only at the



diagonal port of the composite structure, with no insertion loss, and no power emerges from
the remaining two ports such that high isolation between two crossing signal channels can be
achieved. Nevertheless, the design is limited to that the two crossover traces have identical
characteristic impedances. Chapter 2 extends the realization of planar crossover coupler of
which the two crossover signal traces are allowed to have different characteristic impedances.
The circuit consists of two asymmetric branch-line hybrids [11-12] in cascade. Each hybrid is
designed to have arbitrary power division and termination impedances. By properly selecting
the structure parameters of each hybrid, a crossover coupler could be readily fulfilled.

Measured results of a fabricated circuit agree very well with the simulated counterparts.

In Chapter 3, the design of crossover junction with unequal port impedances in Chapter 2
is extended to have a dual-band characteristic based.on the approach in [16]. According to the
best of our knowledge, this is the first-dual-band crossover coupler in open literature, so that
its performance deserves investigation. An experimental microstrip dual-band crossover

coupler is simulated and measured for demonstration.

Chapter 4 draws the conclusion of‘this work.



Chapter 2

Crossover Coupler Design using Asymmetric Branch-Line
Hybrids

Crossover coupler is one of the solutions to the problem that two transmission lines cross
each other. It enables the two signal paths to have as low as interference with each other. This
chapter presents a crossover coupler design based on two asymmetric branch-line hybrids
with arbitrary power divisions in a cascade. It is a new idea to design a four-port crossover
junction with different termination impedances. Block ABCD matrix formulation is applied to
the circuit to estimate the bandwidth. The relation between power division ration of

asymmetric branch-line hybrids and performance of the crossover coupler is also investigated.

2.1 Crossover Coupler-Design

A crossover coupler can be designed using two branch-line hybrids in a cascade [3]. By
applying standard hybrid analysis_techniques, theoretically, the signal emerges only at the
diagonal port of the composite structure, with no insertion loss, and no power emerges from
the remaining two ports so that high isolation between two crossing signal channels can be
achieved. Nevertheless, the design has hitherto been limited to that the two crossover traces
have identical characteristic impedances. This Chapter extends the realization of planar
crossover coupler of which the two crossover signal traces are allowed to have different
characteristic impedances. The circuit consists of two asymmetric branch-line hybrids [12-13]
in cascade. Each hybrid is designed to have arbitrary power division and termination
impedances. By properly selecting the structure parameters of each hybrid, a crossover

coupler can be readily fulfilled.



2.1.1 Asymmetric Branch-Line Hybrid with Arbitrary Termination Impedances

In [11-12], an asymmetric branch-line coupler with arbitrary termination impedance and
arbitrary power division is proposed. Figure 2.1 shows this four port coupler terminated in
arbitrary impedances Z,, Z,, Z. and Zg. It consists of four A/4-sections which form a ring. The
impedances of four A/4-sections are Zy, Z,, Zzand Z4. When power is fed into port 1, phase
difference of the two output waves at port 2 and port 3 is 90°. The ratio |S,1)/|Ss1| is di/d2 while
port 4 is isolated. The design equations are as follows. For Z, = Z, = Z; = Zg and d; = dj, the

result is the well-known conventional branch-line coupler [3].

d2
Z, = ’—l«/Z Z 2.1a

Z} 2L (2.1b)
2
d2
Z,= |-+ |72 2.1c
B d12+d22 c=d ( )
d,
z4:d— Z,Z, (2.1d)

/> Z3

Zc Zd
@ Zs 3

Figure 2.1 Circuit schematic of an asymmetric branch-line hybrid.



2.1.2 Two Asymmetric Branch-Line Hybrids in a Cascade

Figure 2.2(a) shows the schematic of the proposed crossover coupler. It consists of seven
quarter-wavelength sections with characteristic impedances Z; ~ Z;. The termination
impedances of the two pairs of the diagonal ports are Z,; and Z,,. The circuit can be treated as
two cascaded asymmetric branch-line hybrids as shown in Figure 2.2(b). Each hybrid
possesses arbitrary power division and termination impedances. For impedance matching
purpose, the two output terminations of the first hybrid, Zj; and Zj,, are designed to be the
same as the two input counterparts of the second circuit. Since the sections Z,3 and Zy, are in
shunt connection, we have Z, = Z,3//Zp,. For coupler i (i = 1, 2) at the center frequency, let the
outputs at their individual through and coupled ports be designated as —ja; and -/,
respectively. Here, o; and /5 are positive real-numbers satisfying oi® + 4% = 1. Applying the

standard hybrid analysis technigue, we-have

S21 = (_ ja1)(_ jaz) + (_ﬂl)(_ﬂz) =-oa, + ﬂlﬂz (2.2&)
Sy = (—ja)(=5,) + (=B)(= 1) = j(a. 5, + Ba,) (2.2b)

Note that the design specifications require that [S11| = |Sz1] = |Sa1| = 0 and |Ss1| = 1. After
some algebraic manipulation, it can be validated that cn = £ and 1 = . By employing the
design equations in [3] and [12], the characteristic impedances of the branch-line sections can

be written as

Z,=+Z2,Z,5In0® (2.3a)
2, =2y, tan® (2.3b)

Z,,=+2,Z,tan® (2.3¢)

Z.,=+2:,Z,,SINO (2.3d)



Zy, =Z,,Z,, c0s® (2.4a)
Z,, =Z,Z,, cot® (2.4b)
Z,= mcote) (2.4c)
Zy, =Z;,Z, COSO (2.4d)

where sin® = ¢ and cos® = A. From (2.3) and (2.4), provided that Z,; and Z,, are known,
Zo and Zp (k = 1, 2, 3 and 4) can be readily obtained once ®, Zj; and Zj, are given.
Consequently, there are several degrees of freedom for the design since ®, Z;j; and Zj,; can be
arbitrary. The only concern for choosing their values should be the realization of the line

widths of the fabrication process.

21
Zot

@ 2 @
ZoZ
: . > ;
3
202@ Zol
Zs Z7

(a)

(b)

Figure 2.2 (a) Proposed crossover coupler with arbitrary diagonal termination impedances. (b)

Analysis of (a) by the transmission line model.



2.2 Circuit Bandwidth

2.2.1 Block ABCD Matrix for Four-Port Network

In Figure 2.3 (a) and (b), port voltages and currents are defined at various terminals of a
four-port network for Y-, Z- and ABCD-parameter analyses. Admittance and impedance
matrices are used to describe the relation between the port voltages and currents in Figure 2.3
(a). The admittance matrix [Y] of the microwave network relates these voltages and currents

as shown in (2.5):

l, Yo Yoo Yge Y ||V \A
I, _ Yo Yo Vs Yo Vs _ [Y] Vv, (2.5)
I5 Yo Yo Yo Yo ||V Vy
I, Yoo Yo Yo YullV, \2

The impedance matrix can be defined in a similar fashion. The matrices [Y] and [Z] can be
used to characterize a microwave ‘network; but 'in practice when a microwave network
consists of a cascade of two or more four-port networks, it is convenient to use a 4-by-4
ABCD-parameter for analysis purpose. The ABCD matrix of the cascade of two or more
four-port can be easily obtained by directly multiplying the ABCD matrices of the each
four-port, as shown in Figure 2.4. Mathematically, the voltages and currents of the two ports

on the left hand side of the network are related to those on the right hand side by (2.6):

Vl A‘l AZ Bl BZ V2
V4 — AS A4 BS B4 V3 (26)
| |c, ¢, D DI,
I,| |Cc, ¢, D, D, I,



Vo,

V5,

I1 Vi
o—1 _
Yii Yi2 Vi3 Vg
Yor Yoo Y3 Yoa
Y31 Yz2 Y33z Yas
L Va Yar Ya2 Yaz Ya4
- o1 L ]
()
I Vi
b 1 _
A A BB B
A A B3 Bs
Cr Co D1 D
L, Ve Cs Cs D3 Dy
— e O———] = _J
(b)

Figure 2.3 (a) Voltage and current definitions in Z- and Y-parameter formulations. (b) Voltage

and current definitions in block ABCD parameter formulations.

For the voltages and currents of a four-port in the block ABCD-parameter formulation shown
in Figure 2.3 (b), the directions of currents at port 2 and port 3 are opposite to those in the Y-
and Z-parameter formulation. By using similar definition for the traditional two-port ABCD
matrix, each of the Aj-entries in block ABCD can be determined by applying input voltages at
port 1 and port 4, and measuring the open-circuit output voltages at port 2 and port 3.
Similarly, each entry in block B is the ratio of input voltages to short-circuit output currents,
those in block C is the ratio of input currents to open-circuit output voltages, and those in

block D is the ratio of input currents to short-circuit currents. Detailed derivations are given in

the following subsections.



Il \/1 \/2 |2:T1 Vl VZTZ
—— Oo— - 0 = 0— e B @)
Al A B B AN B B
As Av Bs By As Ay B; By
Cl CZ D D C1 62 61 62
LV Cs C D3 Du Ves=l, C; C, D3y Dy Vs T,
e 0— L 4 —_——— 0—] L —

Figure 2.4 Block ABCD matrices for analysis of a cascade of two four-ports.

2.2.2 Conversion between the Block ABCD Matrix and the 4x4 Y Matrix

From (2.6), we have

_ i

o=t

|v3:o,|2:0,13:0 : (2.7)

Substituting V3 = 0, I, = 0 and I3,= 0 into the relation of voltages and currents in the Y

matrices, we have

L, =Y,V +Y,,V, +Y,V, =0 (2.8a)

L, =YV, +Y,,V, + YV, =0 (2.8b)

Multiplying (2.8a) by Y34 and subtracting (2.8b) multiplied by Y,4 from it, we can eliminate V,4
and obtain the relation between V3 and V,. Then the transformation of Y-parameters to A; can
be derived as shown in (2.9a). All other elements of block A can also be derived similarly and

are given in (2.9b) ~ (2.9d).

10



_ Y32Y24 _Y22Y34

A= (2.92)
Y21Y34 _Y31Y24

A = YasY2os = YasVa (2.9b)
Y21Y34 o Y31Y24

A = YaoYa1 =Y You (2.9¢)
Y21Y34 _Y31Y24
YooYa — YooY

y = —23°31 3321 (2.9d)
Y21Y34 _Y31Y24
From (2.6), B, of block B is defined as

V,

B = -+ I\/Z:o,vszo,lszo (2.10)

|2

According to the relation of voltages and currents.in the Y-matrix, the following equations can

be derived with V, =0, Vs =0 and I; =0:

Iy =Y Vo+Y,V, =0 (2.11a)

B A A (2.11b)

Note that the direction of I, in the Y-matrix is opposite to that in the block ABCD matrices.
The relation of V; and V4 in (2.11a) is used in (2.11b). Then, the ratio V./l, can be derived as

shown in (2.12a). Similarly, all other elements block B can be obtained as follows:

B, = B R (2.12a)
Y21Y34 - Y31Y24
B - Y (2.12b)
Y21Y34 - Y31Y24
Bo_ tu (2.12¢)

? Y21Y34 _Y31Y24

11



B, = _ a (2.12d)
Y21Y34 - Y31Y24

From (2.6), C; of block C is defined as

|
Cl = V_Z |v3=o,|2:o,|3=o (2-13)

According to the relation of voltages and currents in the Y-matrix and the conditions V3 =0, I,

=0and I3 =0, the following equations can be derived:

L, =YV, +Y,V, +Y,V, =0 (2.14a)
L2 YV Y V4 Y.V, =0 (2.14b)
L =Y, N Y,V YV, (2.14c)

(2.14a) and (2.14b) can be used-to eliminate V, and-express V; as a function of V,. Similarly,
V, can be expressed as a function of V,.  Applying these relations to (2.14c) can eliminate V;
and V,. Then, the ratio of 1;/V, can be obtained as shown in (2.15a). All other elements of

block C can also be derived as shown in (2.15b) ~ (2.15d):

_ Yy (Y32 Y2 = Y25 Ya4) +Yia (Yo Va1 = Yao Y1) ny

C (2.158)
' Y21Y34 _Y31Y24 N
Yy (Yo, Yor =Y, Ya0) 4 Y, Yo —Ys,Y.
C2 __ 11( 34723 24 33) 14(Y21 33" '3 23) +Y13 (2_15b)
Y21Y34 _Y31Y24
Y (Yo, You =Yoo Yau ) Y, (Y, Yo —Ya,Y,
C3 _ _41\'32724 ;2;4) Y44Y( 22 31 32 21) +Y42 (2.15(;)
217347 '31'24
Y (YauYos = YouYas) + Y, (Yo, Yoo =YY,
C, =—-atluin Ta 33) T Yaa (Yo Va3 = Ya1Y25) +Y, (2.15d)
Y21Y34 _Y31Y24

12



From (2.6), D; of block D is defined as

o b

I,

(2.16)

|v2 =0,V53=0,1,=0

The relations in the Y matrices with the conditions Vo, = 0, V3 = 0 and I3 = 0 are used. Then,

the following equations can be obtained.

I, =YV, +Y,V, =0 (2.17a)
L, =Y,V, +Y,V, (2.17b)
—1L, =YV, +Y,V, (2.17¢)

From (2.17a) V,4 can be written as-a function of V;. Substituting this function into (2.17a) and

(2.17b), the ratio 14/1; in (2.16) can be obtained. D,, Dz.and D4 can be derived in a similar

way:

D, = LM (2.18a)

Y21Y34 _Y31Y24
D, - Yo Vi = YorYie (2.18b)

Y21Y34 _Y31Y24

D, - M (2.18c)

217347 '31'24
AN (2180)

=
Y21Y34 - Y31Y24

Based the procedure shown above, the four-port Y-parameters can be readily transformed into
block ABCD parameters. Next, we will show the formulation for transforming

ABCD-parameters into Y-parameters for a four port network.

13



From (2.5),

1
Yu = Vv |v2=o,v3:o,v4:o
1

(2.19)

According to the definitions of the block ABCD matrix, and the conditions V, =0, V3 =0 and

V4 =0, the following equations can be used to solve the ratio 11/V;:

V,=-1,B,~1,B,=0 (2.20a)
|, =-1,D, - 1,D, (2.20b)
V,=-1,B —1,B, (2.20c)

After some algebraic operations, the result is

_ DlB4 _ Dz Bs

Y. = 2.21a
i b B, (2.21a)
All other elements in the Y-matrix can be obtained in a similar fashion:

Y, _BD,-B,D, (2.21b)

B,B, — B,B,
= B,D,—B.D, (2.210)

B,B, — B,B,
Y, = B,D,-BD, (2.21d)

B,B, —B,B,
le — Dl(A382_AIB4)+D2(AiBS_ASBl)+C1 (222&)

B,B, — B,B,

14



v, = Di(AB, ~AB)+D,(AB,~AB) (2.22b)

B].B4 - 8283
Y, = D3(A%Bz_AiB4)+D4(AiB3_ASBl)+C (2.22¢)
42 BlB4 _ B2 83 3
Y,.= D3(A482_AzB4)+D4(AZB3_A4Bl)+C (2.22d)
43 BlB4 _ 8283 4
- B, (2.23a)
BlB4 - BZBS
v B (2.23b)
B].B4 - BZ B3
P (2.23c)
BlB4 - BZB3
-B, (2.23d)

= AiB4_%BZ (224&)

_ AT AR, (2.24b)

(2.24c)

(2.24d)

2.2.3 Bandwidth Calculation

Figure 2.5 shows a four-port coupler with arms of arbitrary lengths, arbitrary
characteristic impedances and arbitrary terminations. Analysis of the crossover coupler in
Figure 2.2 can be formulated by the block ABCD matrices. To find the entries of the block
ABCD matrix, the Y-parameters of a four-port coupler in Figure 2.5 are derived first. By
definition, Y11 = 11/V1 when port 2, 3 and 4 are short-circuited. Based on the input admittance
of a loaded transmission line, the result is shown in (2.25a). All other entries in the Y-matrix

can be obtained in a similar fashion, and the results are in (2.25b) to (2.25i).
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Y, =—]Y,coté, — jY, cotd, (2.25a)

Y,, =—jY,cotd, — jY,coté, (2.25b)
Y, =—]Y;coté, — jY, cotd, (2.25¢)
Y,, =—]jY,coté, - jY,coté, (2.25d)
Y, =Y, = jY,cscé, (2.25¢)
Y, =Y, = JY,CsCH, (2.25f)
Y, =Y;, = jY;CSCH, (2.259)
Yo =Y, = JY, CSCH, (2.25h)
Y, EEE RISA N2 \¥ (2.25i)

These Y-parameters are then transformed into four-port block ABCD parameters as shown in
section 2.2.2. Multiplying the ABCD matrices of each stage, the total ABCD matrix of the
crossover in Figure 2.2 can be obtained. The overall S-parameter matrix can be calculated
when the total ABCD matrix is transformed into Y matrix which is then transformed into the
S-matrix. If a 20-dB return loss, 0.5-dB insertion loss and 20-dB isolation are referred, the
bandwidth of the crossover coupler can be obtained by computation using a computer

program.

The proposed crossover coupler in Figure 2.2 has four design parameters Zo1, Zoz, Zi =
Zi1 = Zip and ®. When the above parameters are determined, the impedances of the arms Z,~Z;
can be obtained from (2.3) and (2.4). Zo1, Zo, and Z; are fixed and S-parameters are measured

when port 1 and port 3 are terminated in Zy; and port 2 and port 4 are terminated in Zg,. The
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values of Zy; and Zg, will not affect the S-parameters but the ratio of Zo; to Zy, does, because
Z1~Z7 will maintain the same ratio when the ratio of Zo; to Zy, is fixed. Then power division
ratio ® is swept, and the bandwidth is calculated. The relation between ® and the calculated

bandwidth are discussed as follows.

Figure 2.6 shows the calculated bandwidth for Zj; = Zj; = Zyp,. Each S-parameter may
have its own response and bandwidth. Figure 2.6 (a) shows the bandwidth of |Sy;| and |Ss3|,
Figure 2.6 (b) shows those of |S12| and |Ss4|, Figure 2.6 (c) shows those of |Si3| and |Sz4|, Figure
2.6 (d) shows those of |S14| and |S23|, and Figure 2.6 (e) shows those of |S;2| and |S44|. The other
S-parameters can be known by the reciprocity theorem. In each port, curve 1 uses Zy:Zg, =
1:1, curve 2 uses Zg1:Zgp = 1:2, curve 3 uses Zp1:Zoz = 1:4, curve 4 uses Zg1:Zgp = 2:1 and curve
5 uses Zo1:Zoz = 4:1. When @ = 45° the circuit -has the best matching condition for all
termination impedance ratios,“while—the circuit has-the best isolation when the power
coefficient is 20° or 70°. In-Figure 2.7 and Figure 2.8, Zi; and Z;; are replaced by Zo,
and./Z,Z,, , respectively. The trend of the circuit bandwidths of the S-parameters is similar

to those in Figure 2.7.

Y1, 6
@ 1,
Y01 ®Y02
YZ, 92 Y31 93
Vo4 Yo3

@) Y4,04 3

Figure 2.5 Circuit schematic of a four port coupler.
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Figure 2.6 Bandwidths measured by S-parameter responses. Port 1 and port 3 are terminated
in Zo; and port 2 and port 4 are terminated in Zgs. Ziy = Zi; = Zo;. Curves 1 ~ 5 have Zg1:Zg, =
1:1,1:2, 1:4, 2:1, and 4:1, respectively. (a) |S11| and [Ssz|. (b) |S21| and |Sz4|. (€) |S13| and |Sz4|. (d)
|S14] and [Sas]. (€) |S22| and |Sa4|.

20



bandwidth of S;; and S35 (%)

bandwidth of S, and S5, (%)

100 : \
L -\l L !-
75 - '%3 - I
: || -]
50 B ]
B R
25 s ,3»(‘ 2 I
i /’L: r1 al L

o /- . ! 1 0
20 30 40 50 60 7020 30 40 50 60 70
® )

(@)

24

21 ( 3%-! \.
NS VAN /
1) 2 ’ - 4
41 2N /
18 Ne L RS ] ,/ ‘)
Y S
~ 7~‘~ a”\ ~

15

12 | | | |
20 30 40 50 60 7020 30 40 50 60 70O

C) C)
(b)

21



I e s
A o o

=
o

o

bandwidth of S;; and S,, (%)
|
N

(@]

4

®

(©)

20 30 40 50 60 7020 30 40 50 60 70

C)

7.5

7 L
=
\;) 65 4 5 [ ,4
%) S~ s, ’
T 6 S ,’,
% _____ e S - -
&' 5.5
©
= o .
§ 5 b\ ----- = ‘/ \......- ---- /4
=
S 45 - S
_CE s 1 —— '/ \.\.______,-/'

4 n

2
35 | | | | | ! \ |
20 30 40 50 60 7020 30 40 50 60 70

C

(d)

22

C



bandwidth of S,, and S, (%)

20 30 40 50 60 7020 30 40 50 60 70O
e C

(€)

Figure 2.7 Bandwidths measured by S-parameter responses. Port 1 and port 3 are terminated

in Zo; and port 2 and port 4 are terminated in Zgy. Zin = Ziz = Zo,. Curves 1 ~ 5 have Zy;:Zo; =
1:1,1:2, 1:4, 2:1, and 4:1, respectively. (a) |311| and |833|. (b) |821| and |834|. (C) |313| and |Sz4|. (d)
|S14] and [Sas]. (€) |S22| and |S4|.

23



bandwidth of S;; and S35 (%)

bandwidth of S;, and S5, (%)

0

22

21

20

19
18
17
16

15

20 30 40 50 60 7020 30 40 50 60 70
® ®
(a)

\ H

' )

\ D

L\ ¢

o /

id

4 2
X 1

Paely4

4 |
20 30 40 50 60 7020 30 40 S50 60 70

® ®
(b)

24



(%) 7¢s pue t5 Jo yipimpueq

20 30 40 50 60 7020 30 40 50 60 70

(©)

(%) £¢s pue V15 Jo yipimpueq

(d)
25

20 30 40 50 60 7020 30 40 50 60 70



bandwidth of S,, and S, (%)

0 | | |
20 30 40 50 60 7020 30 40 50 60 70

)] ®
(d)
Figure 2.8 Bandwidths measured by S-parameter responses. Port 1 and port 3 are terminated
in Zo; and port 2 and port 4 ‘are terminated in Zop. Zis = Zip =2, Z,, . Curves 1 ~ 5 have
Zo1:Zop = 1:1, 1:2, 1:4, 2:1, and"4:1, respectively. (a)|Sii| and |Sss|. (b) |S21| and |Sz4l. (€) |Sa3|
and |Sz4|. (d) [S14] and |Szs|. (€) |S22| and |Saal.
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2.3 Simulation and Measurement

Two circuits are fabricated and measured to validate the design. Figure 2.9 (a) ~ (c) plot
the simulation and measurement of the first fabricated circuit with Z,, = 25 Q, Z,, = 100 Q, Z;
=100 Q and © = 46°. The center frequency is designed at 2.45 GHz. The circuit simulation is
done by the software package IE3D [20]. The substrate has & = 10.2 and h = 1.27 mm. The
S-parameters are measured with reference port impedance 50 Q. The measured data are
converted to S-parameters with designated port impedances with the aids of Y-parameters. If a
20-dB return loss, 0.5dB insertion loss and 20-dB isolation are referred, the estimation
bandwidths are shown as curve 3 of Figure 2.7. The estimated bandwidths of |Si1|, |Sz1, |Sal,
141, |S22, |S23l, |S24l, |Ssal, |Saal and [Sas| are.92.9%, 16.5%, 13.4%, 4.1%, 10.3%, 4.1%, 12.2%,
23.4%, 16.3% and 10.4%. Figure 2.9 (a)~(c) show the simulation IE3D bandwidths of |Sj],
15241, 1Saal, [Sa1l, [S22], [S23l, [S2als-Ssal, 1Sa4] and [Saa] are 92%, 21%, 13.3%, 4.3%, 12.1%, 4.4%,
10.2%, 32.5%, 20.7% and 12.1% and the measured responses have 85.7%, 20.5%, 10.4%,
4.9%, 14.4%, 4.3%, 3.7%, 62.4%, 20.5% and- 13.1% respectively. The measured data has
good agreement with the simulation and-the calculation. Figure 2.9 (d) shows the photo of the

experimental circuit.

Figure 2.10 (@) ~ (c) plot the simulation and measurement results of the second
fabricated circuit with Zo; = 100 Q , Z,, =50 Q, Z; = 50Q and ® = 40°. Again, a 20-dB return
loss, 0.5dB insertion loss and 20-dB isolation are referred, and the estimation bandwidths are
shown as curve 4 in Figure 2.6. The calculated bandwidths of |Si1|, [S21, |Ss1|, [Sa1|, [S22], |S23l,
24, |S33l, [S3a| and [Sas| are 9.48%, 17.5%, 14.8%, 5.8%, 15.36%, 5.74%, 16.73%, 9.98%,
16.87% and 12.9%, respectively. Figure 2.10 (a)~(c) show the simulation bandwidths of |Sy]|,
1521, [Sa1l, [Satl, IS22], [S2al, |Szal, [Sasl, [Ssal and |Saa| are 10.36%, 19.12%, 12.86%, 5.79%,
18.06%, 5.73%, 15.25%, 11.09%, 18.72% and 14.53% and the measured results have 11.63%,
19.59%, 6.43%, 5.51%, 15.31%, 6.12%, 11.94%, 14.39%, 18.98% and 14.08%, respectively.
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The measured responses have good agreement with the simulation and calculation. Figure

2.10 (d) shows the photo of the realized circuit.
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Figure 2.9 The S-parameters of the first fabricated circuit with Z,; =25 Q, Zo, =100 Q, Z; =
100Q and © = 46°. (a) [Su|, |Sz1l, |S3a|, [Saa|- (B) [S22|, S23, |Ssal- (C) [Szal, |Saal, |Saal- (d) The
circuit photo. Wy ~ W5 are 2.06, 0.48, 1.01, 1.1, 1.18, 0.43 and 2.19 mm. L; ~ L; are 11.06,
11.69, 11.42, 11.39, 11.35, 11.72 and 11.02 mm.
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Figure 2.10 The S-parameters of the second fabricated circuit with Zy; = 100 Q, Zo, =50 Q, Z;
=50 Q and © =40°. (a) |Su, |S21], [S31|, [Sa1|- (b) |S22l, [S23, [Sal. (C) [Szal, |Szal, |Saal- (d) Circuit
photo. W; ~ W5 are 1.33, 1.84, 0.74, 3.74, 0.26, 2.49 and 0.92 mm. L; ~ L7 are 11.29, 11.12,
11.55, 10.7, 11.85, 10.95 and 11.47 mm.
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Chapter 3
Dual-Band Crossover Coupler Design

Recent rapid progress in wireless communications has created a need of dual-band
operation for RF devices, such as the global systems for mobile communication systems
(GSM) at 0.9/1.8 GHz and wireless local area network (WLAN) at 2.4/5.2 GHz. This

Chapter studies the design of crossover coupler with dual-band operation.

3.1 Elementary Two-Port for Dual-Band Operation

Figure 3.1 shows the elementary: two-port for substituting a A/4-section to achieve
dual-band operation. The elementary.two-port consists of two high-Z sections on both
sides with two stubs being attached to their ends and a low-Z section in the middle. Let
the admittance of the two shunt stubs be jB/2. Since the circuit is symmetric about its
center, by setting the reference plane in the. middle open- and short-circuited,
respectively, the input admittances for-even- and odd-mode, ye = y11 + Y21 and Yo = Y11 -

Y21, can be readily derived as follows:

Vi +Y —J'EJrJ'i RaN%, + W05,
1T Yo1 2 Z 1-Rtand tan 6,

Y _J.EJFJ.i—Rcot@SﬁtanH51
Ho7% T2 77 1+Rtand, cotd,,

(3.1a)

(3.1b)

Let the two designated operation frequencies be f; and f, = nf;. To have the
crossover junction operate with a dual-passband characteristic, each A/4-section of the
two asymmetric branch-line hybrids is replaced by the elementary two-port network,
which is capable of providing 90 and 270 degrees at f; and f,, respectively. The

following equations can be derived.
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y21( fl) = (P(esl’ 952) _Q(eslv‘gsz))/z =2y / Z; (3.2a)

Yo () = (P(6,1,60,,) —Q(6,4,0,,)) 12=2, 1 Z; (3.2b)
ZyxB(f,) ==(P(6y,0,,) +Q(0y.6,,)) (3.2c)
Z, xB(nf) = —(P(6,4.,6,,) +Q(6,.6,,)) (3.2d)
where
_ tang+Rtang
P&.) "~ 1-Rtangtang (3.32)
_tang—Rcote
Qe9)= 1+Rtan gcot o (3:30)

where R = Zq/Zs,, Z7 can be the characteristic impedance of the A/4-section, and B/2 is
the susceptance of the-shunt open stub. -yoi(f))*= Im[Y2i(f) x Z;] and yu(nf)) =
Im[Y21(nfy) x Z1] represent respectively the normalized (2, 1) entry of the Y-matrix of
the two-port at f; and f, = nfy. Fig. 3.2(a) and (b) plot both y,1(f1) and y,;(nf;) curves
against @, for various R values when @, = 5° and 10°, respectively. Both & and &, are
evaluated at f;. For each R, the intersection point of the y,;(f1) and y,:(nf;) curves gives
the solution. Inserting these solutions into (3.2c) and (3.2d), values of B(f;) and B(nfy),
and hence the electrical length and characteristic impedance of open stubs, can be

obtained.
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Figure 3.2 Design graphs for determining & and R. (a) &, = 5°. (b) 6., = 10°. Both 6

and &, values are referred to fi.

3.2 Simulation and Measurement

A microstrip crossover coupler designed at 0.9/1.8 GHz is fabricated and measured
for demonstration. The circuit is built on a substrate of &= 10.2 and h = 0.508 mm. The
characteristic impedances of the branches in Figure 3.3 are Z, = 39.36 Q, Zp; =33.17 Q,
Zap = 29.67 Q, ZasllZy; = 36.93 Q, Zps = 42.13 Q, Zay = 27.83 Q, and Zy4 = 46.91 Q.
Termination impedances of the port 1 and port 3 are Z,; and these of the port 2 and port
4 are Zo,. Each branch is subsituted by the two-port in Fig. 3.1 by using the solutions in
Fig. 3.2(b) with R = 2, 6 = 15° and &, = 10°.

Figure 3.4 compares the measured results with the simulation data obtained by the
IE3D [18]. Figure 3.4(a) and 3.4(b) plots the circuit responses when port 1 is excited,

and 3.4(c) and 3.4(d) draws the results when signal is fed to port 2. In Fig. 3.4(a), it can
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be observed that the measured return losses |Si1| and the isolations |S4;| at the two
designated frequencies are better than -20 dB. If a 15-dB return loss is referred,
measured data indicate that |Sq1| has bandwidths of 10.8% and 4.6% and |Sy1| has 3.5%
and 4.2% at f; and f,, respectively. Fig. 3.4(b) shows the isolation between port 2 and
port 1 |Sz1| and the crossover response |Ss;|. The measured |Sz;| = —0.89 dB and —-1.1 dB
at f; and f,, respectively. When input is at port 2, the measured return loss |Sy,| in Fig.
3.4(c) is better than -20 dB and has bandwidths of 15% and 5.8% at f; and fy,
respectively, for a 15-dB reference. The experimental |Ss;| indicate that the isolations
between ports 2 and 3 are better than 20 dB in both bands. In Fig. 3.4(d), the measured
|IS42| = —0.69 dB and -1.24 dB at f; and f, respectively. In Fig. 3.4(a) through 3.4(d),
reasonably good agreement between the simulation and measurement can be observed.
Fig. 3.4(e) shows the photograph-of-the experimental four-port dual-band crossover

junction.

4 Za4 ﬁ F» Zbs 3

Figure 3.3 Two cascaded asymmetric branch-line hybrids to form a new crossover
coupler with arbitrary diagonal port impedances Z,; and Zo,.
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(e)

Figure 3.4 Simulation and measured responses of the fabricated dual-band crossover
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Chapter 4
Conclusion

A new design for crossover coupler with different diagonal port impedances is devised
by using a cascade of asymmetric branch-line couplers with arbitrary power division. It
allows the port termination impedances to be arbitrary. Circuit analysis in term of block
ABCD matrix and Y-matrix formulation is used to calculate the bandwidth associated with
each S-parameter. In the second part of this thesis, the crossover is devised to have dual-band
operation. Each quarter-wave section is replaced by an elementary two-port shown which is
designed to achieve proper phase changes at the two designated frequencies. One microstrip
circuit for operation at 0.9/1.8 GHz is realized. The measured responses not only validate the

idea but also agree well with the simulation.

There is still some room for improving the performance of the proposed crossover
couplers. First, is it possible to synthesize a passband of-crossover couplers like a filter? The
passband function can be maximally. flat response; Butterworth response or elliptic function
response. Furthermore, the size of a microstrip realization can be too large to be used in some
applications. It needs miniaturizing circuit size and keeping the flexibility of the port
termination impedances at the same time. Second, if a passband response can be synthesized
for a crossover coupler, many existing design techniques for dual-band bandpass filter can be

useful for microwave passive circuit.
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