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Student: Sheng-Chih Su Advisor: Dr. Chi-Ya&ligang
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National Chiao Tung University

Abstract

This thesis includes two parts. In the first pdrg 180° hybrid ring with a center
frequency of 2.5GHz and excited by the balancedrostdp line is designed. By
replacing a half wavelength transmission line vathideal phase inverter, the 180°
hybrid ring exhibits a wide bandwidth of almost ¥2@nd the size reduced for 50%.

In the second part, by using the broadband 180Ffidhying designed in the first
part, the broadband 180° reflection type digitadgd shifter has been realized. Unlike
the conventional reflection type phase shifter weh®ro PIN diodes are connected to
a 90° hybrid ring with the same bias conditionttie proposed phase shifter two PIN
diodes are connected to the 180° hybrid ring wigpasite bias condition. The
proposed one can get much wider bandwidth with atniee same insertion loss in
two phase states. The whole circuits in this thasesfabricated with microstrip line

on a RO4003 substrate with a dielectric constaBt®8, a thickness of 20 mil.
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Chapter 1
Introduction

A phase shifter operated at the microwave frequéney essential element in a
wide variety of applications such as phase modgatirequency up-converters,
testing instruments, and phased array antennansystéake phased array antenna
system as an example, most antennas send or reicesé directions, but phase
shifters enable phased array antennas to accumsigteal to or from specific
direction. By incorporating a network of phase &g, the beam of a phased array
antenna can be pointed electronically in microsdsonvithout any physical
realignment or movement of the antenna-or its etemddesigning of phase shifters
should consider many factors such as phase shiftjrisertion loss, low phase error,
bandwidth, low insertion loss variation, simple toh low dc power consumption,
high speed, small size, and low cost for commemiatless communication. There
are many types of phase shifters, such as switlthedshase shifter, loaded-line
phase shifter, and reflection type phase shifter Rrge phase shift, the most
commonly used phase shifter is reflection type phsakifter. In this thesis, the
broadband 180° reflection type phase shifter vélrbalized.

In chapter 2, a broadband 180° hybrid ring is psagb By replacing the/zl line



section with the ideal phase inverter, the bandwiakt a 180° hybrid ring will be

largely increased. Moreover, the overall circuzteswill be reduced. The theory of the

ring and the balanced microstrip line will be dissed. Design procedures, simulation

and measurement results will be demonstrated ds wel

In chapter 3, a 180° reflection type phase shidigplying the broadband 180°

hybrid ring realized in chapter 2 will be implemedt Normally, an analog reflection

phase shifter uses a 90° hybrid coupler to be adedewith two varactors with the

same bias condition which can exhibit maximum curdius phase shift from 0° up to

360°. However, such kind of analog phase shifteroisequal loss in all phase states.

A digital phase shifter uses two-PIN diodes thaly dwo phase states can exist.

Usually, the two phase states have. different ingefdbsses. The two PIN diodes of

the proposed phase shifter are connected to a Wyf¥id ring with opposite bias

condition, the broadband 180° reflection type digphase shifter with almost the

same insertion loss will be achieved. The circuitalgsis, design procedure,

simulation and measurement results of the broadds8tif reflection type phase

shifter will be presented.



Chapter 2
Broadband 180 Hybrid Ring

2.1 Introduction

The 180° hybrid ring coupler [1], which is also kno as a rat-race ring, is an
essential component in microwave circuits, suchbasnced mixers, multipliers,
push-pull amplifiers and antenna feed networks, &tconventional 180° hybrid ring

, A . 3. . -
consists of threeZ line sections and one4— line section as shown in Figure 2.1.

3. . A . . .

The — line section works as aA: line,section with a phase inverter formed by a
% line section. Thus, the disadvantage of the comweal 180° hybrid ring is
narrow bandwidth and large size.. Many researche® latributed to make the
bandwidth larger. Most of the approaches are nieglian ideal or broadband phase

inverter.



(ayport 4

Figure 2.1: Schematic circuit of the convention8D21hybrid ring .

In this chapter, a broadband 180° hybrid ring ceuf presented. With balanced
microstrip line and an ideal phase inverter, thealdlband rat-race ring has been

developed.

2.2 Theory
2.2.1 Broadband 180° Hybrid Ring

The circuit schematic of a 180° hybrid ring with @eal phase inverter [2] is
shown in Figure 2.2(a). Instead of a conventionddrigl ring composed of threej:
and one% line sections, the spacing between all adjacerts p® % and an ideal
phase inverter is placed between two of the adjageris. With the use of an ideal

phase inverter, the bandwidth of 180° hybrid risgfurther increased. Even- and

4



odd-mode equivalent circuits of the hybrid ring ah@wn in Figure 2.3(a) and (b).

port 1 Y120 port 2
I
Y20
Y220 e
Y26
I
port 3 g port 4

Figure 2.2: Schematic circuit of the broadband 18@srid ring.



port 1 Y120 port 2

Y20

port 1 Y120 port 2
Y20 ‘
sc

Y20

(b) |

Figure 2.3: (a) Even- and (b) Odd-mode equivalextits of the 180° hybrid ring
with an ideal phase inverter.

The ABCD matrices for the even- and odd- mode discare:

A BJ| [ 1 O|[ cos®@ jz, sin@ 1 2.1)
C. D.| |iY.tand 1] jY,sin® cos@ | -jY, cat '

A Bl [ 1 O] cos® jz, sin2 1 2.2)
C, D,| |-iY,coté 1| jY,;sin® cos@ | jY, tahl '

Y, and Y, are normalized admittance of the hybrid ring, Whéze normalized to

6



port impedanceZ,. Let6=45° at the center frequency, then

Y
< ol e ol 7
Ce De 9=45 JY2 1 JYl 0 - JYZ 1

A

_Y
A Bl [1 ofo0o jz[1 o | M
Co Doy L-IY. 1[0 O[0Y, 1] | . ¥2+¥

The S parameters of the four-port:network are:
_ JLEIBISE _

2
= 2 =T

Y,
271
S, = A-D  _ (Yz)
' A+B+C+D A+B+C+ D

Y
_271

s - D-A _ (Yz)

2 A+B+C+D A+B+C+ D

The output power division ratio is:

r=lSal _[Sdl :(Yljz

Y,

(2.4)

(2.5a)

(2.5b)

(2.5¢)

(2.5d)

(2.6)

By (2.5) and (2.6), the normalized admittange and Y, are related to return

loss and power division. The scattering parametérhe 180° hybrid ring make it

useful in many applications. For example, if th@°1Bybrid ring is designed for equal

7



power division, that is,Y, = Y,, it can be used as an in-phase power divideradan.
When an input signal is incident at port 1 (sumtppdhe power divider provides 0°
in-phase equal power division between port 2 areh8,no power reaches port 4. On
the other hand, when power is incident at port dltédport), the power divider
provides out-of-phase power division between poend 3, and no power reaches
port 1.

If Y,=Y, :% Y, and#=4%, the scattering matrix for the 180° hybrid ringigh

has the following form:

0.1 1 0
_=jl1.0 0 -1
s]=4 2.7
SR 001 @)
0-1.1 0

2.2.2 Balanced Microstrip Line

The input and output of our 180° hybrid ring arensentional microstrip lines.
However, the ring should be excited by the balamoedostrip line [3] [4], which is
also known as broadside microstrip line or paradlate stripline.

Characteristic impedance can be computed usingulasmgiven in [5] for the
case of broad and narrow strips. In the case atrelmagnetic field patterns enabling
us to introduce an electrical wall in the plane syinmetry, so the structure is

transformed into two series-connected microstripedi In other words, the

8



characteristic impedance of this balanced micnodline is just double that of a

conventional microstrip line with a substrate redfthick as the balanced microstrip

line. Structure of the balanced microstrip line amh@& equivalent circuit of the

conventional microstrip line are shown in Figuré(2) and (b).

- Virtual
ground

h/2 I

(b)

Figure 2.4: (a) The structure of the balanced nsici line. (b) Equivalent circuit of
the conventional microstrip line.

A balanced microstrip line is often used in broadb&equency with a tapered

transition from microstrip line. This involves thse of a parallel plate microstrip line

with different widths of strip, namely, a microgtriine with a finite ground plane

width. To do this, the ground plane width of a cemtvonal microstrip line is slowly



tapered to that of a balanced microstrip line asmhin Figure 2.5. Moreover, this
microstrip to balanced microstrip line taper lineshbe sufficiently long to yield a
well impedance-matching performance, especiallytha lower frequency range.

Some numerical formulas for the design of suchcttine can also be found in [6] and

[7].

Upper
layer

Lower
layer

(a)Microstrip'line i(b)Taper line (c)Balanced
‘ "microstrip line

Figure 2.5: Method to transfer conventional miarpdine to balanced microstrip line.

In the inverted balanced microstrip lines, the pesi(negative) strip on the
upper (lower) substrate side is connected ventichllough a via with the strip on the
lower (upper) substrate side by the method illusttan Figure 2.6. According to this
figure, each one of the positive and negative stigpterminated by a right-angled
bend in the opposite directions individually. Byirp so, the positions of the positive
and negative strips are exchanged upside downods gvithout saying that the

balanced and inverted balanced microstrip linesnateexactly 180° out of phase,

10



although they have the same physical length. Thetr&tal length of the inverted

balanced microstrip line exceeds that of the badnmicrostrip lines because the

inverted balanced microstrip line includes an adddl path that passes through the

substrate which is equal to the thickness of thstsate.

Via hole

Figure 2.6: Structure of the inverted balanced astip line.

2.3 Design Procedure and Simulation

The entire circuit is manufactured on a Rogers Ri34€ubstrate with a=3.58
and a thickness of 20 mil. The center frequenati8.5GHz. To obtain the physical
length of the transmission line, we use the toaheCalc, which is included in the
commercial simulation solver Advanced Design Sys{&DS) of the Agilent Inc,
and we utilize the 2.5D EM simulation software “8eti of Sonnet Inc to complete
the simulation in this study.

2.3.1 Implementation of -90° Balanced Microstrip Lne

To get the physical length of the -90° balancedrasitip line, we can use the

11



LineCalc to compute the length of the equivalemtwt of the -90° conventional
unbalanced microstrip line according to the theorgntioned before. The circuit
layout of the 58 -90° balanced microstrip line with physical dimems are shown
in Figure 2.7 and listed in Table 2.1.The simulgtbdse response is shown in Figure

2.8.

L1

Upper

Port 1 L1 Port 2

Lower

Figure 2.7: Circuit layout of the -90°% balanced rogtrip line.

Wa(mil) L1(mil)

48 681

Table 2.1: Physical dimensions of the -90° balamoextostrip line.
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-20

-40 -

-60 -

-80 -

Phase, degree

-100 ~

-120 ~

-140 -

s21

'160 T T T T T T T
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5

Frequency, GHz
Figure 2.8: Phase response of the {#)anced microstrip line.

2.3.2 Implementation of- 90° Inverted Balanced Micrstrip
Line

In order to implement a 90° (-270°) balanced mitipdine, we can partition
this line into two parts, a -90° section and a <18€ction. The later is intended to be
realized by using a structure of twist, a via carteeé from the top layer to the bottom
layer and it is short in physical size which is &lqio the thickness of the substrate.
Initially, the length of the structure is made thame as that the -90° balanced
microstrip line mentioned previously. In the egphisical length, the phase response
at center frequency is smaller than 90°. Decreatsiagphysical length of the structure

increases the electrical length. After fine tunitige required 90fhverted balanced

13



microstrip line is obtained. The circuit layout tife 58 90° inverted balanced
microstrip line with physical dimensions are showrigure 2.9 and listed in Table

2.2. The simulated phase response is shown in &do.

L1

w ;Y : 0
i | R

Port 1 L2 Port 2

L3

Lower W 1

layer

JW3

L4

Ls

Figure 2.9: Circuit layout of the 90° inverted batad microstrip line.

Wa(mil) | Wa(mil) | Wa(mil) | La(mil) | L2(mil) | La(mil) | La(mil) | Ls(mil) | D(mil)

48 104 56 377 124 301 253 534 3(

Table 2.2: Physical dimensions of the 90° inveliahAnced microstrip line.
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160

140 -

120 -

100 -

80 ~

Phase, degree

60 -

40 -

— s21

20 T T T T T T T
0.5 1.0 15 20 25 3.0 35 4.0 4.5

Frequency, GHz
Figure 2.10: Phase response of the 90° inverteahbatl microstrip line.

2.3.3 Implementation of Taper Line

A 180° ideal transformer is usually used as a nsitijp to balanced microstrip
line transition. However, this kind of structurehiardly achieved. A taper line shown
in Figure 2.11 can alternatively be used as a toamer. The physical dimensions
and the simulated result are shown in Table 2.3FRigdre 2.12, respectively. From

the graph, we know that there is a 10° phase imioalat the center frequency.
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L1

H

Upper
layer W1 [
Port 1 Port 2

L1

Lower
aver V3

Port 3

Figure 2.11: Circuit layout of the taper line.

Wa(mil) Wa(mil) Wa(mil) L 1(mil)

44 48 544 545

Table 2.3: Physical dimensions of the taper line.

16




200

150 -

100 -

50 ~

Phase, degree

-50 A

-100 ~

-150 ~

'200 T T T T T T T
0.5 1.0 15 2.0 25 3.0 35 4.0 4.5
Frequency, GHz

Figure 2.12: Phase response of the taper line.

2.3.4 Implementation of Broadband 180Hybrid Ring

Now we merge the sections simulated before to bectira 180° hybrid ring,
including 3 sections of the -90° balanced micrpstime and one section of the 90°
inverted balanced microstrip line. The 4 sectiohghe taper line are intended to
transfer from 58 balanced microstrip line to &0conventional microstrip line. The

layout of the proposed 180° hybrid ring is showirigure 2.13.

17



Upper
layer

Lower
layer

<2

Figure 2.13: Circuit layout of the 180° hybrid ring

The proposed 180° hybrid ring is designed to opeedt2.5 GHz, with equal

power division (3dB), bandwidth from 1.5 to 3.5 GHEhe simulated passband

frequency responses of the circuit for in-phaseatmn are shown in Figure 2.14 and

Figure 2.15, and the simulated responses of tloaitifor out-of-phase operation are

shown in Figure 2.16 and Figure 2.17 The returs Isdetter than 10 dB from 1.18 to

3.82 GHz (104%) for in-phase operation and fromO1t8 3.66 GHz (94%) for

out-of-phase operation. The measured isolatioretseebthan 25 dB in the passband

for both operations. The amplitude and phase balamd¢he passband are less than

18



0.50dB and 3°, respectively, for both in-phase amtdof-phase operation.

0 -
m
°
g 01
=
S
o)
o
= -20 -
c
@©
)
8
—_— _30 -
=
=
& 11
s
40 1 s21
—————— s31
—_—— e — . 341
'50 T T T T T T T
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5

Frequency, GHz

Figure 2.14: Simulated amplitude response of tt@ b§brid ring for in-phase operation.

200

150 -

100 -

Phase,degree

-150 ~

'200 T T T T T T T
0.5 1.0 15 2.0 25 3.0 3.5 4.0 4.5

Frequency, GHz
Figure 2.15: Simulated phase response of the 1@8¥ichring for in-phase operation.
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-10 -

-15 A

-20 -

-25 -

-30

Return loss and coupling,dB

-35 -

'40 T T T T T T T
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5

Frequency, GHz

Figure 2.16: Simulated amplitude response of tt@ h§brid ring for out-of-phase operation.

200

150 -

100 -

50 ~

Phase,degree
o

_50 .
-100 -
-150 1 s24
........ 334
'200 T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5

Frequency, GHz

Figure 2.17: Simulated phase response of the 1@f¥ichring for out-of-phase operation.
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2.4 Fabrication and Measurements

Figure 2.18 shows the photograph of designed 18bfidring, of which overall
circuit size is 5852 mrr12. The measured amplitude responses of the circuit for
in-phase operation are shown in Figure 2.19, amdntleasured responses of the
circuit for out-of-phase operation are shown inufgg2.20. The return loss is better
than 10 dB from 1.10 to 4.12 GHz (120%) for in-phagperation and from 1.18 to
4.10 GHz (116%)) for out-of-phase operation. The snead isolation is better than 25

dB in the passband for both operations.

Figure 2.18: Photograph of the broadband 180° kyiomiy.
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Figure 2.19: Measured amplitude response of thé Agrid ring for in-phase operation.
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Figure 2.20: Measured amplitude response of thé t@rid ring for out-of-phase operation.
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The amplitude and phase balance of the couplingnpeters §,,/ S,) are

shown in Figure 2.21 and Figure 2.22. The amplitade phase balance in the

passband are less than 0.3dB and 3° for in-phas@tign.

Amplitude balance, dB

s21/s31_simulation
~~~~~~~~ s21/s31_measurement
'2 T T T

15 2.0 25 3.0 35
Frequency, GHz

Figure 2.21: Measured amplitude balance of the b§0rid ring for in-phase operation.
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Frequency, GHz
Figure 2.22: Measured phase balance of the 18Qidcsihg for in-phase operation.

The amplitude and phase balance of the couplingmpeters §,,/ S,) are

shown in Figure 2.23 and Figure 2.24. The amplitade phase balance in the

passband are less than 0.5dB and 3° for out-ofepbpsration.
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Figure 2.23: Measured amplitude balance of the b80fid ring for out-of-phase operation.
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Figure 2.24: Measured phase balance of the 18Qfdsihg for out-of-phase operation.
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Chapter 3
180° Reflection Type Phase Shifter

3.1 Introduction

A microwave phase shifter [9] is a device that iw@n function of which is to
change the transmission phase of a microwave siynadeans of a control or switch.

Any lumped element placed in series or shunt withansmission line results in
phase shift and, hence, there is a virtually immedde ways to design possible
phase shifter circuit configurations. Nevertheleamdding the requirements that the
device has minimum insertion loss, amplitude bataared any phase shift reduces the
number of practical circuits to a little. Each @ffets own combination of advantages
with respect to circuit size, bandwidth and thegghshift, etc.

In order to know the working principals of the paashifter, we need to define
the special terms such as transmission phase aadion loss first. From Figure 3.1,
it can be noted that phase usually is defined usiaggenerator voltage/() phase as
a reference, rather than that of the input volt@ge of the system. This choice
happens because that control networks are notgbigrimatched; accordingly, the
input voltage does not remain constant when thie sththe device is changed. For

practical measurement, a phase referenced to temah voltage of the generator is
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obtained by using a directional coupler to sampke forward-going wave ahead of
the two port network, as shown in Figure 3.1. Theseplers give output voltages
proportional in amplitude and phase ¥y and V,, individually, even in the presence
of mismatches, of course, that the coupler dirégtig high enough. While the loss of
a phase shifter is often overcome using an ampktiege, the less loss, the less power
amplifier that is needed to overcome it. Phaset shithe change in transmission
phase of a network. Hence, we just care aboutivelghase shift. For instance, if a
two port network has two discrete states havingviddal transmission phases af

and ¢, its phase shift is© = ¢ - .The sign to be identified with depends both
upon which state is defined as the reference amnd puasitive or negative phase is

defined.

Directional couplers to
sample forward wave

/ phases
V=V,

V=V,
Two port
Vi network V:

@=Transmission phase Argument(©f, /V,)
IL =Insertion loss=20log, (V / Y)

Figure 3.1: Definition of transmission phase argkmion loss.
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For infinitely long sinusoids, a changeéns the same as a shift in time, such as

a time delay. For exampley, delays by’—zT compared toV, of its cycle as shown

in Figure 3.2.

ei wrl

Vo
Vet

Figure 3.2: Sample sinusoid waveforms showing @htaihe delayed signal has
negative phase.

3.2 Theory
3.2.1 Reflection Type Phase Shifter Using 90° Hyli

Coupler

There are several methods to realize phase shifelegtronics. The most
widespread phase shifter circuit is the one whdi¢ #odes (or varactors) are
connected to a 3 dB 90° hybrid ring, as shown gufé 3.3 [10]. By providing a
positive or negative bias to PIN diode, two phaaées can be obtained from the base
elements. The range of phase shifted can be dekijom a few degrees to 360

degrees.
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Port 1 3dB Quadrature hybrid

L Reflection J
load
Port 2
Bias
— O voltage
control
Reflection
load
Port 3 L

Port 4
Figure 3.3: Generic reflection-type phase shifter.
The term “hybrid” has come to mean a coupler wipiddvides a 3dB power split

for the two output ports and there must be a 9@&pHdifference in its output signals.

The scattering matrix has the following:

_1'

[S] "7 (3.1)

o — rr O

O R — O
R O O —

1
0
0
J

Showing that the voltage at thith port asV, by (3.1) then the relationship

betweenV, can be represented as follows:
-1
S
i
V2
-1

(3.2)

S
1

(3.3)

Sl Sl Sl Sl

2

V2
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In the use of phase shifting, the port 2 and poshB8uld be connected with a
loading circuit consisting of a PIN diode. There&foV, andV, caused byV, are
reflected on the port 2 and port3.

The relationship between the signals reflected frmnt 2 and port 3 and the
signals input to port 2 and port 3 are:

V, =TV, =|rV,€e’ (3.4)
V, =MV, =|r|V,e? (3.5)
We know thatV, andV, are caused by, . The relationship betweeW, , V,

and V, could be acquired by using (3.2).in (3.4) and)3.5

Vs =(%)V1|F| &¢ (3.6)
V, :(_T;)v1|r| e? (3.7)

For observing the effects of these reflected gasaon port 1 and port 4, now we

can applyV, andV; in (3.6), (3.7) to (3.3), yield:

J 4 @
V) = \/_ 1| |€7)- \/_ \/_\4||'| é)=0 (3.8)
. N Z+ip
Vv, = f ﬁ V|| €9) - \/_ \4|r| ¢) = \r| & (3.9)

(3.8) and (3.9) shown that, the signal inputtiogt 4, reflected at port 2 and port

3, is equivalent to signalk/z' and V3' that input from port 2 and port 3 individually.

The effect of two signals summing on port 1 is zetaneans no effect on port 1;

however, a signal that amplitude differs frowh to ||V, and phase differs by
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qo+g at output.
If the loading circuit is made by a microstripdiwith terminated by PIN diode,

then, as the diode provided with positive or negalbiias, marked byf™or “r”, theT"

would have a double value, noted by, and I', respectively as shown in Figure
3.4. Furthermore, thep also has double values, noted py and ¢ . Hence, when
the PIN diodes biased positively and negativelg, aatput signal from port 4 should
be:
' JE+J¢’f
V. =V | €2 (3.10)

7
V,, =Vijryez (3.12)

The relative phase shift is:

0z¢ - (3.12)
Port 1 _ Symm'etric,swi'tcha'ble,
3dB Quadrature hybrid reflective terminations
L /@— S|
O— T, —

Port 2

)

]
]

rl’
Port 3

Port 4

Figure 3.4: Generic reflection-type phase shif@ng PIN diode.
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1)

2)

3)

4)

There are many advantages of the reflection typesekhifter:

It only needs the least number of diodes or varaatompared to the other types

of phase shifter in the use of big phase shifting.

Any phase shift increment can be obtained with eragesign of the reflective

loading circuits.

The transmission match of the bit is dependent aplyn the design of the hybrid

coupler and is separate from the design of thegt¥le loading circuits.

The reflective loading circuits can be optimizedthwvrespect to phase shift,

insertion loss, amplitude balance in.two bias state power handling capacity

without regard to transmission match. In realitysiimpossible to optimize all of

these functions separately in one design; henoee smmpromises must be made.

3.2.2 180° Reflection Type Phase Shifter Using 18BR/brid

Ring

In this thesis, we need to realize a 180° reflectigpe phase shifter with the

same insertion loss in two different states. Howesaecording to (3.10) and (3.11),

I

and I, are usually not the same. It is not proper to eshthe PIN diode to a 3

dB 90° hybrid ring. We replace the 90° hybrid ringh the 180° hybrid ring, and two

different loading circuits made by microstrip lingsovided with positive and
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negative bias, respectively. In the other state, FiN diodes are provided with
negative and positive bias as shown in Figure By5doing this, we can achieve our

goal.

Symmetric,switchable,
3dB Ratrace ring reflective terminations

S
1

Port 1

N

)

r

r

Port 2

:

l
rf
r Port 3 =
Port 4

Figure 3.5: Generic 180° reflection-type phasetshiising PIN diode.

We discuss the 180° hybrid ring clearly in the jpvas chapter. The scattering

matrix has the following:

0110
_—jl1 0 0 -1
S]=—2 3.13
SFEZEL 0 0 1 (3.13)
0-11 0

Showing that the voltage at th# port asV,, by (3.13) then the relationship

betweenV, can be represented as follows:
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-]
V,]_|V2 V2V
{VJ— ) {VJ (3.14)
V2. V2]
{Vl}: V2 V2 VZ} (3.15)
V4 L __J _V3
V2 2

In the use of phase shifting, the port 2 and poshBuld be connected with a
loading circuit consisting of a PIN diode providedth positive and negative bias.
Therefore,V, and V, caused byV, are reflected on the port 2 and port3.

We assume thd of two different loading circuit arel e, e and
@ —¢@ =180 (We will discuss how to,design in 3.3he relationship between the
signals reflected from port 2 and port3 and theals input to port 2 and port3 are:

V, =04\, =[C v, é” (3.16)
Vy =TV, =[] Ve (3.17)
We know thatV, and V, are caused by, . The relationship betweeN, , V,
and V; could be obtained by using (3.14) in (3.16) and {3
V, = (_Ti)vl\rf | & (3.18)
V, = (_Ti)vl|rr| e (3.19)
For observing the effects of these reflected gasaon port 1 and port 4, now we

can applyV, andV, in (3.18), (3.19) to (3.15), yield:
Izl o |_d | o1 9 |~
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RIS TP R r

(3.21)
In the other statd, of two different loading circuit change to arﬂfe"“’f and
[ €% so the relationship between the signals reflefrtem port 2 and port3 and the
signals input to port 2 and port3 are:
V, =V, =|I |V, (3.22)
Vy =TV = | Ve (3.23)
The relationship betweeW, , V, and V, could be obtained by using (3.14)

in(3.22) and(3.23):

\A (ﬁ)vl|rr|é (3.24)
N\ _j j o
V, -(ﬁ)vl\rf\e”’ (3.25)
Now we can applyV, andV; in (3.24), (3.25) to (3.15), yield:
_~—ild ' T @ |~
_T{(ﬁ)vlm é@}——{(ﬁ)\{\rf\ 4 }o (3.26)
VA ‘ » j
= | RN | G| |5 e -
(3.27)

(3.21) and (3.27) shown that, two different statehe phase shifter have the
same amplitude and the relative phase shift is:

O=¢ -¢ =180 (3.28)
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3.3 Design Procedure and Simulation
3.3.1 PIN Diode Equivalent Circuit

To realize the reflection type phase shifter, wk meed an equivalent circuit for
the PIN diode [11]. The PIN diode structure is ajBhttion separated by an intrinsic
region. Therefore comes the name P-I-N; P-typenisitt N-type. The PIN diode is
merely an extension of the PN diode. When a forviaad is applied to the PIN, the
result is a short circuit as in the PN diode. Aned tlifference transpires when reverse
biased. If the PIN diode is reverse biased, thdetiep layer will increase and the
junction capacitance decreases. Because of thedadtesic region, its depletion
region will be larger than the PN structure. Theréased depletion width results in a
smaller than normal junction capacitance when sevbrased.

Consequently, the PIN is designed to work as eitbevard or reverse biased.
When forward biased, the series resistance oudhe ts small as possible so that the
diode will better represent a short circuit. Whesvarsed biased, the junction
capacitance ought to be as small as possible asd th constant over a wide range of
reversed biased voltages. This allows the PIN diodaore effectively represent two
distinct states; open circuit (forward bias) andrskircuit (reverse bias).

The proposed equivalent circuit for the PIN diagleshown in Figure 3.6. We

know that the circuit can be switched by DC totw® distinct states. In Figure 3.6,
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R, is the series resistance of the forward biasededitVhen reversed biase@,
represents the junction capacitance aRd represents the series resistance. The
parameter€,, L, and L, are the elements brought by the packaging of the P
diode. The capacitanc&C; which appears in shunt is a combination of the
capacitance that exists between the upper contadttlae metallic ends of the
semiconductor and the insulating packaging. Theciéance C, arises from the gap
in two transmission lines across which the diodélvé mounted.

Besides, all metallic ends of the package wilhgrabout inductance, too. The
inductance is divided into two componenits and L. The inductancel ; appears
in series with the junction capacitance. The mastsaerable contributions of the
inductance come from the metallic contacting stiad lie on which the element is
soldered. The inductanck, accounts for the series inductance of the outlgnd
parts to the external contacting points. It canobee very enormous if long leads are

needed for bounding to the circuit.

R, L,
NN
R, G
Y FY Y Y L
L C, L

&)
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Figure 3.6: Equivalent circuit of the packaged Rlibde.

3.3.2 Tuning Procedure of Loading Circuit
In this thesis, the PIN diodes we used are the MADP436 Series Case Style

1279 from M/A COM Silicon Products. From the dateest, the value forC, is
quoted as 1 pF at -20V. A typical value f&, is 0.5 Ohms at 10 mA. The values for
the package parameters can be determined fromateestyle considerations. A value
of 0.1 pF and 0.6nH is quoted fdC, and L, respectivelyR and L, are not
guoted in the data sheet.

Figure 3.7 shows two different ground structutes PIN diode mounted. The
PIN diode is mounted between the microstrip-lind #me ground area, and its bias
voltage is applied on the right side. Figure 3.7/hpws that the top view of the
ground structure composed of a fan stub which v@&taal ground. A fan stub can
achieve a “perfect short” over a moderate bandwilipure 3.7(b) shows a modified
ground structure in order to decrease the sizeetircuit. Via holes connect the top

metal to the bottom, which is a metallic groundngla
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microstrip

!
I
!

4

PIN diode
(a)

microstrip

!
I

PIN diode

(b)

Figure 3.7: Two ground structures of the loadinguats.

capacitor

e B

via hole

Figure 3.8 illustrates the method to measure tfleateon coefficient of the PIN

diode at two different states (15mA and -10V). Vééricate two 50) microstrip

lines first, the length of which are L and 2L, respvely. The former is connected to
the PIN diode in series .We measure the refleatimefficient and obtainS,,, and

get S,, from the other microstrip line. Finally, we canqate the reflection
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coefficient R=S§,,/ S,. By using this method; two different coefficierits two

different states can be obtained.

L

2L

Figure 3.8: Method to measure the reflection cogdfits of the PIN diode.

According to (3.20) and (3.26), in order-to eliatia the termV, and V,, we
need to design so that the two states of the lgadircuit satisfy the condition
@ —¢@ =180 at the center frequency. We will use two differgnbund structures
illustrated in Figure 3.7. The ground structuretha loading circuifl is fan stub, and
the other is loading circuli.

Take loading circuil for example, Figure 3.9 shows the measured restilise
reflection coefficients of the PIN diode. Tleof the PIN diode is about 0.93~0.95.

The initial phase shift is about 156°.
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ml

freq=2.500GHz
S(1,1)=0.935/126.303
impedance = Z0 * (0.042 + j0.505)

freq (2.000GHz to 3.000GHz)

m2

freq=2.500GHz
S(2,2)=0.951/-78.571
impedance = Z0 * (0.063 - j1.220)

Figure 3.9: Measured results of the reflection toiehts of the PIN diode.

Now we add a 5Q microstrip line to rotate thE to the condition which is

symmetric to the real number axis of the Smith tharshown in Figure 3.10.

ml

freq=2.500GHz
S(1,1)=0.935/102.460
impedance = Z0 * (0.055 + j0.802)

freq (2.000GHz to 3.000GHz)

m2

freq=2.500GHz
S(2,2)=0.950/-102.353
impedance = Z0 * (0.042 - j0.804)

Figure 3.10: Rotation of the reflection coefficiemtf the PIN diode.
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Finally, we add a% transformer to increase the phase shift to 18@ieatenter

frequency as shown in Figure 3.11.

m2

freq=2.500GHz

S(2,2)=0.949/90.338

impedance = Z0 * (0.052 + j0.993)
m2

freq (2.000GHz to 3.000GHz)

ml

freq=2.500GHz

S(1,1)=0.934 / -90.475
impedance = Z0 * (0.068 - j0.989)

Figure 3.11: Simulated results of the reflectiorftioients of the PIN diode.

The layout of the loading circuitwith physical dimensions are shown in Figure

3.12 and listed in Table 3.1.
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W2 W+

Figure 3.12: Circuit layout of the loading circliit

Wa(mil) Wo(mil) Ly(mil) La(mil) La(mil)

44 54 699 93 704

Table 3.1: Physical dimensions of the loading atrtu

We can still design the loading circtiitby the same way mentioned previously.

The layout of the loading circuit with physical dimensions are shown in Figure 3.13

and listed in Table 3.2.
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W2 W1

W.C2

Figure 3.13: Circuit layout of the loading circiit

Wa(mil) Wa(mil) Wa(mil) Wa(mil) Ws(mil)
44 62 250 6 100
La(mil) La(mil) La(mil) La(mil) Ls(mil)
695 79 250 698 100
D(mil) C1(pF) Ca(pF)

40 12 18

Table 3.2: Physical dimensions of the loading atrtl
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3.4 Fabrication and Measurements
3.4.1 Loading Circuit of 180 Reflection Type Phase Shifter

Figure 3.14 and Figure 3.15 illustrates the phaphrof loading circuif and
loading circuitll, respectively. The measured return loss respoaigeslisplayed in
Figure 3.16 and Figure 3.18. It has average 0.2mBlitude imbalance between two
states in the passband. After tuning mentionetienprevious section, two states have

almost 180° phase shift at the center frequencwsho Figure 3.17 and Figure 3.19.

Figure 3.14: Photograph of the loading cirduit

Figure 3.15: Photograph of the loading cirduit
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Figure 3.16: Measured amplitude response of théingecircuitl.
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Figure 3.17: Measured phase shift of the loadingudil.
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Figure 3.18: Measured amplitude response of théingecircuitIl.
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Figure 3.19: Measured phase shift of the loadingudiIl.
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3.4.2 180 Reflection Type Phase Shifter

Figure 3.20 and Figure 3.21 shows the photograptiesigned 180° reflection
type phase shifters, which connect loading cirtaind loading circuiil separately to

the broadband 180° hybrid ring mentioned in theviores chapter. The former circuit

2
size is 89x63 mm and the latter which use reduced size groundtsirel is 72x68

2
mm .

Figure 3.21: Photograph of the 180° reflection phstsfterll.
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The measured amplitude responses of the refledyipe phase shiftet are
shown in Figure 3.22. The return loss is bettenth@ dB from 1.46 to 3.58 GHz

(85%).The insertion loss is about 1.4dB.

-10 -

-20 -

-30 -

Return loss and insertion loss,dB

-40 -

'50 T T T T T T T
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5

Frequency, GHz

Figure 3.22: Measured amplitude response of thé ddi@ction phase shiftdr

The amplitude balance and phase shift for two state shown in Figure 3.23
and Figure 3.24. The amplitude and phase balandbenpassband are less than

0.15dB and 5°.
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Figure 3.23: Measured amplitude-balance of the 1&08ction phase shiftdr
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Figure 3.24: Measured phase shift of the 180° cgfia phase shiftel.
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The measured amplitude responses of the refledyipa phase shiftefl are
shown in Figure 3.25. The return loss is bettenth@ dB from 1.47 to 3.47 GHz

(80%).The insertion loss is about 1.3dB.

-10 -

-20 1

Return loss and insertion loss,dB

-30 -

'40 T T T T T T T
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5

Frequency, GHz
Figure 3.25: Measured amplitude response of thé ddi@ction phase shiftdi.

The amplitude balance and phase shift for two state shown in Figure 3.23

and Figure 3.24. The amplitude and phase balandbenpassband are less than

0.15dB and 5°.
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Figure 3.26: Measured amplitude balance of the 1&&ction phase shiftéi.
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Figure 3.27: Measured phase shift of the 180° cgfia phase shiftd.
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Chapter 4
Conclusion

In this thesis, the 180° reflection type phasetshsfusing two different ground
structures were proposed. Both of the phase shifiave amplitude balance within
0.15dB and phase balance within 5° in the passb@achpared to the conventional
reflection type phase shifter that we connect Piddes to the 90° hybrid ring, such
180° reflection type phase shifter has the mininamplitude and phase imbalance at
the broadband. In the future, we will use. this ukeékvice to be the switch of the
even- and odd-mode dual band:-bandpass filter aadswitch of the even- and
odd-mode loaded line phase shifter.

A filter structure has two passbands while exgitidifferential or common
signals is shown in Figure 4.1. In microstrip cadpllines, there are different
characteristic impedances and phase velocitiesvien- and odd-mode signals. Using
the characteristics, the filters can be realizedhwoth stepped-impedance and
uniform -impedance resonators. The two passbandseaseparated effectively by
adjusting the coupling strength of the coupleddirigy controlling the bias of the PIN
diodes of the phase shifters, we can decide thealsigve want to excite. Even- and

odd-mode equivalent circuits of the dual band basdfilter are shown in Figure
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4.2(a) and (b).

Even- or I I
odd-mode

0°/180°) )

I I I I - Even- or
! o odd-mode
s.g I I I_I——%I

| |

resonator 1 resonator 2 resonator n

Figure 4.1: Generic even- and odd-mode dual bandgzss filter.

Zoe Zoe Zoe Zoe
(a)
Zoo Zoo Zoo Zoo
(b)

Figure 4.2: (a) Even- and (b) Odd-mode equivalectis of the dual band bandpass
filter.

A loaded line phase shifter structure has phadésshihile exciting common or
differential signals is shown in Figure 4.3. Be@uo$ the symmetry or antisymmetry
of the excitation, the network can be decomposéa anset of two port networks, as
shown in Figure 4.4(a) and (b). The susceptancés Bsually implemented with an

SPST PIN diode switch between two states. By exgittommon or differential
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signals, however, the susceptance of the load astlgxequal to the characteristic

admittance of the transmission line. Without thenpexity of constructing the model

of PIN diode, we can easily improve the accuracylésign the loaded line phase

shifter.

0°/180°

Z0=50Q
Even- or odd- B Even- or odd-
mode signal M4,Yv=B MA4,Yv=B mode signal

0°/180°

Z0=50Q

Z0o=50Q

Figure 4.3: Generic even- and odd-mode loadeddirase shifter.
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IWERE

Z0=50Q Z0=50Q
Yin=]Yb —l ~ M8Yvw=B
0.C 0.C
(a)
M4 Ye
Z0=50Q Z0=50Q
Yin=-jYb —l ~ M8&Yv=B
s.C s.C
(b)
Figure 4.4: (a) Even- and (b) Odd-mode ‘equivale@ctis of the loaded line phase
shifter.

To sum up, the broadband 180° reflection type plsster with almost the

same insertion loss can be applied in many balaoosununication system, which is

really a useful device in microwave engineering.
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