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Abstract

In the first part, we proposetwo Ku band reflection-type phase shifters using four
and two varactors to exhibit maximum phase shift of 360° and 286°, respectively. For
a single varactor, the maximum phase shift is' increased by resonating the varactor and
impedance transforming at the input of the reflection load. The 360° phase shift
results from the parallel connection of two series tuned varactors. A 4-element phased
array is designed and fabricated to verify the phase shifter.

In the second part, the 180° hybrid ring adding a unit element at each port has been
designed to exhibit Chebyshev response and impedance transformation. We use
hybrid CPS/interdigital CPS as stepped-impedance and ideal phase inverter for size
reduction of 70% and wideband performance. The fabricated 180° hybrid ring exhibits
a wide bandwidth of almost 100%, and its amplitude and phase balance are less than
0.55dB and 4°, respectively. For system impedance transformation of 40Q and 1209,

each port of the proposed 180° hybrid ring is well-matched.
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Chapter 1
Introduction

1.1 Ku band Reflection-Type Phase Shifter

The Ku band (K-under band), of which the range of frequency is 11.7-12.7 GHz for
downlink and 14-14.5 GHz for uplink, is primarily used for satellite communications,
especially for editing and broadcasting satellite television. The 12.2 to 12.7 GHz
segment is allocated to the broadcasting satellite service (BSS). Typically, satellite
television systems transmit and' receive signals by antenna systems with high
directivity, such as satellite dish antennas. Besides the high directivity, if a receiver of
the satellite television is employed on a vehicle, an antenna system requires adaptive
beamforming in order to tracking the satellite when the vehicle moving uphill and
downhill. The phased array is therefore useful for beamforming in the mobile satellite
television system.

Phase shifters are necessary components in a phased-array antenna system. Design
of phase shifters requires consideration of many factors such as large phase shift, low
insertion loss, low phase error, bandwidth, low insertion-loss variation, simple control,

low dc power consumption, and low cost for commercial wireless communication. In



this study, we propose two configurations of Ku band reflection-type phase shifters,
in which four and two varactors are used, respectively.

In chapter two, a Ku band reflection-type analog phase shifter with 360° phase shift
is proposed. The basic circuit of the phase shifter comprises a 3-dB 90° hybrid
coupler terminated with two identical reflection loads. In order to achieve 360° phase
shift range, the reflection load is made of the parallel connection of two series tuned
varactors so that there are four varactors in a phase shifter. The proposed phase shifter
is designed with excellent match and linear voltage-phase relationship

In chapter three, we propose atKu band phased array with beam steering by
changing the phase between antenna elements using reflection-type analog phase
shifter. Instead of using four varactors'in the phase shifter proposed in chapter two,
we use two varactors in this phase shifter at the cost of less phase shift. The reflection
load can’t achieve a phase shift of 360° by a single varactor. This work extends the
maximum phase shift, which was originally limited by the capacitance tuning range
of the varactor, from 52° to 286° by resonating the varactor with via inductance and
using A/4 impedance transformers between the branch line coupler and the varactor.
Finally, the proposed phase shifters are integrated to a 4-element phased array for

beam steering. Design procedure and measurement results will be showed.



1.2 Reduced-Size Impedance-Transforming

Broadband 180° Hybrid Ring

The 180° hybrid ring coupler, which is also known as the rat-race ring, is an
essential component in microwave circuits, such as balanced mixers, multipliers,
push-pull amplifiers and antenna feed network, etc. In chapter four, a reduced-sized
impedance-transforming broadband 180° hybrid ring coupler is proposed. With a unit
element at each port and an ideal phase inverter, the broadband 180° hybrid ring with
impedance transformation between the input and output ports is proposed. After
formulating the scattering matrix.%0f the 180% hybrid ring, the values of circuit
parameters are derived by the -optimization-method-to fit the 180° hybrid ring to a
Chebyshev response. We replace cach line section by three sections of stepped
impedance transmission lines using CPS/interdigital CPS structure to realize an ideal
180 ° phase inverter and to reduce the length of each line section. The circuit analysis,

design procedure, simulation and measurement results will be discussed.






Chapter 2
360° Reflection-Type Phase Shifter

2.1 Introduction

Reflection-type phase shifters have many advantages such as good matching, low
insertion loss, simple control, and low DC power consumption, so it is popular in
phase shifter design. Using active components such as varactor diodes as reflection
loads was first introduced in [1]. Varactors are commonly used as reflection loads so
that the phase shift is limited to the capacitance  tuning range of the varactor. The
maximum phase shift can be extended by resonating the varactor with an inductance
or changing the port impedance of the reflection load. But even when these methods
are utilized, it is difficult to achieve a phase shift of 360° by a single varactor.

In order to get 360° phase shift range, several approaches have been proposed. The
most popular approach is to cascade two series resonant varactors with a quarter-
wavelength transmission line [2] [3], which is shown in Figure 2.1(a). For the dual
varactor termination, the phase shift range of the reflection load is doubled. In [4]
(Figure 2.1(b)), it is shown that using tunable short-terminated combline filters as

reflection load also provide double insertion phase. Another approach is the



combination of two series connected varactors separated by a quarter-wave
transmission line and an impedance-transforming quadrature coupler [5] (Figure
2.1(c)). The required varactor capacitance variation is smaller if the impedance ratio
of the impedance-transforming quadrature coupler is enlarged. Instead of the resonant
load, a ladder-type reflection type phase shifter with six varactors and seven
quarter-wave transmission shown in Figure 2.1(d) is proposed [6]. The total phase
shift is the sum of the tunable phase of each varactor, so it can achieve large phase
shift without inductors.

In addition to all of the above,:using two different series tuned varactors in a
parallel connection to achieve 360° phase shift was provided by B. T. Henoch and P.
Tamm [7]. The author obtained a-360%phase shifter which has minimum variation of
total phase shift versus frequency. In [8], the original varactor impedance was
transformed by the transmission line, and linear voltage-phase relationship is obtained.
In this chapter, we propose a full 360° phase shifter with the reflection load using two
resonating loads in a parallel configuration, so there are four varactors in total. The
circuit schematic is shown in Figure 2.2. The proposed phase shifter is designed with
excellent match and linear voltage-phase relationship at Ku band, where parasitic
effects of all components such as resistors and varactor diodes have to be considered.

Detail design procedure and measurement results will be discussed.
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Figure 2.1: Different approaches for reflection loads of the 360° phase shifter. (a)
Dual varactor termination for doubling phase shift range [3]. (b) Tunable
short-terminated combline filter [4]. (c) In-series cascaded connection of varactors

with the impedance-transforming quadrature coupler [5]. (d) Ladder-type reflection

loads [6].
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Figure 2.2: Circuit schematic of the proposed 360° reflection-type phase shifter.

2.2 Design Procedure

2.2.1 Reflection-Type Phase Shifter

As shown in Figure 2.3, a generic reflection-type phase shifter is composed of a 3-dB
90° hybrid coupler and two identical “reflection loads. Due to the 3-dB hybrid 90°
coupler, input signal is equally divided by the coupler in quadrature phase. The phase
of reflected signal is determined by the reflection coefficient of the reflection load.
Because the reflection loads are identical, two reflected signals are combined in-phase
at output port. On the other hand, two reflected signals are cancelled out each other at
input port. Thus, the phase shift provided by the phase shifter is equal to the phase

shift of the reflection load.
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Figure 2.3: Generic reflection-type phase shifter

2.2.2 Series Resonant VVaractor

The proposed phase shifter is designed at the center frequency of 12.45 GHz.

MA-COM MA46H120, which is a gallium assenide flip chip varactor diode, is used

as the termination loads of the phasefshifter. The circuit model is shown in Figure 2.4,

where Ls, Rs, and Cp are thé seriesiinductance,- series resistance, and package

capacitance of the varactor diode. The tuning range of varactor capacitance C; is from

0.2pF to 1pF. However, suffering form parasitic effects of Ls, Rs, and Cp, the

characteristic of the varactor is not simply a capacitance at high frequency. Thus, the

first step is to measure the characteristics of the varactor.

Ry & Lg

Figure 2.4: The circuit model of MA-COM MA46H120 varactor



Figure 2.5 shows two different ground structures the varactor diode mounted. The
gray lines represent the microstrip line. Via holes connect the top metal to the bottom,
which is a metallic ground plane. The varactor is mounted between the microstrip line

and the ground area, and its reverse bias voltage is applied on the left side.

via hole — T

microstrip

| 1

|..:_
]

Zo I
- Es=
T Cra
varactor L
(a) (b)
microstrip
10
l Zo T Ls
L . R
+— via hole 5
T ':var
varactor 4
(©) (d)

Figure 2.5: Two ground structures of termination loads.

(a) Layout of the load with RF virtual ground.

(b) Equivalent circuit of the load with RF virtual ground.

(c) Layout of series resonant loads

(d) Equivalent circuit of series resonant varactor.
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Figure 2.5(a) shows that the top view of the ground structure, composed of a shunt

connection of a fan stub and a quarter-wave short stub, is a RF virtual ground and DC

return. A fan stub can achieve a “perfect short” over a moderate bandwidth. On the

other hand, the short stub using via holes acts like a “perfect open” for RF signals, so

there is no via hole effect. Thus, we can derive the characteristics of the varactor by

measuring the reflection coefficient. Figure 2.5(b) shows its equivalent circuit.

Measured equivalent reactance varies from -23Q to -61Q with tunable reactance ratio

of 2.7 and total phase shift of 52° at the bias voltage range of 0V to 10V. Parasitic

resistance varies from 3 QQ(V=0V) to 5 Q) (V=10V).

In order to increase the phase shift range of the varactor, a modified ground

structure is utilized, which is shown‘in Figure 2.5(c). The diameter of via hole is

10mil. Using ground structure in Figure 2.5(c) an inductive series reactance is added

to the equivalent circuit of varactor. This via inductance can be designed to form a

series resonant circuit with the varactor at the center frequency

(2.10)

where Lg and Cy represent the via inductance and the average capacitance of the

varactor, respectively. With the resonance of the varactor, the impedance variation is

dramatically improved and large phase shift is achieved. The circuit model is shown

in Figure 2.5(d).

11



The characteristic of reflection loads with RF virtual ground and with via holes for
ground are measured against bias voltage from OV to 10V at 12.45GHz. Measured
phase shift of reflection coefficient of varactor diodes is shown in Table 2.1. As
predicted, the varactor with a RF virtual ground operates like a capacitance and has a
phase shift range of 52°. However, the phase shift range of the resonant varactor is
improved to 119°. The later is 67° more than the former. The reflection coefficient of
the resonant varactor is plotted for the voltage range of OV to 10V in 1V steps on the

Smith Chart in Figure 2.6, where the equivalent resistance varies with its bias voltage,

as listed in Table 2.2.

Table 2.1: Measured phase of reflection coefficient of varactors at 12.45GHz

Bias Z T (degree)
Voltage(V) Varactor Resonant Varactor
0 -130 109
2 -131 128
4 -126 154
6 -103 180
8 -88 -155
10 -78 -132
Maximum
. 52 119
phase shift

Table 2.2 Measured resistance of the resonant varactor against bias voltage.

Bias voltage(V) 0 2 4 6 8 10

Resistance(€2) 14 1.7 21 26 32 38

12
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Figure 2.6: The reflection coefficient of the resonant varactor on the Smith Chart

2.2.3 Parallel Resonant.l:oad

According to [2], if two branches of the varactors, each varactor being tuned with a
series inductor to resonate at“the low and high bias voltage (Vmin and Vmax)
respectively, are connected in parallel to form a parallel resonant circuit at a control
voltage between Vi, and Vi, the phase shift could cover 360° when the varactors
are biased form Vi, and Vi, This can be realized if the original resonant loads at
different bias voltage are transformed by adding the transmission line with different
length [9] (Figure 2.7). However, controlling the inductance of lump elements is so

difficult at high frequency that transmission line is adopted in the proposed circuit.
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(a) (b)
Figure 2.7: Two series resonant varactor forming a parallel resonant circuit using (a)

lump elements (b) transmission lines.

By tuning the length of the transmission line, the phase of each branch can be

controlled arbitrarily. The reflection coefficient of' each branch is shown in Figure

2.8(a), where V represents the point’of equal control voltage when I'; and I'; are

complex conjugate of each other. Instead of the maximum and minimum bias voltage

of OV and 10V, the series resonance is designed at bias voltage of 2V and 9V, which

will be explained later. These two branches are connected in parallel to form a 360°

reflective network when the varactor is biased from 2V to 9V, as shown in Figure

2.8(b). It is apparent that the reflection coefficient of the reflection load doesn’t follow

a constant p circle on the Smith Chart due to the series resistance Rs of the varactor.

The resistance is 1.7Q2 and 3.5Q at the series resonance. However, at the parallel

resonance the return loss is much higher because the equivalent parallel resistance is

14



2 2
R, = (R, + X, )R — jX) =Ry XKoo Xo

SAURPVRATE 2.1
2 2R, 2R, @D

where Rp, Xo represent the equivalent resistance and reactance of one branch at bias

voltage of V. For Rp = 2.8Q and Xo= 19Q, the parallel resistance Rp is approximately

65Q and the return loss is 20dB.

(2) (b)

10V

(©)

Figure 2.8: Two series resonant varactor forming a parallel resonant circuit. (a) Two

series resonant varactor. (b) Parallel resonant circuit. (c) Modified parallel circuit.



2.2.4 Changing Port Impedance of Reflection Loads

In order to increase Rp and reduce the return loss at the parallel resonance, the port
impedance of the reflection load is changed. For Rs and Rp giving the same reflection
at series and parallel resonance, the port impedance is chosen to be

Z, =+RsR; (2.2)

It shows that Rs is 3Q at the series resonance point or bias voltage of 9V. Thus,
from (2.2) the optimized port impedance should be 14Q to have a minimum
return-loss variation. The reason for choosing the series resonance at bias voltage of
2V and 9V is to avoid extreme Rg.when bias voltage is 0, 1, and 10V. The reflection
coefficient of the modified parallel circuit is shown in-Figure 2.8(c).

For transforming port impedance from 50Q to-14Q), a quarter-wave impedance
transformer is used with its characteristic impedance of 26Q2. This is too low for
microstrip line to be realized. Therefore, two cascaded quarter-wave impedance
transformers are used in the proposed phase shifter. The principle of impedance
transforming 1is illustrated in Figure 2.9. The equation of the input impedance Zj,

which is related to the characteristic impedance Z;_ is derived as

Z, 7, I,
"z, [ Z] yAs

(2.3)
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Figure 2.9: Two cascaded quarter-wave impedance transformers

If the input impedance Zj, is designed as 14Q and port impedance Z, of 3-dB
hybrid 90° coupler is 50Q, from (2.13) the characteristic impedance Z; is obtained to
be 90Q2. Thus, we can use two cascaded quarter-wave impedance transformers with
characteristic impedance of 90Q and 50Q to transform port impedance from 50Q to

14Q over a moderate bandwidth.

2.3  Simulation Results

The proposed 360° reflection-type phase shifter is fabricated on a substrate with a
dielectric constant of 3.58 and thickness of 20 mils. Full-wave EM simulation (Sonnet)
is used to model the effects of via holes and tee-junctions of the branch line coupler
and transmission lines. The circuit layout of the proposed circuit is shown in Figure
2.10 and the design parameters and physical dimensions are listed in Table 2.3, where
W and L denote the width and length of the microstrip line, and D denotes the

diameter of the via hole.
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Figure 2.10: The circuit layout of the proposed 360° reflection-type phase shifter.

Table 2.3 Physical dimensions ofithe proposed 360° reflection-type phase shifter.

W, W, W; = Wg Ws We= W; W D

66 46 14 90 116 45 49 45 10

Ly L, Ls L4 Ls Ls L7 Ls Lo

134 138 88 152 152 118 46 217 28

(Unit: mil)

The Simulated results of relative phase shift and insertion loss against control
voltage at 12.45GHz are shown in Figure 2.11. With the shunt connection of two
resonant loads, the phase shift of the phase shifter is more than 360° when bias

voltage is raised from OV to 10V. It shows that the insertion loss with bias voltage

18



below 3V is much smaller than other biasing conditions. In order to minimize the
fluctuation of the insertion loss, the phase shifter is designed to operate at the bias
voltage of 2V-9V, and within the bias voltage a total phase shift of 360° can be

achieved. The scattering parameter Sy; is plotted on the Smith Chart in Figure 2.12.

i 500
— — — Insertion loss
Relative phase shift
-1+
4400
.
— . o
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w . 1300 &
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o - / 4200 .g
= 4 - e =
. [iT}
. “ -
100
5 —_
g . i
a 1 2 3 4 ] G 7 g ] 10

Contral valtage,
Figure 2.11: Simulated relative phase shift and insertion loss of proposed 360° phase

shifter at 12.45GHz.

gy

Figure 2.12: Simulated Sy; of the proposed 360° phase shifter at 12.45GHz.
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2.4  Fabrication and Measurements

The 360° reflection-type phase shifter was fabricated on RO4003 substrate with a
20-mil thickness and a dielectric constant of 3.58 using a copper etching process. The
diameter of via hole is 10 mils, and four flip-chip varactor diodes are mounted using a
low temperature indium solder. The photograph of the proposed phase shifters is

shown in Figure 2.13.

. '
T T

Figure 2.13: Photograph of the p?ﬂpoéeﬁ 3'%65%éﬂe§£ion-type phase shifter
-'JZ.—'__':-? — -,'.’ﬂ,:."':'.?

TERRANT

2.4.1 Performance against Control Voltage

Figure 2.14 shows measured performance with respect to varactor control voltage of
the proposed 360° phase shifters at 12.45 GHz. The measured maximum phase shift is
450 ° for the control voltage range of 0V-10V. It shows that for the control voltage
range of 3V to 9V, a phase shift of 360° is achieved, and the average insertion loss is
5.1 dB and its variation is =+ 1.3 dB. The scattering parameter Sz1, which is plotted in

Figure 2.13(c), follows nearly constant p circle on the Smith Chart except for the
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extreme control voltages. Figure 2.15 shows the comparison of relative phase shift

between the proposed 360° phase shifter, series resonant varactor, and a single

varactor.
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(©)

Figure 2.14: Measured results of thesproposed 360° phase shifter against control

voltage at 12.45GHz. (a) Relative phase shift:(b) Insertion loss. (c) Sy; on Smith

Chart.
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Figure 2.15: Comparison of relative phase shift between the proposed 360° phase

shifter, series resonant varactor, and a single varactor.
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2.4.2 Performance against Frequency

The measured frequency response is measured in Figure 2.16 from 12.2 to 12.7 GHz.
The measurement is plotted at control voltage of 3V-9V, where a full 360° phase
shifter is achieved. It shows that the maximum phase shift is larger than 360°,

insertion loss is 4.8+ 1.6 dB, and return loss is better than 14 dB over 500MHz of the

voltage stage of 3V-9V.
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Figure 2.16: Frequency response of the 360° phase shifter. (a) Relative phase shift. (b)

Insertion loss. (¢) Return loss.
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Chapter 3
Ku band Phased array

3.1 Introduction

Phased array plays an important role in microwave applications such as radar systems
and smart antenna systems of wireless mobile communication. In a phased-array
antenna system, phase shifters are used to control the radiation direction. These phase
shifters have to meet high requirements for continuously adjustable phase shift.
Design of these phase shifters-tequires consideration of many factors such as large
phase shift, low insertion lossy low" phase error, bandwidth, low insertion-loss
variation, simple control, low DC power consumption, and low cost for commercial
wireless communication.

Reflection-type phase shifters (RTPS) have the advantages of simple control, low
reflection, and low insertion loss. Using active components such as varactor diodes as
reflection loads was first introduced in [1]. Thus, phase shift is restricted by tunable
capacitance of varactor diodes. In order to maximize phase shift range of reflection
loads, many approaches were reported. But when working on an effort to increase the

phase shift range of phase shifters, insertion-loss variation increases. This
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insertion-loss variation can be eliminated by adding a compensating resistance
parallel to the reflection load [2]. Furthermore, in adaptive antenna receivers, the
insertion loss and the insertion-loss variation can be compensated by the variable-gain
low-noise amplifiers (VGLNA) located in front of the phase shifters.

In this chapter, a Ku band (12.2-12.7GHz) phased array using reflection type
analog phase shifter is proposed. First, a phase shifter with large phase shift is
discussed. Instead of using two varactors for each reflection load of the proposed 360°
phase shifter in the previous chapter, the phase shifter uses only one varactor as the
reflection load. We extends the maximum phase shift of the varactor, which was
originally limited by the capacitance tuning range; from 52° to 286° by resonating the
varactor with via inductance and using impedance- transformers between the branch
line coupler and the varactor. The circuit analysis, design procedure, and tradeoffs
between phase shift range and insertion-loss variation are elaborately discussed.
Finally, a 4-element phased array with a group of dipole antennas and the proposed
phase shifters is fabricated to verify the proposed phase shifter. Low noise amplifiers

(LNA) are used to compensate the insertion loss of phase shifters.

3.2 Theory of Reflection-Type Phase Shifter

The basic building block of the reflection-type phase shifter composed of a 3-dB 90°
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hybrid coupler and two identical reflection loads has been discussed in chapter two. In
this chapter, however, the phase shifter uses only one varactor for each reflection load.

The analysis, design procedure, and fabrication of the phase shifter will be discussed.

3.2.1 Analysis

In the simplest design, a single varactor used as reflection loads is shown in
Figure 3.1(a). The phase of reflection coefficient is determined by the maximum
capacitance variation of the varactor diode. The phase shift can be increased by
adding an inductance Lg in series to the varactor, forming the series resonant circuit
(Figure 3.1(b)). The maximum ‘phase shift range- is achieved at the resonance

frequency

I
LG,

W, = (3.1)
where C represents the average capacitance value of the varactor.

To simplify this model, the parasitic resistance of the varactor and series inductance
is combined as Rs. Also, the inductance Lg includes the parasitic inductance of the
varactor. In the ideal case (Rs = 0), the phase shift of reflection coefficient follows the
unity circle of the Smith Chart. But for real varactor diodes with finite Q, the effective

series resistance Rg must be included in the circuit model. In this case, the reflection

coefficient follows a constant resistance circle on the Smith Chart, and this series
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resistance determines the insertion loss and insertion-loss variation with the varactor

bias voltage.

s

1 hz[. 1_|_' Le Lol s

o I o Fs Fp § Rs
(a) (b) (©)

Figure 3.1: Circuit model of reflection loads, (a) Varactor. (b) Series resonant varactor.

(c) Series resonant loads with compensating resistance.

A method for compensating the insertion-loss variation is to shunt a resistance Rp to
the series resonant load as shown in'Figure 3.1(c). This compensating resistance is
used to transform the constant resistance circle locus to a constant p circle on the
Smith Chart. Then, the insertion loss maintains nearly constant and insensitive with

the change of varactor bias voltage.

3.2.2 Design Formula
The reflection coefficient I" of the reflection load in Figure 3.1(c) is given by

(R,R+R,Z,—RZ)+ jX (R,-Z,)
(R,R+R,Zy+RZ)+ jX, (R, +Z,)

=T = (3.2)
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where X, is equal to L —1/@C . . Thus, phase shift and return loss of the reflection

load are

X.(R -Z X. (R +Z
¢=tan"' (R, ~2,) —tan”' LR+ Z) (3.3)
RR +R,Z,—RZ, RR +R,Z,+RZ,
RR+RZ -RZ)+X*(R -Z)
1u=mkfpf vZo~RZy) LR, =2) (3.4)

" (R,R +R Z,+RZ) +X, (R, +Z,)

Since reflected signals are combined from two identical reflection loads at the
output of the 3-dB 90° hybrid coupler, the scattering parameter S»; of the phase shifter
is obtained as ja” T, where a is the loss of the 3-dB 90° hybrid coupler. Phase shift

~ 857 and insertion loss |S,;| of the phase shifter is

X (Ri=Z%2 X, (R +Z7
£8, =¢+Z=tan” SR 72y E LR 2) x
2 RR R 7, ~RZ, RR+RZ,+RZ, 2
2 2 2
ILZCZZ |1_,|2 =a2 (RPRS +RpZ0—RsZO) +XL (Rp _ZO) (36)

(R,R +R,Z,+RZ) +X*(R,+Z,)
From (3.5) and (3.6), the varactor reactance determines not only the relative phase
shift but also the insertion loss. The maximum phase shift A¢g is

Ap=1S,,

XL,max - ZSZI

(3.7)

For a given varactor capacitance range, the maximum phase shift can be increased
by lowering the impedance level Z) at the input of the reflection load, while the input
and output impedance level of the 3-dB 90° hybrid coupler is unchanged.

To eliminate the insertion-loss variation, |I'| must be constant whatever the varactor
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capacitance is. Detailed equations have been derived in [9] to achieve maximum
phase shift while remaining insertion loss constant. The optimal compensating

resistance is derived as

2 2
R, _ 4 1+, |1+ 2R, (3.8)
” 2R Z

0

While the maximum relative phase shift with constant insertion loss is

Z(Z ++/Z>+4R> +2R
Mm:mnl[m J(Zy+\Z2 + 4R +2R;) } 59

2Z, (Z,+R)(Z, ++Z2 +4R? )+ 2R}

3.3 Design Procedure of Ku‘Band Reflection-Type
Phase Shifter

The design procedure of the proposed Ku band reflection-type phase shifter is as the

following steps:

Step 1) Measure the characteristics of the varactor. Then, resonate the varactor by
adding a series inductance Ls.

Step 2) Change port impedance of the reflection load depending on the required
maximum phase shift. Phase shift may be increased by lowering the
impedance level Zy. Optimum design uses highest Z, to produce necessary

phase shift range

Step 3) Add a resistance parallel to the reflection load to compensate the insertion

loss variation.
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3.3.1 Series Resonant Varactor

The varactor diode MA-COM MA46H120 is used as the termination load of the
proposed 360° reflection-type phase shifter. In the previous chapter, we have shown to
extend the phase shift from 52 ° to 119° with the resonant load by adding via

inductance to the varactor.

3.3.2 Changing Port Impedance of Reflection Loads

For a given varactor capacitance ranges thé maximum phase shift can be increased by
lowering the impedance level Zp at the input of the reflection load. Since the resonant
inductance Ls of the proposed phase shifter~istimade of via holes, the value of Ly is
somewhat different to the optimal resonant inductance. In order to achieve maximum
phase shift, a short transmission line L; with phase delay of 6° is added in front of the
varactor load as shown in Figure 3.2(a). The transmission line changes the phase of
reflection coefficient of the reflection load, making the maximum and minimum phase
of reflection coefficient vertically symmetry on the Smith Chart, as shown in Figure

3.2(b).
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SH|

(a) (b)
Figure 3.2: (a) Varactor load with a transmission line with L;=6°. (b) Reflection

coefficient on the Smith Chart.

To simplify the effect of the port impedanceion the maximum relative phase shift,

the cases of reflection loads without compensating resistance Rp is considered. Figure

3.3 shows examples of reflection coefficient with different Z, of 25Q and 12.5Q on

the Smith Chart. It is shown that lowering the port impedance Z, increases not only

the maximum phase shift but also insertion-loss variation, which is the tradeoff of

phase shifter design. Figure 3.4 shows design charts of maximum phase shift values

and insertion-loss variations of phase shifter with respect to port impedance Z.
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Figure 3.3: Reflection coefficient of reflection loads at 12.45 GHz.
(a) Zy=25Q, maximum phase shift =:195° Tnsertion loss variation = 1.4dB.

(b) Z;=13Q, maximum phase shift=266°. Insertion loss variation = 2.8.dB.
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Port impedance , ©
(b)
Figure 3.4: (a) Maximum phase shift and (b) Insertion loss variation against port

impedance Zj

In [9], an impedance-transforming branch line coupler is applied to the phase
shifter. However, if the required impedance Z, is very low, the impedance
transforming branch line coupler is too hard to be realized. In the proposed phase
shifter, Zy was designed at 9Q, which is impossible for microstrip line fabrication. So,
two cascaded quarter wave impedance transformers are implemented between a
conventional 3-dB 90° hybrid coupler and the reflection load to produce an adequately
low impedance level.

Figure 3.5 shows total reflection load with impedance transformers. Comparison of

34



relative phase shift with and without impedance transformers is depicted in Figure 3.6.
With the help of two cascaded impedance transformers, maximum phase shift of 292°,

which is 173° more than the other one, is given with the same bias voltage condition.

Zy, A4 Zo, A4+ Ly

o -
T 3
Z] r Fs

Cvar

Figure 3.5: Reflection load with two cascaded impedance transformers. Z;=118€,

Z():SOQ, L]=60

a0a

with impedance transformers
—_—— — without impedance transformers

250
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Relative phase shift, deg

50

Control Yoltage, v

Figure 3.6: Comparison of phase shift of the reflection load with and without

impedance transformers.
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3.3.3 Compensation for Insertion-Loss Variation

Given in Figure 3.4, the insertion-loss variation is 4.3 dB for the phase shifter when
maximum phase shift of 292° is chosen. With the help of a compensation resistance
Rp parallel to reflection loads shown in Figure 3.7, insertion-loss variation can be
eliminated. The optimized compensating resistance Rp is chosen to be 200Q. The
principle of compensation for insertion-loss variation is illustrated in Figure 3.8.
Equivalent conductance at high/low control voltage is dominated by the compensating
resistance. With optimized Rp, the reflection coefficient of the reflection load follows
almost constant p circle on the Smith Chart. However, constant insertion loss is
unavailable because Rs varies with the bias voltage. But (3.8) is still useful for initial

design.

Z,, A4 Zo. A4+,
l_

’—5 Lg

Cvar

Figure 3.7: Reflection load with compensating resistance Rp. Z,=118Q, Z;=50Q,

L=6°, R =200Q
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Figure 3.8: Reflection coefficient of the reflection load on the Smith Chart.

Figure 3.9 shows simulated reflection coefficient of reflection loads with and
without Rp. With Rp =200, insertion-loss variationis 1 dB and maximum phase shift

is 287°. The use of Rp barely influences maximum phase shift range.
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Figure 3.9: Comparison of simulated reflection loads with and without Rp at 12.45
GHz. (a) Relative phase shift andi(b) Return loss of the reflection load against bias

voltage of varactor.

3.4 Fabrication and Measurements of Ku Band

Reflection-Type Phase Shifter

The proposed reflection-type phase shifter was fabricated on RO4003 substrate with a
dielectric constant of 3.58 and thickness of 20 mils to verify the phase shifter design
procedure. The phase shifters were designed with and without the compensating
resistance Rp, which has been described in detail at the pervious section. Then, a 3-dB
90° hybrid coupler with the characteristic impedance of 50Q at the center frequency

of 12.45 GHz was terminated with two identical designed reflection loads. The 0402
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220Q chip resistor with fan stub as ground was used as the compensating resistance

Rp. The photograph of the proposed phase shifters is shown in Figure 3.10.

Figure 3.10: Photograph of the r 't "“. R -. I’ circuits (a) without Rp (b) with

Rp=220Q

3.4.1 Performance against Control Voltage

Figure 3.11 shows measured performance with respect to varactor control voltage of
the proposed two phase shifters without Rp and with Rp =220Q. The measured
maximum phase shift of phase shifter is 286 ° without Rp and 283 ° with Rp =220Q. In
Figure 3.9(a), the simulated maximum relative phase shift, which is 292 ° without Rp

and 287 ° with Rp=200%, agrees well with the measured results.
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The measured insertion-loss variation of phase shifter is 4 dB without Rp and 3.5

dB with Rp=220Q. In Figure 3.9(b), the simulated insertion loss variation is 4.5 dB

without Rp and 1 dB with Rp=200Q. The measured insertion loss of phase shifter

without Rp agrees with the simulated results. But in the case of Rp=220Q), the

compensating resistance slightly influences the insertion-loss variation. This is mainly

because the unwanted package capacitance of the chip resistor is parallel to the

reflection load at high frequency of 12.45 GHz. The parallel capacitance and other

parasitic effect can be observed from the S,; of the phase shifter on the Smith Chart

shown in Figure 3.12.
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Figure 3.11: Measured results of:the proposed phaseshifters against bias voltage at

12.45 GHz. (a) Relative phase shift. (b) Insertion loss

-2 without Ry
o with Rp=22022 (measured)

—#- with Rp =220 (simulated)

Figure 3.12: Measured S,; of the proposed phase shifters at 12.45 GHz.
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3.4.2 Performance against Frequency

Because the frequency response is mainly determined by the 3-dB 90° hybrid coupler
and the cascaded quarter-wave impedance transformers, only the case of the one
without Rp is concerned. Figure 3.13 shows the measured performances such as phase
shifts, insertion loss, and return loss of the phase shifters without Rp over the
bandwidth of 12.2 GHz to 12.7 GHz. The Figure shows that insertion-loss variation is
within +2dB, return loss is better than -12dB, and phase shift is more than 280° over

500MHz at the phase stages of bias voltage from 0V to 10V.
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Figure 3.13: Measured frequency performance of the proposed phase shift. (a)

Insertion loss. (b) Return loss. (¢) Relative phase shift.
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3.5 Ku Band Phased Array
3.5.1 Theory

A phased array is a group of antennas in which the relative phases of the signals
feeding the antennas are varied, so the radiation pattern of the array is reinforced in
the desired direction and suppressed in undesired direction. The proposed phased
shifters are used in the phased array as beamformers to provide high-speed
beam-steering and high directivity. As shown in Figure 3.14, the phased array is a

combination of N antennas with equidistance, and the array factor (AF) is defined as
« )
sl sn(fBdsin0+«a
AF = ZAne (3.10)
n=0

where A, represents the amplitude of theé-signal radiated by the n-th element; a and d
represent the phase shift and distance between successive antennas, respectively.

Lety = fd sin @+ a , then

— jny
AF = Z 4,e (3.11)
n=0
We can see that the maximum energy is derived wheny = 0. That is,
o =—Ldsinf (3.12)

Therefore, if we want to control the angle at which the maximum power is emitted or

received (main beam), we only need to adjust the phase shift o of successive antennas.
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Figure 3.14: Phased array composed of N antennas with equidistance.

Now space the antennas a distance d of 1.03 k. at center frequency of 12.45 GHz.

Chosen N=4, the simulated radiation patterns with different phase shift a are shown in

Figure 3.15. Each element of the phased array is assumed to be omnidirectional for

simplicity. It shows that for d being approximately one wavelength, there are 4 or 5

main lobes. Considering the first quadrant (left-top), the angle of the main lobe 8 is 0°,

87, 16°, 30°, 46°, and 59°, when phase shift o is 0°, -50°, -100°, -180°, -260°, and -310°,

respectively. Figure 3.16 shows the relationship between a and 6 at the first quadrant.

It shows that the direction of main beam can be arbitrarily controlled if a full 360°

phase shifter is used.
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3.5.2 Design

The structure of the proposed phased array with 4 elements is shown in Figure 3.17.
The series-feed phased array is used for simplicity of control, and dipole antennas are
used for omnidirectional radiation pattern. Then, the received signals are coupled to
the signal path by a directional coupler. With the same control voltage of phase shifter,
each phase shift between successive antennas is identical to the others. However, the
phase shifters accumulate insertion loss along the path. In order to receive the same
power from each antenna at the output port, a low noise amplifier is added in front of

each phase shifter to compensate the insertion loss.

Antenna Antenna Antenna Antenna
Directional Directional Directional Directional
coupler coupler coupler coupler
[ [ | <— Control
| LHA | | LNA | | LNA | LNA
RTPS RTPS RTPS RTPS —> signals

Figure 3.17: The structure of the proposed phased array. (RTPS: reflection-type phase

shifter. LNA: low noise amplifier)

3.5.3 Fabrication and Measurements
The photograph of the proposed Ku band phased array is shown in Figure 3.18, in
which the components of the phased array are illustrated. The phased array is

designed at the center frequency of 12.45 GHz, with its size of 10x4 cm®. Dipole
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antennas are chosen for omnidirectional. The directional coupler is designed with a
coupling factor of -14 dB and its through port is terminated with a 50Q resistor. The
received signal is coupled to its coupled port and direct to the output port of the

phased array.

(a)
(b
(e
(d)
(el

()
(g

A Ja - E

Figure 3.18: Photograph of th %ﬁm‘

L
Directional coupler. (c) Reﬂectlon-type phase shifter. (d) Low noise amplifier. (e)

array. (a) Dipole antenna. (b)

Chip resistor (100€2). (f) Control voltage of phase shifters (0-10V). (g) LNA bias

voltage (1.5V).

Figure 3.19 shows the radiation pattern of the proposed phased array against
different control voltage of the phase shifter. It was measured at 12.2, 12.45, and 12.7
GHz, which is the band of broadcasting satellite service (BSS). Even if the insertion

loss is compensated by LNA, the radiation gain suffers from the insertion-loss
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variation with control voltage of the phase shifter. The angle of main beam against

control voltage is shown in Figure 3.20.

12.2 GHz
15
10
g
=
]
E- o3
= :
|:_|':| r
4 )
-5
L
-18
i
8, degree
(a)
1245 GHz

15

=ain, dBi

49



127 GHz

14

10l —— A
—i— BY

Gain, dBi

8, degree

(c)

Figure 3.19: Measured radiation’pattern of the proposed Ku band phased array at (a)

12.2 GHz. (b) 12.45 GHz. (¢) 12.7 GHz
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Figure 3.20: The angle of main beam against control voltage.
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Chapter 4
Reduced-Size Impedance-Transforming
Broadband 180° Hybrid Ring

4.1 Introduction

The 180° hybrid ring coupler, which is also known as a rat-race ring, is an essential
component in microwave circuits, such as balanced mixers, multipliers, push-pull
amplifiers and antenna feed network; etc. A conventional a rat-race ring consists of
three A/4 line sections and one 3A/4 line section. The-3)\/ 4 line section works as a A/4
line section with a phase inverter.formed by a A/2line section. Thus, the disadvantage
of the conventional rat-race ring is narrow bandwidth and large size.

Many researches [10]-[14] have attributed to make the bandwidth larger. Most of
the approaches are realizing an ideal or broadband phase inverter. Replaced the 3/ 4
line section with a short-circuited A/ 4 coupled line section of March [10], which not
only reduce size but also widen the bandwidth of the rat-race ring. However, the tight
coupled line is hard to be realized. An ideal phase inverter, which is shown in Figure
4.1(a), provides perfect amplitude and phase performance. In [11], [12], the

combination of coplanar waveguide (CPW) and coplanar strips (CPS) or slot lines
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was used in the 180 ° hybrid ring. In these designs, frequency independent phase
inverter of the hybrid ring has been implemented by CPS direct cross-type phase
inverter. Another technique to increase the bandwidth is by converting baluns into
180° hybrid ring by adding an in-phase power splitter presented in [13]. In addition to
realizing the broadband phase inverter, increasing the order of circuit response may
widen the bandwidth as well. In [14], a broadband Chebyshev-response rat-race ring
with a A/4 unit element at each port and an ideal phase inverter is proposed.

Many approaches [15]-[19] have been presented to reduce the size of hybrid rings.
These methods include the use of:folded lines .[15], artificial lines [16], defected
ground structure [17], lump elements [18]; and others [19]. However, the above
approaches are hard to achieve ‘a wide bandwidth: In [20], both wideband and size
reduction are achieved by an interdigital CPS inverter.

In this chapter, a reduced-size impedance-transforming broadband 180 ° hybrid ring
coupler is presented. With a unit element at each port and an ideal phase inverter,
which was proposed in [14], the broadband rat-race ring with a Chebyshev response
of order 3 or 4 has been developed. In [21], the author modified the coupler and
developed the design and optimization method of a 180 ° hybrid ring for Chebyshev
equiripple functions including impedance transformation between the input and

output ports, as shown in Figure 4.1(b). The values of the admittance Y;, Y Y;;, and
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Y, in Figure 4.1(b) are determined by the optimization method to synthesize a
broadband rat-race ring with an impedance transforming ratio of 1:3. We replace each
line section by the stepped-impedance CPS/interdigital CPS structure proposed in [20]
not only to realize an ideal 180° phase inverter but also miniaturize the circuit size. A
miniaturized broadband 180° hybrid ring coupler with impedance transformation of
from 40Q to 120Q using the stepped-impedance CPS/interdigital CPS structure is
realized. The circuit analysis, design procedure, simulation and measurement results

are discussed in this chapter.

port 1 v, 28 port 4
L
Tald
3
port 3
(a)
port | Yy 28 oag Yo 18 port 3
0f  o—f —o Zoz
Zor o g - o2
port 2 Wi o28 ¥, 2¢ port 4

(b)

Figure 4.1: Circuit schematics of 180° hybrid ring with an ideal phase inverter. (a)
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Conventional 180° hybrid ring. (b) Proposed broadband 180° hybrid ring with

different impedance at input and output ports.

4.2  Theory

4.2.1 Conventional 180° Hybrid Ring

The circuit schematic of an 180° hybrid ring with an ideal phase inverter is shown in
Figure 4.1(a). Instead of a conventional rat-race ring composed of three A,/4 and one
3A/4 line sections, the spacing between all adjacent ports is A,/4, and an ideal phase
inverter is placed between two of the adjacent ports. With the use of an ideal phase
shifter, the bandwidth of 180° hybrid ring is further-increased. Even- and odd-mode

equivalent circuits of the hybrid fing are shown inFigure 4.2(a) and (b).

port | ¥, 218 port 4 port 1 ¥, 28& port 4
Vo & Y2 & Yo & ¥ 4 &
T o.c. 0.c. T sC
(a) (b)

Figure 4.2: (b) Even- and (b) Odd-mode equivalent circuits of the 180° hybrid ring

with an ideal phase inverter.

The ABCD matrices for the even- and odd-mode circuits are
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4, B ] [ 1 0] cos20  jZ sin20
C, D, __jthanH 1| jYsin260  cos268

4 B [ 1 0] cos26  jZ sin26
C, D,| |-jYcotd 1]| jYsin260  cos20

1 0] @1
—jY,cotd 1 '

1 0] 42)
jY,tan6 1| '

where Y; and Y, are normalized admittance of the hybrid ring, which are normalized

to port impedance Zy. Let #=45° at the center frequency, then

1A
C, D, g LJY 1Y, 0 ||-j¥, 1 .Y12+Y22
J
Y
Y,

C D,y =/ 17N Oufiii¥e, jﬁ+ﬁ

Y,
The S parameters of the four-poit network are
B-C
Sll = Szz e ¢ e
A+ B+C+D
2
S21 = Slz = o 4~
A+B+C+D
S31 = S13 =0
__4-D___ 2¥/Y)
" A+B+C+D A+B+C+D
D-4 __ -2Y/Y)

2T U B+C+D A+B+C+D

The output power division ratio is

o Isf s 2 J

Sl Isal LT

|4 P las
“lc p|@d

_[p B],,
—CA(-)

(4.52)
(4.5b)
(4.5¢)
(4.5d)

(4.5¢)

(4.6)

By (4.5) and (4.6), the normalized admittance Y; and Y, are related to return loss

and power division. The scattering matrix of an 180° hybrid ring makes it useful in
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many applications. For example, if an 180° hybrid ring is designed for equal power
division, that is, Y; = Y3, it is equivalent to an in-phase power divider and a balun.
When an input signal is incident at port 1 (delta port), the balun provides 180°
out-of-phase equal power division between port 2 and 4, and no power reaches port 3.
On the other hand, when power is incident at port 3 (sum port), the power divider

provides in-phase power division between port 2 and 4, and no power reaches port 1.

4.2.2 Impedance-Transforming Broadband 180° Hybrid
Ring
The circuit schematic of the proposed broadband Chebyshev response 180° hybrid
ring with impedance transforming between input and output is shown in Figure 4.1(b).
Instead of the conventional 180° hybrid ring with an ideal phase inverter mentioned in
the previous section, the proposed 180° hybrid ring comprises a reconfigured hybrid
ring [22] and an additional A/4 unit element at each input and output (I/O) port. With
the reconfigured hybrid ring shown in Figure 4.3(a), the input/output ports are on the
same side so that it is easier to analysis the proposed circuit, which is a cascade of a
single ring and unit elements. Based on even-odd mode analysis and the scattering
matrix of interconnected networks, the circuit analysis of the proposed 180° hybrid

ring is separated into two parts, as shown in Figure 4.3(a) and (b). The first part is the
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reconfigured 180° hybrid ring with an ideal phase inverter and the second part is one
pair of unit elements with the same characteristic impedance at the same side. The
whole circuit is a cascading of a single-section hybrid ring and two pairs of unit
elements. After the circuit analysis of each 4-port network, we can derive the

scattering matrix of the overall network.

(a) (b)

Figure 4.3: Circuit schematics of (a) the reconfigured hybrid ring with an ideal phase

inverter (b) one pair of unit elements with the same impedance at the same side.

Consider the single-section hybrid ring in Figure 4.3(a). Using the even-odd mode

analysis, the ABCD matrices are given by

{A B} || AE B T4 B
- B { } @7

1 =
¢, p) (I-7) e pey|"[c p
A B, D B
= (4.8)
C, D, C 4
where 7= jtan@ and 4, B, C, D are the polynomials of 7, where the subscripts

denotes the order of polynomials. Therefore, the S-parameters of the single-section
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hybrid ring are

% -z,

0

Sy =85, = B (4.92)
A+ /Zo +CZ,+D

S21s = S12s =0 (4-9b)

S,. =8, = 2 (4.9¢)

e T A+%O+CZO+D '
—-A+D

Sy =8y, = B (4.9d)
A+/Z0 +CZ,+D

S, =8, = A-D (4.9¢)

e Tl A+% +CZ,+D
0

In order to apply the optimization,method, the sscattering matrix is formulated at N
discrete frequencies. The scattering matrix of the single-section hybrid ring at the Ath

frequency is

Slls,k O S3ls,k S4ls,k

[S] _ 0 S22s,k S325,k S3ls,k — |:[SCC ] [SCD ]:|
“ S3ls,k S32s,k S22S,k 0 [SDC ] [SDD ]
S4ls,k S3ls,k O Slls,k

(4.10)

where [S..], [Spe]s [Sep]sand [S,,] are the matrices of order 2x 2.
For a single unit element with a characteristic admittance value of Y, and an electrical

length of 26, its ABCD matrix is

4, B/ 1 [1+7
C, D,| 1-¢

2Yt 1+¢

[\®}
<

4.11)

=

Thus, the scattering matrix of the ith pair of unit elements shown in Figure 4.3 (b) at
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the kth frequency in the bandwidth is

Sllui,k 0 Sl3ui,k 0

0 S, 0 Ay
[S]m,k _ 1lui k 13uik — |:[SAA ] [SAB ]:| (4 12)
Sl3ui,k 0 Sl lui k O [SAB ] [SAA ]
O S13ui,k 0 Sllui,k
B% - CuiZO 2
where S13ui,k = BO 5 5131”‘,1( = B s and [SAA]’
2Aui + % + CuiZO 2Aui + Z + Cu[ZO
0 0

[S 5], [Sz.],and [S,,] are the matrices of order 2x2.
The scattering matrix of the interconnection network can be derived by using matrix
algebra [23]. It follows that the scattering matrix Sz’ of the interconnection of a pair of

unit elements and a single-section hybrid ring is

GAE [[SI% S, ]} (4.13)

55 1-1s5]

where [S,], [S,], [S,], [S,] are given by

[ 1=18 0]+ S MU= [Scc ISas ) [Sce 1S

[S.1= (8. MU ]-[Sce ISss ) [Seo ]

[S:1=[Spc U T[S0 ]S ) '[5]

[S.1= (800 ]+ [Soc KU [Sas 1S ce ) ' IS5 IS ] (4.14)
where [U] represents the 2x2 identity matrix. After the scattering matrix Sg’ is
derived, we cascade the network with the other pair of unit elements on the opposite

side and use the same method to derive the scattering matrix Sk of the overall network
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as shown in Figure 4.1(b).

After deriving the scattering matrix Sz, we consider changing the port impedance
of the 180° hybrid ring. The detailed derivation of changing circuit impedance is
given in [24]. For the hybrid ring to transform from source (port 1 and 2) impedances
of Z, toload (port3 and 4) impedances of Z , , the scattering matrix Sc is expressed
in terms of the original scattering matrix Sz and the reflection coefficient », of Z,,
with respect to Z,, .

[5c1= (4T (5, ]- [r ] Nz )= [P Ts D' [4] (4.15)
where + indicates the complex conjugate transposed matrix, [I ] is a 2x2 identity

matrix, [4] is a diagonal matrix of which the #th diagonal component 4, is given by

Anzﬂ,/\l—rr* (4.16)
|l—7"n nn

and [F] is a diagonal matrix of which the nth diagonal component 7, is given by

7
S Vi 1Y (4.17)
7'\ 17

On

4.2.3 Cost Function and Optimization

For an 180° hybrid ring, the input power at port 1 is divided between output ports
(port 3 and 4), while the isolation at port 2 should be as high as possible. Similarly,
the input power at port 2 is divided between output ports, while the isolation at port 1

should be as high as possible. Thus, the cost function in terms of the scattering
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parameters of the proposed circuit is designed as

WﬂZ[ B — RLk] +WQZ[P31,k —k CPk] +WBZ[P4Lk = (B = Py = CP,k)]2
+Wt4Z[P21,k] +WﬂZ[P22k RLk] +WZ2Z[ Lo k]

+WBZ[P32,k ~(Boyi =Py = Fen )} +Wt4z[ Pyf

(4.18)

where the subscript & indicates the Ath discrete frequency in the bandwidth and

A) ’ S ? S 2 g 2

R L AL

S ’ S ? S 2 g 2

me-bh m B2l L, Bal
Boiom Rt B ¥ 8 0 + Py i

2 2 2 2 2 2 2 2
‘Sll,k‘ +‘Szl,k‘ +‘S31,k‘ +‘S41,k‘ 5 1E SlZ,k‘ +’S22,k‘ +‘S32,k‘ +‘S42,k‘ =1

The Chebyshev equiripple response described in [15] has the form as shown in

(l+M)Tn(x/xc)—(l—M)TH(x/xc)
21—

2

P =1+h"-

(4.19)

where x=co0s260, x, =cos26,, and & is the parameter to control the ripple level.

Applying this function to the insertion loss function and through the optimization, we

can derive the circuit parameters Y;, Y, Y;; and Y;,. Actually, by the cost function and

optimization method, the hybrid ring can be optimized to an arbitrary function.

To verify the theory, we consider an 180° hybrid ring with equal power division,
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15dB return loss, and an impedance-transforming ratio of 1:3 (40Q2 to 120Q). In this
case, Z,=40Q andZ,= 120Q. We used the optimization method and obtain the
characteristic impedance of line sections with Z,;= 43.5Q, Z,= 71.2Q, and Z,=Z, =
63.2Q. The simulated frequency response of the 180° hybrid ring at center frequency
of 3GHz is shown in Figure 4.4. It is shown that the response is order three and the

bandwidth of 15dB return-loss is 100%.

B 5n =+ B3 and By

1=

200k

-30

Return loss f Coupling , dB

-50

Freqguency, GHz
Figure 4.4: Simulated frequency response of the proposed impedance-transforming

broadband 180° hybrid ring.

4.2.4 Stepped-Impedance Structure

It is well-known that the A/4 transmission line, which is the basic building block of
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hybrid ring, can be replaced by the stepped-impedance structure in Figure 4.5(b).

Z 2z o Z. A4
=3 Bu 2

Figure 4.5: Stepped-impedance structure equivalent to a A/4 transmission line.

With the stepped-impedance structure, it can not only remove the first several
spurious signals but also reduce the size of the circuit. Equate the ABCD matrices of
the A/4 transmission line and stepped-impedance circuit as,

4 810 7
{C D} | o

| cosf,  jZ, sing, cosl, jZ,smb, || cosd,  jZ, sinb,
- jY, sin@,  cos6, jY, sin@; cosd, jY, sin@,  cos6,

(4.20)
where Zy, Z; are the characteristic impedance of the stepped-impedance transmission
lines and &y, @1 are the electrical length, respectively. For a given characteristic
impedance of Zy and Z;, the initial values of 6y and 0, are derived by solving the
equation numerically. Thus, given the characteristic impedance of each A/4 line
section of the proposed impedance-transforming broadband 180° hybrid ring, the
parameters of the stepped-impedance structure are listed in Table 4.1.

To verify the stepped-impedance structure, the simulated frequency response of the
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proposed stepped-impedance impedance-transforming broadband 180° hybrid ring is
shown in Figure 4.6. Ideal transmission lines and an ideal phase inverter are used for
circuit simulation. The bandwidth of stepped-impedance hybrid ring is a little
narrower than the A/4 structure.

Table 4.1 Parameters of the proposed 180° hybrid ring

Zu(QQ) | Z(Q) | Opu(deg) Or(deg)
Ma, Z;=63.2Q 175 22 17 17
M4, Z;;=43.5Q 175 22 9.2 19.9
M4, Z,=T1.2Q 175 22 21.1 14.6
= 5n = 33 and B4
0 - L .
% -10
2 -20
&
& 30
o
.40
_50 | 1
1] & 10 15 20

Fregquency, GHz

Figure 4.6: Simulated frequency response of the proposed stepped-impedance

impedance-transforming broadband 180° hybrid ring using ideal transmission lines.

64



4.2.5 Hybrid CPS/Interdigital CPS Structure

It is well-known that for the stepped-impedance structure, size reduction is related to
the impedance ratio. Larger impedance ratio is required for smaller size. In order to
realize the high/low impedance at the same time, hybrid CPS/interdigital CPS
structure proposed in [20] is used for the realization of the stepped-impedance
transmission line. The cross sectional view of the interdigital CPS structure is shown
in Figure 4.7, where W and S represent the line width and gap width of the interdigital
CPS and N is the number of the CPS strip pair. It is easy to achieve high impedance
for conventional CPS with large S.and small ' W;.and low impedance can be realized
by interdigital CPS with small S, large W, and large N. In our design, the parameters

of the hybrid CPS/interdigital CPS arelisted in Table 4.2.

I_I |_| |+| |_| |+| I_I
Wis/wisiwisiwisiwisiw

e e e I B o S e R
1 1 1 1 1 1 1 ] H : - 1
1 i i i i i i i '

Figure 4.7: The cross section view of the interdigital CPS structure proposed in [20].

Table 4.2 Parameters of the hybrid CPS/interdigital CPS

Wmi) | Smi) | N | Z(©

Interdigital CPS 4 1.6 3 22

CPS 4 24 1 175
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Besides the realization of extreme high/low impedance of the stepped-impedance

structure, there is another advantage for an 180° hybrid ring using the hybrid CPS/

interdigital CPS structure. An nearly ideal 180° phase inverter can be implemented in

the /4 line section without changing its physical length. The layouts of the A/4 line

section and the one with an 180° phase inverter using hybrid CPS/interdigital CPS

structure are shown in Figure 4.8(a) and (b).

wua_??r(b_yﬂ.ﬂ

Figure 4.8: The layouts of the A/4 line section using hybrid CPS/interdigital CPS
structure proposed in [20] (a) /4 line section. (b) A/4 line section with an 180° phase

inverter.

4.3  Design Procedure and Simulation
4.3.1 Design Procedure
The design procedure of the proposed stepped-impedance impedance-transforming

broadband 180° hybrid ring is as the following steps:
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Step 1) Determine the specification such as return loss and impedance-transforming
ratio of the 180° hybrid ring. Then, derive the parameters Z,;, Z2, Z;, and Z; of
the prototype of proposed 180° hybrid ring in Figure 4.1(b) by the
optimization method.

Step 2) Replace each A/4 transmission line section of the stepped-impedance structure.
For a given characteristic impedance of Zy and Z;, we can derive 8y and 6, by
solving equation (4.20) numerically.

Step 3) Implement the stepped-impedance structure by hybrid CPS/interdigital CPS
structure. The parameters Gxand 6;, which.are initial values of the hybrid ring,
are fine-tuned to optimize the performance of the circuit by EM simulation.

4.3.2 EM Simulation

The proposed stepped-impedance impedance-transforming broadband 180° hybrid

ring is designed at 3 GHz, with equal power division, 15dB return loss, and an

impedance-transforming ratio of 1:3 (40Q to 120Q). The circuit is realized on a

15-mil Al,O3 substrate with a dielectric constant of 9.8. The simulation is done by

Sonnet. Figure 4.9(a) and (b) show the layout of the proposed circuit. The design

parameters and physical dimensions are listed in Table 4.2 and Table 4.3. The

diameter of the bonding wires is set to be 1 mil.

In Figure 4.9(a), it is shown that the discontinuity effect of three junctions needs to
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be concerned so that the length of each CPS/interdigital CPS is different from the

initial value. These discontinuities are the T junctions, the hybrid CPS/interdigital

CPS junctions, and the CPW/interdigital CPS junctions. Note that instead of the

designed port impedance of 40Q or 120Q, a CPW with impedance of 50Q is

connected to the interdigital CPS at each I/O port. This is because the network

analyzer for measurement is based on system impedance of 50Q2 and probing with

CPW. Thus, the reference plane is de-embedded to the interconnection of the

CPW/interdigital CPS junctions, as shown in the top-right corner of Figure 4.9(a).
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Figure 4.9: The circuit layout of the proposed stepped-impedance impedance-
transforming broadband 180° hybrid ring. (a) Total circuit. (b) A/4 line section using

hybrid CPS/interdigital CPS

Table 4.3 Parameters and physical dimensions of the proposed stepped-impedance

impedance-transforming broadband 180° hybrid ring.

Z(Q) | Zi(Q) | Ou(deg) | Oi(deg) | Ly(mil) | Ly (mil)
M4, Z;=63.2Q 175 22 17 17 67.4 50.6
M, Z,=43.5Q | 175 22 9.2 19.9 30 107.4
M, Z,=712Q | 175 22 2 14.6 87.4 53.8

The bandwidth is designed as 100% from 1.5 to 2.5GHz. Figure 4.10(a) and (b)
show the simulated return loss and coupling of the proposed impedance-transforming
180° hybrid ring. The amplitude balance of the coupling parameters S3; and Sy; (S,
and S,) are perfect, and the return loss is better that 10dB from 1.49 to 4.49GHz in
the passband. Figure 4.11 shows the return loss for all the ports of the proposed 180°
hybrid ring. It is shown that the return loss for each port in the passband is better than
10dB so that the input and output ports are matched to 40Q and 120€, respectively.

The simulated broadband performance of the 180° hybrid ring is shown in Figure 4.12.
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Compared to the frequency response of the 180° hybrid ring without stepped-

impedance in Figure 4.4, it shows no spurious S3; and Sy; passband up to 12GHz.
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Figure 4.10: The simulated results of return loss and coupling of the proposed
impedance-transforming broadband 180° hybrid ring. (a) Out-of-phase operation. (b)

In-phase operation.
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Figure 4.11: Simulated return loss for all the ports of the proposed impedance-

transforming broadband 180° hybrid ring.
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Figure 4.12: Simulated broadband performance of the proposed 180° hybrid ring.
4.4 Fabrication and Measurements
The circuit is fabricated on Al,Os substrate with 15-mil thickness and a dielectric

constant of 9.8. The proposed 180° hybrid ring is designed to operate at 3 GHz, with
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equal power division (3dB), bandwidth from 1.5 to 4.5 GHz, and input/output
impedance-transforming ratio of 1:3 (40Q to 120Q). The passband frequency
response of the proposed circuit is shown in Figure 4.13(a) and (b). The measured
return loss is better than 10 dB from 1.49 to 4.42 GHz (99%) for out-of-phase
operation and from 1.53 to 4.43 GHz (97%) for in-phase operation. The measured
isolation is better than 25dB in the passband. The amplitude and phase balance of the
coupling parameters (S3; / Sy or S32/ S42) are shown in Figure 4.14(a) and (b). The
amplitude and phase balance in the passband are less than 0.55dB and 4°, respectively,

for both in-phase and out-of-phase operation.
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Figure 4.13: Measured and Simulated results of the proposed impedance-

transforming broadband 180° hybrid ring. (a) :Outof-phase operation. (b) In-phase

operation.
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Figure 4.14: Measured amplitude andjphase balance of the proposed impedance-

transforming broadband 180° hybrid 'ring. (a)-Out-of-phase operation. (b) In-phase

operation.

Figure 4.15 shows the measured return loss for all the ports of the proposed 180°
hybrid ring. It is shown that the return loss for all the ports in the passband is better
than 10dB, so it is verified to be well-matched to the system impedance of 40Q or
120Q. The measured broadband performance of the proposed stepped-impedance
180° hybrid ring is also given in Figure 4.16. It presents no spurious passband up to
10GHz. Figure 4.17 shows the photograph of designed 180° hybrid ring, of which

overall circuit size is 25x25 mm>.
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Figure 4.15: Measured and simulated results of return loss for all the ports of the

proposed impedance-transforming broadband 180° hiybrid ring.
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Figure 4.16: Measured broadband performance of the proposed impedance-

transforming broadband 180° hybrid ring.
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Figure 4.17: Photograph of t : -transforming broadband 180°

hybrid ring.
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Chapter 5
Conclusion

In this study, we proposed two Ku band reflection-type phase shifters, in which
four and two varactors are used, respectively. The measured performance covers
12.2-12.7 GHz and can be used for broadcasting satellite service (BSS). In chapter
two, a 360° phase shifter with four varactors has been presented. The phase shift of
360° is achieved by the reflection load based onsthe parallel connection of two series
tuned varactors. The reduction |of insertion-loss -variation is attributed to the
impedance transformer between ‘the reflection load-and the 3-dB 90° hybrid coupler.
Measured results have shown that maximum phase shift is larger than 360°, the
insertion loss is 4.8 + 1.6 dB, and return loss is better than 14 dB over 500 MHz.

In chapter three, a reflection-type phase shifter with two varactors is fabricated and
used in a phased array. This work extends the maximum phase shift of the phase
shifter from 52° to 286° by resonating the varactor with via inductance and impedance
transformers. Theoretically, the insertion-loss variation may be compensated with a
resistance parallel to the reflection load. However, the measured insertion-loss

variation is improved by only 0.5 dB with the used of compensating resistance due to
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the parasitic effect of the chip resistor at high frequency. Furthermore, we integrate

the phase shifter into a 4-element phased array. The measurement results show that we

can change the direction of the main beam by adjusting the control voltage of phase

shifters.

In chapter four, the 180° hybrid ring adding a unit element at each port has been

designed to exhibit Chebyshev response and impedance transformation. We use

hybrid CPS/interdigital CPS as stepped-impedance and ideal phase inverter for size

reduction of 70% and wideband performance. The fabricated 180° hybrid ring exhibits

a wide bandwidth of almost 100%,and its amplitude and phase balance are less than

0.55dB and 4°, respectively. For system impedance transformation of 40Q and 120Q,

the four ports of the network are well-matched.
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