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National Chiao Tung University

ABSTRACT

The increasing demand for “high speed: digital communication applications
motivates a growing interest in the high-data rate transceivers. In these transceivers,
clock recovery circuits are used for data.integrity. The clock is usually extracted from
a phase-lock-loop circuit with low phase noise voltage-controlled oscillator (VCO).
For the requirements on the high frequency and low phase noise voltage-controlled
oscillators, the highly stable VCOs with piezoelectric resonators are the hopeful
candidates. In the frequency below 200 MHz, the crystal resonators are the best choice.
In the ultar-high-frequency (UHF) band, surface acoustic wave resonators (SAWR)
play the important roles now. In the band of UHF and microwave frequency, the film
bulk acoustic resonators (FBAR) are the future stars. There are four different types
oscillators are presented in this thesis. They are VCO with STW resonator, VCO with
FBAR, modified Pierce SAW oscillator, and balanced SAW oscillator.

Both the surface transverse wave (STW) resonator and FBAR are applied for the
low phase noise 2488 MHz voltage-controlled oscillators. The tuning ability of the
2488 MHz voltage-controlled oscillator with STW resonator achieves +200 ppm and
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its phase noise performance is 8 dB better than the other commercial products at offset
100 kHz frequency. The white phase-noise floor is about -170 dBc/Hz. In the design
phase of the oscillator with STW resonator, by examining the residual phase noises of
the main components in the oscillator, we found that the STW resonator dominates the
phase noise of the oscillator, instead of active devices. The behavior of the phase
noise of the oscillator is shaped by the important factor of group delay. The tuning
capability of the voltage-controlled FBAR oscillator achieves £6%. The temperature
coefficients factor is about -34.5 ppm/°C which is dominated by FBAR.

An extra phase shifter is used to reduce the insertion loss of the m-feedback
network in the conventional Pierce SAW oscillator. The modified Pierce oscillator
provides 4.0dBm of output power and the core circuit consumes 10.2 mA from +1.2V
DC power supply. The phase noise level of the oscillator is approximately —136
dBc/Hz at 10 kHz offset.

With a popular commercial one-port SAW:resonator, the behavior of the balanced
SAW oscillator is presented. The ‘balanced SAW: oscillator provides pure antiphase
signals without balun. By using an 1807 powericombiner, a push-push topology SAW
oscillator is presented and results in 6dB phase noise improvement in comparison with

the single-end output.
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Chapter 1
Introduction

1.1 Motivation

The increasing demand for high speed wire (or wireless) communication
applications, such as optical communications, cellular phone, wireless data networks,
global positioning systems, etc., motivates a growing interest in the high data rate
transceivers. In these transceivers, clock recovery circuits are used for data integrity.
The clock is usually extracted from a phase-lock-loop circuit with low jitter
voltage-controlled oscillator (VCO). For the requirements, the highly stable VCOs
with piezoelectric resonators are the hopeful candidates.

In a benchmark letter [L};> D. B. Leeson summarized the phase noise
characteristics of the oscillator which is form by “cascading the amplifier with a
resonator and closing the loop.;The expresston for oscillator single side band noise

from Leeson is

L(f,)=10log %{1{%) }(%H]% (1.1)

Where
Q, =loaded quality factor of the resonator
F = effective noise factor
Ps = signal level at the oscillator active element input
Jm = offset frequency
f. = flicker frequency
Jo= center frequency
k = Boltzmann’s constant

T= temperature



According to Leeson’s model above, we can find the parameters which
includeQ,, Ps, F', and f. are important when designing the low phase noise oscillator.
For low phase noise design, the piezoelectric resonators which normally have high
quality factor are chosen as the tanks of the oscillators in UHF band.

The existence of the surface acoustic wave (SAW) was first discussed in 1885 by
Lord Rayleigh. [2] Till 1965, White suggested that SAWSs can be excited and detected
efficiently by using an inter-digital transducer (IDT) placed on the piezoelectric
substrate. [3] This is because very fine IDTs can be mass-produced by using
photolithography, which has been well developed for semiconductor device
fabrication, and proper design of the IDT enables the construction of transversal
filters with outstanding performance. [4] The width of the IDT is proportional to the
velocity of the acoustic wave..The wave wvelocity and the resolution of the
photolithography are the important limits for.the mass production SAW devices. For
example, quartz is widely used to fabricate-the resonators for use in stable oscillators
because of its low temperature cocfficient. The wave velocity in quartz is about 3100
m/s for Rayleigh wave mode. The width of the IDT which is about quarter
wavelength of acoustic wave will be as fine as 0.31um for 2500 MHz SAW devices.
This width is much smaller than the resolution of photolithography which is about
0.5um for mass production SAW devices. [5] It needs high investments in the
fabricated equipments to achieve this resolution. So, several higher wave velocity
materials and wave modes are developed in recent years. Here, we present four types
of oscillators for different piezoelectric resonators application. They are 2488 MHz
voltage-controlled oscillator with surface transverse wave (STW) resonator, 2488
MHz voltage-controlled oscillator with film bulk acoustic resonator (FBAR), 622
MHz modified Pierce oscillator with one-port SAW resonator, and balanced oscillator

with one-port SAW resonator.



1.2 Feedback Loop Oscillators with Piezoelectric Resonators

For Synchronous Optical Network (SONET) Optical Carrier level 12 (OC-12)
applications, the VCOs were mostly fabricated at 622 MHz either by the fourth
harmonic of 155 MHz crystal oscillator (VCXO) or directly 622 MHz SAW oscillator
(VCSO). For OC-48 applications which are shown in Fig. 1-1 and Fig. 1-2, due to the
availability of high frequency and high quality resonator, the VCOs were mostly
fabricated at 2488 MHz by the fourth harmonic of 622 MHz SAW oscillator (VCSO).
[6, 7] But it will suffer from the degradation factor of 20log N =12dB on the phase
noise as applications to OC-48. Seldom studies on 2488 MHz have been presented.
[8-10] To fulfill this requirement, the STW resonator and the FBAR working directly
at 2488.32 MHz are developed for the tanks. of the VCOs.

The high-Q STW resonator on quartzwas’.demonstrated in 1987 [11]. Its
advantages over the conventional Rayleigh waves are the very high velocity and low
propagation loss [4]. The wavé: velocity-of ‘STW -is approximately 5000m/s. High
wave velocity makes the width of IDT"larger and then reduces the requirement of the
photolithography process. A coupled-mode resonator with unloaded Q = 5500 has
been carefully designed to accommodate the request of wide band tuning and low
phase noise applications. By using this STW resonator, a STW resonator based

oscillator was developed in response to SONET OC-48 application.

622MHz —{Fe & Phasel [} 100D | )y L os 2488MH2
Filter
A
+4

Fig. 1-1 Frequency translation circuit.
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Fig. 1-2 Clock recovering circuit.

After the success on the development of 2488 MHz voltage-controlled oscillator
with STW resonator, we try to use the FBAR to replace the STW resonator. Because
the high investments in the fabrication equipments for the SAW resonator which
working at the frequency above 2500 MHz, the FBAR is the hopeful candidate for the
resonators used in microwave oscillators. A 2488 MHz FBAR based on AIN thin film
process was developed for this work.:By-using-this resonator, a FBAR based oscillator

was developed in response to SONET ©C-48 application.

1.3 Modified Pierce Oscillator with One-port SAW

Resonators

The Pierce oscillator is one of the more popular circuits for the crystal oscillator
today. In comparison with feedback loop oscillator, the component counts of Pierce
oscillator will be lower. While applying this circuit working with a one-port SAW
resonator at UHF frequency, the shunting capacitance has a serious bad effect on the
high frequency oscillation. The shunting capacitance increases the insertion loss of the
n-feedback network in the Pierce oscillator which constructed by one-port SAW

resonator and two capacitors. This feature makes the oscillator hard to start oscillation



and the efficiency to degrade. To prevent these disadvantages, we modified the
conventional Pierce oscillator circuits by adding an extra phase shifter. This

modification successfully solves the problem above.

1.4 Balanced Oscillator with One-port SAW Resonator

The balanced circuits are widely used to enhance the circuit’s performance,
which like differential amplifier and balance mixer. The improvement of the circuit’s
performance relies on the availability of the antiphase signal sources, which is often
the difficult part of the circuit design. Traditionally, the antiphase signals are obtained
by using passive or active balun. The balanced oscillator can provide the antiphase
signals without balun. Several balanced, oscillator circuits using different type
resonators have been reported. [ L2-16] But/the balahced oscillator with one-port SAW
resonator is hard to find. Here, weuse a popular 433 MHz one-port SAW resonator to

present the circuit and discuss the behavior-of'the balanced SAW oscillator.

1.5 Organization of this thesis

It is the aim to investigate the problems while applying piezoelectric resonators
to build the high frequency, high quality factor, and low phase noise oscillators and
provide some useful solutions.

In chapter 2, the structure and equivalent circuits for SAW resonator and FBAR
are introduced. By using these resonators, we present two feedback loop oscillators:
2488 MHz voltage-controlled oscillator with STW resonator and 2488 MHz
voltage-controlled oscillator with FBAR. The designs of oscillators and performances
will be measured and discussed.

In chapter 3, the basic theory and measurement method for the residual phase



noise of the two-port devices will be introduced. After that, we will discuss the
different measurement techniques for absolute phase noise measurement and chose
the frequency discriminator method to measure the phase noise of the oscillators with
piezoelectric resonators. By examining the residual phase noise of the devices, we can
find the main noise contributors in the oscillator quickly and accurately. The method
to predict the phase noise of the feed-back loop oscillator based on the residual phase
noise of devices will be introduced. The prediction of the phase noise of the oscillator
has a good agreement with the measured results.

In chapter 4, Pierce oscillator which is widely used in low-frequency crystal
oscillators is applied for 622 MHz application. For solve difficulty of the oscillation
start-up in this band, an extra phase shifter is added. The oscillator design method and
how to choose a proper phase shiftér are discussed.

In chapter 5, the balanced -oscillator with-a 433 MHz one-port SAW resonator is
presented. We use a commercial onesport-SAW-resonator which is made by ftech Co.
to demo this circuit. Based on this balanced escillator, a push-push SAW oscillator is
constructed and achieves 6dB improvement in phase noise of oscillator in comparison
with one-side oscillator.

In chapter 6, there are the short conclusion of our work and the view of the future

work.



Chapter 2
Feedback Loop Oscillators with Piezoelectric

Resonators

2.1 Piezoelectric Resonators
2.1.1 SAW Resonators [4]

Both one-port and two-port SAW resonators are used for the tanks of oscillators
in this thesis. Fig. 2-1(a) shows a typical configuration of the one-port SAW resonator
where two grating reflectors are replaced at both ends of the inter-digital transducers
(IDT). Very steep resonance can be detected by the IDT when the device is designed
so that resonance frequencies of the IDT and reflectors coincide with each other. The
width of the IDT is about quarter wavelength of the-acoustic wave. The length of the
gaps between the IDT and- reflectors: significantly influence the resonance
characteristics. Fig. 2-1(b) shows‘the equivalent ¢ircuit near resonance, where C1 and
L1 are the motional capacitance and inductance, respectively, corresponding to the
contributions of elasticity and inertia. R1 is the motional resistance corresponding to
the contribution of damping. CO is the capacitance of the IDT. The capacitance ratio y
is given by:

_¢co_ 1

1 2
{a)aj _1
a)}’

where o, and o, are the resonant frequency and anti-resonant frequency, respectively.

y 2.1)

The smaller y enable us to control the oscillation frequency over a wider range by a
capacitance parallel-connected to the resonator. This feature is preferable for use in a

voltage controlled oscillator where the varactors are employed as a voltage adjustable



capacitance.

Reflector m Reflector
Gap Gap

(2)
RI LI CI

AN

(b)

Fig. 2-1 (a) Structrue, and (b) equivaleiit cifcuit model for one-port SAW resonator.

Fig. 2-2(a) shows a two-port: SAW resonator wWhere the grating reflectors are
replaced at both sides of a conventionaltransverse filter. When the devices are
designed so that the reflectors resonance-at IDT resonance frequency, the transfer
admittance becomes very large at resonance and a very narrow but low-pass passband
is realized. Fig. 2-2(b) shows the equivalent circuit near resonance. The resonance
circuit is involved as s shunt element between two IDTs because the structure is
equivalent to a one-port SAW resonator when the two IDTs are parallel-connected.
The oscillator can be constructed by using two-port SAW resonator as a feedback
element. This configuration is widely used for operation in the UHF range because of

its insensitivity to parasitic circuit elements.
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Gap Gap
(a)
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R1 L1 Cl
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(b)

Fig. 2-2 (a) Structrue, and (b) equivalent circuit model for two-port SAW resonator.

2.1.2 Film Bulk Acoustic Resonators

Another high frequency bulk wave approach is to obtain a specified thickness by
thin film deposition techniques. rather-than by thinning crystal plates. There is
considerable breadth to the thin film resonator technology, both in device types and
applicable frequency spectrum. Much of this is due to the fact that the technology is
based upon thin films that can be fabricated, by various means, on a variety of
substrates employing integrate circuit type wafer scale processing. Bulk wave
resonators require that both surfaces be free to vibrate, even though vibration
amplitudes are fractions of a nanometer, in order to sustain a resonance. This
condition is supplied by mechanically free surfaces such air or vacuum. Resonator
geometries suitable for use with piezoelectric thin film resonators are shown in Fig.
2-3. The resonators in Fig. 2-3(a) and (b) have mechanically low impedance material
interfaces of air or vacuum while the one in Fig. 2-3(c) is solidly attached to the
substrate. The configuration of Fig. 2-3(a) is a membrane structure supported by the

edge of the substrate [17-30].
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SOLIDLY MOUNTED RESONATOR (SMR)

Electrodes ] A Piezoelectric

Lj

S e

(©)

Fig. 2-3 Thin film resonator configurations (a) membrane formed by etching a VIA in
the substrate. (b) air gap isolated resonator! (¢) solidly mounted resonator (SMR)

using a reflector array to isolate the resonator. from'the substrate.

Typical fabrication involves deposition-of, a prezoelectric film on a supporting
substrate followed by removal of a portion of the substrate to form the membrane and
thereby define the resonator. The configuration is similar to that used in inverted mesa
quartz crystals where a thin piezoelectric membrane is surrounded by a more rigid
supporting structure. The difference is in the details of how the membranes are
formed. The second configuration involves fabricating an air gap under the resonator
[31,32]. This may be accomplished by first depositing and patterning an area of
temporary support material, next depositing and patterning an overlay piezoelectric
resonator with electrodes, and finally removing the temporary support. The approach
in Fig. 2-3(a) has seen greater work of the two membrane configurations and is know
generally as the FBAR (Film Bulk Acoustic Resonator) configuration [19].

Advances in thin film processing have allowed the fabrication of membrane

devices with high width to thickness ratios. Within one membrane of AIN multiple

11



resonators have been fabricated and electrically interconnected to form complex
ladder filters [22]. Resonators have an electrical response that is modeled quite

accurately by the Butterworth Van Dyke (BVD) equivalent circuit shown in Fig. 2-4.

[23,27].

R1 L1 C1

Fig. 2-4 Butterworth Van Dyke (BVD) equivalent circuit.
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2.2 Voltage-Controlled Oscillator with STW Resonator

2.2.1 Design Method
In this section, a highly stable VCSO with STW resonator working directly at

2488.32 MHz is developed. The high-Q STW resonator on quartz was demonstrated
in 1987 [11]. Its advantages over the conventional Rayleigh waves are the very high
velocity and low propagation loss [4]. The wave velocity of STW is approximately
5000m/s, which relaxes slightly the requirement of the photolithography process. A
coupled-mode resonator is carefully designed to accommodate the request of wide
band tuning and low phase noise applications. The unloaded quality factor equal to
5500 was realized in this work.

It is noted that the oscillator with one-pott SAW resonator suffers from large
parasitic capacitance from inter-digit transducers: Here, the architecture with two-port
resonator forming a feedback loop is chosen as shewn in Fig. 2-5. It consists of a
single loop amplifier, an electronic phase shifter,.a lump element reactive Wilkinson
power splitter, a lumped element reactive phase adjusting, and a two-port STW
resonator. The resonator acts as a short circuit with zero phase-shift at the desired
frequency. No output buffer amplifier is used because it may degrade the oscillator’s
white phase noise floor. The oscillation starts as the closed loop gain satisfies
Barkausen’s criteria. The total loop gain is larger than unity at the frequency of
oscillation and the phase shift is equal to 2nN radians, N is an integer. The conditions

are written as

> (Ga,Gp,Gs) =1 (2.2)

and
Oa+6p+ 6 =2aN (2.3)
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where, Ga : Gain of Loop Amplifier, Gp : Loss of Phase Shifter and Loop Phase

Adjust, Gs - Loss of STW Resonator, fa : Phase change in Loop Amplifier, 6p :

Phase change in Phase Shifter and Loop Phase Adjust, and s : Phase change in STW

Resonator. During design phase, the open loop gain is evaluated by breaking the loop

at the appropriate plane with equal input and output impedance, such as line AB noted

in Fig. 2-5. Here, the impedances seen are 50ohm network analyzer measurement.

Actually the input/output impedances in each module are all set to 50ohm for

convenience. This approach has the advantage that the noise characteristics of the

individual component as measured in an open-loop configuration have a direct

bearing on the closed-loop phase noise of the oscillator.

Loop Amplifier
A ,\ Power Output Matching
| N
B | I/ Splitter and Attenuator Output
SAW
Resonater
Electronic Loop Phase
Phase Adiust
Shifter Jus
Fig. 2-5 Block diagram of a feedback loop oscillator.
2.2.2 STW Resonator

To achieve low insertion loss, high frequency, and high quality factor, the SAW

resonator with STW is employed.[5] The picture of the resonator is shown as Fig.

2-6(a). The STW is a shear wave with very high velocity and energy trapping reduces

the diffraction of the shallow bulk wave into the substrate, thus reduce in device

14



insertion loss and increase in resonator Q. The width of the transducer is
approximately 0.5um. The overlap aperture is about 250um. This larger transducer
width also makes it possible that the resonator could be manufactured in mass
production with acceptable yield. Since STW also do not associate volume charge
with propagation, its propagation loss is small. [4] To achieve the proper turnover
temperature, the 90° rotated ST-cut quartz is employed to be as substrate of the
resonator, which has the turnover temperature approximately at 45°C. This work
simplifies the circuit design without using extra temperature compensation circuit for
the real environment and lowers the cost.

The IDTs are detailed in Fig. 2-6(b) with die size of 1.8mm x 1.2mm. The input
and output IDTs have 100 fingers are placed between two shorted reflectors, which
has 90 fingers, and are separated:by a shorted grating with 3 fingers. The resonant
modes formed by input and output IDTs are eoupled: just as two coupled parallel LC
resonators. The coupling is carefully. tuned-by,the central grating. This results in a
two-mode wideband response such'as that shewn in Fig. 2-6(d). Due to the grounding
grating the insertion loss is reduced to 4~5dB, which is much smaller than that of
10~15dB in conventional SAW or STW delay line. [10] The approximately linear
phase change with slope equal to 1.713x10°rad/Hz is obtained within the 3dB

frequency band. The up and down limits of the phase change are above +90°. The

loaded Q factor Q, = a;” Z;—(b is estimated equal to 1537. The group delay is about
1)

1.713x10° rad/Hz. High insertion loss out of the pass band is revealed in Fig. 2-6(c).
The spurious are suppressed under 30dB. The center frequency is trimmed to 2488.32

MHz.
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Fig. 2-6 (a) Picture, and (b) structure of the STW resonator, (c) insertion loss from

2468 to 2508 MHz, and (d) insertion loss and transmission phase responses
2486.32 - 2490.32 MHz.
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2.2.3 Loop Amplifier

The HBT monolithic amplifier is selected as the loop amplifier because of low
noise figure and high dynamic range. The P1dB is at +17dBm and the bandwidth is 4
GHz. Its bandwidth was properly selected to prevent high 2" harmonics. The nominal
gain of 17dB is much greater than that required to overcome the total loop losses to
insure the stable oscillation. The magnitude of gain variation over temperature is
approximately 0.005dB/°C and this feature can prevent the AM-PM noise induced

with the temperature variation.

2.2.4 Power Splitter

Because resistive attenuator in the feedback loop will degrade of white phase
noise floor, an unequal Wilkinson,power splitter is employed to adjust the excess
small signal loop gain instead”of resistive attenuator. [33] The Wilkinson power
splitter can be realized as lump-component or transmission line designs. To save the
volume, the circuit is realized by the lump reactive components instead of microstrip

line as shown in Fig. 2-7.

l <] Port 2

AY
/1

Port 1 > K =|'

5

<J Port 3
kAAAJ

Fig. 2-7 Wilkinson power splitter.
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2.2.5 Electronic Phase Shifter

The electronic phase shifter is used to tune electronically the oscillation frequency.
The electronic phase shifter is constructed with silicon tuning diodes and inductors
using T-circuit as shown in Fig. 2-8. It is basically a tunable high pass filter which,
except for providing variable phase shifter in the loop, suppresses the excess gain of
the loop amplifier at low frequency, preventing it from spurious oscillation. The phase
noise and tuning linearity will be affected by the tuning diodes. High residual phase
noise of tuning diodes will degrade the phase noise of voltage-controlled oscillator.
With proper selection of varactor diodes, the high tuning linearity and low phase noise

are achieved at the same time.

Vtune

I
Output > Dl )I&i <] Input

Fig. 2-8 Electronic phase shifter.

The phase shift of loop amplifier and power splitter is about equal to -80° and
90°, respectively. The electronic phase shifter is about 40°. Because the total phase
shift around the loop must be 2nN radians, another 10° is required, which is from the
loop phase adjust constructed with fixed lumped reactive components. The frequency

dependences of total phase shifter and open loop gain seen from the reference plane
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A-B line indicated in the Fig. 2-5 are shown in Fig. 2-9. Curve X and Curve Y are the
total phase shift with Ve = OVolts and Ve = 5Volts, respectively. Curve M and
curve N are the respective open loop gain with Vi, = 0Volts and 5Volts, respectively.
The group delay is about 1.74x10°rad/Hz. As compared to Fig. 2-6(d), we see that
the SAW resonator dominates the phase shift. The slight increase in group delay may
be from the tunable phase shifter with varactors. The oscillation frequency is
predicted at the zero-crossing point with enough gain margins about 2dB.  This gives
us the benefit of low flicker noise from the amplifier without deep gain compression.
The tuning bandwidth is approximately equal to the resonator’s 1dB bandwidth. It is
approximately from 2487.85 MHz to 2488.85 MHz. The tuning bandwidth is

approximately equal to the resonator’s 1dB bandwidth.
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2486 .32 2487 .32 248832 2489.32 249032

Frequency (MHz)

Fig. 2-9 Total phase shifter and the open loop gain at the oscillation frequency.

2.2.6 Oscillator Performance

The performances of the oscillator with STW resonator are measured. The
narrow and wide scan of output spectrum and relative levels of harmonic are shown in
Fig. 2-10(a) and (b), respectively. Because the STW resonator do not have 2

harmonic response and the bandwidth of the loop amplifier is limited at 4 GHz, the
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2" harmonics of oscillator is suppressed below 58 dB as shown in Fig. 2-10(b)
without any output low pass filter. The tuning characteristic is shown in Fig. 2-11
with £200ppm range and good linearity. The frequency dependence on temperature is
illustrated in Fig. 2-12. The turnover temperature is approximately 45°C, which is

mainly determined by the SAW resonator.

Qutput (dBm)

-B0—]

-80 |
| ' | ' | '
24880 24882 24883 2.4885 24886

Frequency (GHz)
(a)

Qutput (dBm)

o0 05 10 156 20 25 30 325 40 45 50 55 60 65

Frequency (GHz)

(b)
Fig. 2-10 (a) Measured output spectrum for the 2488.32 MHz and (b) harmonics

spectrum.
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Fig. 2-12 Dependence-of the oscillation frequency on temperature.

The phase noise of the oscillator i1s measured as shown in Fig. 2-13. The

measured parameters of the STW oscillator and the specifications of the other

commercial products are summarized in Table 2.1.

Table 2.1: Measured results for the voltage-controlled STW oscillator and comparison

with the other commercial products.

Value
Item This Work| Synergy | M-tron |SAWTEK
Supply Voltage +5 +5 +5 +5
(Volts)
Supply Current (mA) 65 60 100 55
Output Power (dBm) +13 +3 +7 +10
Tuning voltage (Volts) 0-5 1-4 0-5 N/A
Tuning Range (ppm) +200 250 +50 80
Sub Harmonic (dBc) -58 -30 -26 N/A
Phase Noise @ offset
100 kHz (dBe/Hz) -153 -142 -145 -145
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Fig. 2-13 Measured phase noise spectrumsfor the oscillator with STW resonator.
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2.3 Voltage Controlled Oscillator with FBAR

After the success development of 2488 MHz voltage-controlled oscillator with
STW resonator, we try to use the FBAR to replace the STW resonator. Basically, the
suspended FBAR device is a three-layer structure with the top and bottom electrodes
sandwiching a middle layer of oriented piezoelectric material. Air interfaces are used
on both outer surfaces to prevent acoustic energy leaking out of the device; as the
solid membrane and air boundary form high impedance to acoustic wave, functioning
as high-Q acoustic reflectors at all frequency. When RF signals are applied near the
mechanical resonant frequency, the piezoelectric transducer excites the fundamental
bulk compress wave traveling perpendicular to the films. Resonators for use in stable
oscillators need low temperature coefficient, (TC), which needs composite structures
for positive and negative coefficient compensation..On the contrary, for temperature
sensing, a higher degree of TC 1s required for sensitivity, which is achieved also

though composite structure containing all pesitive (or negative) coefficient material.

Here, AIN is employed for the potential integration. AIN has a crystal structure
of hexagonal wurtzite where aluminum and nitrogen atoms are combined. AIN film is
grown along (002) direction to achieve high piezoelectric coupling to the required
extensional mode. AIN lattice extends and retracts toward c-axis orientation creating

vibration if an alternating field is applied cross the crystal.

In this section, a high quality factor FBAR was designed and fabricated. Using
this resonator, a high frequency voltage-controlled FBAR oscillator is designed and

realized with hybrid circuits.
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2.3.1 FBAR Design and Fabrication

It was reported that the lower the full width at half maximum (FWHM) value of
a piezoelectric material has, the better the performance characteristics of the
resonators and filters has. [34] Thus, the AIN piezoelectric film needs to have highly
c-axis oriented columnar structure. [35] To achieve this requirement, a SiNx thin film
is added between AIN and bottom electron. [36] The SiNx layer also serves as an
etching stop layer to protect bottom electron while patterning the AIN layer.

The resonant frequency of FBAR 1is predominantly determined by half
wavelength of standing acoustic wave in the resonator. The fundamental resonant
frequency is then inversely proportional to the thickness (d) of the piezoelectric
material used, and is equal to V, /2d, where V, is an acoustic velocity at the resonant

frequency. The N™ harmonic frequéncy of the FBAR can be approximated as

f.= N 2 (2.4)

2(delecit + dpiezo + dSiN o delecib)
elec_t piezo SiN elec b

where dejec 1, dpiezo, dsin, and de. » are the thickness of top electrode (Al), piezoelectric
material (AIN), buffer layer (SiNx), and bottom electrodes (Cr/Au), respectively.
Veiee v Vpiezor Vsin, Veiee » are the acoustic velocities of top electrode (Al), piezoelectric
material (AIN), buffer layer (SiNx), and bottom electrodes (Cr/Au) respectively.
According to equation (2.4), the thickness of each layer in the FBAR for fundamental
frequency (N=1) at 2.48 GHz for unlicensed application was designed and listed in

Table 2.2.
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Table 2.2: Physical properties of representative materials for FBAR. [37-39]

Layer Metal Piezoelectric Buffer Metal
Layer material Al AIN SiNx Cr/Au
Density (kg/m’) 2700 3255 3270 19700
Acoustic velocity (m/s) 6420 10400 11000 3240 (Auw)
Designed thickness (A) 3500 11000 1000 1000
Thermal expansion
23.6 4.6 0.8 14.4
coefficient (ppm/°C)

It is well known that AIN films must be grown orientated in the (002) direction

to achieve high piezoelectric coupling to the required extensional mode. Therefore

columnar AIN grains whose c-axes are perpendicular to the substrate are needed. The

four layered composite structure AI/AIN/SiNx/Au of FBAR is shown in Fig. 2-14.

SiN

S pin

Sacrificial layer

Low electrode

Buffer layer

AIN

Upper electrode

Fig. 2-14 Process flow of FBAR.
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AIN was fabricated on (100) crystallographic oriented epitaxial silicon wafers.
After RCA cleaning, silicon wafer was deposited with low stress silicon nitride (SizNy)
using Low Pressure Chemical Vapor Deposition (LPCVD) and the thickness is 1200A.
The Si3Ny layer served both as a high resistivity substrate to eliminate any parasitic
contributions from mobile charges or a highly boron-doped epitaxial layer and an etch
obstruction layer. Temporary support (sacrificial layer: Cu) is formed by E-gun on top
of SizNy followed by electrode and piezoelectric layer. Then, a thin layer of Cr/Au
film which thickness is 1000A was fabricated by electron beam evaporation and
patterned using lift-off process and serves as the bottom electrode. The AIN film
deposited on bottom electrode has poor c-axis crystallinity. To overcome this
weakness of bottom electrode, SiNx buffer layer is introduced prior to the deposition
of bottom electrode. An amorphous SiNx film. which thickness is 1000A was
fabricated by Plasma Enhanced-Chemical Vapor Depeosition (PECVD) and served as a
buffer layer between bottom electrode-and-piezoelectric layer. [40] An AIN film was
then fabricated on top of the buffer layer.through pulsed reactor DC magnetron
sputtering and the substrate temperature (300°C) was kept. The thickness of AIN is
about 11000A. The fourth layer of an aluminum film which thickness is 3500A was
fabricated by electron beam evaporation and patterned by photolithography as a top
electrode. The active area of FBAR is only about 70 x 70um to reduce the parasitic
capacitance from electrodes for the purpose of high frequency operation. The copper
temporary support which thickness is 5000A was removed by wet etching using
ASP100 and leaving a membrane resonator supported at the edges. The die photo is

shown in Fig. 2-15.
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Fig. 2-15 Picture for the Film Bulk Acoustic Resonator

Fig. 2-16(a) and (b) show the cross-sectional SEM photograph of (002)-oriented
AIN film, lie on SiNx buffer layer and bottom electron. The cross section view of the

thin film shows an AIN film with a highlyfaligned columnar structure was formed.
The sharp boundaries of interf%‘{é"e 1b¢ﬁ\_izfaié'1'1 the SINX layer and AIN film from a
— | Fls _,,.: ! =

smooth surface. = | 2 &N -

“2000m  Mag= 30.00KX EHT= 500KV
—

WD= 6mm Signal A = InLens
(a)
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The FBAR sensors were probed at wafer level to measure the resonant behavior.
The Agilent 8510C Vector Network Analyzer, controlled automatically by program,
was employed to acquire the S-parameters. Fig. 2-17 shows the Z-parameter
impedance characteristics calculated from the measured S-parameters. The resonator
reveals two resonant frequencies characterized by a zero phase shift. One is a series
resonance frequency (denoted by fs5) with minimum impedance and zero phase shift,
which occurs as piezoelectric coupling is in phase with an applied voltage. The other
is a parallel resonance frequency (denoted by fp) with maximum impedance and zero
phase shift, which occurs as piezoelectric coupling is 180 degrees out of phase with

an applied voltage.
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Fig. 2-17 Z-parameters of the FBAR.

2.3.2 Oscillator Design

With the success of FBAR, an .oscillator was designed and fabricated. Its
functional block is illustrated in“Fig. 2-18. The architecture with FBAR forms a
feedback loop. It consists of a single loop amplifier, a Wilkinson power splitter, a
phase adjusting, and a FBAR resonator. The HBT monolithic amplifier is selected as
the loop amplifier because of low noise figure and high dynamic range. The P1dB is
at +17dBm and the bandwidth is 4 GHz. Its bandwidth was properly selected to
prevent high 2™ harmonics. The nominal gain of 17dB is much greater than that
required to overcome the total loop losses to insure the stable oscillation. The
magnitude of gain variation over temperature is approximately 0.005dB/°C and this
feature can prevent the temperature variation of oscillator. The power divider and
phase shift were made of lumped elements. The resonator acts as a short circuit with
zero phase-shift at the desired frequency. The oscillation occurs as the closed loop

gain satisfies Barkhausen criteria.[41] During design phase, the open loop gain (S»;) is

31



actually evaluated by breaking the loop at the appropriate plane with equal input and
output impedance, such as line AB noted in Fig. 2-18. The linear simulation is
performed by using Agilent Advance Design System (ADS) software and shown in
Fig. 2-19. The oscillation starts when the phase of Sy; equal to zero and [Syi| > 1,

which in turn implies the equivalent resistance is negative. The Barkhausen criteria

are satisfied simultaneously.

Loop Amplifier
A l\ Power Output Matching
l
B i I/ Splitter and Attenuator Output
FBAR
Electronic Loop Phase

Phase Adjust
Shifter J

Fig. 2-18 Block diagram of a feedback loop oscillator.
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Fig. 2-19 Results of linear simulation using ADS.
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2.3.3 Measurement and Discussion

The fundamental and higher harmonics oscillation spectrums were measured and
shown in Fig. 2-20 (a) and (b), respectively. The 2™ harmonics of oscillator is
suppressed below 40 dB as shown in Fig. 2-20(b). The oscillation frequency is
slightly higher than the series resonance frequency fs of FBAR because of the
parasitic capacitance from package effect. The variation of fundamental frequency
with temperature was also measured and shown in Fig. 2-21. The TC of oscillator is
about -34.5ppm/°C and seems to be equal to that of FBAR. It implies that the
effective tank of the oscillator is dominated by the FBAR resonator. The tuning
characteristic is shown in Fig. 2-22 with +6% range. The performances of the

oscillator with FBAR resonator are measured and summarized in Table 2.3.

Table 2.3: Measured Results for the FBAR oscillator.

Item Value
Supply Voltage (Volts) +5.0
Supply Current (mA) 65
Output Power (dBm) +14.5
Tuning Voltage (Volts) 0-5
Tuning Range > +6%
Sub Harmonics (dBc) -40
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Chapter 3
Measurement and Prediction of Phase Noise in
Oscillator with STW Resonator

3.1 Introduction

Frequency stability can be defined as the degree to which an oscillating source
produces the same frequency throughout a specified period of time. Every RF and
microwave source exhibits some amount of frequency instability. This stability can be
broken down into two components: one is long-term stability, the other is short-term
stability. Long-term stability describes the frequency variations that occur over long
time periods, expressed in parts per million. per hour, day, month, or year. Short-term
stability contains all elements cauSing frequency changes about the nominal frequency
of less than a few seconds duration. Here, we just focus on the short-term stability.

Phase noise is the important specification for an oscillator. The absolute phase
noise of an oscillator is set by the residual moise of the active devices, the residual
noise of the resonator and the bandwidth of the resonator. Generally the active devices
in the oscillator are the major noise contributors. In the design phase, we found that
the active devices with lower noise figure could not always lead to the oscillator with
lower phase noise. After examining the residual phase noise of the major components
in the oscillator, we found the residual phase noise of the STW resonator dominates
the phase noise of the oscillator instead of the active devices and the lower noise
figure of active devices do not relate to the lower residual phase noise.

Here, the Agilent’s E5503B phase noise measurement system is used for residual
phase noise and absolute phase noise measurements. A phase noise prediction method

based on residual phase noise of devices in oscillators is presented in this chapter.
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3.2 Residual Phase Noise of Devices

3.2.1 Residual Noise

Residual noise (or two-port noise) is the noise added to signal when the signal is
processed by a two-port device. Such devices include: amplifiers, dividers, filters,
mixers, multipliers, phase-lock loop synthesizers, or any other two-port electronic
networks. Residual noise contains both AM and PM components. [42-44]

There are two basic noise mechanisms in residual noise: one is additive noise,
the other is multiplicative noise. Residual noise is the sum of additive and
multiplicative noise. Additive noise, as shown in Fig. 3-1, is generated by the two-port
device at or near the signal frequency and added in a linear fashion to the signal.
Multiplicative noise has two known . causes. One is an intrinsic, direct phase
modulation with 1/f spectral density. and'the €xact origin of this noise component is
unknown. The other is noise may modulate an RF signal by multiplying baseband
noise with the signal, as shown ‘in Fig;.3-2:-This muxing is due to any non-linearities
in the two-port network. The baseband noise may be produced by the active devices
active devices of the internal network, or may come from low-frequency noise on the

signal or power supply.
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Fig. 3-2 Multiplicative noise component.
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3.2.2 Measurement Process of Residual Phase Noise

The basic residual phase noise measurement setup is shown as Fig. 3-3. An
unmodulated signal source with low AM noise is necessary. The AM noise of the
source which used for residual phase noise measurement must be comparatively small
because the mixer type phase detector has only 20 to 30 dB of AM noise rejection. If
the AM component of the source is greater than 20 to 30 dB above the residual phase
noise of the device-under-test (DUT), it will contribute to the residual phase noise
measurement and show the residual phase noise as being greater than it really is. The
noise floor of measurement system is established by replacing the DUT with a
feed-through and adjusting the total insertion loss in the device test path to maintain
the proper RF signal power level to the R-port (LO-port) of the phase detector. Phase
quadrature for two input ports of.the phase noise. detector is established by using a
mechanical line stretcher. The electronic phase shifter is not proper because of its high
residual noise. A critical point is to maintain.the.constant RF power level to the L-port
(device test path) and R-port for the phase-detector during calibration as well as
during the actual measurement. The source noise in each of the two phase detector
paths is correlated at the phase detector for frequency offset range of interest. When
the source noise is correlated at the phase detector, the source phase noise cancels,
leaving only the residual phase noise of the DUT. Agilent E5503B noise measurement
system is used for the residual phase noise measurement. Fig. 3-4 shows the ES503B
connection diagram for residual phase noise measurement and the system noise floor
is shown in Fig. 3-5. The spurious signals which closed to the carrier are the system
spurious, primary 60 Hz (and harmonics) power line spurs.

A bandpass filter type response will cause the source noise to be decorrelated at
the edge of the filter. This decorrelation of noise causes the system to measure the

source noise level directly at the offsets beyond the filter bandwidth.
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Fig. 3-3 The basic setup for residual phase noise measurement.
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Fig. 3-4 The ES503B connection diagram for residual phase noise measurement. [44]
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Fig. 3-5 Measured noise floor for residual phase noise measurement system.

3.2.3 Residual Phase Noisé of Main-Components in Oscillator

There are three major noise contributors in this feedback loop oscillator: STW
resonator, loop amplifier and electronic phase shifter.

Residual phase noise in a SAW or STW resonator occurs when an unmodulated
carrier is passed through the acoustic device. In this process, phase fluctuations which
occur in the resonator cause a direct phase modulation of the carrier so that it appears
with PM modulation noise sideband at the device output.[43] The residual phase noise
of the STW resonator is shown in Fig. 3-6. It is measured by applying the power
approximately the same power level in the steady state oscillation condition. The

corner of the flick noise is out of the scope of this measurement.
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The residual phase noise of the loop amplifier is shown in Fig. 3-7. The noise floor is

approximately -170dBc/Hz with a 1/f flicker noise corner at 17 kHz. Noise figure is

the ratio of the output noise of an amplifier referred back to the input divided by the

thermal noise floor. Noise figure is a common specification that is used to calculate

the noise at Fourier frequencies f that are far from the carrier frequency. The noise

figures listed in the data sheets of actives devices are small signal noise figures, not

dynamic noise figure. The dynamic noise figures are measured under actual large

signal conditions and may differ from the small signal noise figures. It includes the

multiplicative noise produced by the non-linearities of active device, in the presence

of a large signal. In the presence of a carrier signal, the noise level is no longer

42



constant but often increases as f decreases. This increase usually changes at a rate of
at least 1/f, “flicker” behavior, which often significantly dominates over the
white-noise level given by the NF, which in practice is measured in the absence of an
actual signal through the amplifier. Furthermore, the flicker- noise level depends on
the amplifier’s linearity and input power. Because of this signal induced rise in
amplifier noise, many systems do not achieve the performance predicted by using the
no-signal NF characterization. The dynamic noise figure can be expressed as:[45]
NE, =L(f)—- Ny + 5,
Where NFp, is the dynamic noise figure in dB, Ny is the thermal noise, Pj, is the

input signal power in dBm, and the L(¥) is the residual phase noise in dBc/Hz.
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Fig. 3-7 Residual phase noise of loop amplifier.
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The electronic phase shifter is mainly constructed varactors and inductor. The
varactors are the noise contributors. The residual phase noise performance for the

electronic phase shifter is measured and shown in Fig. 3-8.
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Fig. 3-8 Residual phase noise of electronic phase shifter.

3.3 Absolute Phase Noise of Oscillators

The phase noise test characterizes the output spectral purity of an oscillator by
determining the ratio of desired energy being delivered by the oscillator at the
specified output frequency to the amount of undesired energy being delivered at
neighboring frequencies. This ratio is usually expressed as a series of power
measurements performed at various offset frequencies from the carrier. The power

measurements are normalized to a 1 Hz bandwidth basis and expressed with respect to
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the carrier power level.

3.3.1 Phase techniques of absolute phase noise measurements

There are three dominant techniques used to measure the phase noise of
oscillators: the direct spectrum analyzer approach, the phase-lock-loop (PLL)
techniques, and the discriminator techniques.[46] The most direct and probably the
oldest method used to measure the phase noise of oscillators is the direct spectrum
analyzer method. Here the signal from the device-under-test (DUT) is input to a
spectrum analyzer tuned to the DUT frequency. The sideband noise power can be
directly measured and compared to the carrier signal power to obtain the phase noise
spectrum. This method actually measures the total sideband noise, including AM
noise and phase noise. If AM.moise is much less than the phase noise, the
measurement can be considered as to be the phase noise. The sensitivity of this
method is limited by the internal local-oscillator, (LO) noise of the spectrum analyzer,
and the inability to track any signal drift limits the close-to-carrier noise measurement
capability of the analyzer.

When the AM noise is relatively high to the phase noise, a phase detector is
required to separate the phase noise from the amplitude noise. The phase detector
converts the phase difference of the two incident signal in to a voltage at the output of
the detector. When the phase difference between the two input ports of the detector is
set to 90 degree, the voltage output will be zero volts. Any phase fluctuation from
quadrature will result in a voltage fluctuation at the output. When the quadrature is
not maintained, an error can be introduced into results based on the amount of the
phase delta from quadrature. The error is 20 log [cos (phase deviation from
quadrature)] (dB). Phase detectors are usually constructed by the double balanced

mixers, and typically required large power signals at the input port to operate properly.
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One of the signals must be of high power to switch the diodes in the detector,
allowing the other signal to be of lower power.

There are two different measurement techniques which use a phase detector,
along with associated filters, low noise amplifier, and baseband analyzer: one is the
PLL with reference source measurement technique, and the other is FM discriminator
measurement technique. Within the PLL with reference source measurement
technique, another source is used to provide the reference phase signal for the phase
detector. This is the standard measure of phase fluctuations described in NIST
Technical Note 1337. Fig. 3-9 shows a block diagram of the method suggested by

NIST.

Oscillator #1
r\J Vs
RF
Double IF Baseband
Mixer
LO
Sar(fim)
Y =
fm
Oscillator #2

Fig. 3-9 General block diagram described in NIST technical note 1337.

Signals from two oscillators at the same nominal frequency are applied to the
mixer inputs. The PLL is used to controlled either of the two sources and establish
phase quadrature at the input ports of the phase detector. This means that one of the

two sources used in this method must have DC voltage control capability for phase
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locking. A very narrow band PLL is used to maintain a 90 degree phase difference
between these two sources. The phase detector operation is such that when the input
signals are 90 degrees out of phase (in quadrature), the output of the mixer is a small
fluctuating voltage proportional to the phase difference between the two oscillators.
By examining the spectrum of this error signal on the spectrum analyzer, the phase
noise performance of this pair of oscillators may be measured. If the noise of one
oscillator dominates, its phase noise is measured directly. A useful and practical
approximation when the two test oscillators are electrically similar is that each
oscillator contributes one-half the measured noise power. When three or more
oscillators are available for test, the phase noise of each oscillator may be accurately
calculated by solving simultaneous equations expressing data measured from the
permutations of oscillator pairs. The frequency difference between the two sourced at
the phase detector must be less<than 10% of the peak-tuning-range (PTR) for PLL to
close. High PTR will cause the increase.in-the-system noise floor. This feature makes
this technique is not suitable for measuring the high-drift-rate low phase noise sources
which requires high PTR. Lower power from the DUT or the reference source can
cause the phase detector noise floor to rise or the phase detector to not operate. Low
noise amplifier prior to the phase detector can help to solve this problem, but the
residual noise of the amplifiers will add to the phase detector phase noise floor. The
increase in the system noise floor will degrade the sensitivity of the phase detector.
The residual noise of the amplifier becomes a limiting factor in the overall system
measurement noise floor.

The oscillators with SAW or STW resonators have both low phase noise and
high drift rate characteristics. So, the direct spectrum techniques and the PLL with
reference source measurement techniques are not fulfilling the requirement while

measuring the low phase noise oscillator with piezoelectric resonator. FM
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discriminator technique is the hopeful candidate for measuring these low phase noise

SAW oscillator. The theory and design consideration are describe as follows.

3.3.2 Theory of FM discriminator [46,47]

The basic block diagram for frequency discriminator is shown as Fig. 3-10.
Unlike the PLL phase detector method, the frequency discriminator method does not
require a second reference source phase locked to the source under test. This makes
the frequency discriminator method extremely useful for measuring sources those are
difficult to phase lock, including sources those are microphonic or drift quickly. It can
also be used to measure sources with high-level, low-rate phase noise, or high close-in
spurious sidebands, conditions with can pose serious problems for the phase detector
method. A wide-band delay line discriminator ¢an be implemented using a low loss
coaxial cable. A resonator cam also be applied for the narrow-band delay line
discriminator. Delay line discriminatots-are-only capable of measuring phase type
random noise and are in fact insensitive.to AM noise. Typically AM rejection for the

delay line discriminator is greater than 20dB.

Delay Line
Vd
Unit Under Test
nit Under Tes LPF LNA
Vs [ Power Double N Vo Baseband
Splitter Balanced ) T Analyzer
Mixer
ﬁ v SAI"(fm)
Vr Phase Quadrature
Shifter Monitor fim

Frequency
Discriminator

Fig. 3-10 Basic block diagram for frequency discriminator.
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A delay line and a mixer operating as a phase detector have the combined effect
of a frequency discriminator. The delay line transforms any frequency fluctuation into
phase fluctuation and the mixer with L and R inputs at 90 degree offset linearly
converts the phase fluctuations into voltage fluctuations at the IF port. Fig. 3-10
shows the basic block diagram of frequency discriminator. The theory can be derived
as follows:

The source under test can be represented as

V,(t)= 4, cos|w,t +§(1)] (3.1)
Where A4, is the signal magnitude, @, is the carrier frequency, and ¢(¢) is the
function describing the phase fluctuation with time.

Equation (1) can be expanding as:

V(t)=A4, [cos @, cos g(t) —sin@.tsin ¢(t)] (3.2)
When the phase noise is treated as.narrow band phase modulation, the magnitude of
#(t) is small and the maximum phase variation from ¢(¢) is much less than one
radian. Since ¢@(¢) is very small, the-approximation cos¢@(z)~1 and sing(z) = ¢(¢)
can be made. Equation (2) can be rewritten as

V(1) = A4,[cos w,t — #(¢)sin ] (3.3)

Vo)=L, A, cos|m+4(1)]

V,.(t) = L.A, cos[m,t + ()]

Where L, is the insertion loss of power splitter.
We can get Vi (t) and Vg(t) which are the input signals of the L-port and R-port for the
mixer type phase detector respectively,

V,(t)=L.L,A, cos|w,(t—7) +¢(t —7)]

Ve(t)=L.A, cos[a)ct + (1) + ¢pJ

Where L, is the insertion loss of delay line.
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The mixer output signal ¥, (f) can be express as:

V()= LL,L,A cosRat —wz+,+(t)+ gt — 1) |+ cos|g, + @,z +d(1) — (1 - 7)||
After passing through the low pass filter and low noise amplifier, the output signal
V, (1) s,

V,(t) = L,L,L,GA, cos|g, + o,z + ()~ p(t —7)|
Where L, is transfer gain of the mixer, and G is the sum of insertion loss of low pass
filter and the gain of the low noise amplifier.

If ¢, +0.7 =%, than

V,(6)=L,L,L,GA, cosB + () - (1 - r)}

V,(t)=—L,L,L,GA, sin[p() =gt - 2]

V,(0)=~L,L,L,GA4,[¢() =g(t=7)] (34)
Here, the output signal . #.(@# s proportional to the phase
difference ¢, (1) =[¢(1) - (1 — 7)].

Let ¢(t)=4¢, sinw,t
Than @(t)—@(t —7) = ¢, [sinw,t —sinw, (t —7)]

-~

. w,T T .
@,(t)=2¢, sin ;’ cos(a)mt—a)z2 , SIn cos,,t

V. (t)=—-2L L,L, GA 4, sin ‘”;” cosm, t (3.5)

Therefore the sensitivity to the phase noise of the source is:
Sensivity =2sinnf, r (3.6)

where f,, 1s the offset frequency, and 7 is the delay time.
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3.3.3 Frequency Discriminator System Setup

The frequency discriminator is used to measure the phase noise of the oscillator
with STW resonator. The delay line frequency discriminator is implemented with
Agilent’s E5503B phase noise measurement system and a delay line. The connect
diagram for this system is shown in Fig. 3-11. The key element in the design of delay

line discriminator is the delay line itself. For accurate phase noise measurements, it
. 1
was shown that the delay time 7z must be chosen such that f, <<2—, where f,,
T

is the maximum frequency of the components to be measured. A 312ns delay line
implemented by an ANDREW LDF5-50A low-loss coaxial cable is used in this
measurement. Long enough delay time is needed to ensure the sensitivity of the
measurement system. In Fig. 3-12, it reveals the system noise floor and the null points
of the frequency discriminator. The sensitivity “of the discriminator techniques is

approximately equal to the phase.detector system sensitivity at the offset frequency

f. = 1 and tipped up by 20dB/decade for:f, < L The noise floor is set by the
2t 2t

LNA noise and therefore does not have w-type response. Increasing the length of
X

the delay time improve the close-to-carrier noise floor but reduces the power to the

phase detector. It also reduces the maximum offset frequency that can be measured

) sin x .
with no —— correction.
X
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Fig. 3-11 Connect diagram of Agilent ES503B for FM discriminator technique. [44]
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Agilent E5500 Absolute Phase Noise Measurement
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Fig. 3-12 The measured system noise floor and the null points for FM discriminator.

3.4 Prediction of Phase Noise

A feedback loop oscillator with. STW resonator is presented in section 2.2. For
comparison, the measured absolute phase noise of the oscillator and the residual phase
noise of main components for the oscillator, mcluding loop amplifier, electronic phase
shifter, and STW resonator, are shown in Fig. 3-13. The spectral shape of the
oscillator (curve 1) indeed arrears 1/f near the carrier. The intersection point with 1/f

curve is around 50 kHz offset. The magnitude at 100 kHz offset is -153dBc/Hz.
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Fig. 3-13 Measured phase noise for the 2488.32 MHz STW oscillator.

To analyze the shaping behavior of the close loop, the residual phase noises are

examined. In Fig. 3-13, it reveals that the noise n, from the STW resonator (curve 2)

is dominant about 10dB above those from the amplifier n, (curve 3) and the phase

shifter n, (curve 4). The phase shifter has the same order of magnitude as that in

amplifier. The system’s floor is also indicated as in curve 5, which is much lower than

the measured items.

As referred to Fig. 3-14, the magnitude of the loop gain under steady state is assumed

to one with a rather wide bandwidth, at least £500 kHz at 2488.32 MHz. The STW

resonator looks like a pure resistor not a inductor at the oscillation frequency. In the

Lesson’s model the transfer function is consider to be a symmetrical one on each side

of the carrier frequency.
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Fig. 3-14 The open loop gain and phase shift of the STW oscillator at the oscillation

frequency.

As shown in Fig. 3-15, the basi¢ open loop cireuit is divided to four components,
phase shifter, STW resonator, amplifier, and power splitter, whose transfer functions

are P(m), R(w), G(»), and D(w); respectively:

Np Nr Ne

— P(w) Aér)—v R(w) 4>ér)—> G(w) »é—» D(w) Q»(Dg

Fig. 3-15 Transfer functions in open loop circuit.

The power spectral density (PSD) at output point o is as follows:

®,=(n,+n,-

G(@)+n,-|R@)-|G())-| D)

Because of n is greater than n, and n,, the output noise is further simplified as

O, =n, -

G(w)|-|D(@)|
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The product|G(a))| ‘|D(a))| is approximately 8~9dB in this work. The phase shift as

a function of frequency is assumed linear with slope or group delay t,, which is
roughly equal to 1.74x10°rad/Hz in our case, within the limited bandwidth. Hence,
the normalized open loop gain is written ase ”*“"* , where A@ is the offset frequency

from the center frequency. Then the closed loop gain is obtained as

Closed Loop gain= "

—jT A®

B 1

7. Aw

2sir{ £ j
2

According to [43], the PSD of phase noise can'be shaped by multiplying the square of

closed-loop gain to the residual phase noise. Here, the shaping factor for the PSD

is [2 sin(Aa)rg /2)]72 as shown in Fig. 3-16-[1]
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For the close-in noise with A@+which is smaller than %, the shaping appears as
(Aa)rg )72. It is concluded that the phase noise is indeed shaped from the residual

noise by the (Aa))f2 term, which is originated from the high Q resonator. The
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Fig. 3-16 The transfer function vs. Fourier frequency.

calculated results are in good agreement with the measurements.
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Chapter 4
Modified Pierce Oscillator with One-port SAW
Resonator

4.1 Introduction

The Pierce oscillator, as shown in Fig. 4-1, is one of the more popular circuits for
the crystal oscillators used today. It has very low power consumption with high
stability. The Pierce oscillator is a series resonant circuit for fundamental mode crystal,
and oscillates just above the series resonant frequency of the crystal. [48] But the
crystal resonator with fundamental frequency higher than 200 MHz is hard to be
available. The one-port SAW resonator, has the same topology with bulk crystal
resonator. It is the hopeful candidate 'to teplace. the crystal resonator in Pierce
oscillator, and make Pierce oscillator be able to work-at the frequency from 200 MHz
to 1 GHz. The main advantage of the use‘of SAW resonator is the high quality factor
(unloaded quality factor: Q = 8000)." Although the fundamental frequency of SAW
resonator is up to 1 GHz, the shunt capacitance is similar to the low frequency crystal
resonator. The relative large shunt capacitor makes the insertion loss of n-feedback

network in conventional Pierce oscillator too large to overcome.

= Cb

—_—— e e —— =

= Resonator =

Fig. 4-1 Conventional Pierce oscillator.

58



In this section, a modified Pierce oscillator for SAW resonator is proposed to
prevent the large insertion loss caused by shunt capacitor of SAW resonator. A low
phase noise voltage controlled Pierce oscillator with SAW resonator at 622 MHz is
presented. The active part of oscillator is designed and fabricated with Taiwan
Semiconductor Manufacturing Company (tsmc) 0.18um CMOS process. The core
oscillation circuit consumes 10.2mA form +1.2V DC power supply. The measured
white phase noise floor is —175dBc/Hz for carrier offset frequency greater than 1 MHz.
The oscillator’s phase noise level at 10 kHz carrier offset frequency is

approximately —136dBc/Hz.

4.2 One-port SAW Resonator

In conventional Pierce oscillator circuits, the -crystal resonator is effectively
inductive and forms a highly frequeney:selective wnetwork with two capacitors which
provides the additional phase shift"necessary to sustain oscillation. But crystal
resonator is hard to be available which fundamental frequency is higher than 200
MHz. For this reason, one-port SAW resonator is chosen to replace crystal resonator
for high frequency application. One-port SAW resonator is good for frequency from
200 MHz to 1 GHz and the same topology with bulk crystal resonator. The typical
equivalent circuit model used for one port SAW resonator is shown in Fig. 4-2. This
models the motional arm as series R-L-C in parallel with a static capacitor Cy. The
static capacitor Cy is due to the inter-digital transducers (IDTs) of SAW resonator and
the stray capacitor of package between the terminals of SAW resonator. The typical
values at 622 MHz are given as L; = 42.22 uH, C; = 1.55 fF, R; = 20.2 Ohm, C, =

2.11 pF. Although the topology is similar to that in low frequency crystal resonator,
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the shunt capacitance Cy has a serious bad effect on the oscillation because of high
frequency operation. [49] This point is detailed in the following paragraph. The
reactance characteristics with frequency are shown in Fig. 4-3. F; is called the
resonant frequency and is where L; and C, are in series resonance and the resonator
looks like a small resistance R;. The frequency F, is the anti-resonant frequency and is
the point the where L;-C; look inductive and resonate with Cy to form the parallel

resonance frequency F,.

R1 L1 C1

Fig. 4-2 Equivalent circuit'for.one-port SAW resonator.

Reactance

Fig. 4-3 Reactance of SAW resonator.

4.3 Oscillator Design

The Pierce oscillator is designed to look into the lowest possible impedance

across the resonator terminals. The oscillation satisfies the Barkhausen criterion with
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closed loop gain =1 and phase shift equal 360 degrees. [48] As shown in Fig. 4-1, the
signal from the input to the output of the amplifier is phase shift 180 degrees. The
resonator appears as a large inductance since it is operating in the parallel mode
between F; and F,. In conjunction with C, and C,, the passive circuit forms a pi
network that provides an additional 180 degrees of phase shift from output to the
input. C, in series with Cy plus any additional stray capacitance forms the load
capacitance for the resonator. However, there exists some shunt capacitance in the
SAW resonator itself, which is often ignored by the SAW venders. [49] The
implications are illustrated in the followings. The insertion loss and the phase shift of
the SAW resonator in conjunction C, and Cy are shown in Fig. 4-4. The line A and the
line C are the insertion loss and phase shift respectively obtained without C, and Cs,.
The initial phase at 621 MHz is .negative rather'than positive as often observed in
crystal resonator. With increasing,C, and Cy, the,phase shift downward and reaches
finally the requirement of 180-degrees-as-shown in the line D. Unfortunately, the
minimum insertion loss also degrades from -1dB to -8 dB as shown in the line B. This
implies the amplifier needs to draw more DC power to overcome the insertion loss.

Accordingly, the efficiency of the oscillator is degraded.
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Fig. 4-4 Phase shift and insertion loss of open-loop simulation for conventional Pierce

oscillator.

To prevent the degradation of efficiencys-we-modify the Pierce oscillator as shown in
Fig. 4-5. An additional phase shift is inserted-in-series with the SAW resonator. The
insertion loss and the phase shift in the n feedback network in modified circuit are
shown in Fig. 4-6. In the beginning, the capacitances of C, and Cy, were trimmed until
the phase shift of 180 degrees at 622.2 MHz as shown in the line III. In this moment,
the insertion loss of m network as shown in line II is about 15dB too high to be
overcome. To achieve the Barkhausen’s criterion, the resonance phase shifter is
trimmed to have the minimum insertion loss coincidence with the frequency of 180
degrees as shown in line IV. We can see the minimum insertion loss before (line II)
and after (line I) adding the phase shift is almost the same. No larger power amplifier

is needed. The efficiency of oscillator is improved.
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Fig. 4-6 Phase shift and insertion loss of open-loop simulation for modified Pierce

oscillator.

In Fig. 4-6, we can find an extra 90 degree phase shifter is required. The phase

shifter can be implemented in different types, including transmission line, and lump

LC components. The 90 degree phase shifter can be implemented with a %

transmission line. While applied in the frequency of 622.08 MHz, the phase shifter
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constructed by lump LC circuits is the better choice because of the wave length in this
frequency is about 48 cm. The size of the transmission line phase shifter is
unacceptable. Here, we will discuss the method to design phase shifter with lump LC
components.

The After we decide the impedance Z, and phase shift 0 for the phase shifter we
need, the 2 x 2 transmission (ABCD) matrix can describe the two-port phase shifter as

follows:[50]

[A B} cos@ jZ, sin@

=| .sind cosd
C D J 7

o

Since Z, is 50 Q and 6= 90°, the ABCD matrix of the phase shifter can be expressed
A B| | 0 5
C D| |j0.02 0

T or = circuit, as shown in Fig."4-7 and Fig.-4-8, can achieve the requirement of the

as:

matrix. In T-circuit, Z3 is equal to —50and can realized with a capacitor C=5.11 pF.
For symmetric, Z; and Z, is the same value and equal to -Zs. Z; and Z, can be realized
with inductors L=12.79 nH. In nt-circuit, Y3 is equal to —j0.02 and can be realized with
an inductor L=12.79 nH. For symmetric, Y; and Y is the same value and equal to -Y.
Y and Y, can be realized with capacitors C=5.11 pF. Finally, we choose the n-circuit,
as shown in Fig. 4-9, for the phase shifter in the oscillator. By using n-circuit, the C,
and combined with C, and C; can absorb some parasitic capacitance from SAW
resonator. The final modified Pierce oscillator just has one more inductor and one

more capacitor than conventional Pierce oscillator.
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Fig. 4-7 The ABCD matrix for T-circuit.

o Y; O
Y Y,
o '}
A:1+£ B:L C:Y1+Yz+Yle D:1+£
Y, Y, Y, Y,

Fig. 4-8 The ABCD matrix for n-circuit.

L=12.79nH
(o) rYY\(]——O
C=5.11pF == == C,=5.11pF
(o) O

Fig. 4-9 The 90 degree phase shifter at 622.08 MHz.

The active part of this SAW oscillator is designed with tsmc 0.18um CMOS process.
The oscillator circuit is shown in Fig. 4-10. Because of the RF signal is input from the
gate and amplified after passing through the output drain terminal, the dominant noise
source is from the gate input terminal. This is because the noise source in an amplifier

system is due to following equation [51]:
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NF, -1 NF, -1
+

NF, = NF, + e —
G, G,G,...G,_,

Thus, the noise of the system with amplification is governed by the input stage,
where G;j is the gain of each stage amplifier. In core oscillation circuit, drive power
into the resonator should be kept at a safe minimum level to assure proper start up.
Excessive drive power will result in resonator fracture or long term frequency drift. If
multi-stage amplifier is used, the G, is not large enough to suppress the noise caused
by 2™ or 3" stage amplifier. To achieve the low phase noise, only one active transistor

1s used in the core circuit.

VDD VDD Ve VDD

M3 Z-“ ]E Mi _|E M4

Cl (€7

RIS | L

L Phase Shifter ——> Output

——12—

SAW-R

N
Rf

e ¢l 5

Fig. 4-10 Circuit diagram of active device of SAW oscillator.

Negative resistance is created by using the RF-NMOS device M2 in the common

source configuration. The device size of M2 is W/L = 192/0.18 (um). PMOS M1 and
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M3 are used as the current mirrors. M1 acts as the active load of M2. Rf is the
feedback resistor of M2. The chosen value of Rf is sufficiently large so that the input
impedance of the inverter and the resonator can be matched. The SAW resonator in
series with phase shifter is used as a frequency-determining element between the drain
and the gate of M2. The output power is coupled from the gate of M2 to the limiter

buffer amplifier constructed by M4 and M5.

Fig. 4-11 shows the linear simulation of open-loop frequency response using the
osc-port function of Agilent Advance Design System (ADS) software in order to
insure that negative resistance is large enough (|S;;| > 1) in the desired frequency. The
open-loop point is shown in Fig. 4-5. The oscillation starts when the phase of S;;
equals to zero and amplitude of S,y1s larger thafl one. The Barkhausen criteria are also

satisfied in this moment.

150 20

~ 100 10
i ’ I s«
@ 50 o @
T g ii —
v - = ik
o - Ik i
= 2 : =
[ 0] —-10

-50 1T r [ T 7T T 17T T 17T T 7] 7T -20

621.2 621.4 6216 6218 6220 6222 6224 622.6 622.8 623.0
freq, MHz

Fig. 4-11 Results of linear simulation using ADS.
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4.4 Oscillator Performance

The photograph of chip is shown in Fig. 4-12. The chip was fabricated by tsmc
0.18um CMOS process. Chip size is 850 x 465 um®. Table 4.1 is the summary of
SAW oscillator performance. The spectrums of oscillation in narrow and broadband
band scan are shown in Fig. 4-13 (a) and (b), respectively. The oscillator provides
4.0dBm of output power. Agilent ES052A Signal Source Analyzer was used to
measure the phase noise of the oscillator. The measured phase noise is shown in Fig.
4-14 at 622 MHz. Phase noise of -136dBc/Hz at 10 kHz offset represents the excellent

phase noise of this work.
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Fig. 4-12 Picture of the active part of the SAW oscillator.

Table 4.1: Measurement results for the SAW oscillator.

Output Frequency 622 MHz

Output Power 4.0dBm

Phase Noise -136 dBc/Hz @ 10 kHz offset
DC Power Supply 1.2V, I5SmA
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Mkre 622.21008 MHz

Ref 18 dBm Rtten 28 dBE 4,06 dBm
Peak
Log ﬁ
1@
dB/
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Center 622.2 MHz Span 508 kHz
Res BH 3 kHz VBH 3 kHz Sweep 71.58 ms (481 pts)
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Fig. 4-13 (a) Fundamental spectrum and (b) harmonics spectrum of oscillator.
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The comparisons of phase noise with other works are shown in Fig. 4-14. [52]
We can see the phase noise of this work is much lower than those in Vectron VS700
and the product of TXC. The reasons may be from the low noise process of device in
our work. As indicated in [53], the noise figure of the device by circuit-theory-derived

equation was given as

NE . =1+ 2]/%1 [y + ngg
t

Where R, is the gate resistance, f; is the unit gain frequency, f is the oscillation
frequency, and vy is the proportional constant of the drain current noise. In the above

equation, we can see larger f; can reduce,the NF .

-110

—e— Vectron VS700

-120 H
125 ] — —TXC
=130 5

—-— This Work

=

Phase Noise (dBc/Hz)

T T T LELELEL L T T LEL L I'Ii L T T rr l‘li L T T
10 100 1000 10000 100000
Offset (kHZ)

Fig. 4-14 Phase noise comparison for different SAW oscillators.

The product of TXC is fabricated by 0.35um CMOS process and this work is

fabricated by 0.18um CMOS process. The gate resistance is about 8Q/sq at 0.18um
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CMOS process and 35 Q/sq in 0.35um CMOS process. The f; of 0.35um CMOS
process is about 13 GHz and the f; of 0.18um CMOS process is about 34 GHz. The
large difference of f; and gate resistance between two difference processes makes the
low phase noise of this work. Another reason is only one transistor is used as active

device.
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Chapter 5

Balanced Oscillator with One-port SAW Resonator

5.1 Introduction

Balanced circuit topologies are widely used to enhance circuit’s performance,
such as differential amplifier and balance mixer. But how to generate accurate
antiphase signals is the most difficult part of circuit design. Traditionally, balanced
signals are obtain by the use of passive or active baluns. Several oscillator circuits
have been reported that have two identical oscillators operating in antiphase. The
resonators may be in the form of dielectric resonators [12], hairpin resonator[13],

microstrip patch resonators[14], ot 180 degree phase shifter[15].

A technique for generating-accutate-antiphase signals is presented in this work. A
simplified analysis of the balance oscillator and measurement results of two identical
oscillators with one-port SAW resonator at 433 MHz are presented to demo this
technique. Based on this balanced SAW oscillator, a push-push oscillator can be
constructed. By using the feature of the accurate antiphase signals, the phase noise

and the even harmonics of the push-push oscillator can be improved.

5.2 Oscillator Design

The core circuit of this balanced oscillator is a Colpitts oscillator stabilized with
one-port SAW resonator and is shown as Fig. 5-1. The base-to-emitter capacitors
cause each device to exhibit negative resistance, as well as some reactance. In the
SAW resonator, the surface waves are trapped between the two reflectors of Fig 2-1(a),

making multiple transits between them and creating a standing wave, like
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electromagnetic waves in a cavity resonator. This one-port SAW resonator serves as

the tank of the SAW oscillator and acts like a short-circuited % cavity, which the

zero node voltages and maximum node currents are at both of the terminals of the
resonator. Some important parameters of the transistor are listed in the Table 5.1 and
the equivalent circuit model of the one-port SAW resonator used in this oscillator is

shown as Fig. 5-2.

SAW

| Resonator

» Output

R1 L1 Cl1

o— ——o0
|
Co

L1=72uH

Cl=191fF

RI=13Q

CO =2.7pF

Fig. 5-2 Equivalent circuit model for one-port SAW resonator.

73



Table 5.1: Parameters of the transistor.

Characteristic Typical Value
DC Current Gain (hgg) 75 to 150
Gain Bandwidth Product (fr) 12.0 GHz
Feed-Back Capacitance (C;.) 0.4pF
Noise Figure (NF) 1.5dB

The oscillation condition can be expressed as:

r,-I,=1

This equation implies amplitude and phase conditions:

Il =1

0,+6,=0

Based on this core circuit, the balanced oscillator: is constructed by two identical
SAW oscillators and shown in Fig. 5-3. The-one-port SAW resonator acts as the tank
of the SAW oscillator and is also applied for the coupling network between two
identical oscillators. The oscillation frequency is the resonant frequency of the SAW
resonator which is under fundamental vibration mode. Under fundamental vibration
mode, the RF currents of the opposite plates of the resonator is out of phase, which
leads to the corresponding outputs of two identical oscillators 180° out of phase. Both

of the terminals of the resonator in the balanced oscillator are virtual ground because

. o A . .
the SAW resonator acts like a short-circuited 5 cavity, which the node voltages are

zero. The oscillation condition for the oscillator can be expressed as:

[, Tp=1and I',,-T},=1
For the balanced structure,

rA1 = FAZ = rA
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Where I', and I', are the same as the half-circuit shown in Fig. 5-2.
This equation implies amplitude and phase conditions as follows:
IFAI 'IFRI =1
0,+0,=0
So, we can make sure the behavior of the half circuit of balanced SAW oscillator is

the same as that of the one-side SAW oscillator.

—

I

| SAW

' Resonator
I

I

I

7 Y

I
I
I
| | > Q+ (0%
I
I

—
3
—
2

Q- (180°) | 41
i 1—IAZ

Fig. 5-3 Balanced oscillator with one-port SAW resonator.

I—wW\—

The outputs of the balanced oscillator possess inherently in phase in even
harmonics and 180° out of phase in odd harmonics. The differential outputs are fed to
a output coupling network (0° or 180° power combiner) and a push-push oscillator

will be available as shown in Fig. 5-4.
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Output Q+

Coupling
Network

Since the even harmonics responses for SAW resonator, as shown in Fig. 2-1, is
very weak, the push-push SAW oscillator is not suitable for operating at the twice
fundamental frequency. For fundamental frequency operation, the push-push SAW
oscillator can be used to suppress the even harmonics and improve the phase noise of
the oscillator when the resonators with higher quality factors are not available. The
strategy is using the 180° power combiner to cancel the undesired even harmonics and
add the correlated fundamental oscillation carriers. All even harmonics are in phase in
the balanced outputs and can in principle be completely cancelled. When the two
outputs are combined using an 180° power combiner, the balanced RF output voltages
are correlated and therefore to produce a 6-dB-higher combined output power. The

increase in combined output power will lead to the improvement in phase noise of

push-push oscillator.

Phase

Active
Devicel

Coupling
Network

Symme|try Line

Fig. 5-4 Principle of push-push-oscillator.
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5.3 Measurement and Discussion

The balanced SAW oscillator has been fabricated on FR4 substrate and its
photograph is shown in Fig. 5-5. The detail circuit is shown in Fig. 5-6. The size of
the pc board is 25mm x 25mm for the convenience of measurement. The oscillation
starts when the DC voltage supplies to the transistor is 3.0V and the ASK input is also

set to “High” (3.0V). Table 5.2 summarizes the data measured for the oscillator.

Table 5.2: Performance of balanced SAW oscillator.

Characteristic Measured Results
Frequency 433 MHz
DC Voltage (Vcce) 3.0V
DC Current o 2004000, 17mA
Power Congufﬁp;tiqlilTE ; "'S.ImW
Output RF Power s 3.0dBm

| ! f

Fig. 5-5 Photograph of balanced SAW oscillator.
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Fig. 5-6 Circuit diagram of balanced SAW oscillator with ASK switch.
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Lecroy WAVE pro 954 oscilloscope is used to measure the output waveforms of the
balanced oscillator. Fig. 5-7 shows the output waveforms of Q+ and Q-. We can see

the two outputs are almost the same amplitude and indeed 180° out of phase.

19-Dct-B4 HARDCOPY
-Az-
lﬁi lECrlJ'j T —output to—
B ons T
2EEmY T GPIE
+ RS5232
I Centronics
2 + /\’ Met Printer F
B ons \ / \é;., / \ \ —page Feed—,
2B mY ::::::::::::.::::::__>:<:::::::5:<:::::::.\EH On
¥ —protocol
. HP 7550 L
T TIFF h/w
T TIFF color
I BMP colaor
- BMP compr F
—hackground—,
Freqgtl) FE 431.703 MHz Blck
pkpk (1) TEEm lhite
Freg2) S 433.164 MHz
pkpk (23 TE1lmy
B ons
.z v s
% 2 Vs 4 05/s
g m/ - AC [ 1 OC B.064 v
4 5@ mV AC O  NORMAL

Fig. 5-7 Measured output waveforms of the balanced SAW oscillator.

HP 8561EC spectrum analyzer is used for the measurement of the oscillation
frequency and harmonic spectrum for this oscillator. Fig. 5-8~11 present measurement
results for the balanced oscillator. Fig. 5-8 and Fig. 5-9 show the harmonic spectrums

for the output Q+ and Q-.
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Output of Q+

00 02 04 06 08 10 12 14 16 18 20

Frequency (GHz)

Fig. 5-8 Harmonic spectrum of the output Q+.

Output of Q-

00 02 04 06 08 10 12 14 16 18 20

Frequency (GHz)

Fig. 5-9 Harmonic spectrum of the output Q-.

The harmonics spectrum of the balanced oscillator after the 180° power combiner is
shown as Fig. 5-10. The suppression of even harmonics is achieved by feeding output
signals to the 180° power combiner. Because even harmonics are in phase, they can in

principle be totally cancelled. By replacing 180° power combiner with 0° power
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combiner, Fig. 5-11 shows the suppression of odd harmonics and we can sure that the

fundamental outputs of the oscillator are nearly exactly 180° out of phase.

Subtraction (Q+, Q-)

00 02 04 06 08 10 12 14 16 18 20

Frequency (GHz)

Fig. 5-10 Harmoni¢ spectrun of the subtraction (Q+, Q-).

Sum (Q+, Q-)

00 02 04 06 08 10 12 14 16 18 20

Frequency (GHz)

Fig. 5-11 Harmonic spectrum of the sum (Q+, Q-).
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Table 5.3 reveals the harmonics before and after the 0° or 180° power combiners.
The 22dB reduction factor in the second harmonic after 180° power combiners is
remarkable. In the meantime, the degradation in third harmonic is negligible. It is
noted that the cancellation of second harmonic is limited by the difference between
these two identical oscillators, including the features of the transistors, circuit layout

and other passive components.

Table 5.3: Harmonics before and after the 0° or 180° power combiner.

Harmonics Ist 2nd 3rd
Output of Q-+ -2.50dBm  -24.17dBm -41.83 dBm
Output of Q- -2.50dBm  -2433 dBm -41.83 dBm

Subtraction (Q+,Q-)

3.000dBm ¢, -46.33 dBm -35.17 dBm
(180° power combiner) - |

]
Sum (Q+,Q-)

(0° power combiner)

i
-37.67 dBm  -19:00 dBm -60.50 dBm

Agilent ES052A Signal Source Analyzer was used to measure the phase noise of
the oscillator. The measured phase noise spectrum for this circuit is shown in Fig.
5-12. At 100 kHz offset from the carrier, the phase noise is about -158 dBc/Hz for
balanced outputs and -164 dBc/Hz for the output combined with 180° power
combiners. Beside an increase in output power level by about 6 dB, a significant
reduction in phase noise was also observed. Since the noise voltage perturbations
associated with the two identical active devices are uncorrelated with each other, the
noise voltage will keep the same level at the linearly combined output. Thus, a 6 dB
reduction in phase noise is expected, which is in good agreement with the

measurement results.
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Fig. 5-12 Measured phase noiseiof SAW oscillator at 433 MHz.

83



Chapter 6

Conclusions

In this thesis, we introduce the basic structure of piezoelectric resonators,
including SAW resonators and FBAR, and applied these different resonators for the
oscillators in UHF band. There are four types of oscillators with piezoelectric
resonators presented in this thesis: 2488 MHz voltage-controlled oscillator with STW
resonator, 2488 MHz voltage-controlled oscillator with FBAR, 622 MHz modified
Pierce oscillator with one-port SAW oscillator, and 433 MHz balanced oscillator with
one-port SAW resonator.

The tuning ability of the 2488 MHz voltage-controlled oscillator with STW
resonator achieves £200ppm and itssphase noise performance is 8dB better than the
other commercial products at offset [L00 kHz frequency. The white phase-noise floor
is about -170dBc/Hz. In the design phase of this oscillator, we found that the lower
phase noise of the oscillator can"not be achieved+by using the actives devices with
lower noise figure. By examining the residual phase noises of the main components in
the oscillator, we found that the residual phase noise of the STW resonator dominate
the phase noise of the oscillator, instead of active devices and the behavior of the
phase noise is shaped by the important factor of group delay.

For developing the voltage-controlled FBAR oscillator, a FBAR is designed and
fabricated with AIN thin film process. Using this resonator, a 2488 MHz
voltage-controlled oscillator was designed and constructed with lump circuit
components. The resonator is operated directly at the specific frequency 2488 MHz to
avoid the degradation of phase noise due to frequency multiplication. The tuning
capability achieves +6%. The 2nd harmonics of oscillator is suppressed below 40 dB.

The oscillator provides 14.5dBm of output power and consumes 65mA from +5V DC
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power supply. The temperature coefficients factor of the oscillator is about
-34.5ppm/°C which dominated by the FBAR.

The modified Pierce oscillator is studied. The active part of the oscillator is
designed and fabricated by tsmc 0.18um CMOS integrated circuit. With only one
NMOS transistor and an extra phase shifter, the oscillation can be easily obtained than
the conventional Pierce oscillator. The oscillator provides 4.0dBm of output power
and the core circuit consumes 10.2mA from +1.2V DC power supply. The total
current consumption is about 15mA from +1.2V DC power supply. The measured
white phase noise floor is —175dBc/Hz for carrier offset frequency greater than 1 MHz.
The phase noise level of the oscillator is approximately —136dBc/Hz at 10 kHz carrier
offset.

With a popular commercial® one-port SAW resonator, the behavior of the
balanced SAW oscillator is presented. The balanced SAW oscillator can provide pure
antiphase signals without using passive-or-active balun. The antiphase signals are
verified by feeding to a 0° or 180° power.combiner and the measurement results have
good agreements to that expected. By using an 180° power combiner, we can
construct a push-push topology oscillator and improve the phase noise by 6dB in

comparison with the single-end output.
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