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OSCILLATOR CHARACTERIZATION IN TIME DOMAIN 

 

 

  ABSTRACT 

 

 

To characterize an oscillator in time domain, frequency stability and accuracy 

are the main issues. The term of accuracy can be defined as the deviation from the 

standard of the quantity that was being measured. Meanwhile, the term of Stability 

means the variation of measurement samples. In order to characterize the accuracy and 

stability of an oscillator, a large number set of frequency data can be calculated through 

statistical method named Allan Deviation. This project focuses on a method to 

investigate the frequency stability of the quartz crystal oscillator and synthesizers in 

time domain by using Allan Deviation. 
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CHAPTER 1  

 

 

 

        INTRODUCTION 

 

 

 

Instability in oscillators can be characterized in the time domain. A review of the 

methods is followed by investigation of a particular method to conduct some test and 

measurement. When it comes to characterize an oscillator, the frequency stability is an 

important issue to be studied.  

 

 

 

1.1 Aim  

 

       The project aims to study the Oscillator frequency stability and characterization in 

Time Domain. 

 

 

 

1.2  Background and Motivation  

 

The Allan variance is a statistical measure, developed in the 1960’s by the 

American physicist David W. Allan. With its aid, data series measured by devices like 



2 
 

oscillators or gyroscopes can be analyzed with regard to their stability. There exist 

further developments of the Allan variance. This student research project considers 

mainly the normal Allan deviation. The result of an Allan variance computation is the 

so-called sigma - tau diagram. This diagram provides information about the stability and 

beyond, it allows identification of various random processes that exist in the series of 

measurement [15].  

 

 

 

1.3 Objectives 

 

        The main objective of this project is to design and study the frequency stability of 

quartz crystal oscillator. A quartz crystal controlled oscillator will be designed through 

algorithms and served as device under test of this project. Therefore, the knowledge of 

the basic electronics such as circuit theory, analogue electronics is required in this 

project. 

 

After the quartz crystal oscillator is fully constructed, frequency stability 

measurement will be setup to perform testing on the crystal oscillator frequency stability. 

Thus, this project provides learning opportunity to design and to conduct sophisticated 

test by using advanced test instruments.   
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1.4 Report’s Guidance  

 

 Chapter 1 is about the introduction. The aim, objectives are stated at here to 

provide an overview of this project. 

 

Chapter 2 is the literature review. All the important studies that had been 

reviewed by author are summarized in this chapter such as Frequency stability in time 

domain, Allan Variance.  

 

Chapter 3 is the project design and methodology. The method to carry out the 

frequency stability measurement of oscillator will be discussed further in this chapter. 

 

Chapter 4 is about the implementation and development. The process and the 

making of the project will be exposed in this chapter.  

 

Chapter 5 is for the results and discussion. All the results of the project are 

justified by using measurements and discussions are held.  

 

Chapter 6 is conclusion and recommendations. This chapter summarizes the 

suggestions and solutions from author towards the projects and the future work. 

 

 



 

 

 

CHAPTER 2 

 

 

 

LITERATURE REVIEW 

 

 

 

2.1  Quartz Crystal  

 

2.1.1  What is Quartz? 

 

The technical formula is SiO2 and is the major constituent in many rocks and 

sand. The crystalline form of SiO2 or quartz is relatively abundant in nature, but in the 

highly pure form required for the manufacture of quartz crystal units, the supply tends to 

be small. The limited supply and the high cost of natural quartz have resulted in the 

development of a synthetic quartz manufacturing industry. [1] 

 

2.1.2  What is Quartz Crystal Units? 

 

Quartz units consist of a piece of piezoelectric material precisely dimensioned 

and orientated with respect to the crystallographic axes. This wafer (also called plate or 

blank) has one or more pairs of conductive electrodes, formed by vacuum evaporation. 

When an electric field is applied between the electrodes the piezoelectric effect excites 

the wafer into mechanical vibration. Quartz crystal units (often called crystal resonators) 

are widely used in frequency control applications because of their unequalled 

combination of high Q, stability, small size and low cost. [1] 
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2.1.3  How Piezoelectricity Works for Quartz Unit 

 

The word piezo-electricity takes its name from the Greek piezein “to press”, 

which literally means pressure electricity. Certain classes of piezoelectric materials will 

in general react to any mechanical stresses by producing an electrical charge. In a 

piezoelectric medium the strain or the displacement depends linearly on both the stress 

and the field. The converse effect also exists, whereby a mechanical strain is produced in 

the crystal by a polarizing electric field. This is the basic effect which produces the 

vibration of a quartz crystal. [1] 

 

2.2  Quartz crystal cuts  

 

That crystal units can have zero temperature coefficients of frequency is a 

consequence of the temperature coefficients of the elastic constants ranging from 

negative to positive values. The locus of zero-temperature-coefficient cuts in quartz is 

shown in Figure 1. The X, Y, and Z directions have been chosen to make the description 

of properties as simple as possible. The Z-axis in Figure 2.1 is an axis of threefold 

symmetry in quartz; in other words, the physical properties repeat every 120° as the 

crystal is rotated about the Z-axis. The cuts usually have two-letter names, where the "T" 

in the name indicates a temperature-compensated cut; for instance, the AT-cut was the 

first temperature-compensated cut discovered. The FC, IT, BT, and RT-cuts are other 

cuts along the zero temperature coefficient loci. These cuts were studied in the past 

(before the discovery of the SC-cut) for some special properties, but are rarely used 

today. The letters SC stand for “stress compensated”. The highest-stability crystal 

oscillators employ SC-cut or AT-cut crystal units. The most commonly used type of 

resonator is the AT-cut. The AT cut is the most commonly used of these "high 

frequency" cuts. It is estimated that over 90% of quartz crystals produced today are AT 

cuts. [3]  
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             Figure 2.1 Zero temperature –coefficient cuts of quartz  
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2.3  Quartz Crystal equivalent circuit  

 

 

 
Figure 2.2 Crystal equivalent circuits  

 

The schematic symbol for a quartz crystal is shown in Figure 2.2 (A). The 

equivalent circuit for a quartz crystal near fundament resonance is shown in Figure 2.2 

(B)[4]  

 

The equivalent circuit is an electrical representation of the quartz crystal 

mechanical and electrical behavior. The components C1, L1, and R1 are called the 

motional arm and represent the mechanical behavior of the crystal element. C0 

represents the electrical behavior of the crystal element and holder. [4]  

 

C1 represents motional arm capacitance measured in Farads. It represents the 

elasticity of the quartz, the area of the electrodes on the face, thickness and shape of the 

quartz wafer.  

 

L1 represents motional arm inductance measured in Henrys. It represents the 

vibrating mechanical mass of the quartz in motion.   

 

R1 represents resistance measured in ohms. It represents the real resistive losses 

within the crystal. 
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C0 represents shunt capacitance measured in Farads. It is the sum of capacitance 

due to the electrodes on the crystal plate plus stray capacitances C’0 due to the crystal 

holder and enclosure.  

 

 

 

2.4  Quartz crystal resonant frequency 

 

 
   Figure 2.3 Crystal resonant frequency [5] 

 

Resistive (Re) and reactive (Xe) represents the equivalent circuit of the resonator 

in Figure 2.2 (B) and as a function of the frequency in Figure 2.3 [5]. 

. 

Xe is zero at two frequencies. The lower frequency is denoted as fR which is the 

resonance frequency. At fR, Re is approximately R1. The resonator reactance appears 

inductive between the two zeros of Xe, the operating point of the resonator, fs is normally 

somewhat above  fR [4]. 
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fs   =    - (2.1)  

 

        This is the basic equation for the resonant frequency of an inductor and capacitor in 

series. Series resonance is that particular frequency which the inductive and capacitive 

reactance is equal and cancels: XL1 = XC1 [4]. When the crystal is operating at its series 

resonant frequency the impedance will be at a minimum and current flow will be at a 

maximum [5].  
 

        The second resonant frequency is the anti-resonant frequency fa.  The upper 

frequency at which Xe equals zero is usually denoted the anti resonance frequency fa. At 

this point Re is nearly a maximum [5].  

 

fa   =    - (2.2)  

 

This equation combines the parallel capacitance of C0 and C1. When a crystal is 

operating at its anti-resonant frequency the impedance will be at its maximum and 

current flow will be at its minimum. 

 

Observe that fs is less than fa and that the specified crystal frequency, fXTAL is 

between fs and fa such that fs < fXTAL < fa.  

 

This area of frequencies between fs and fa is also called the “area of usual parallel 

resonance” or simply “parallel resonance [4]. 

1. At fs the crystal acts as a series resonant circuit. 

2. At fa the crystal acts as a parallel resonant circuit. 

The resonant frequency is often referred to as the fundamental frequency, and the 

harmonic frequency is served as overtones [4]. However, the author will focus on the 

fundamental frequency in the project due to the simplicity of the design.   
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2.5  Series vs Parallel Resonant Crystals 

 

There is no difference in the construction of a series resonant crystal and a 

parallel resonant crystal, which are manufactured exactly alike. The only difference 

between them is that the desired operating frequency of the parallel resonant crystal is 

set 100 ppm or so above the series resonant frequency. Parallel resonance means that a 

small capacitance, called load capacitance (CL), of 12 to 32 pF (depending on the crystal) 

is placed across the crystal terminals to obtain the desired operating frequency [4]. 

 

Figure 2.4 Load capacitance (CL) in parallel with the crystal equivalent circuit. 

 

 

 

2.5.1  Crystal Pulling 

 

Series or parallel resonance crystals can be pulled from their specified operating 

frequency by adjusting the load capacitance (CL) the crystal that is connected in the 

circuit. 

 

An approximate equation for crystal pulling limits is: 

 

) – (2.3)  

 

Where f  is the pulled crystal frequency (also known as the load frequency) minus fs. 
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Crystal pulling technique is useful to tune the circuit to the exact operating 

frequency desired. The limits of ∆f depend on the crystal Q and stray capacitance of the 

circuit. If the shunt capacitance, motional capacitance, and load capacitance is known, 

the average pulling per pF can be found using [4]: 

 

 – (2.4)  
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2.6  Principle of oscillators  

 

 

 

2.6.1  Oscillators feedback  

 

 

 

 

 

 

 

 

 

 

   
Figure 2.5 positive feedback system 

 

The closed – loop gain  Af   of this positive feedback system can be derived as : 

 

νe  = νi  + νf      - (2.5) 

νf  =  βνo      - (2.6) 

νo  =  Aνe     -(2.7) 

νo  =  A(νi  + βνo)   - (2.8) 

Af  =  =    - (2.9) 

Af  can be made very large by making 1 – Aβ → 0 , the amplifier will be unstable 

when 1 – Aβ = 0. The loop gain becomes Aβ = 1.  This relation is also known as 

Barkhausen criterion [6].  

By expressing the loop gain in polar form  

 Aβ = 1  0°  or  1  360°          - (2.10) 

 

       Amplifier  

  A 

   Feedback circuit  

   β 

+ 

+ νo 

νf 

νe 
νi 
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2.7  Idealized pierce oscillator 

 

The table indicates the oscillator node which when connected to datum converts 

the oscillator. The datum is normally the familiar ground point or plane. The connection 

of the appropriate node to ground point or plane. The connection of the appropriate node 

to ground has important effects upon the following [5]:  

 

· The manner in which the dc power is fed to the oscillator and the consequent 

loading effects on the   ac circuitry. 

· The manner in which the output power is fed to the external load. 

· The distribution of the stray elements to the ground plane which has important 

effects, particularly at high frequency. 

 

 

 
 

Figure 2.6 AC representation of the Pierce family of the oscillators  
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  Figure 2.7 Schematic of the Pierce oscillators  

 

  Figure 2.8 Pierce oscillator detailed schematic  

 

 

For a crystal resonator, I3 = Ix .  
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2.8  Standards measurement for the Crystal Industry 

 

IEC 444 standard is the commonly recognized method by the crystal industry and 

also acceptable by most crystal vendors. The IEC-444 Standard defines a method of 

measuring the series resonant frequency and motional parameters of a quartz crystal 

using a frequency synthesizer and a vector voltmeter [6]. A block diagram of this system 

is shown in figure 2.9. 

 

 
 

Figure 2.9 IEC -444 standard for transmission measurement system.  
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2.9  BJT amplifiers with low 1/f AM and PM Noise 

 

The design criteria of the BJT amplifiers with low 1/f AM and PM Noise will be 

discussed in details here since the design criteria are derived from the theory that relates 

AM and PM noise to transconductance fluctuations, junction capacitance fluctuations, 

and circuit architecture [8].  

 
 

Figure 2.10 Hybrid π model of CE amplifier  

 

 

 

2.9.1  Noise equation 

 

The noise equation for an amplifier with voltage gain =  (where  is the 

magnitude and is the phase shift) , the AM noise is given by [8]:  

    Sa (ƒ) =  [   ]  +  – (2.11)  

And the PM noise is given by:  

                                     SΦ (ƒ) =  [   ] +  – (2.12)  

 

 refers to the fluctuation in the voltage gain due to current noise , voltage 

noise , and impedance fluctuations and BW is the bandwidth of the measurement.  

 which depends on dc current, dc voltage, circuit parameters, carrier 
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frequency, and Fourier frequency, is the result of baseband 1/f noise up-converted to the 

carrier frequency. 

 refers to the fluctuations in the phase shift of the amplifier due to current 

noise, voltage noise, and impedance fluctuations, and is also a function of dc current, dc 

voltages, circuit parameters, carrier frequency and Fourier frequency [8]. 

 

 

 

2.10  Frequency stability in time domain  

 

2.10.1  Noise model  

 

V(t) = [ Vo + ε(t) ] sin [2πνo t  + Φ(t) ]  - (2.13)  

 

Where  Vo = nominal peak output voltage 

 ε (t) = amplitude variation 

           o = nominal frequency 

             Φ(t) = phase deviation 

For the analysis of frequency stability, we are primarily concerned with the ϕ (t) 

term. The instantaneous frequency is the derivative of the total phase. 

 

(t) = o  +      - (2.14)  

 

  y( t ) =  =  =     =    - (2.15)            

 Where x(t) = Φ(t) / 2  – (2.16)  

 

The time domain stability analysis of a frequency source is concerned with 

characterizing the variables x(t) and y(t), the phase (expressed in units of time) and the 

fractional frequency, respectively. It is accomplished with an array of phase and 
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frequency data arrays, xi and yi respectively, where the index i refers to data points 

equally-spaced in time. The xi values have units of time in seconds, and the yi values are 

(dimensionless) fractional frequency, ∆f/f. The x(t) time fluctuations are related to the 

phase fluctuations by Φ(t) = x(t) . 2  where  is the nominal carrier frequency in 

Hz. The data sampling or measurement interval, τo has units of seconds. The analysis or 

averaging time, τ, may be a multiple of τo (τ = m τo where m is the averaging factor) 

[9].  

 

 

 

2.11  Allan Variance  

 

The Allan variance is the most common time domain measure of frequency 

stability. Similar to the standard variance, it is a measure of the fractional frequency 

fluctuations, but has the advantage of being convergent for most types of clock noise. 

There are several versions of the Allan variance that provide better statistical confidence, 

can distinguish between white and flicker phase noise, and can describe time stability. 

The original Allan variance has been largely superseded by its overlapping version [9]. 

The original non-overlapped Allan, or 2-sample variance, AVAR, is the standard 

time domain measure of frequency stability. It is defined as  

 

  

Where y
i 

is the ith of M fractional frequency values averaged over the 

measurement (sampling) interval, τ. Note that these y symbols are sometimes shown 

with a bar over them to denote the averaging [9].  

 

 

 

 

- (2.17) 



19 
 

In terms of phase data, the Allan variance may be calculated as 

 

Where xi is the ith of the N = M+1 phase values spaced by the measurement 

interval τ. The result is usually expressed as the square root, σy(τ), the Allan deviation, 

ADEV [9]. 

 

 

 

2.12  Time Domain Stability 

 

The stability of a frequency source in the time domain is based on the statistics of 

its phase or frequency fluctuations as a function of time, a form of time series analysis. 

This analysis generally uses some type of variance. For many divergent noise types 

commonly associated with frequency sources, the standard variance, which is based on 

the variations around the average value, is not convergent, and other variances have been 

developed that provide a better characterization of such devices. A key aspect of such a 

characterization is the dependence of the variance on the averaging time used to make 

the measurement, which dependence shows the properties of the noise. 

Time domain stability measures are based on the statistics of the phase or 

frequency fluctuations as a function of time [9]. 

 

 

 

 

 

 

 

- (2.18) 
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2.13  Sigma-Tau Plots 

 

The most common way to express the time domain stability of a frequency 

source is by means of a sigma-tau plot that shows some measure of frequency stability 

versus the time over which the frequency is averaged. Log sigma versus log tau plots 

show the dependence of stability on averaging time, and show both the stability value 

and the type of noise. The power law noises have particular slopes, α, as shown on the 

following log σy(τ) vs. log τ plots, and α and μ are related as shown in the table below [9]: 

  

 

Table 2.1 Slope of different noise type in sigma tau plots 

 

Noise α Μ 

W PM 2 -2 

F PM 1 ~ -2 

W FM 0 -1 

F FM -1 0 

RW FM -2 1 

                  

 

 

      Figure 2.11 Example of sigma tau diagram  
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2.14  Quartz Frequency Standards - Accuracy, Stability, and Precision 

 

Oscillators exhibit a variety of instabilities. These include aging, noise, and 

frequency changes with temperature, acceleration, ionizing radiation, power supply 

voltage, etc. The terms accuracy, stability, and precision are often used in describing an 

oscillator's quality with respect to its instabilities. Figure 2.12 illustrates the meanings of 

these terms for a marksman and for a frequency source [10]. (For the marksman, each 

bullet hole's distance to the center of the target is the "measurement".) 

 

 

Figure 2.12 Accuracy, stability, and precision examples for a marksman, top, and for a 

frequency source, bottom.  

 



 

 

 

CHAPTER 3 

 

 

 

PROJECT DESIGN AND METHODOLOGY 

 

 

 

3.1  Methodology  

 

In this project, the author had chosen beat frequency method to measure 

frequency stability of his designed oscillator. There are several factors that affect the 

frequency stability of an oscillator include noise, temperature, variations in the load and 

changes in the DC power supply. To measure the oscillator frequency stability, beat 

frequency method or heterodyne frequency measuring will be used [11].   

 

Figure 3.1 Frequency fluctuation measurements by using the beat frequency method  
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The signal comes from two independent oscillators are fed into the two ports of 

mixer as shown in Figure 3.1. The mixer mixes (subtracts) the two sources being 

compared, and measures the resulting beat frequency (difference frequency) [11]. 

Difference frequency or the beat frequency is obtained as the output of low pass 

filter which follows by mixer (Mini-Circuits ZAD -1-1+ Frequency Mixer). This beat 

frequency is then amplified and fed to a frequency counter.   

The frequency counter (Agilent 53132A Universal Frequency Counter) is 

connected to computer by using a GPIB interface (Agilent 82357B USB/GPIB Interface 

High-Speed USB 2.0) which allows the beat frequency data recording.  

Once a beat frequency is measured from the frequency counter, beat frequency 

data will be recorded by software (Agilent
® 

IntuiLink for Frequency Counters, Version 

1.2.2) in a desired sampling interval.  The beat frequency data will be compiled by the 

software in Microsoft
®

 Excel format that allows author to perform time domain 

frequency stability analysis. 

However, the measured beat frequency data must be the proper type of number 

format, sampling interval (tau) and number of samples to support the analysis on the 

Allan variance [11].   

The beat frequency method is the standard method to measure Allan variance, or 

more precisely to measure the frequency deviation of the device under test from the 

frequency standard [11]. 

After go through several of guidance and reference, the author requires to build  

few electronic devices in order to implement the beat frequency method. The devices 

that need to be built are stated as following:  

 

1. Quartz Crystal oscillator  

 The quartz crystal oscillator will act as a device under test or reference oscillator 

for beat frequency method to measure its frequency stability in time domain.        

                                                                                                         

2. Buffer amplifier for quartz crystal oscillator   

The amplifier will act as a buffer at quartz crystal oscillator output to amplify its 

output signal. 
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3. Low pass filter 

The low pass filter will pass the low frequency signal from the output of the 

mixer to the frequency counter.  
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3.2  Low pass filter design 

 

 

 

 

   

  Figure 3.2 Low pass filter with 50 Ω characteristic impedance  

 

In this project, author tends to design a 5
th

 order Butterworth LC type low pass 

filter with 50 Ω characteristic impedance and 1 MHz cutoff frequency. The LC network 

consists of reactive elements forming a ladder, usually known as a ladder network.  The 

order of the network corresponds to the number of reactive elements [12].   

 

 

 

 

   Figure 3.3 LC ladder network  

 

 

3.2.1  Perform impedance and frequency scaling 

 

This filter can be converted into a low-pass filter, which meets arbitrary cutoff 

frequency and impedance level specification by using frequency scaling and impedance 

transform.  For a new load impedance of Ro and cutoff frequency of wo, the original 

resistance Rn , inductance Ln and capacitance Cn are changed by the followings only the 

element values are scaled down or up to reflect the new specifications [12].   

 

noRRR =   -  (3.1)        

L1=g2 L2=g4 

C1=g1 C2=g3 
RL 

RS 

 

  A Filter 

   H(w) 

 

V1(w) 

 

V2(w) 

RS =50 

RL = 50 
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o

n
o

L
RL
w

=  - (3.2)          

 
oo

n

R

C
C

w
=  - (3.3)        

 

 

 

3.3  Quartz crystal oscillator design 

 

When comes to design a quartz crystal oscillator, there are several design option 

that author need to choose in order to achieve high frequency stability quartz crystal 

oscillator. Several design considerations that need to decide such as quartz crystal types, 

oscillator circuit types, quality of frequency stability, transistor characteristics, circuit 

parameter and others. [5]   

 

Table 3.1 Self limiting Bipolar Transistor Oscillator Circuit Selection  

 

Oscillator Type Frequency 

Range 

Relative 

Frequency 

stability  

 
Isolation  

Normal Pierce Coll.lim.  0.5 to 50 Medium  <  Poor 

Be lim. 0.5 to 75 Highest  <  Poor 

Isolated 

Pierce 

 1 to 30 Medium To 200 Good for R 

Poor for X 

Normal 

Colpitts 

Coll.lim. 1 to 40  Medium <  Poor 

Be lim.  1 to 60  High <  Poor 

Semi-isolated 

Colpitts 

M = 1 1 to 30   Medium  To 20 Poor to Good 

 

 1 to 60 High for Lo 

 

To 100 Very Good  

Butler XA = 0  20 to 200 Medium To 100 Poor  

Stable 20 to 200 Medium To 100 Poor 
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The specifications of the oscillator can be classified in several aspects [5]:  

 

i) Output range  

The ratio, η, the power output is divided by power dissipated in the main frequency 

determining element which is usually called the drive power,   or   in crystal 

oscillator.  In general, the stability of an oscillator circuit is lower as η is increased. For 

many circuits,  η << 1. The lower the drive power the higher the long- term stability.  

 

 ii) Relative frequency stability  

This indicates the contribution of the circuit to the stability of the oscillator.  

 

iii) Isolation  

Isolation is meant the effect of changes in the load impedance upon the frequency ƒ. 

 

iv) Frequency range  

Frequency range is meant that the frequency ƒ at which the circuit will operate with a 

suitable crystal.  

 

v) Manner of limiting  

The type of limiting used (e.g., self limiting, diode – limiting, ALC limiting, auxiliary 

transistor(s) limiting). In general, the circuits which have auxiliary devices or circuits for 

limiting purpose have higher stability. 

 

 

 

 

 

 

 

 

 



28 
 

Table 3.2 Quartz Vibrator parameter range  

 

 By referring to the table 3.1, the normal pierce be cutoff limiting had the highest 

frequency stability among the others circuit. Thus, the decision was made since it 

fulfilled the requirement in this project that is to measure its frequency stability in time 

domain.  The operating frequency range of the oscillator that is chosen by author is 

3.2768MHz.  

 

 

 

3.4  Design algorithms for Pierce oscillator, be Cutoff limiting  

 

3.4.1  Schematic Diagram  

 

The Pierce oscillator, be cutoff limiting schematic diagram and the design 

algorithms was adapted from the book “Design of Crystal and Other Harmonic 

Oscillators” written by Benjamin Parzen.  

Some precautions have to take while designing this circuit because the stray 

elements which are a function of the physical layout are not shown in this circuit; these 
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stray elements can strongly influence the oscillator performance, especially at higher 

frequencies [5]. 

 

 
Figure 3.4 Pierce oscillator, be Cutoff limiting schematic diagram 
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3.4.2  Use of the algorithms  

 

The component values of the circuit can be calculated through the design 

algorithms [5] that were programmed by using Microsoft® Excel. Thus, the 

programmed Microsoft ® Excel will act as a programming calculator to calculate the 

complex equation instead of performing the calculation manually. By using the 

programmed calculator, it eases the complex calculation of circuit and makes the task 

more efficient.  

 

 

 

3.5  Design algorithms for Pierce Oscillator, be cutoff limiting  

 

3.5.1  Oscillator specification  

 

· ƒ                    -  Operating frequency ( MHz) 

· Px          -   Crystal dissipated power (mW)   

· VBB            -   Power supply voltage (mv) 

· PL               -  Power Output (mW) 

 

3.5.2  Crystal Data  

 

 

· N              -   Crystal operating mode       

· d ƒ            -  Offset frequency between operating & load frequency    

· C1                -  Motional capacitance  

· RL  -  Load resistance 

· CL  -  Load capacitance  

· C0  -  Static capacitance 

· C’0   -  Static capacitance  

· Qx  = 
ƒ

          -  Resonator quality factor 
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· ΔX/(Δ ƒ / ƒ)  = 
ƒ

            -  Reactance per fractional frequency  change 

· R1  =  ] 
2 
RL                 -   Motional resistance  

· Rdf   = 
′ ′

                    -       Operating resistance 

· Ix  =                       -          Crystal current  

· CLdƒ   =[  - ′           -        Load capacitance for df 

 

3.5.3  Transistor Data  

 

· βo       -  Small - signal current gain 

· ƒT       -   Gain bandwidth product  

· Cbet      -  Base emitter transition capacitance  

· Ccb    -   Collector – base capacitance  

· Cce     -  Collector – emitter capacitance  

· BVCE     -  Collector – emitter voltage  

· BVBE    -  Base – emitter voltage  

· Pdis    -  Power dissipation 

 

 

3.5.4  Predefined Circuit Parameter 

 

· α = 0.3                -   Ratio  

· γ1 = 1.4              -  Ratio  

· Vbe  = 113 mv         -  Small signal Base – emitter voltage         

 

3.5.5  Other circuit parameter  

 

· η  =            -  Power efficiency  

· VL  =  0.22 BVCE        -  Load voltage 
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=          

· RL  =       -  Load resistance  

 

· VE    = VBB – [2.1 (VL +Vb )] – 1700   -  DC Emitter voltage  

If  VE   >  VBB/2 , take VE   =  VBB/2 

· R2  = η Rdf   -     -  Part of the output reactance  

· X2  =       -  Part of the Output reactance  

· X1 =        -  Part of the Input reactance  

· gm  =  ]     -  Transistor transconductance 

· Ie  = gm Vb     -  AC Emitter current    

· IE  =       -  DC Emitter current  

· r2 =       - Emitter resistance 

· rb  =        -  The Thévenin source resistance  

· rb2  =     -  DC biasing resistance 

· rb1  =       -  DC biasing resistance 

· Rin  =      -  Input resistance 

· Rb  =     - Base resistance 

 

3.5.6  Other circuit component data  

 

· C1  =     -  Part of the input capacitance 

· Cbed  =     -  Capacitance between base and emitter 

· MM   ≈     -  Miller effect factor 
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· C1M  = Ccb  (1 + )   -  Capacitance with Miller effect 

· C
’
1  =  C1 – Cbed – C1M – Cbet  -  Part of the real input Capacitance 

 

· Check whether N =1   -  Checking for the crystal operating mode 

if yes , s
2
 = 0.2  

if no , s = 1 –  

 

· XCN  = (1- s
2
 ) X2  -  Part of the circuit output reactance 

  

· CN =     -  Part of the circuit output capacitance 

· C
’
N  =  CN  - Cce  - CCb(1 + MM ) -  Real operating output capacitance 

· XLN  =    -  Part of the output inductive reactance  

· LN  =     -  Part of the output inductance  

     

· Xcr2 =     -  Emitter bypassed reactance   

 

· Cr2 =    -  Emitter bypass capacitance   

· XCL  =   -  Load capacitance reactance   

· C’L =    -  Real operating Load capacitance  

· Qop =  - Operating quality factor 

 

 

Noted that the design algorithms do not allow for component losses except where 

specifically stated in the algorithm. Therefore, when highly lossy components are used, 

the calculated circuitry may be substantially in error, unless they are included in RL [5]. 
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3.6  BJT Amplifiers with low 1/f AM and PM noise 

 

 

 
     

                             Figure 3.5 Circuit diagram for CE amplifier  

 

After going through a several design examples, the author had chosen the CE 

amplifiers at 5 MHz carrier frequencies since the frequency range of the designed quartz 

crystal oscillator will be at frequency 3.2768 MHz [8]. Another reason to choose this 

design is because the circuit had provided a 4: 1 transformer at the output to reduce the 

output impedance at collector resistor. To find the reduced output impedance at the CE 

amplifier, use impedance transformation formula of transformer as shown below: 

 

Z’L =   =   = a
2  

   - (3.4)
 

Z’L  =              - (3.5)  
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i.e. 

Since the given turns ratio, a = 4 and Z’L = 1000 Ω 

   =     - (3.6) 

 

   =   

 

   = 62.5 Ω ( ≈ 50 Ω)  

 

 

Since the output impedance is reduced to ZL ≈ 50 Ω, it provides a 50 Ω 

termination at the input of the mixer which suited the design criteria of the author. 

 

The design example also contains some of the circuit parameter which can be 

categorized in the table below [8]: 

 

Table 3.3 CE low noise amplifier design parameter 

 

DC current  6 mA  

DC gain  0 dB  

Collector – Base Voltage  2.8 V 

High rf gain  22 dB 
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The transistor model used in this design example is 2N2222A. The table below 

shows the parameters for the transistor in the 5 MHz CE amplifier [8]. 

 

Table 3.4 Transistor data in CE low noise amplifier  

 

ƒT     300 MHz  

Cbe 25 pF  

Cbc 8 pF  

 

 

The results of the PM and AM noise results for this amplifier are shown below : 

 

 

Figure 3.6 AM and PM noise for 5MHz carrier frequency CE amplifier



 

 

 

CHAPTER 4  

 

 

 

IMPLEMENTATION AND DEVELOPMENT  

 

 

 

4.1  Implementation for Pierce Oscillator, be Cutoff Limiting  

 

4.1.1  Measurement of Quartz Crystal  

 

A Resistive Pi circuit had been built based on the IEC – 444 standards to measure the 

series resonant frequency of the quartz crystal [6].  

 

   

Figure 4.1 Schematic diagram for IEC – 444 Resistive Pi circuit    

 

For :  

Resistor 159 Ω, choose 270 Ω || 390 Ω (159.5Ω ± 1%) 

Resistor 14.2 Ω, choose 15 Ω || 270 Ω (14.21Ω ± 1%)  

Resistor 66.2 Ω, choose 120 Ω || 150 Ω (66.6 Ω ± 1%) 
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4.1.2  Crystal Data  

 

The crystal model that is used for the Pierce Oscillator be Cutoff Limiting design is 

HC49U – 3.2768M1630F. (Refer to the appendix A) 

 

Table 4.1 Crystal HC49U – 3.2768M1630F specification  

 

Crystal Characteristics  Value  

Nominal frequency  3.2768 MHz  

Holder type  HC49U 

Frequency Tolerance   30ppm at 25 C  

Operating Temperature Range -10 C ~ + 60 C   

Loading capacitance  16 pF  

Oscillation mode  Fundamental  

Drive level  100 μW 

  

 

For loading capacitor CL = 16 pF, choose 15pF series with 10 pF then parallel with 10pF 

capacitor.    

Next, the oscillator power output PL is defined by designer which is equal to 0.03333 

mW and note that the drive level in the datasheet is the crystal dissipated power Px 

which is equal to 100 μW. Thus, the power efficiency PL / Px is equal to 0.3333 which is 

the design criteria.  
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4.1.3  Series resonant frequency measurement  

 

 

 

Figure 4.2 Instek Arbitrary / Function Generator SFG – 830 (right), Resistive Pi 

Circuit (bottom mid), Instek Spectrum Analyzer GSP -810 (left) 

  

The setup for the resonant frequency measurement can be performed by 

connecting output of the arbitrary function generator to the input of the resistive pi 

circuit and the output of the resistive pi circuit to the 50 Ω RF input of the spectrum 

analyzer.  

 

First, the arbitrary function generator is set to 3.2768MHz which is same 

frequency with the nominal frequency of the quartz crystal; the spectrum analyzer is also 

set with 3.2768MHz of center frequency, -30 dBm of reference level, 30 KHz of 

resolution bandwidth and 200 KHz of span frequency until an explicit signal can be 

observed from the spectrum analyzer. 

 

Observation can be made on the signal until it is modulated to reach the 

maximum gain on the spectrum analyzer LCD screen by using the arbitrary function 

generator with suitable frequency step size.  
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Once the signal had reached the maximum gain during the modulation, it was the 

series resonant frequency without the loading capacitance. Thus, the series resonant 

frequency without loading capacitance, ƒR = 3.275888 MHz was obtained from the 

arbitrary function generator.  

 

 

 

 

                   

Figure 4.3 Series resonant frequency without load capacitance (ƒR = 3.275888 MHz) 

   

Again, the same setup was used to measure the series resonant frequency with 

loading capacitance.  A 16 pF capacitor was added series with the quartz crystal in the 

resistive pi circuit to measure series resonant frequency with loading capacitance. 

However, the span frequency of the spectrum analyzer is changed to 100 KHz/div. Thus, 

the series resonant frequency with loading capacitance, ƒ’R = 3.277228 MHz was 

obtained from the arbitrary function generator.  
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Figure 4.4 Series resonant frequency measurement with load capacitance (ƒ’R = 

3.277228 MHz ) 
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4.1.4  Series resonant frequency measurement using lissajous figure.   

 

 

 

Figure 4.5 Instek Arbitrary / Function Generator SFG – 830 (right), Resistive Pi 

Circuit (bottom mid), Instek Spectrum Analyzer GSP -810 (mid), Agilent DSO 1002A 

Oscilloscope (right) 

 

Another alternative way to measure the series resonant frequency of the crystal is 

by comparing the frequency of arbitrary function generator to the series resonant 

frequency of crystal. 

 

The setup of Series resonant frequency measurement on quartz crystal by using 

lissajous figure can be achieved by connect the input X of digital oscilloscope with the 

output of the resistive pi circuit. Next, the output of the arbitrary function generator with 

3.2768 MHz frequency is connected with input Y of the oscilloscope. Set the spectrum 

analyzer with 3.2768MHz of center frequency, -30 dBm of reference level, 3 KHz of 

resolution bandwidth and 0 KHz of span frequency. 
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Next, the input and output of the spectrum analyzer are connected to the input 

and output of the resistive pi circuit. Adjust the frequency in arbitrary function generator 

from 3.2768MHz with suitable frequency step size until an ellipse shape is obtained on 

the digital oscilloscope.  

 

 

 
 

Figure 4.6 Lissajous figure I  

In figure 4.6 , the ellipse shape lissajous figure showed that the two compared 

AC signal have same frequency and the rotation direction of the lissajous curve is 

counter clockwise. By refer to the lissajous figure in appendix N, the two compared AC 

signal has a phase shift between 0  < θ < 90 . The frequency reading from arbitrary 

function generator showed that the series resonant frequency of the crystal is 3.275863 

MHz. 

 

 

 

    

    Figure 4.7  Lissajous figure II 
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The lissajous figure II in figure 4.7 showed that the two compared AC signal 

have same frequency and the rotation direction of the lissajous curve is counter 

clockwise. By refer to the lissajous figure in appendix N, the two compared AC signal 

has a phase shift of 90 . Lastly, obtain the reading from the arbitrary function generator 

and the series resonant frequency of crystal with load capacitance is 3.277233 MHz. 

 

 

 

4.1.5  Quartz crystal data calculation  

 

The value of C0 = 2.888 pF can be measured by using Topward – LCR meter 

5040 as shown below.  And for C’o = 3.288 pF, assume that 0.4 pF stray capacitance was 

added.  

 

 

 

Figure 4.8 Topward – LCR meter 5040 

 

After the measurements were done on the quartz crystal, the value of C1 can be 

calculated by using the equation below.  

 

 

i.e.     ƒR   = 
π

        - (4.1)      
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     ƒ’R  = 
π

        - (4.2)  

 

     C1  = (C0 + CL) [ (ƒ’R / ƒR  )
2
 -1] - (4.3)   

= (2.888 + 16) [(3277228.00/3275888.00)
2
 -1 ] pF 

       = 0.015 pF  

 

                R1 = 150 Ω which is series equivalent resistance of the circuit can be obtained 

from the datasheet. (Refer to appendix A)   

 

i.e.      RL =  R1   
2                 

- (4.4)  

                        
=  (150) [ (2.89 + 16.0 )/(16.0) ] 

2  
Ω 

                 ≈  209.1 Ω 

Thus,       RL  = 209 Ω  

 

Lastly, for the value df  assumed that the offset frequency is 100 Hz. 

 

 

 

4.1.6  Circuit parameter  

 

Once refer to the design algorithms in Chapter 3, there were several circuit 

parameters which were already predefined in the design of Pierce Oscillator, be Cutoff 

Limiting [5]. 

i.e.  

· α = 0.3                -   Ratio  

· γ1  = 1.4              -  Ratio  

· Vbe  = 113 mv         - Small signal Base – emitter voltage         
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4.1.7  Transistor Data  

 

The transistor that author had chosen for the oscillator design was 2N2222A, a 

NPN transistor.  Some guesswork was done by referring to datasheet (Appendix C) to 

define parameter that will be used for Algorithms Calculator in Microsoft
® 

Excel. 

 

   Table 4.2 Transistor 2N222A Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.8  Inductance LN selection  

 

The ferrite toroidal core (FT- 37 – 61) wind with enamel copper is used in the 

project since it allows  resonant circuit freqeuncy from 0.2 MHz to 10MHz. (refer to the 

appendix F)  

Transistor Parameter Transistor Data 

βo 

 
50 

ƒT 

 
300 MHz 

Cbet 

 
8 pF 

Ccb 

 
8 pF 

Cce 

 
2 pF 

BVCE 

 
40000 mV 

BVBE 

 
6000 mV 

Pdis 625 mW 
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       Figure 4.9 Algorithms calculator in Microsoft 
®   

Excel  

 

 

 

 

4.1.9  Define value for oscillator physical layout 

 

To choose the number of turns, N for LN , used the formula that was provided in 

Appendix F. 

i.e.  

N =1000   - (4.5) 

 

N = 1000  

     ≈   45.9 turns  

 

            N = 46 turns  

 

Next, the actual inductance of 46 turns is measured by using Topward – LCR 

Meter 5040. But, the measured value of the inductance is 126.8μH which is not the 

desired value.  
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However, the problem can be solved by using the turns formula at below.  

 

i.e.    

   = 46    turns   - (4.6) 

                    ≈   44.2 turns  

Thus,   =  44 turns  

 

Ferrite toroidal core (FT 37 - 61) wind with 44 turns of enamel copper is then measured 

again by using Topward – LCR Meter 5040. The result shows 118.2 μH.  

Thus, choose N = 44 turns of enamel copper for the ferrite toroidal core (FT 37 - 61) 

which results a 118.2 μH  (≈ 116.9 μH which is the designed value of   ). 

 

For:  

 

RL   = 5524.272 Ω choose 5.6 K Ω ± 5%  

 

 = 21654.01 Ω choose 22 K Ω ± 5%   

 

 = 315312.8 Ω choose 330 KΩ ± 5%   

 

 = 691262.8 Ω choose 680 KΩ ± 5%   

 

C
’
N = 68 pF + 17 pF probe at 10 X (Tektronix P2220) + 10 pF trimmer capacitor (Murata 

TZ03Z100FR)   

 

Cb   = 241.0571 pF choose 0.33 nF series with 1 nF (≈ 248 pF) 

 

Cr2 = 2776.249 pF choose 6.8 nF series with 4.7 nF (≈ 2779 pF) 

 

C’L = 19.4519 pF choose 15 pF + 10 pF trimmer capacitor (Murata TZ03Z100FR)   
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The reason for 17 pF had to take account on C
’
N  is because the input capacitance 

of the probe (Tektronix P2220 Probe) (refer to appendix I) had the loading effect on 

oscillator output. After all the component values were defined, the circuit was built and 

prepared to be measured and tested.    

 

 

 

 

4.1.10 Pierce Oscillator, be Cutoff Limiting Printed Circuit Board (PCB) layout 

 

  

 
 

Figure 4.10 Interface of Eagle PCB layout design for oscillator 

 

 

The PCB circuit for Pierce Oscillator be Cutoff Limiting was designed by using 

Eagle PCB layout design. 
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Figure 4.11 Final outcome of the designed 3.2768MHz Pierce Oscillator, be 

Cutoff Limiting 
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4.2  Butterworth 5
th

 order Low pass filter design implementation 

 

The design for the low pass filter was based on the calculation by using Cauer 

topology. Cauer topology uses passive components (shunt capacitors and series 

inductors) to implement a linear analog filter.  The k
th 

 element is given by [14] ; 

 

Ck = 2 π  ,  K= odd    - (4.7) 

Lk = 2 π ,  K =even   - (4.8) 

 

 

 

4.2.1  Design calculation  

 

To begin with the calculation, define the design specification as shown below:  

 

ƒc = cutoff frequency   

 n  = order of the filter   

Zo = characteristic impedance  

 

i.e. 

 

for n=5,  ƒc = 1 MHz  ,  Zo = 50 Ω ,  

 

a1 = 2 π  = 0.61803                                          

a2 = 2 π  = 1.61803                               

a3 = 2 π  = 2  

a4 = 2 π  = 1.61803                    

a5 = 2 π  = 0.61803    
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The above method obtains a prototype of the filter by using Cauer topology formula. 

Next, component values can be obtained by applying the frequency and impedance 

scaling formula.  

 

i.e.  π ƒc   - (4.9)       , Rs = 50 Ω 

 

C1 =  = 
π

 = 1967.263pF 

L1 =  = 
π

 = 12875.905nH  

C2 =   = 
π

 = 6366.198pF 

L2 =  = 
π

  = 12875.905nH  

C3 =  = 
π

   = 1967.263pF 

 

 

 

4.2.2  Circuit simulation on Agilent 
® 

Gynesys   

 

Next, the designed low pass filter was simulated by using Agilent
®
 Gynesys RF 

and Microwave design software.  

 

 
Figure 4.12 Designed low pass filter schematic diagram 

 

 

 

 



53 
 

 

 

 
 

 Figure 4.13 Agilent
®

 Gynesys simulation 

     

 

Verification also can be made by simulating the magnitude response of low pass 

filter as shown below: 

 

 
 

Figure 4.14 Magnitude response graph 

 

From the graph that shown above, the - 3 dB cutoff frequency was 1000 KHz 

and the design criteria was met.  
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4.2.3  Define Values for Low Pass Filter Physical Layout.  

 

For: 

 

C1 = 1967.263pF, choose 0.15nF || 0.15nF || 0.68nF || 1nF (1.98nF)  

C2 = 6366.198pF, choose 2.2nF || 2.2nF || 1nF || 1nF (6.4nF)  

C3 = 1967.263pF, choose 0.15nF || 0.15nF || 0.68nF || 1nF (1.98nF) 

 

 

Next, choose ferrite toroidal core (FT 37 - 61) wind with enamel copper for L1 and L2. 

 

i.e.  N = 1000    

          ≈ 15.25 turns  

 

 N = 15 turns  

 

The measured actual inductance of L1 with 15 turns by Topward – LCR meter 5040 is 

16.5μH.   

 

However, the turns can be reduced by using turn ratio formula to achieve the desired 

inductance value. 

 

i.e. 

      = 15   turns   

                  ≈   13.3 turns  

         N = 13 turns  
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The inductance value of L1 with 13 turns was measured by Topward – LCR 

meter 5040 again and the value was 13.6 μH (≈ 12.875905 μH). The process of tuning 

the enamel copper turns was repeated on L2 and the final inductance value of L2 was 

13.6 μH as well.  

 

Thus, choose L1  and  L2  by using ferrite toroidal core (FT 37 - 61) wind with 13  

turns of enamel copper. 

 

 

4.2.4  5
th

 order Butterworth Low Pass Filter Printed Circuit Board (PCB) layout 

 

 

 
    

Figure 4.15  Interface of Eagle PCB layout design for low pass filter 

 

      

The PCB circuit for 5
th

 order Butterworth filter was designed by using Eagle 

PCB layout design. 
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4.2.5  Low pass filter copper box shielding  

 

To avoid any interference that comes from external environments during the 

frequency stability measurement, the circuit was isolated and shielded with a die cast 

box that was made by copper plate as shown below.  

 

 

 

 

 
Figure 4.16 Copper plate box dimension (side view) 

 

 
Figure 4.17 Copper plate box dimension (top view) 
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After the copper plate box was fully constructed, the low pass filter was mounted 

inside the copper and ready to be tested.  

 

 

 
 

Figure 4.18 Copper plate box with mounted low pass filter circuit (side view) 

 

 

 

 
 

Figure 4.19 Copper plate box with mounted low pass filter circuit (top view) 
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4.3   BJT Amplifiers with low 1/f AM and PM noise implementation  

 

 

 
 

Figure 4.20 Multisim
®

 Simulation  

 

By using Multisim
®
, the original design example was simulated and several 

changes were made on the amplifier circuit in order to obtain desired output.  

 

Based the original schematic diagram [8], several changes were made for:  

 

1) 15.3 KΩ choose15 KΩ resistor ± 5%. 

 

2) 0.1μF coupling capacitor C3 at input substituted with 10pF capacitor. 

 

3) 0.1 μF bypass capacitor C4 at transistor emitter substituted with 1 μF capacitor. 

 

4) 0.1 μF coupling capacitor C5 at transistor collector substituted with 1 μF 

capacitor. 
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Since the turns ratio a of the transformer is  

 

i.e.  a =  = 4  

 

Choose ferrite toroidal core (FT 37 - 61) wind with 24 turns of enamel copper on the 

transformer primary side and 6 turns of enamel copper on the secondary side. 

 

 

Figure 4.21 Modified 5 MHz carrier frequency CE Amplifiers with low 1/f AM and PM 

noise 
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4.3.1 Calculation of the low noise amplifier 

 

For Transistor DC biasing of the circuit, assume that β = 75 for transistor 2N222A . 

 

i.e. 

VB ≈ VCC   = 14.5V    
Ω

Ω Ω
= 7.25 V 

 

RB = RB3 || RB4 = (15 KΩ) || (15 KΩ) = 7.5 k Ω 

 

VB = IBRB + VBE + IE (RE1 + RE2) 

 

VB = IBRB + VBE + IB(1+β) (RE1 + RE2) 

 

IB =   =  = 0.078 mA  

 

IE = (1 + β)  = (1 + 75) (0.078 mA) = 5.93 mA 

 

VE = IE ( RE1 +  RE2) = (5.93 mA) (1 KΩ + 5Ω) = 5.96 V 

 

IC = IE   = 5.93 mA   = 5.85 mA 

 

VC = VCC - ICRC = 14.5 V – (5.85 mA)( 1 K Ω) = 8.65 V 

 

For Input impedance Zin, 

 

r
'
 e =  = 4.22 Ω 

 

r e  = r’e +RE1  = 4.22 Ω + 5 Ω = 9.22 Ω 
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Zin ≈ RB || βre = (7.5 KΩ) || (75) (9.22 Ω) = 633 Ω 

 

Xc3= = 
π

 = 4857 Ω 

 

Thus, the overall input impedance is  

 

| Zin | =| 633 Ω + ј4857 Ω |= 4898 Ω 

 

The calculated overall input Impedance 4898 Ω will be act as load resistance at the 

output of the pierce oscillator. 

 

And the Output impedance Zout , 

  

Zout = RC = 1 K Ω 

 

 

4.3.2  BJT Amplifiers with low 1/f AM and PM noise Printed Circuit Board (PCB) 

layout  

 

 
 

  Figure 4.22 Interface of Eagle
®

 PCB layout design 

 

 



62 
 

 
 

Figure 4.23 Pierce Oscillator, be Cutoff limiting with low 1/f AM and PM noise 

BJT Amplifiers 
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4.4  Beat frequency method implementation  
  

Before the Pierce Oscillator is ready for the testing of its frequency stability; a 

simulation of beat frequency method was implemented by using two frequency 

synthesizers to measure its own frequency stability.    

 

First of all, connected the output of the two arbitrary function generator to the 

input (LO & RF) of the mixer (Mini-Circuits ZAD -1-1+ Frequency Mixer) (refer to 

Appendix E).  Meanwhile, the input of the low pass filter was connected to the output 

(IF) of the mixer and its output was connected to the input of the universal counter.  

 

 

 
 

Figure 4.24 Instek Arbitrary / Function Generator SFG – 830 (left), Agilent 

53132A universal counter (mid), and 5th order Butterworth low pass filter (mid bottom)  

 

 

To begin the beat frequency method, two arbitrary function generators had been 

chosen to operate at 20MHz.  To determine the performance of these synthesizers, 

“Three – Cornered Hat “technique need to be used. [9]   

 

 



64 
 

 
 

Figure 4.25 Instek Arbitrary / Function Generator SFG – 830 (20 MHz) 

 

 

Both units make ease of their internal clock as reference. 

 

 

 
 

Figure 4.26 Instek Arbitrary / Function Generator SFG – 830 (19999043.90 Hz) 

 

 

 

The frequency reading was then shown on the universal counter is the frequency 

difference between the two arbitrary function generators that was 50.02729855 Hz.  
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Figure 4.27 Agilent 53132A universal counter with frequency difference of 

50.02729855 (≈50 Hz) 

 

Note that, the frequency difference 50.02729855 Hz (≈50 Hz) that shown on the 

frequency counter was the subtraction between the reference arbitrary function generator 

(20 MHz) and the under test arbitrary function generator (19.99904390 MHz) through 

the mixer. Next, the frequency fluctuations on the frequency difference will be recorded 

and collected through the recording software in a short time period.  

 

In order to collect large number samples of frequency data, the frequency counter 

was connected to the computer through a GPIB interface (Agilent 82357B) and the 

frequency data was recorded by using data recording software (Agilent Intuilink)  

 

 

 

 
 

Figure 4.28 Microsoft
® 

Excel Tool bar for Agilent
®

 Intuilink  
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4.5  1000-Point Test Suite frequency data  

 

To start a 1000 frequency data recording, the setup in frequency counter can be 

monitored by using software (Agilent
®

 Intuilink).  

 

 
 

Figure 4.29 Universal counter setup using Agilent
®

 Intuilink (1read/sec) 

 

Step 1 : Choose frequency data to be measured with 1 read/sec  

 

 
 

Figure 4.30 Universal counter setup using Agilent
®

 Intuilink (1000 readings) 

 

 

Step 2 : Choose the sampling interval of 1 seconds and number of readings (data) =1000 
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4.6   Strip chart for 1000-Point Test Suite frequency data  

 

The process of taking the frequency data started from time 4:57:08 pm and ended 

at 5:15:11 pm.  The recorded Frequency data that was plotted automatically on the strip 

chart in the Agilent Intuilink.  

 

 

 
 

Figure 4.31 Strip chart for 1000-Point Test Suite frequency data 

 

Judging from the 1000 frequency data points on the strip chart above, the two 

arbitrary function generator that were used for the testing had a good frequency stability 

but its operating frequency was not accurate since operating frequency start to shift from 

the nominal frequency 50 Hz at the longer time period of measurement. 
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4.7  Computing Allan Variance for 1000-Point test Suite frequency data  

 

The Allan Variance is the standard method of describing the short term stability 

of oscillators in the time domain. It is usually described by σ 
2

y(τ), where:  

 

 
 

  

Based the 1000 frequency data that was recorded by using the frequency counter,  

 

Number of data value available, M = 1000  

Number of difference averaged, M-1 = 999  

Sampling time interval, τo  =1 second 

 

By using the formula τ = m  , Where m = averaging factor 

 

For τ =1 s,   averaging factor, m =   ,  data points =  = 1000 

 

For τ = 2 s,  averaging factor, m =   ,  data points =  = 500 

 

For τ = 4 s,  averaging factor, m =   ,  data points =  = 250 

 

For τ = 5 s,  averaging factor, m =   ,  data points =  = 200 

 

For τ = 8 s,  averaging factor, m =   ,  data points =  = 125 

 

For τ = 10 s,  averaging factor, m =   ,  data points =  =100 

 

For τ = 20 s,  averaging factor, m =   ,  data points =  = 50 

 

- (4.10) 
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For τ = 25 s,  averaging factor, m =   ,  data points =  = 40 

 

For τ = 40 s,  averaging factor, m =   ,  data points =  = 25 

 

For τ = 50 s,  averaging factor, m =   ,  data points =  = 20 

 

For τ = 100 s,  averaging factor, m =   ,  data points =  = 10 

 

For τ = 200 s,  averaging factor, m =   ,  data points =  = 5 

 

For τ = 500 s,  averaging factor, m =   ,  data points =  = 2 

 

The calculation above shows the correlation between the data points and the 

averaging factor in Allan Variance. By using the same data, one can calculate the 

deviation for  =2 s by averaging pairs of the adjacent values and using these new 

averages as data values. For  = 4 s, take adjacent foursomes and find their averages and 

proceed in similar manner [16]. The process stop at τ = 1000 s because the data points = 

1 and Allan Variance cannot be used since the calculation must involved a two adjacent 

data points which is yi+1  - yi  . 

 

 

 

4.8  Allan Deviation Calculation on Microsoft
®

 Excel  

 

The recorded 1000 frequency data was then calculated by using Microsoft Excel 

to obtain the Allan Deviation. (Assume that there is no dead time in measurement of 

averages).  
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Figure 4.32 Allan Deviation Calculations on Microsoft
®
 Excel 

 

 

 

 

4.9  1000 - Point Frequency Data Set I 

 

The Allan deviation of 1000 frequency data that were calculated by using 

Microsoft Excel were listed in NBS data set format [9] (refer to appendix O) as shown 

below :  

  

Table 4.3 Synthesizer data set ( τ = 1) 

 

Averaging Factor 1 

Data points 1000 

Maximum 2.504884766 10
-6

 

 

Minimum 2.479550998 10
-6

 

 

Average 2.492268092 10
-6

 

 

Median 2.491930300 10
-6

 

 

Allan Deviation 1.929501175 10
-9
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Table 4.4 Synthesizer data set  I 

 

 

Averaging 

Factor 

2 4 5 8 

Data points 500 250 200 125 

Maximum 2.503000685 

10
-6

 

2.502540409 

10
-6

 

2.501858612 

10
-6

 

2.501054422 

10
-6

 

Minimum 2.482362701 

10
-6

 

2.484703321 

10
-6

 

2.485330963 

10
-6

 

2.485026757 

10
-6

 

Average 2.492260414 

10
-6

 

2.492260414 

10
-6

 

2.492260414 

10
-6

 

2.492260414 

10
-6

 

Median 2.491814258 

10
-6

 

2.491623340 

10
-6

 

2.491815272 

10
-6

 

2.491725573 

10
-6

 

Allan 

Deviation 
1.194733292  

10
-9

 

 

7.229764926 

10
-10

 

 

5.685590913 

10
-10

 

 

4.532323761 

10
-10
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                                           Table 4.5 Synthesizer data set  II 

  

 

 

Averaging 

Factor 

10 20 25 40 

Data points 100 50 40 25 

Maximum 2.501335045 

10
-6

 

2.500905910 

10
-6

 

2.500491798 

10
-6

 

 

2.500068652 

10
-6

 

 

Minimum 2.486264234 

10
-6

 

2.486654338 

10
-6

 

2.487564162 

10
-6

 

2.487577642 

10
-6

 

Average 2.492260414 

10
-6

 

2.492260414 

10
-6

 

2.492260414 

10
-6

 

2.492260414 

10
-6

 

Median 2.491799204 

10
-6

 

2.491465516 

10
-6

 

2.491580540 

10
-6

 

2.491736504 

10
-6

 

Allan 

Deviation 

3.595111321 

10
-10

 

2.631745990 

10
-10

 

 

2.358733044 

10
-10

 

1.808476068 

10
-10
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                                         Table 4.6 Synthesizer data set  III 

 

 

Averaging 

Factor 

50 100 200 500 

Data points 20 10 5 2 

Maximum 2.500019604 

10
-6

 

2.498369322 

10
-6

 

2.497241389 

10
-6

 

2.494411280 

10
-6

 

Minimum 2.487824644 

10
-6

 

2.488701440 

10
-6

 

2.489460652 

10
-6

 

2.490109548 

10
-6

 

Average 2.492260414 

10
-6

 

2.492260414 

10
-6

 

2.492260414 

10
-6

 

2.492260414 

10
-6

 

Median 2.492006885 

10
-6

 

2.491297835 

10
-6

 

2.491297835 

10
-6

 

2.492260414 

10
-6

 

Allan 

Deviation 

1.718765525 

10
-10

 

1.309835254 

10
-10

 

 

1.282721490 

10
-10

 

 

9.623776610 

10
-11
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4.10  Sigma tau plot I 

 

Lastly, the sigma tau graph was plotted based on the Allan deviation, σy(τ) 

in the table as shown below: 

 

Table 4.7 Sigma- tau data table I 

 

 

τ 

 

σy(τ) 

 

1 1.929501175 10
-9

 

2 1.194733292 10
-9

 

4 7.229764926 10
-10

 

5 5.685590913 10
-10

 

8 4.532323761 10
-10

 

10 3.595111321 10
-10

 

20 2.631745990 10
-10

 

25 2.358733044 10
-10

 

40 1.808476068 10
-10

 

50 1.718765525 10
-10

 

100 1.309835254 10
-10

 

200 1.282721490 10
-10

 

500 9.623776610 10
-11

 

 

 

 

 

The data was then plot in logarithms scale on both axes and the noise type will be 

observed. 
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Figure 4.33 Sigma - tau  plot  I 

 

 

 

To indentify the noise type from the slope, there are two ranges that can be 

observed from the graph. The first range of τ = 100s can be estimated by a slope of 1, 

which is   (Y / X axis)   /  = 1.  This also means that the frequency was 

influenced by white PM noise or flicker PM because of   . (refer to figure 2.11 for 

more details) 

The range between τ = 100 s and τ = 1000 s indicates Flicker FM since the slope 

is zero. 
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CHAPTER 5 

 

 

 

RESULT AND DISCUSSIONS 

 

 

 

 

5.1  Pierce Oscillator, be Cutoff Limiting measurement  

 

 

Figure 5.1 DC Power Supply (left), Oscillator circuit (mid), Digital Storage Oscilloscope 

TDS1012B (right) 
 

The setup to measure the output waveform of the crystal oscillator can be done 

by connecting the designed 10 V power supply to the oscillator and a 10X probe at the 

output. Once a sinusoidal waveform with desired operating frequency is observed on the 
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digital oscilloscope, the oscillator is oscillating and the amplitude of output waveform 

can be tuned to achieve the desired output. 

 

   Figure 5.2 Oscillator output waveform  

 

Next, measurement of oscillator is carried out to check whether the measured 

result is compatible with the designed value. 

 

5.1.1  Measurement on crystal oscillator  

 

5.1.1.1  Transistor DC biasing value in oscillator circuit 

 

  Table 5.1 Transistor DC biasing value in oscillator circuit 

 

Item Designed value Measured value 

VB 6250 mV 3270 mV 

VE 5000 mV 2150 mV 

VC - 10100 mV 

VBE                 700 mV 680 mV 

IE 0.231 mA  0.098 mA 

IC  0.226  mA                0.097 mA 

IB =                4.620 μA 1.940 μA 
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5.1.1.2    Crystal oscillator output value  

 

   Table 5.2 Crystal oscillator output value 

 

Item Designed value Measured value 

 429.10 mVrms 133 mVrms 

  =    
0.033 mW 0.0032 mW 

 =  0.077 mA 24.06 μA 

η  =         0.3333 0.032 

  

As a result, the measurement results that shown above is unsatisfied since there 

are difference between the designed value and the measured value.  However, the 

problem can be solved by trimming the oscillator. 

 

 

 

5.1.2  Trimming 

 

Basis of the trimming procedure 

 

 

The trimming is based upon the following relations [5] : 

 

1)  Ie ≈ 1.4 IE                                    - (5.1) 

 

2) | VL |  ≈ | I3 |       - (5.2) 

 

                    ≈ | Ie |    -(5.3) 

 

3)  Vb ≈  I3 X1     -(5.4) 

 

4)  PL        -(5.5) 
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Equations 5.5 states that increasing VL or decreasing RL will increase power. VL , in turn 

can be increased by increasing IE or X2 , as stated  in equation 5.1. IE is increased by 

adjusting rb1 , rb2 and /or r2 [5] . Therefore, decision had been made to increase IE  by 

adjusting rb1 , rb2. 

 

 

 

5.1.2.1     Adjusting rb1 , rb2  

 

Using voltage divider rule,  

 

i.e. VB  =   10 V 

                  =   10 V 

                   = 3.27 V 

 

 rb  = rb1 || rb2 = ( 680 KΩ) || (330 KΩ) = 222178 Ω 

 

VB = IBrb + VBE + IE r2 

 

VB = IBrb + VBE + IB(1+β) r2 

 

IB =   = 
Ω

 = 1.91 μA  

 

 VE = VB – VBE  –  IBrb 

                           = 3.27 V – 0.7 V – (1.91 μA)(222178 Ω) 

                   = 2.15 V 

 

 From the calculation, VE is only 2.15 V which is not satisfied compare to the 

designed value of  VE , 5 V. 
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In order to achieve the designed value VE = 5 V, use voltage divider rule again, 

 

i.e.      VB =   10 V 

              = 
Ω

Ω Ω
  10 V 

              = 6.25 V  

 

rb = rb1 || rb2 = ( 198 KΩ) || ( 330 KΩ) = 123750  Ω 

 

VB = IBrb + VBE + IE r2  

 

VB = IBrb+ VBE + IB(1+β) r2 

 

IB =   = 
Ω Ω

 = 4.46 μA  

 

          VE  = VB – VBE  –  IBrb 

                   = 6.25 V – 0.7 V – (4.46 μA)(123750 Ω)  

                   =  4.998 V (≈ 5 V) 

 

 

 

Thus, choose 198 KΩ (180 KΩ series with 18 KΩ) instead of 680 KΩ as rb1 

since it produces VE = 5 which is the designed value. Next, another step to trim is to 

adjust the amplitude of the output waveform by using the trimmer capacitor, C’N.  The 

trimmer capacitor can be tuned until the desired output voltage is obtained. 
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5.1.3  Measurement on trimmed crystal oscillator  

 

5.1.3.1    Transistor DC biasing value in oscillator circuit 

 

Table 5.3 Transistor DC biasing value for the trimmed crystal oscillator. 

 

Item Designed value Measured and calculated 

value 

VB 6250 mV 6100 mV 

VE 5000 mV 5010 mV 

VC - 10010 mV 

VBE                  700 mV 680 mV 

IE  0.231 mA 0.227 mA 

IC 0.226 mA  0.223  mA 

IB =  4.620 μA 4.460 μA 

 

 

5.1.3.2    Crystal oscillator output value  

 

Table 5.4 Output value for trimmed Crystal oscillator.  

 

Item Designed value Measured and calculated 

value 

 

 

429.10 mVrms 430 mVrms 

  =    
0.033 mW 0.033 mW 

 =  0.077 mA 0.077 mA 

η  =         0.3333 

 

0.330 
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   Figure 5.3 Oscillator output waveform after trimmed 

 

 

The measurement result for the trimmed oscillator was satisfied and more 

matching with the designed value.  
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5.2  Frequency measurement on the crystal oscillator 

 

 

Figure 5.4 DC Power Supply (left), Instek Arbitrary / Function Generator SFG – 830 (mid), 

Oscillator circuit (mid bottom) , Digital Storage Oscilloscope TDS1012B (right) 

 

The setup in figure 5.4 is to verify the accuracy of the oscillator operating 

frequency.  Accuracy of the oscillator operating frequency can be verified by using 

lissajous figure which is shown in the figure above.   

First of all, the output of the oscillator is connected to the input X of the 

oscilloscope and the output of the arbitrary function generator is connected to the input 

Y of the oscilloscope. Adjust the frequency step size in arbitrary function generator until 

the figure of “8” shape was then appeared on the oscilloscope screen.  
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Figure 5.5 Lissajous Figure III 

 

The frequency ratio of the lissajous figure can be obtained by drawing a 

horizontal line and a vertical line to intersect the lissajous curve. The number of 

intersecting point of the drawing line is used to calculate the frequency ratio as shown 

below  

Let m as the number of the intersecting point and n as the intersecting point of 

the horizontal line.  

 

Thus the frequency ratio, frequency of X: frequency of Y = m: n  

                           = 4: 2 

                                                          = 2: 1    

 (For the value of m & n must be a rational number) 

 

The actual frequency of the oscillator can be calculated from the frequency ratio, 

which is 2  1638400.00 Hz = 3276800.00 Hz. (Frequency value 1638400.00 Hz is the 

reading that was taken from the arbitrary function generator) 

Lastly, the result of the frequency measurement showed that the oscillator is 

operating at 3.2768 MHz and the operating frequency of the oscillator is accurate and 

precise. 
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5.3  Low 1/f AM and PM noise BJT Amplifiers measurement  

 

 

Figure 5.6 Instek Arbitrary / Function Generator SFG – 830 (left), DC Power Supply (mid), 

Oscillator circuit (mid bottom) , Digital Storage Oscilloscope TDS1012B (right) 

 

 

The output waveform of low noise amplifier can be measured by applying a 

sinusoidal input voltage from the arbitrary function generator before it connects to the 

oscillator output. Since the designed low noise amplifier had input impedance of 4898 Ω, 

assume that the input voltage that was applied to low noise amplifier comes from the 

output voltage of the oscillator. Therefore, input voltage 429 mVrms (Pierce oscillator 

output voltage) with 3.2768 MHz will be used for the amplifier testing. 
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5.3.1 Transistor DC biasing measurement in amplifier circuit 

 

Table 5.5 Transistor DC biasing measurement of low noise amplifier  

 

Item Calculated & Designed 

Value 

Measured value 

VB 7.25 V 7.22 V 

VE 5.96 V 6.10 V 

VC 8.65 V 8.45 V 

IE 5.93 mA 6.07 mA 

IC  IE 5.85 mA 5.95 mA 

IB =  0.078 mA 0.079 mA 

   

5.3.2 Voltage and gain measurement in amplifier circuit  

 

Table 5.6  Voltage and gain measurement of low noise amplifier 

 

Item Calculate & Designed  

Value  

Measured value 

 429 mVrms 428 mVrms 

 587 mVrms 590 mVrms 

 147 mVrms 148 mVrms  

a =  4.00 3.99 

 =  

 

1.37 1.38 
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The results shown are satisfied and are closed to the designed value.  Thus, the 

amplifier is ready to be connected to the output of the oscillator. 

 

 

 

Figure 5.7 Instek Arbitrary / Function Generator SFG – 830 (left), DC Power Supply (mid), 

Oscillator circuit with amplifier (mid bottom) , Digital Storage Oscilloscope TDS1012B 

(right) 

 

The process of measurement was repeated again on the amplifier after it was 

connected to the oscillator. 
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5.3.3  Voltage and gain measurement of oscillator with low noise amplifier 

 

        Table 5.7  Voltage and gain measurement of oscillator with low noise amplifier 

 

Item Designed value Measured value 

  429 mVrms 453 mVrms 

  587 mVrms 639 mVrms 

 147 mVrms 157 mVrms 

a =  4.00 4.07 

 =  

 

1.37 1.41 

 

 

 

 

 

Figure 5.8  Output waveform of Pierce Oscillator, be Cutoff limiting with low 1/f 

AM and PM noise BJT Amplifiers 
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5.4  Frequency measurement of Pierce Oscillator, be Cutoff limiting with low 1/f    

AM and PM noise BJT Amplifiers 

 

 

Figure 5.9 Instek Arbitrary / Function Generator SFG – 830 (left), DC Power Supply 

(mid), Oscillator circuit with amplifier (mid bottom) , Digital Storage Oscilloscope 

TDS1012B (right) 

 

The signal from the oscillator with amplifier was then compared with signal that 

comes from the arbitrary function generator. A “ 8” shape lissajous figure was obtained. 

 

 

Figure 5.10 Lissajous figure IV 
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Again, the process of frequency measurement was performed on the oscillator 

with amplifier.  Let m as the number of the intersecting point and n as the intersecting 

point of the horizontal line.  

Thus the frequency ratio, frequency of X: frequency of Y  = m: n  

                             = 4: 2 

                                                            = 2: 1    

(For the value of m & n must be a rational number) 

Next, the frequency reading was taken from the arbitrary function generator and 

the actual frequency of the oscillator with amplifier was calculated based on the 

frequency ratio, which is 2  1638401.10 Hz = 3276802.02 Hz.  

 Since the tolerance of the crystal unit is ±30ppm, the operating frequency of the 

oscillator with amplifier was still in the acceptable frequency range which is 3.2768 

MHz ± 98.304 Hz. Therefore, this oscillator that was designed had high accuracy of 

operating frequency. The oscillator with amplifier was ready for the frequency stability 

measurement.  

 

5.5  Low pass filter measurement 

 

 

Figure 5.11 Instek Arbitrary / Function Generator SFG – 830 (left), 5th order 

Butterworth low pass filter (mid bottom) , Digital Storage Oscilloscope TDS1012B 

(right) 
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A sinusoidal signal was applied from function generator to the input, at fixed 

amplitude of 1Vpeak for all frequencies. The output voltage was measured and recorded 

by using the oscilloscope in the table below: 

 

Table 5.8 Low pass filter output voltage measurement at various frequency  

 

Frequency (KHz) Vo peak (V) 20 log Vo /Vin (dB) 

100 1.040 0.260 

200 1.000 0.000 

300 1.000 0.000 

500 1.000 0.000 

1000 0.900 -0.92 

1500 0.280 -7.96 

2000 0.072 -20.00 

3000 0.061 -24.29 

4000 0.060 -26.02 

7000 0.038 -28.40 

9000 0.032 -29.90 

10000 0.030 -30.46 
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5.5.1  Frequency response for low pass filter 

 

  

 

   Figure 5.12 Magnitude response graph of low pass filter 

 

The graph above showed that the  -3dB (0.236 dB -  3 dB = - 2.764 dB ) cutoff 

frequency is 1100 KHz (1.1 MHz). Thus, the result was satisfied since it meets the 

design criteria.  
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5.6  Frequency stability measurement of Pierce Oscillator, be Cutoff limiting 

with low 1/f AM and PM noise BJT Amplifiers 
 

 

 Figure 5.13 , Digital Storage Oscilloscope TDS1012B (right), DC Power Supply 

(mid), Instek Arbitrary / Function Generator SFG – 830 (mid), Oscillator circuit with 

amplifier (mid bottom) , Agilent 53132A universal counter (right) 

 

 

Since the oscillator with amplifier was ready for the testing and measurement, 

the instruments were setup as shown in the figure above. Before the output of the 

oscillator with the amplifier was connected to the mixer, the output voltage of the 

oscillator was tuned until the maximum. This is because the small signal output voltage 

of the oscillator (157 mVrms) may not trigger the frequency counter. A digital 

oscilloscope (Digital Storage Oscilloscope TDS1012B) was also used in the setup to 

observe the operating frequency of the oscillator throughout the whole measurement 

process. 

 The difference of this frequency stability measurement compare to the frequency 

stability measurement by using two arbitrary function generators is the oscillator with 

amplifier acts as reference since it was proved to have high accuracy of operating 

frequency meanwhile the arbitrary function generator serve as under test device.  
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 Next, the frequency difference between the oscillator with amplifier and arbitrary 

function generator was adjusted to 50 Hz and to be recorded in a short period of time.   

  

 

5.6.1  Strip chart for 1000-Point Test Suite frequency data II 

 

The process of measurement started at 15:49:10 pm and end at 16:07:57 pm. One 

thousand numbers of frequency data was then plotted automatically in the recording 

software ( Agilent
®
 Intuilink). 

 

 

         Figure 5.14 Strip chart for 1000-Point Test Suite frequency data 

  

The behavior of frequency data on the strip chart was estimated to be accurate 

but not stable. The strip chart showed that the frequency data varies on the nominal 

frequency, 50 Hz.  Such estimation was true since the operating frequency of the 

oscillator was proved to be accurate by using lissajous figure. However, the short term 

stability of the designed oscillator with amplifier was poor and said to be instable. 
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Again, the process of calculating the Allan deviation of 1000 frequency data was 

performed by using Microsoft
® 

Excel.  

 

 

Figure 5.15 Allan Deviation Calculations on Microsoft Excel 

 

 

5.6.2  1000 - Point Frequency Data Set II 

 

The Allan deviation of 1000 frequency data that were calculated by using 

Microsoft Excel were listed in NBS data set format [9] (refer to appendix O) as shown 

below :  

 

Table 5.9 Synthesizer data set IV ( τ = 1) 
 

Averaging Factor 1 

Data points 1000 

Maximum 1.529211263 10
-5

 

Minimum 1.520979414 10
-5

 

 

Average 1.525750213 10
-5

 

Median 1.525914359 10
-5

 

Allan Deviation 2.599307756 10
-9
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Table 5.10 Synthesizer data set V 

 

Averaging 

Factor 

2 4 5 8 

Data points 500 250 200 125 

Maximum 1.529198001 

10
-5

 

1.529084407 

10
-5

 

1.529123267 

10
-5

 

1.529067312 

10
-5

 

Minimum 1.521255682 

10
-5

 

1.521454733 

10
-5

 

1.521508378 

10
-5

 

1.521566553 

10
-5

 

Average 1.525750213 

10
-5

 

1.525750213 

10
-5

 

1.525750213 

10
-5

 

1.525750213 

10
-5

 

Median 1.525918929 

10
-5

 

1.525944114 

10
-5

 

1.525965053 

10
-5

 

1.525974841 

10
-5

 

Allan 

Deviation 
1.622147916  

10
-9

 

1.350417712 

10
-9

 

1.330889962  

10
-9

 

1.327124244  

10
-9
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Table 5.11 Synthesizer data set VI 

 

Averaging 

Factor 

10 20 25 40 

Data points 100 50 40 25 

Maximum 1.529035471 

10
-5

 

1.528784614 

10
-5

 

1.528788126 

10
-5

 

1.528619031 

10
-5

 

Minimum 1.521704189 

10
-5

 

1.522256783 

10
-5

 

1.522462327 

10
-5

 

1.522332930 

10
-5

 

Average 1.525750213 

10
-5

 

1.525750213 

10
-5

 

1.525750213 

10
-5

 

1.525750213 

10
-5

 

Median 1.525916607 

10
-5

 

1.526009164 

10
-5

 

1.525881541 

10
-5

 

1.525889728 

10
-5

 

Allan 

Deviation 
1.321211463  

10
-9

 

1.394699746  

10
-9

 

1.407344368 

10
-9

 

1.424425353  

10
-9
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Table 5.12 Synthesizer data set VII 

 

Averaging 

Factor 

50 100 200 500 

Data points 20 10 5 2 

Maximum 1.528526993 

10
-5

 

1.527982737 

10
-5

 

1.527602057 

10
-5

 

1.526991863 

10
-5

 

Minimum 1.522832509 

10
-5

 

1.523734813 

10
-5

 

1.524611168 

10
-5

 

1.524508563 

10
-5

 

Average 1.525750213 

10
-5

 

1.525750213 

10
-5

 

1.525750213 

10
-5

 

1.525750213 

10
-5

 

Median 1.526053997 

10
-5

 

1.525911560 

10
-5

 

1.525189416 

10
-5

 

1.525750213 

10
-5

 

Allan 

Deviation 
1.200237111  

10
-9

 

9.444888239  

10
-10

 

 

4.064859930  

10
-10

 

5.555605445  

10
-10
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5.6.3  Sigma - tau plot II 

 

Table 5.13 Sigma- tau data table II 

 

τ 

 

σy(τ) 

 

1 2.599307756 10
-9

 

2 1.622147916 10
-9

 

4 1.350417712 10
-9

 

5 1.330889962 10
-9

 

8 1.327124244 10
-9

 

10 1.321211463 10
-9

 

20 1.394699746 10
-9

 

25 1.407344368 10
-9

 

40 1.424425353 10
-9

 

50 1.200237111 10
-9

 

100 9.444888239 10
-10

 

200 4.064859930 10
-10

 

500 5.555605445 10
-10

 

 

 

 

 

Figure 5.16 Sigma - tau plot II 
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The zero slope in the range of τ = 1000 s indicated Flicker FM noise and 

oscillator is under the influence of Flicker FM noise from 1s to 1000 s.  

 

5.6.4  Discussion  

 

Comparison can be made between the sigma tau – plot I and sigma – tau plot II. 

The two Allan deviation value was plotted on log- log graph with same value of τ for 

comparison.  

 

 

Figure 5.17 Sigma – tau plot with two Allan deviation data line 

 

 

Judging from the graph above, the Allan deviation value of the oscillator with 

arbitrary function generator is higher that Allan deviation value of two arbitrary function 

generators.  Such situation happened due to the instability that caused by the oscillator 

since the design of Pierce Oscillator, be Cutoff Limiting had poor isolation. The 

isolation, meaning the effect of variation in load upon frequency is quite poor.  
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CHAPTER 6 

 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

 

 

6.1  Conclusion  

 

In this project, a method to measure the frequency stability of a crystal oscillator 

in time domain had been conducted and discussed.  Throughout the project, author had 

designed a few electronic circuits in order to conduct the beat frequency method. These 

electric circuits included 5
th

 order Butterworth low pass filter, Pierce Oscillator with be 

Cutoff limiting and BJT Amplifiers with low 1/f AM and PM noise. Though these 

designed electric circuits had its own imperfections and weakness, it still can provide an 

element of control and prediction during the frequency stability measurement process.  

           Furthermore, the method of frequency stability analysis in time domain by using 

Allan deviation also had been studied. First of all the frequency fluctuation data is 

collected through beat frequency method and had been analyzed through Allan deviation. 

In the end, data results were then plotted by using sigma - tau diagram for noise type 

identification.   

Although the frequency stability measurement in time domain by using beat 

frequency method seems to have some disadvantages such as dead time and it depends 

on frequency counter accuracy, the process is still easy to be implemented in contrast to 

other methods. By comparing beat frequency method to the others method such as Dual 
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mixer time difference and loose phase lock loop method, beat frequency method requires 

less cost and the process is easy to understand. 

 

       In conclusion, the project had reached its own objective as the frequency stability 

measurement of the quartz crystal oscillator in time domain was implemented through 

beat frequency method and analysis was done by using Allan deviation. 
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6.2  Recommendation and Future Development 

 

6.2.1  Problem Encountered  

 

6.2.1.1  Software simulation  

 

In this project, there were several electronic circuit simulation software that had 

been tried by author in order to have schematic capture and simulation of Pierce 

Oscillator with be Cutoff limiting. Software that had been tried by author consists of NI 

LabVIEW
®
, NI Multisim

®
, Microcap

®
 and Agilent Gynesys

®
. However, these software 

do not provide the component information for crystal model, HC49U -3.2768 

MHz16pF30ppmF that was using in the project. Thus, it’s a challenge for author to have 

further understanding on characteristic of the crystal oscillator circuit. Throughout the 

whole project, troubleshooting on the oscillator can only be done practically in the lab 

after the oscillator was designed by using algorithms. 

 

6.2.1.2 Understanding on Low noise amplifier formula 

 

Another difficulty in this project is to understand the complex noise equation for 

CE amplifier that derived from AM and PM noise equation. The derivation of noise 

equation for CE amplifier requires knowledge that is much deeper than is covered on the 

lectures and it is hard to fully understand in this short term period of project 

implementation. In addition, the study on the noise equation of CE amplifier is more 

focus on the theories rather than implementation on designing the CE amplifier.  Thus, 

the author does not carry out the method to investigate the noise characteristic of the low 

noise amplifier in this project.  

 

6.2.1.3  Analysis on sigma tau diagram 

 

In the end of project, the noise type identification was done based on the 

estimation on the slope of sigma - tau diagram.  However, the estimation is only done 
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manually and it is not precise if compare to noise type identification that was done 

through the designed program. Besides that, most of the noise type identification 

techniques are much related to power law noise theory for the frequency stability 

measurement in frequency domain which is not covered in this project.  

 

 

 

6.2.2 Future Work  

 

In this project, author was using Microsoft
®

 Excel as a programmed calculator to 

calculate the 1000 frequency test suite data that collected through Agilent
®
 Intuilink. 

The process to perform the calculation of Allan deviation was done step by step and 

manually on the Microsoft
®
 Excel. It will be time consuming and not efficient if more 

test data suites are used to perform the calculation. Thus, improvement can be done by 

using other programs to calculate Allan deviation such as Stable 32
®
, AlaVar

®
 and R&S 

Allan variance
®

 etc. By using these programs, data size is unlimited and it provides 

automatic estimation on noise types. However, the disadvantages of using these software 

is it require tools that designed specifically to support that particular software. Therefore, 

a lot of researches still can be done on these software if more time and budget are 

allowed. Other programming tools such as Matlab
® 

and C++ also can be used to perform 

coding on Allan deviation if high cost expenses are not allowed.  

 

Furthermore, author also suggests that Overlapping Allan deviation method can 

be used instead of Allan deviation since the use of Overlapping Allan deviation method 

improves the confidence of the resulting stability estimate at longer averaging time. 

Others statistical method such as Modified Allan Deviation, Hadamard Deviation, 

Thêo1 also can be investigated since these methods had better performance in improving 

the stability estimate than normal Allan deviation. 
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APPENDIX A 

 

MEC HC-49 U Quartz Crystal  
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APPENDIX B 

 

MEC HC-49 U Quartz Crystal  
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APPENDIX C  

 

Motorola NPN Transistor P2N2222A 
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APPENDIX D  

 

Murata TZ03Z100FR Trimmer Capacitor  
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APPENDIX E 

 

Mini-Circuits ZAD -1-1+ Frequency Mixer 
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APPENDIX F 

  

Ferrite Torroidal Core FT 37-61 
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APPENDIX G  

 

Topward – LCR Meter 5040 

 

Specification for 5000 series LCR Meters 

Parameters Tested L/Q, L/R, C/D, C/Q, C/R, R/Q 

Display Digit L,C,R:4 Digits, D, Q:4 Digits, 0.56" LED Display 

Equivalent Circuit Series or Parallel 

Test Frequency 100Hz, 120Hz, 1KHz, 10KHz* (*For 5030, 5040 only) 

Test Level 50mV, 100mV, 250mV Auto Selected, ±10% 

DC Bias External Bias 0~60V, 250mA Max 

Display Range 

L: 0.001µH~9999H C:0.001pF~9999mF 

R:0.001Ohm~9999MOhm 

D: 0.001~9999 Q:0.001~9999 

Range Automatic Ranging (6 Ranges) 

Test Mode Auto or Manual 

Test Time 0.5 Sec/Test at 1KHz 

Comparator 
2 Sets of 4-Digit Code-Switch for L, C, R, Hi-Lo Comparison 

2 Sets of 4-Digit Code-Switch for D, Q, Hi-Lo Comparison 

Self Test & 

Calibration 
Self Function Test, Open CAL, Short CAL 

Power Source ACV 115V/230V, ±10%, 60Hz/50Hz 

Dimension 404(W) x 101(H) x 328(D) mm 

Net Weight 5.1kg 

Accessories 
Banana-Clip(ACS-002), Short Plate, AC Power Cord, 

Operation Manual 

Option Accessories 

Axial Component Adaptor (ACS-007), 

Kelvin Clip Lead Set (ACS-009) 

External Test Fixture (ACS-012) 

Chip Component Test Fixture (ACS-013) 
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APPENDIX H 

 

Tektronix – Digital Storage Oscilloscope TDS1012B 
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APPENDIX I 

 

   Tektronix – Passive 1X / 10X Voltage Probe P220 
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APPENDIX J 

 

Instek – Spectrum Analyzer GSP 810 

 

 



123 
 

 

 

 

 



124 
 

 

APPENDIX K  

 

Instek – Arbitrary / Function Generator SFG - 830 
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