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and WiMAX Applications

Student: Wei-Ting Wang Advisor: Chi-Yang Chang

Department of Communication Engineering
National Chiao Tung University

Abstract

Digital broadcast satellite transmits signal in the Ku frequency range (12
GHz to 14 GHz ). To feed the array,antenna composed of 24 dipoles, we
need a 24-way power divider. However; power divider in Ku band suffers
junction effects and mutual coupling. We modified the equal-split
Wilkinson power divider by adding A/2 transmission lines to A/4 branches
and isolation resistor to output ports to overcome those problems.

There are a lot of wireless technologies in the world. To include more
wireless standards, broadband devices are required. The broadband balun
has the potential to provide various wide-band applications that are
included Wi-Fi and WiMAX. We will develop a broadband Marchand
balun using Co-planar waveguide (CPW) structure. Bandwidth depends
on impedance ratio, and it is easy to realize high and low impedance in

CPW by spacing the gaps and shunting more transmission lines.
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Chapter 1

Introduction

1.1 Satellite Television

Satellite television technology had been successfully broadcasted in 1974 in the
United State. However, it did not hit the market; because, home dishes were expensive
metal units that took up a huge chunk of yard space. In these early years, satellite TV
was a lot more difficult than broadcast and cable TV. Today, you see compact satellite
dishes perched on rooftops. The major-satellite television companies are bringing in
more customers every day with the‘lure of movies, sporting events and news from
around the world.

Satellite television is a lot like broadcast television. It's a wireless system for
delivering television programming directly to a viewer's house. Both broadcast
television and satellite stations transmit programming via a radio signal. But satellite
solves the problems of range and distortion by transmitting broadcast signals from
satellite orbiting the Earth. Since satellites are high in the sky, there are a lot more
customers in the line of site, so the received range will be large than broadcast TV.

Satellite television systems transmit and receive radio signals using specialized



antennas called satellite dishes as shown in Figure 1-1. Early satellite television was
broadcast in C-band radio -- radio in the 3.4 GHz to 7 GHz frequency range. Digital
broadcast satellite transmits programming in the Ku frequency range (12 GHz to 14

GHz).

Fi:igt_'lre-"'l-i:'l : 'Sé{féili_te ghsh

ﬁ © 2002 HowStuffWorks
=

Figure 1-2: Satellites are higher in the sky than TV antennas, so they have a much larger

"line of sight" range.
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In our program, we want to set satellite TV whose frequency range is Ku band
(12.2GHz~12.7GHz) in car, but the satellite dishes are not adaptive to the car
environment for its solidity. We make a microstrip array antenna to replace the dishes,
because of planarity and small dimension. We set the array antenna on the roof of the
car and under the metal cover. The array antenna is composed of 24 dipole antennas.
To feed the array antenna, we need a 24-way power divider.

In Chapter 2, the 24-way power divider is composed of a 3-way power divider
and 3 8-way power dividers. Each 8-way power divider consists of 7 equal split (3db)
power dividers. Power divider in Ku band will.suffer junction effects and mutual
coupling. To overcome these problems, we add a % transmission line in two places;
one is between the output port’and ‘the isolation-tesistor, and the other is the %

transmission line branch. The % branches will become % long.

1.2 Wi-Fi and WiMAX

IEEE 802.11 also known by the brand Wi-Fi, denotes a set of Wireless LAN (WLAN)
standards. It was developed by working group 11 of the IEEE LAN Standards
Committee (IEEE 802). 802.11b and 802.11g standards use the 2.4 GHz band.
Because of choosing this frequency band, 802.11b and 802.11g equipment will suffer

interference from microwave ovens, cordless telephones, Bluetooth devices and other

3



appliances using this same band. The 802.11a standard uses a different 5 GHz band,

which is clean by comparison. 802.11a devices are not affected by products operating

on the 2.4 GHz band. 802.11n is a new multi-streaming modulation technique that has

recently been developed. 802.11n builds upon previous 802.11 standards by adding

MIMO (multiple-input multiple-output). MIMO uses multiple transmitter and receiver

antennas to allow for increased data throughput via spatial multiplexing and increased

range by exploiting the spatial diversity. Antennae are listed in a format of 2x2 for two

receivers and two transmitters.

WIMAX is defined as Worldwide Interoperability for Microwave Access by the

WiMAX Forum, formed in June 2001 to promote conformance and interoperability of

the IEEE 802.16 standard, officially”known as WirelessMAN. WiMAX aims to

provide wireless data over long distances, in a variety of different ways, from point to

point links to full mobile cellular type access.

Figure 1-3 shows different wireless technologies in the world. Each standard’s

frequency rang has some difference. However, people hope their products could all in

one at the most time. No matter Wi-Fi, WIMAX or Bluetooth, we could use them all.

So, the broadband devices rise. And, the broadband balun has the potential to provide

various wide-band applications that are included Bluetooth, Wi-Fi and WiMAX. In

Chapter 3, we will develop a broadband Marchand balun using Co-planar waveguide



(CPW) structure.

Table 1-1: IEEE 802.11x Wireless Communication Standard.

802.11x Standard 802.11a 802.11b  802.11g 802.11n
|EEE Certified 1999 1999 2003 200301
Data Rate (Mbps) a4 1 a4 GO0
Operation Frequency (GHz) 5 2.4-2.5 2.4-2.5 24ors
Indaor Range (m) 25 35 25 50
Outdoor Range (m) 75 100 = 300
Source : IEEE

Table 1-2: WIMAX Specification.

WiMAX 802.16-2004* WiMAX 802.16e
Certified/Released 20047Jun/ 2005 2005 Q3/2006
Data Rate (Mbps) 75 30
Operating Frequency 2-11GHz 2-6GHz
Max. Range 8km Skm

IEEE BD2_20 JGPF, EDGE
(proposed) (GSM]

Figure 1-3: Different wireless technologies in the world.



Chapter 2

Modified 24-way Power Divider

Multi-port microstrip power dividers, used in array antenna, usually use the Wilkinson
designs. The standard Wilkinson design has problems at higher frequencies due to
coupling and junction effects between the output branches. In this chapter we utilize

modified 2-way power divider to overcome those problems.

2.1 Equal-split Wilkinson Power Divider

2.1.1 Even-Odd Mode Analysis

We excite two modes for the equal-split Wilkinson power divider circuit of Figure 2-1
[1]: the even mode, V,=V ,=V,, and the odd mode, V ,=-V ;=V,. Superposition

of these two modes, we have an excitation of V ,=2V,, V ;=0 we can have the S

parameters of the network.



Figure 2-1: The Wilkinson power divider circuit in normalized and symmetric form.

Even mode. For the even mode excitation, V;=V .=V, and so V=V, the middle
of the symmetric circuit is a magnetic wall (PMC), so- there is no current flow through
the % resistors and the point between the inputs of the two transmission lines at
portl. Thus we can bisect the network of Figure 2-1 by the mid plane to obtain the
network of Figure 2-2 (a). Then, looking into port2, we see an impedance

Z2

Z;=— 2.1
"= @

Since the transmission line looks like a quarter-wave transformer, thus, if Z =2 ,

prot2 will be matched for even mode excitation; then V;’Z% , since Z:@=1. The

3 resistor is superfluous in this case, since one end is open-circuited.

Odd mode. For odd-mode excitation, V,=-V =V, and so V,’=-V_", and there is



a electric wall (PEC) along the middle of the circuit in Figure 2-1. Thus, we can bisect
this circuit by grounding its mid-plane to get the network like Figure 2-2 (b). Looking
. . ro. oA

into port2, we see an impedance of > since the transmission line is 7 long and
shorted at portl, and it looks like an open circuit at port2. So, port2 will be matched
for odd mode excitation if we select r=2 .For this mode of excitation all power is

. r . .
delivered to the 3 resistors, none going to portl.

(a)
Port 2

(b)

Figure 2-2: Bisection of the circuit of Figure 2-1 (a) Even-mode excitation (b) Odd-

mode excitation.



So, the standard equal-split (3 dB) Wilkinson power divider in Figure 2-3

comprises two branches that have an impedance of \/EZO and an electrical length of

o
90 at the center frequency of the divider. The lumped resistor R, which is

connected between the outputs of the two branches, provides the required isolation.

— 9 —

J2LO | /0 —o©
o— /O R

/270 70 o

Figure 2-3: The standard equal-split (3.dB) Wilkinson power divider.

Usually Wilkinson power divider is used at X-band frequencies or below. When

frequencies above X-band several problems arise. If the chip resistor has a resonance

frequency comparable to the operating frequency, it will no longer behave like a

lumped element. Then, to achieve a high chip-resistor resonance frequency, the chip

dimensions must be very small, about the order of 40 x 20 mil. This means that the

two branches of the power divider must be placed very close to connect to the resistor.

This gives rise to strong mutual coupling and junction effects between the output lines.



And, at the higher frequencies, it is difficult to bend the branches into a semi-circle.

The most common solution to this problem is to use branch length of % , rather than

A

1 [2]. However, there is a high translational degree of freedom for the exact

placement of the chip-resistor between the two branched of the divider. These

problems are illustrated in Figure 2-4.

c/0°

N\

270°

Figure 2-4: The % Wilkinson power divider with high translational degree for the

exact placement of the chip resistor.

Due to the proximity of the output of the two branches, there is coupling between
them. This decreases the isolation between the output ports, and because of the sharp

corner between the branch and output line we will expense the input return loss.

Figure 2-5 shows the realized circuit is fabricated using Rogers 4003(& =3.38),
r

10



(¢]
and the two branches have the electrical length of 90 at 12.45 GHz. Figure 2-6 is

the simulation by circuit simulator Microwave office (AWR). Figure 2-7 shows the
measured data from the circuit of Figure 2-5. The input return loss of the measured
response at 12.45GHz is -15.61 dB, the output return loss is -25.23 dB, the isolation is

-17.24 dB, and insertion loss is -3.5 dB.

Figure 2-5: Two semi-circle branches with electrical length of 90° at 12.45 GHz.
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Figure 2-6: The simulation.result of Figure 2-5.
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Figure 2-7: The measured data of the circuit of Figure 2-5.
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2.1.2 The Modified Wilkinson Power Divider

The modification to the Wilkinson design solves the problems mentioned above, but
has the expense of the bandwidth of the device and the larger circuit size. However,
our specification is the center frequency of 12.45GHz and the bandwidth is from 12.2
GHz to12.7GHz. It is narrow band about 4%, so we can endure the expense of
bandwidth, and in this project, we don’t care about the size.

This is achieved by opening the circle formed by the two branched into a
semi-circle and connecting the resistor to the ends of the branches via % lengths of
50Q) transmission line.

The new geometry is shown “in" Figure 2-8 [2]. The % lengths of 50 Q
transmission line transform the impedance of the chip-resistor to the output branches
at the designed frequency, but the impedance is not correct at the frequencies away
from that. Thus, it reduces the operating bandwidth. However, the output coupling and

sharp corner problems are resolved.

13



Figure 2-8: The new geometry with % branch and % transformer.

Figure 2-9 shows the realization ofjthe modified Wilkinson power divider. Figure
2-10 is the simulation resultby Mictowave Office (AWR). Figure 2-11 is the
measurement of the modified circuit. The return loss and isolation are better then the

original one.

14



Figure 2-9: The realized circuit of the modified Wilkinson power divider.

-10

-20

-30

-50

523 B sz2 Sl =352l 583

—_
=

12 13 14
Frequency (GHz)

Figure 2-10: The simulation result of Figure 2-9.
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Figure 2-11: The'measured data of the modified circuit.

2.2 3-Way Hybrid Power Divider

2.2.1 N-Way Hybrid

There are 3 types of n-way hybrids, 1) the Wilkinson, 2) the radial, 3) the fork n-way
hybrids [3]. The Wilkinson n-way hybrid shown in Figure 2-12 satisfies the required
properties of match and isolation, electrical symmetry, and low loss. The low-loss
results from that the signal travels only a quarter wave length independent of the value
of n. The problem for Wilkinson hybrid is its nonplanarity for n > 2, as shown in

Figure 2-12. The reason for the nonplanarity of the Wilkinson n-way hybrid is the

16



topology of its isolation resistors.

The radial hybrid shown in Figure 2-13 needs n/2 (n even) or (n-1)/2 (n odd)
sections of n-wire lines and coaxial-type isolation resistors for matching at the center
frequency. However, it still is a nonplanar structure. The folk hybrid, on the other

hand, produces a completely planar geometry shown in Figure 2-14.

FLOATING
COMMON
POINT

Figure 2-12: The Wilkinsonmsway hybrid power divider.

{ '? jl (&) ”!]H (Gl e
— Lt

> . T
e :—i—vhn---- 1 rTw—
G | @ *

{ | L G
_____ e L Pl—

i

(el

(b

Figure 2-13: (a) Radial-type n-way hybrid power divider (b) The inner arrangement of

n wires and resistors.
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Figure 2-14: (a) The n-way-hybrid power divider of planar structure. (b) The

equivalent circuit representation.

2.2.2 The n-Way Planar Hybrid Power Divider

We get isolation resistors of a planar structure by connecting n-1 resistors at the ends
of the neighboring wires of the n-wire lines. The n-way planar hybrid power divider is

- . . ) ) A
shown in Figure 2-14. It is designed by using M sections of n uncoupled "
transmission lines with the planar isolation resistors. We can analysis the circuit by
getting the eigenvalues and the eigenvectors of the characteristic admittance matrix

for the n transmission lines and the admittance matrix for the n-1 isolation resistors.

18



The planar n-way hybrid has M sections of n % transmission lines and M

sections of n-1 isolation resistors, so there are M characteristic admittance matrices

and M admittance matrices for n-1 isolation resistors. The n-1 isolation resistors

compose an N-ports network, and we can derive its admittance matrix. In this circuit,

we define the n x n real symmetric matrix [H] as follows [3]:

1 -1 O 0
-1 2 -1 .o
[H]=|0 . . . 0 (2.2)
c -1 2 -1
0 0 -la1

The eigenvaluse hi (i=1,2,...5,n) 6fmatrix {H] are obtained as

h =2-2cosz(i-1)/n (i=1,2,...... ,N) (2.3)
|

The eigenvector corresponding to the eigenvalue h1 =01s [1 1

eigenvectors corresponding to the eigenvalues hi (i=2,...... ,n) are
sinkg —sin(k —1)¢,

[sin ¢ sin2¢ —sing

19

1]t . The

sin ng, —sin(n—1)¢ ]t (2.4)



where ¢ =7 (i—1)/N By normalizing these eigenvectors, we get a real orthogonal
|

matrix [P, ].
The admittance matrices [G]ﬂ of the planar isolation resistors can be represented
according to matrix [H] as
[G],=G,[H] (z=L...M) (25
Therefore,
[R.][G],[P.]=diag[0, G,h,, .. G, ] (26
The characteristic admittance matrices [77]![ of the n transmission lines are presented

(7], =Y, (=L M2

where 1, represents the n x n identity matrix: Therefore,

[P ] (7], [P ]=Y, 0, o (=toM) 2.8)

Since all the admittance matrices of the planar isolation resistors and all the
characteristic admittance matrices of the transmission lines are transformed into
diagonal matrices according to the orthogonal matrix [PH ] , the (1,n)-port shown in
Figure 2-14 (a) can be equivalently transformed into a two-port of the even-mode
circuit and n-1 one-ports of the odd-mode circuits as shown in Figure 2-14 (b). The

two port circuit is represented by a quarter-wave transformer of M sections. The

characteristic admittances Y, Y, are decided by the maximally flat transformer or

20



the chebyscheff transformer.

For n-1 one port circuits are satisfied the following n-1 equations

Yu
Y

G, =hG, + i=(2,...n) (2.9)

hG, , +

%
2
h + Y
hG,

hG, +

,then each one-port matches at the center frequency where electrical length of the line

section 6 equals 7/2. Since Y, Y, have been selected, if M=n-1, then G, G, can

be selected.

Trr T Trrr T PrrrrIrT L

e
[v i v, saf

T T T T T Ty

th)

Figure 2-15: (a) A three-way planar hybrid power divider. (b)The equivalent circuit.
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2.2.3 Three-Way Planar Hybrid Power Divider

A three-way planar hybrid circuit can be obtained by using 2 section of 3 transmission

lines and planar isolation resistors as shown in Figure 2-15 (a). The [H ] matrix is

[H]=|-1 2 -1 (2.10)

The eigenvalues of [H] are h =0,h,=1h, =3, and the orthogonal matrix

[P,] is

/3 N2 e
[P.]=[R P R]=|1/¥3 0 L-2/6 (2.11)
w812 26

Figure 2-15 (b) shows the: equivalent circuit representation of the three-way
planar power divider. All the impedances-of the input and three output ports be 50(2,
the two-port circuit is represented by a quarter-wave transformer of 2 sections with a
transformation ratio 150(2:50Q) .If we consider the maximally flat transformer, the
characteristic impedances Z, =114Q,7Z, =65.8Q2. In order that the two one-port

circuits match at the center frequency, the planar isolation resistors are

R =65Q,R, =200Q.
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2.2.4 One Stage 3-way Power Divider

The equivalent circuits of the one stage 3-way power divider are shown in Figure 2-16.
Figure 2-16 (a) is the even mode circuit, and Figure 2-16 (b), (c) are the odd mode

circuits. In Figure 2-16 (a),

°© (2.12)

YO

L) A AT AR A
Yo 3Y24YY 3Y2+Y)?
3

If we choose Y, = TO ,than 1, =0,I", =0. It is perfect match at the input port.

From Figure 2-16 (b), (c), we can get

G,
, :YL_ﬂzGl :Yo_ﬂ'zGI = Yo = I=49, (2.13)
Y, +4G, Y, +4G, 1+ﬂzg 1+4,9,
Y -AG, Y, -AG 1_%& 1
.= L_ﬂ':‘ 1 _ o_ﬂ'j 1 _ o _ _ﬂ3gl (214)

’ _YL+/1361 _Y0+/13G1 _1_,_13%_1"'}391
YO

We could derive the s parameters of the power divider by the following equation

[4]:
S . .
;=S = N7 mzzzqm,iqm,jrm ij=1,2,.,.N  (2.15)
I', the output return loss of the even mode circuit.
I, (m=2,3...,N) the return losses of the odd mode circuits.

Q,; factor of the ith row of the mth normalized eigenvector

Than, the s parameters of the four ports circuit as follows:
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i i .

V3 NE) V3

(1_91) + (1_391) _(1_391) _(1_91)+ (1_391)
2(1+9,) 6(1+3g) | |30+3g) | |2(+g,) 6(1+3g,)
[ —(1-39,) [2(1-3g) | [-(1-3g)

| 3(1+39)) | 3(1+3g,) | [3(1+39,)
—(-g), (-3g) | [-0=3g)| [ d-g) , (-39)
|2(1+g,) 6(1+3g,) | |30+3g) | |2(+g,) 6(1+3g,)

|
|

(2.16)

Figure 2-17 shows the relation between the isolation resistor and the s parameters

of the power divider.

We choose zlzﬁzo =86.8Q2,R=100Q for our circuit shown in Figure 2-18.

Since it is not easy to get chip resistor which size is 40 mil x 20 mil, we choose the

isolation resistor we have already had in‘our Lab.

(@)

(b)

(©)

Figure 2-16: (a) The equivalent even mode circuit (b)(c) The equivalent odd mode
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circuits

) ! ';' 3
LI |
g iy N3 L
- -40+ |= '\.'. H ,” 1
i \i i/
i : 2 S
50k = I:I'ﬂﬂ:l | l‘::,.l — S22 |
‘ 't‘! - - 532
\ g
80k Ll 4 g - 542 il
E l-iliii'llsaa
=7 1 1 1 1 1 1 1 1
qZD 40 60 80 100 120 140 160 180 200

Figure 2-17: The relation be

Figure 2-18: 3-way power divider with Z, =+/3Z, =86.8Q, R=100Q.
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Figure 2-19: The simulation,of the/one stage 3-way power divider.
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Figure 2-20: The measured data of the circuit in Figure 2-15.
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Figure 2-21: The measured isolation of: 3-way power divider.

L=22684.08mil=57.62cm
W=4887.59mil=12.41cm
D=984.25mil=2.5cm
H=2950.89mil=7.5cm

Figure 2-22: 24-way power divider.
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Figure 2-23: The measured isolation.of portl and port3 in Figure 2-22.
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Figure 2-24: The measured response of the 24-way power divider.
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Table 2-1: The responses of half of the 24-way power divider.

S11 821 S§22 phase
port0—portl -16.19 dB -20.24 dB -19.14 dB -23.87°
port0—port2 -15.28 dB -20.13 dB -19.84 dB -26°
port0—port3 -15.01 dB -20.65 dB -13.2dB -50.19°
port0—portd -15.6 dB -20.37 dB -13.6 dB -53.69°
port0—port5 -15.47dB -20.94 dB -12.25 dB -62.39°
port0—port6 -16.5 dB -20.2 dB -13.6 dB -69.72 "
port0—port7 -15.82 dB -19.86 dB -18.53 dB -69.88°
port0—port8 -15.03 dB -20.21 dB -15.02 dB -75.89°
port0—port9 -16.17 dB -20.9 dB -15.24 dB -85.88°
port0—portl0 -1491 dB -21.51 dB -9.47 dB -97.62°
port0—portll -16.29 dB -21.06 dB -12.12 dB -90.38°
portO—portl2 -16.13 dB -21.77 dB -13.2dB -88.59°

Figure 2-25: 8-way power divider.
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Table 2-2: The response of 8-way power divider.

port 1 2 3 4 5 6 7 8
Phase -11347° | -129.14° | -11965° | -11905° | -125.17° | -127° | -12657° | -12633°
Aphase 154° 0" * 955° 996" 4° 22° 268° 277°
IL(db) -1094 -1128 -11.13 -11.39 -1149 -113 -11.56 -11.13
* reference
-~ Ang (Deg) = Ang (Deq)
200
100 —
i [
0 —
-100
-200 I | I | I
11 12 13 14
Frequency (GHz)

Figure 2-26: The triangle is the measured path of the leftist path of the 3 splits in
Figure 2-22. The square is the measured phase difference of the bended middle path

and the leftist straight path.
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The one stage 3-way power divider has been simulated by Microwave Office
(AWR). Figure 2-19 shows the simulated results, Figure 2-20 and Figure 2-21 is the
measured data. The input return loss is about -15dB at 12.45 GHz. The insertion
losses of the three separated paths are -5.5dB. The isolation between port2 and port4
is -13.46dB, and port2 and port3 is -17.3dB at 12.45GHz. We choose the isolation
resistor, R=100€Q2, we have had, because chip resistor is not easy to get for the size

about 40 x 20 mil.

2.3 24-way Power Divider.

Figure 2-23 and Figure 2-24 are one of the measured responses of 24-way power
divider. Because the response of each path is much similar, we just show one of them.
It is the path, portO to portl, the input return loss is -16.19 dB, the output return loss is
-19.14 dB, and the insertion loss is -20.24 dB. Because the 24-way power divider is a
symmetric circuit, we just have half of the measurements (portl to port 12), as shown

n
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Table 2-1, and Figure2-22 shows the isolation between portl and port3. The input

return losses are better than -15 dB, and insertion loss of each path are pretty

identified. However, the phase of each path is not very corresponded to each other. We

think that there are two reasons. One is the bend of the cable of the network analyzer,

because the 24-way power divider circuit is very big, we bended the cable into sharp

curve when measuring. The smaller the circuit the smoother the cable curve, the phase

measurement has less affection. The other is the 24-way circuit is too big (57.62cm x

12.41cm), but the board is so thin (20 mil=0.05cm), that the side of the board will

drop down, and the phase measurements have' aftfection. The farther the distance

between port0 to the output port, the more the effect to the phase. If we have supports

under the board, the phase differénce will be improved. Table 2-2 and Figure 2-26 can

support above description. While the circuit is smaller, the board is more planar and

the phase of each path is corresponded highly. Table 2-2 is the measured response of

8-way power divider shown in Figure 2-24.
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Chapter 3

Broadband Planar Marchand Balun

The word balun is an acronym for balanced-to-unbalanced converter, and the function
is to change an unbalanced signal to a balanced signal with equal potential but
opposite polarity. Baluns are key components in balanced -circuit such as
balanced-mixers, push-pull amplifiers, frequency doublers, antenna feed networks and
phase shifters. Although, multi-octave active baluns have been reported, they not only
consume dc power, but suffer -from high noeise figure, high spurious response, low
power handling capability, and low 3*order ~intermodulation intercept point.
Therefore, a broadband passive balun is a dispensable element in realizing high
performance microwave circuits.

Marchand balun is perhaps one of the most attractive due to its planar structure
and wide-band performance [6]. Proper selection of balun parameters can achieve a
bandwidth of more than 10:1. In Figure 3-2, the ratio of the characteristic impedances
of short-circuited and open-circuited stubs determines the bandwidth; the higher the
ratio, the wider the bandwidth. CPW (co-planar waveguide) can easily derive high

impedance for widening the gap, and low impedance for shunting transmission lines.
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Thus,CPW Marchand balun is a good way to derive broadband and planar balun.

3.1 Analysis of the Marchand Balun

The balun basically consists of an unbalanced, an open-circuited, two short-circuited,
and balanced transmission line sections. Each section is about a quarter-wavelength
long at the center frequency of operation. A coaxial version of a Marchand balun is
shown in Figure 3-1, and its equivalent circuit representation is shown in Figure 3-2.
Synthesis of coaxial Marchand baluns is a available in the literature [6][7][8]. A
Marchand balun can be realized {1sing ajpair of coupled lines as shown in Figure 3-3(a)
[6][8]. By properly selecting its‘parameters, we can design a planar balun to meet the
desired response. An equivalent of a coupled-line of equal conductor width is shown
in Figure 3-3(b) where Z1 and Z2 are the characteristic impedances of distributed unit

element, and N is the transformation ratio.

Zoo =Z0eZo, (3.1)
k=L "%00 (3.2)
ZOe+ZOO
1+k
Zy = Zgo o]t 33
e = Zoo\[ T (3.3)
[1-k
Z =7 |— 34
A (3-4)
7, =L (3.5)
1-k
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(3.6)

N=— (3.7)

The balun in Figure 3-5(a) has four elements and is known as fourth-order
Marchand balun. Matching section Z makes it a fourth-order balun with improved
broadband performance. Figure 3-5(b) and Figure 3-5(c) show equivalent circuit
representations and Figure 3-5(d) shows further simplification when N =N, =N.

Balun equivalent circuit parameters as a function of return loss for fourth-order
Chebyshev filters having 3:1 and 5:1 bandwidth are given in Figure 3-6 [6][8] for a
source impedance of 50Q. Coupled-line parameters are plotted in Figure3-7.

According to these curves in Figure 3-6 and Figure 3-7, we can derive the parameters

of Marchand balun.
z =2m -7 Ji-K® (3.8)
z,=22_7 i-k* (3.9)
Z,= %:(zac zbc)% (3.10)
4 =%=Zk2 (3.11)
R, =%= RK> (3.12)
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Figure 3-1: Marchand balun coaxial cross section.
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Figure 3-2: Equivalent transmission line model.
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Figure 3-3: (a) A four-port coupled line and (b) its equivalent circuit.
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Figure 3-4: Basic logic of the Marchand balun [5].
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Figure 3-5: Coupled-line Marchand balun and its equivalent circuit.
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Figure 3-6: Marchand balun equivalent circuit parameters as a function of load
impedance (a)3:1 bandwidth, (b)5:1 bandwidth [6][8].
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Figure 3-7: Marchand balun coupled-line parameters as a function of load impedance
for (a) 3:1 bandwidth (b) 5:1 bandwidth.

3.2 Realization of the Marchand Balun

The Marchand balun was fabricated using ceramic Al203 (er=9.8) with CPW
structure. The substrate thickness is 15 mils. We use 2 circuit models for the

realization. Figure 3-8 is the couple-line model; it consists of 2 couple-line sections
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and one 4 transmission line, the transmission line transfers the impedance and
enhances the bandwidth. Each electrical length of the transformer and couple-line is
A at center frequency. Figure 3-9 shows the response of couple-line balun. We
design two layouts to implement this couple-line balun. The first layout, the ground
plane appears only at one side of each couple-line, and we fold the two couple-lines to
right and left side, as shown in Figure 3-10. The input port is at the bottom of the
circuit, and the two output ports are on the upper right and upper left of the circuit.
The couple-lines are with Lange type of layout with four fingers for the first and six
fingers for the second couple-line.‘Because the 'odd mode impedance of the second
couple-line is too low to use 4-lined couple-line, we use six-finger couple-line instead.
Figure 3-11 is the simulated results where an EM:simulator Sonnet is used, Figure
3-12 is the measured response, and Figure 3-13 shows the phase imbalance and
amplitude imbalance of the measured responses. The S11 is less than -10dB in the

range of 1.852 GHz to 6.429 GHz, and the fractional bandwidth is about 110%.
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ze=140 e1=145
0=22.5 ol1=15

CLIM CLIM
TLIM ID=TL1 |O=TLZ
ID=TL3 ZE=ze Ohm ZE=ze1 Ohm
PORT Z0=35.4 Chm Z0=z0 Ohm Z0=z01 Ohm
P=1 EL=50 Deq EL=80 Deg EL=80 Deqg
Z=50 Ohm  FO=5GHz FO=5 GHz FO=5 GHz

Figure 3-8: Couple-line model.

S11,521,S31

-10

-20

3.5 45 55 6.5 7.5 8.5
Frequency (GHz)

Figure 3-9: The response of couple-line model.
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Figure 3-10: The first layout of couple-line balun.

511,521,531

-10

-20

-30

1 | [5]
i i)
| | | | | | |
0.5 15 2.5 3.5 45 5.5 6.5 7.5
Frequency (GHz)

Figure 3-11: The simulation result of the 1* layout of couple-line balun.
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Frequency (GHz)

Figure 3-12: The measured datasof the .1* layout of couple-line balun.
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Figure 3-13: The measured phase imbalance (top) and the amplitude imbalance

(bottom) of the 1* layout of couple-line balun.
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The second layout of the couple-line balun is shown in Figure 3-14. In this
layout, the couplers are still with four and six fingers respectively. However, this
layout has ground plans at both sides of each coupler. Because this layout does not
fold, it is % longer than the folded layout. However the bandwidth of the non-folded
structure is much better than the folded one. Figure 3-15 shows the simulated
responses by EM simulator Sonnet, Figure 3-16 depicts the measured response and
Figure 3-17 shows the phase imbalance and amplitude imbalance of the measured
responses. The upper frequency of the input return loss better than -10dB is 7.375
GHz, but the frequency of phase.balance better. than 10° is just 6.73 GHz, so the

fractional bandwidth ( Af) is 130.7% not 140%.
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Figure 3-14: The.second.layout of couple-line balun.
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Figure 3-15: The simulation result of the ond layout of couple-line balun.
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Figure 3-16: The measured magnitude response of the 2nd layout of couple-line balun.

freq, GHz

Figure 3-17: The measurement of the phase unbalance (top) and the amplitude

unbalance (bottom) of the ond layout of couple-line balun.
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Figure 3-18 is the Marchand balun model. It consists of an unbalanced
transmission line section, an open-circuited series stub, and two series connected
short-circuited shunt stubs, each transmission line is % at center frequency. Figure
3-19 is the response of the Marchand balun. We use different line width and gap to
implement the characteristics z1, z2, zs1, zs2 in Figure 3-18. Figure 3-20 is the first
layout of Marchand balun, in this layout, the minimal width of line is 2.1 mil. Figure
3-21 is the simulated result of the first layout of Marchand balun by EM simulator,
HFSS, Figure 3-22 depicts the measured magnitude response, and Figure 3-23 shows
the phase imbalance and amplitudeimbalance of the measured responses. The S11 is
less than -10dB in the range of 1.519 GHz t06:887 GHz, and the fractional bandwidth
of the typel circuit is 127.8%.

We can see Figure 3-24 is the second layout of Marchand balun, the minimal
width of line is 3.3 mil. Figure 3-25 shows the simulated result of the second layout
by HFSS. Figure 3-26 depicts the measured magnitude responses, and Figure 3-27
shows the measured phase imbalance and amplitude imbalance of the balun. The
response of S11 is very good, and it is less than -20 dB in the most of the frequency
range. The amplitude imbalance is within 0.65dB, and phase imbalance is less than 2°
over the frequency range of 1.121 GHz to 5.477 GHz. The fractional bandwidth of

this circuit is 132%. In Figure 3-18, the two series connected short-circuited shunt
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stubs, zs1,zs2 equivalent to one short-circuited shunt stub with zs = 128¢). So, it is
the 3 orders Marchand balun but in Figure 3-26 the return loss seems like 4 orders.
Beside this point, CPW realization Marchand balun is a good way to implement a

broadband planar balun. Figure 3-28 and Figure 3-29 are the realized CPW baluns.

71=58
72=43 TLINS
751=64 D=TL2 |3 1
< 1 70=72 ohm

7s2=64 EL=90 Oeg TLING

TLING FO=5 GHz ID=TL4

ID=TL1 Z0=z52 Ohm
FPORT Z0=z1 Ohm EL=90 Deg
P=1 EL=90 Deg F0=5 GHz
Z=50 Ohm F0=5 GHz ; . 4 JJZ

1 L‘L IL PORT
p=2

Z=500hm
3 4
— 3 Tl FORT

P=3
Z=50 Ohm
TLIMNG
ID=TL3
Z0=128 Ohm
EL=30 Deg
FO=%5 GHz

Figure 3-18: The Marchand balun model.
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Figure 3-19: The response-of Marchand balun.

Figure 3-20: The first layout of Marchand balun.
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Figure 3-21: The simulation tesult/of:the 1* layout Marchand balun.
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Figure 3-22: The measured magnitude response of the 1** layout of Marchand balun.
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Figure 3-23: The measured phase imbalance (top) and the amplitude imbalance
(bottom) of the 1* layout of Marchand balun

Figure 3-24: The second layout of Marchand balun.
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Figure 3-25: The simulation result ofithe 2 layout of Marchand balun.

-10

-20

-30

511,521,531

Frequency (GHz)

Figure 3-26: The measured magnitude response of the 2nd layout of Marchand balun.
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Figure 3-27: The measured phase imbalance (top) and the amplitude imbalance (bottom)
of the 2™ layout of Marchand balun.
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Figure 3-28: The realized baluns *cm.
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Figure 3-
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Chapter 4

Conclusion

In Chpter2, the measured results of the modified equal split Wilkinson power divider
is improved compared with the 2-way Wilkinson power divider. The return loss of the
3-way one section power divider is about -15 dB , it is good for a microwave circuit.
The insertion losses of the three outputs are balanced about -5.5 dB. The isolations
between the neighborhood of the outputiports:are better than the isolation between the
output ports, port2 and port4.

The 24-way power divider-is a Vefy symmetric geometry but each phase of the
24-way power divider is not identified. We think the cable of the network analyzer
and substrate are the important factors. The sharp curve of the cable of network
analyzer and the substrate’s flexibility influence the phase results.

In Chapter 3, we show two kinds of layouts for couple-line balun. One is folded
structure, the two output ports go out at the top of it. And other is non-folded, the
output ports are located at the middle of the balun. The results show the response of
the non-folded structure is better than the folded. The possible reason is the

couple-line in the non-folded balun is more close to the defined Co-planar waveguide
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(CPW) couple-line structure. In the non-folded balun, the couple-line sees the ground

plane at both sides, but in the folded one, it dose not.

In the later part of Chapter 3, we use different line width to implement Marchand

balun. In our circuit model, there are 3 orders at most. However, the last circuit seems

like 4 orders. Beside the point, the bandwidth and balance of amplitude and phase are

good.

Compared with couple-line and Marchand baluns, we evaluate the performances

of bandwidth, amplitude balance, phase balance and circuit size, the Marchand balun

is a good choice for a broadband balun.
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