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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



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.



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 Whatis 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 Whatis 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]



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]



Figure 2.1 Zero temperature —coefficient cuts of quartz



2.3 Quartz Crystal equivalent circuit
Xy
o [0 ] o]
CA)
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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 C;, L;, and R; are called the
motional arm and represent the mechanical behavior of the crystal element. Cp

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

C; 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.

L, represents motional arm inductance measured in Henrys. It represents the

vibrating mechanical mass of the quartz in motion.

R; represents resistance measured in ohms. It represents the real resistive losses

within the crystal.



Cy represents shunt capacitance measured in Farads. It is the sum of capacitance
due to the electrodes on the crystal plate plus stray capacitances C’y due to the crystal

holder and enclosure.

2.4 Quartz crystal resonant frequency

0 X . . 2.0
w fif;

- Series reactance

Figure 2.3 Crystal resonant frequency [5]

Resistive (R.) and reactive (X.) represents the equivalent circuit of the resonator

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

X, is zero at two frequencies. The lower frequency is denoted as fz which is the

resonance frequency. At fz, R, is approximately R;. The resonator reactance appears
inductive between the two zeros of X, the operating point of the resonator, f; is normally

somewhat above fz[4].
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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: X;; = X¢; [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 f,. The upper
frequency at which X, equals zero is usually denoted the anti resonance frequency f,. At

this point R, is nearly a maximum [5].

This equation combines the parallel capacitance of Cy and C;. 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 f; is less than f, and that the specified crystal frequency, fxr4z 1s
between f; and f, such that f; < fyr4r <fa.

This area of frequencies between f; and f, is also called the “area of usual parallel
resonance” or simply “parallel resonance [4].

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

2. Atf, 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 (C;), of 12 to 32 pF (depending on the crystal)

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

CU
11
A |
2—" ‘.—R
C, L, R,
A Y Y AN ————
¥

CI_
V]
/1

Figure 2.4 Load capacitance (C;) 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 (C;) the crystal that is connected in the

circuit.

An approximate equation for crystal pulling limits is:

C1
2(Co+CL)

Af = fs ( )-(2.3)

Where Af is the pulled crystal frequency (also known as the load frequency) minus f;.
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Crystal pulling technique is useful to tune the circuit to the exact operating
frequency desired. The limits of Af'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]:

ppm ( Cyx 10°
pF * 2(Co+Cp)?

)—(2.4)
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2.6  Principle of oscillators

2.6.1 Oscillators feedback

Vi + Ve Amplifier v,

@ A

4+

Feedback circuit

B

Figure 2.5 positive feedback system

The closed — loop gain A, of this positive feedback system can be derived as :

Ve =V Ty - (2.5)
vr= P, - (2.6)
v, = Av, -(2.7)
v, = A(v; + pv,) - (2.8)
Ar= 11//_? = 1—AAB -(2.9)

Ay can be made very large by making 1 — 48 — 0, the amplifier will be unstable
when 1 — Af = 0. The loop gain becomes 4 = 1. This relation is also known as
Barkhausen criterion [6].

By expressing the loop gain in polar form

AB=120° or 1£360° - (2.10)
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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]:

e The manner in which the dc power is fed to the oscillator and the consequent
loading effects on the ac circuitry.

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

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

effects, particularly at high frequency.

Datum
QOscillator Type Connected to
P (Pierce) e
CO (Colpitts) c
CL (Clapp) b
fDatufn {ground)
23
| b j:
1
€ zz
Z,

Figure 2.6 AC representation of the Pierce family of the oscillators
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—_

’31T ""1"'-'|.I

Figure 2.8 Pierce oscillator detailed schematic

For a crystal resonator, /3 = I

14
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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.

FREQUENCY
SYNTHESIZER

W“‘”@ PROGRAMMABLE
ATTENUATOR

POWER A VECTOR
SPLITTER VOLTMETER
8

\
Pl NETWORK

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 [§].

rbb b Cbc C
b A'A% —” oV o
Vbc / l‘e
C
é Rpras S e T be R,
&
Rg

Figure 2.10 Hybrid © model of CE amplifier

2.9.1 Noise equation

The noise equation for an amplifier with voltage gain = Gy e/® (where Gy, is the
magnitude and § is the phase shift) , the AM noise is given by [8]:

1 _1 AGy (V.2 1 KTFG
2SN =30 — = lgpt 5 21D

And the PM noise is given by:

1 1 AS82(i,V,v, f)2 KTFG
38 =51 w1 o (212

AGy (i,V,v, f) 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.

AGy(i,V,v, f) which depends on dc current, dc voltage, circuit parameters, carrier



17

frequency, and Fourier frequency, is the result of baseband 1/f noise up-converted to the
carrier frequency.

AS%(i,V, v, f) 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()= Vot e(®) ] sin 2avet +P(1)] - (2.13)

Where V,=nominal peak output voltage
¢ (1) = amplitude variation
v, = nominal frequency
@(t) = phase deviation
For the analysis of frequency stability, we are primarily concerned with the ¢ (t)

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

1 d¢
v(t)= Vo + EE-Q'M.)

A t)— 1 d d
_f:v() Yo = _¢ —ax _(2.15)
f v, 2nv, dt dt

y(t)=
Where x(¢) = @(t) /21 vV, — (2.16)
The time domain stability analysis of a frequency source is concerned with

characterizing the variables x(?) and y(?), 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, x; and y; respectively, where the index i refers to data points
equally-spaced in time. The x; values have units of time in seconds, and the y; values are

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

phase fluctuations by @) = x(¢) . 2 v, where v o is the nominal carrier frequency in
Hz. The data sampling or measurement interval, T, has units of seconds. The analysis or

averaging time, 7, may be a multiple of 7, (T = m T, 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

M-1

1 5
()= [y -] - @17)
1(?) Z(M— l) — [J’ i+1 .}r]

Where y. is the ith of M fractional frequency values averaged over the

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

with a bar over them to denote the averaging [9].
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In terms of phase data, the Allan variance may be calculated as

J?(T) Z(N 2) Z[TH’ - x;‘+1+x1]2 i (2'18)

Where x; is the ith of the N = M+1 phase values spaced by the measurement
interval 7. The result is usually expressed as the square root, o,(7), 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].
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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, o, as shown on the

following log o,(t) vs. log 1 plots, and o and p are related as shown in the table below [9]:

Table 2.1 Slope of different noise type in sigma tau plots

Noise o M
W PM 2 -2
F PM 1 ~-2
W FM 0 -1
F FM -1 0
RW FM -2 1
Sigma Tau Diagram
o L White Py oty ~1'"
ar
Elickér PM Sy(f) ~
11 p = -o-1
log i,
- LJFITL
oy(1) o \
-13 N VViiite TFTGRer T RW 1
\‘ E E E T
o | L
-15 AT 73
T i
0 2 4 6 8 10

log t

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".)

Mot accurate and Accuraee but Accurate and
not precise o precise precise

] e e ey P e
F========= = i & — R i g i g s
Tine Time Tiane Time
Stable but Mot siable and Accurar bat Stable and
nok accurate i accurate et seable accurate

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].

Oscillator under test Reference oscillator

Low pass
filter

Amplifier

Frequency counter

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.



3.2 Low pass filter design

RS =50

A Filter
Vi@ H(w)
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RL =50
Vo)

Figure 3.2 Low pass filter with 50 Q characteristic impedance

In this project, author tends to design a 5" order Butterworth LC type low pass

filter with 50 Q 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].

Re

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 R, and cutoff frequency of @,, the original

resistance R, , inductance L, and capacitance C, are changed by the followings only the

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

R=RR - (3.1

0
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L=R, L 52
a)O
C
C=—1_  _(33)
0~~0

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 Relative Py Isolation
Range Frequency P
stability x
Normal Pierce | Coll.lim. 0.5 to 50 Medium <1 Poor
2
Be lim. 0.5to 75 Highest <1 Poor
2
Isolated 1 to 30 Medium To 200 Good for R
Pierce Poor for X
Normal Coll.lim. 1 to 40 Medium <1 Poor
Ipitt 2
Colpitts Be lim. 1 to 60 High <1 Poor
2
Semi-isolated | M =1 1to 30 Medium To 20 Poor to Good
Colpitts
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]:

1) Output range

The ratio, 7, the power output P, is divided by power dissipated in the main frequency
determining element which is usually called the drive power, P; or P, in crystal
oscillator. In general, the stability of an oscillator circuit is lower as # is increased. For

many circuits, 7 << 1. The lower the drive power the higher the long- term stability.

i) Relative frequency stability

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

ii1) Isolation

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

iv) Frequency range
Frequency range is meant that the frequency f 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.
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Table 3.2 Quartz Vibrator parameter range

Type of Frequency  Approx. Range of Range of

Cut Vibration Range (MHz) C,/C, C, (107 pF) R, () Remarks
XY  Flexure 0.001-0.05 600 1-100 10*-3 x 10°
NT Flexure 0.005-0.14 900 1-30 107-3 x 10°
5°X Extension 0.04-0.20 130 20-800 20-5000
CT Face shear 0.15-0.85 350 2-100 30-8000
DT Face shear 0.10-0.50 400 3-200 30-8000
GT Coupled 0.08-0.30 350 10-25 40-300

extension
SL  Face shear/ 0.35-0.70 400 2-100 30-8000

flexure
BT  Thickness shear 3-30 650 20-200 2-500 Fundamental
AT  Thickness shear 0.50-5 450-300 2-100 5-500 Fundamental
AT  Thickness shear 5-30 180-250 5-200 2-100 Fundamental
AT  Thickness shear 10-75 250 x 3* 0.5-20.0 5-200 Third overtone
AT  Thickness shear 50-150 250 x 5%  0.3-20 5-200 Fifth overtone
AT  Thickness shear 100-200 250 % 7% 0.2-1 10-300 Seventh overtone

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.

34 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].

Van

-

e é

s l i
“% P CNT 3 =
) In
4 £l ]
“T |

i
—

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

o f - Operating frequency ( MHz)

o P, - Crystal dissipated power (mW)
o Vpp - Power supply voltage (mv)

. P - Power Output (mW)

3.5.2 Crystal Data

e N - Crystal operating mode
o df - Offset frequency between operating & load frequency
o ( - Motional capacitance
° R, - Load resistance
o (; - Load capacitance
e () - Static capacitance
o () - Static capacitance
6
e O 10 - Resonator quality factor

N ZTL'f R1C1
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3.54

3.55

106 .
AXI(Aff) = T - Reactance per fractional frequency change
1
Cy, 2 . .
R/ = [————]"R - Motional resistance
1= s /e
_ Ry . .
Ry = [1_ o o T - Operating resistance
(CL+Co) (fC1x10%)
1
I, = (M)Z - Crystal current
Rdf
1 2x107%df 1_4 , .
Crar = G Y 17 -¢c’ - Load capacitance for df’

Transistor Data

Po - Small - signal current gain

fr - Gain bandwidth product

Cher - Base emitter transition capacitance
Cep - Collector — base capacitance

Cee - Collector — emitter capacitance
BVeg - Collector — emitter voltage

BVge - Base — emitter voltage

Py - Power dissipation

Predefined Circuit Parameter
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a=0.3 - Ratio
vi=14 - Ratio
Vbe =113 mv - Small signal Base — emitter voltage

Other circuit parameter

|

n = - Power efficiency

Vi = 022 BVcg - Load voltage



3.5.6

V2

R = (1000 P)

VE = VBB* [21 (VL+Vb)] — 1700
If Vi > Vgp/2,take Vi = Vpp/2

R 2
R, =nRy _ddr

Ry,
A& ::\/RzleL
1%
X,=2L
Iy
[(Rdf+ Ry )]
m = X1
X1(Xp—%=
1( 2 BO
Ie = 8m Vb
1
o
Y1
14
Ig
BOT‘Z
rp = S
r __Q83TbVBB
b2 = wg+ 700)
1
I'b1 (1 1 )
b Th2
R. :Xlzgm
in Bo
X, 2
Ry, = —
Th

Other circuit component data

15900
CI = -
X1f

g 15900
Chrea = — -

X1
My =— -
M X,

- Load resistance

- DC Emitter voltage

- Part of the output reactance

- Part of the Output reactance

- Part of the Input reactance

- Transistor transconductance

- AC Emitter current

- DC Emitter current

- Emuitter resistance

- The Thévenin source resistance

- DC biasing resistance

- DC biasing resistance

- Input resistance

- Base resistance

Part of the input capacitance

Capacitance between base and emitter

Miller effect factor
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© Cu=Co (I+5)

o C; = Ci—Cha—Ciyi— Cour

e Check whether N =1

if yes, s*=0.2
ifno,s=1—£
N

o Xey=(I-5)X

15900
e
(fXen)

o Cy= Cy-Ce-Cey(l+My)-

Xcn
¢ M=

o [n= XLN
N 628f

0.05
. )K72==:;——
m
159000
o (C.,=
2 Keraf)
15900
e Xc = - X1+ X3)
(CLar)
, _ 15900
* Cl XcLf
QxRqg
° £2W7 !

(Rdf+ Rin+ R2+Rp)

Capacitance with Miller effect

Part of the real input Capacitance

Checking for the crystal operating mode

Part of the circuit output reactance

Part of the circuit output capacitance

Real operating output capacitance

Part of the output inductive reactance

Part of the output inductance

Emitter bypassed reactance

Emitter bypass capacitance
Load capacitance reactance
Real operating Load capacitance

Operating quality factor
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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 Ry [5].
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3.6 BJT Amplifiers with low 1/f AM and PM noise

+14.5V

51K

51K 21K

1K Output

T4:1

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:

Zp=2 ="t 22l (34)
Ip Is

Z1=a?7, - (3.5)
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Le.
Since the given turns ratio, a=4 and Z’, = 1000 Q

Z'L

z, =4 - (3.6)
— 1000
ZL_16

Z, =62.5Q(=50Q)

Since the output impedance is reduced to Z; = 50 Q, it provides a 50 Q

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 0dB

Collector — Base Voltage 28V
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

Jr 300 MHz
Cre 25 pF
Cbc 8 pF

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

-120

-130

-140

-150

PM noise
AM noise

AM and PM noise [dBc / Hz]

-160]

10 100

Fourier frequency (Hz)

Figure 3.6 AM and PM noise for SMHz 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].

Crystal

Signal CcL Detector
|
|

] _AAA 1 ]

66.20 LIl

—AANA-
66.2Q

5 159Q <14.20 14.2Q <159Q
<

< p:
< b

Figure 4.1 Schematic diagram for IEC — 444 Resistive Pi circuit

For:

Resistor 159 Q, choose 270 Q || 390 Q (159.5Q + 1%)
Resistor 14.2 Q, choose 15 Q || 270 Q (14.21Q + 1%)
Resistor 66.2 Q, choose 120 Q || 150 Q (66.6 Q + 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 pW

For loading capacitor C; = 16 pF, choose 15pF series with 10 pF then parallel with 10pF
capacitor.

Next, the oscillator power output P; 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 Py
which is equal to 100 uW. Thus, the power efficiency P, / Py 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 Q 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, fr = 3.275888 MHz was obtained from the

arbitrary function generator.

Figure 4.3 Series resonant frequency without load capacitance (fz= 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, f’x = 3.277228 MHz was

obtained from the arbitrary function generator.
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Figure 4.4 Series resonant frequency measurement with load capacitance (f'z =

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° < 6 < 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 I1
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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 Cy = 2.888 pF can be measured by using Topward — LCR meter
5040 as shown below. And for C’, = 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 C; can be

calculated by using the equation below.

1 1

ie. fr e -(4.1)
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1 1 1
- +
2n LC1 L(C0+CL)

-(4.2)

C; =(Co+C)[(fr/ fr )11 -(43)
= (2.888 + 16) [(3277228.00/3275888.00) -1 ] pF
=0.015 pF

R; =150 Q which is series equivalent resistance of the circuit can be obtained

from the datasheet. (Refer to appendix A)

e R= R (B2’ - (44)
L
= (150) [ (2.89 + 16.0)/(16.0) 1> Q
~ 209.1 Q

Thus, R; =209 Q

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.
e a=03 - Ratio
e v =14 - Ratio

e V;,=113mv - 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

Transistor Parameter Transistor Data
Po 50
fr 300 MHz
Cher 8 pF
Cep 8 pF
Cee 2 pF
BV 40000 mV
BV 6000 mV
Pis 625 mW

4.1.8 Inductance Ly 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)
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Crystal data Transistor Data Circuit Data
f 32768 Mz 50 O3 2870459528 oF
P 003333 W e 300 MEz Cou 1516201935 oF
®, 01 oW [ ] My 028087173
Via 10000 v € 8 Cu 3647261543 oF
¥ ! Ca 2 €, 2410571354 oF
df 100 Hz B 40000 mv 3 0447213595
[® a BVs 6000 =V T 4813080481 o
Be oF P 625 =W Cx 1008147472 oF
&; oF ™ ] Cy 8856697341 oF
& oF a 03 T 2406 540241 o
[ oF % 14 Iy 1169435092 uH
0. Vi 113 v cy 10571354 oF
AXIAF I §) a " 03333 L (]
[ 0 Vi 429.0967 v £y 1747788299 o
Ry o 2 ssu2m7 o Gy 2776.24866 F
% md A 5000 v - 2494510058 o
u oF & 655226 o e 19.4518936 oF
x 6016351 o O §794.058177
n 3.1416 x 169.0424 o
Gu 0.0029 o1
4 03233 mA
¥ 02309 mA
s 2165401432 a
% 2165401432 2
" 3153128401 9
™ 6912627648 o
R, 16389 o
&, 01320 2
Ru=RY) 1.7669 o
Rdf-R2) 289.3095 o

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 Ly used the formula that was provided in
Appendix F.

i.e.

1 (mH/ 1000 turns)

N=1000 \[A desired L (mH) _ (4.5)

0.1169455 (mH)
55.3 (mH/ 1000 turns)

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 126.8uH which is not the

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

1.€.

B ,116.9 i
N, =46 X e turns (4.6)

=~ 44.2 turns
Thus, N, = 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 pH.

Thus, choose N = 44 turns of enamel copper for the ferrite toroidal core (FT 37 - 61)
which results a 118.2 uH (= 116.9 uH which is the designed value of Ly).

For:

R; =5524.272 Q choose 5.6 K Q + 5%
r, =21654.01 Q choose 22 K Q + 5%
Ty = 315312.8 Q choose 330 KQ + 5%
Tp1 = 691262.8 Q choose 680 KQ + 5%

C y=68 pF + 17 pF probe at 10 X (Tektronix P2220) + 10 pF trimmer capacitor (Murata
TZ03Z100FR)

Cp, =241.0571 pF choose 0.33 nF series with 1 nF (= 248 pF)
C,,=2776.249 pF choose 6.8 nF series with 4.7 nF (= 2779 pF)

C’,=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 y 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

=EHESE T e Ew a o @ae o B 7 T

REIANTES e

o9BON\ /he
BhJ+ANY

apy
Bl E/

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
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4.2  Butterworth 5™ 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™ element is given by [14] ;

Ci=2sin[ (Z-)n], K=odd - (4.7)
Li=2sin[ (-5)n], K=even - (4.8)

4.2.1 Design calculation

To begin with the calculation, define the design specification as shown below:
f.= cutoff frequency

n = order of the filter

Z,= characteristic impedance

ie.

forn=5, f,.=1MHz , Z,=50Q,

a1 = 2sin[ (22521 =0.61803

2(5)
a, = 2sin][ (2(22()5;1)“] — 1.61803
a; = 2sin[ (2(23()5;1 ] =2

ay = 2sin[ (2(24()5‘)1)n] — 1.61803
as=2sin[ (2] =0.61803

2(5)
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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.

ie. w.=2nf. -(49) ,R=500Q

a;Rs _ (0.6180)(50)

C, =
! we 27n(1 MHz)

=1967.263pF

aRs _ (1.6180)(50)

=12875.905nH
we 2n(1 MHz)

L]Z

_ @Ry _ (2)(50) _
= oo Zn(1 MHZ) =6366.198pF

a;Rs _ (1.6180)(50)

= 12875.905nH
we 2n(1 MHz)

L2=

asRs _ (0.6180)(50)

C =
3 we 2n(1 MHz)

= 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.

L1 L2

Port_1 _ - Port_2
Corsan L=12875.905nH L=12875.905nH Ao

. LN

>_‘—2 4
C1 c3
C=1976.263pF C=6366. 198pF C=1967.263pF

Figure 4.12 Designed low pass filter schematic diagram
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Figure 4.13 Agilent® Gynesys simulation

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

filter as shown below:

Linear1 S21
i p F

| ] T O =

1000 10000

Freguency (KHz)

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:

C;=1967.263pF, choose 0.15nF || 0.15nF || 0.68nF || InF (1.98nF)
C,=6366.198pF, choose 2.2nF || 2.2nF || InF || 1nF (6.4nF)
C;=1967.263pF, choose 0.15nF || 0.15nF || 0.68nF || InF (1.98nF)

Next, choose ferrite toroidal core (FT 37 - 61) wind with enamel copper for L;and L,

0.012875905 (mH)
55.3 (mH/ 1000 turns)

re. N= 1000\/

~ 15.25 turns
N =15 turns

The measured actual inductance of L; with 15 turns by Topward — LCR meter 5040 is
16.5uH.

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

inductance value.

1.e.

N, =15 X 22 turns
\/ 16.5

~ 13.3 turns

N =13 turns
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The inductance value of L; with 13 turns was measured by Topward — LCR
meter 5040 again and the value was 13.6 pH (= 12.875905 puH). The process of tuning
the enamel copper turns was repeated on L, and the final inductance value of L, was

13.6 uH as well.

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

turns of enamel copper.

4.2.4 5™ order Butterworth Low Pass Filter Printed Circuit Board (PCB) layout

CPHOR 2 WM QAAAE « ~ BB 7 *u, B
'--- 0.05inch (2.000.75) |

i e

- i

& &7

£3

e

£

]

coBON AT 4
"BO- AN

SB X
o E,

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

The PCB circuit for 5™ 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.

3

12Zmm

[+]
I 12mm
1 49 mm 49 mm [ T

{*

F Y
Y

115 mm

Figure 4.16 Copper plate box dimension (side view)

szT T I t omm T
oy ¥ 0
53mm 50mm 50 mm 53|mm
O | F O
20mm J 1 20mm |
v = v -

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)



4.3 BJT Amplifiers with low 1/f AM and PM noise implementation
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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 KQ choosel5 KQ resistor + 5%.

2) 0.1uF coupling capacitor C; at input substituted with 10pF capacitor.

58

3) 0.1 uF bypass capacitor Cy at transistor emitter substituted with 1 pF capacitor.

4) 0.1 pF coupling capacitor Cs at transistor collector substituted with 1 pF

capacitor.
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Since the turns ratio a of the transformer is

1.€. a
NS

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.

VCC
14.5V
RC
1kQ
RB3 5% T
15k0 c5 24:6
5% ” o £
1pF H | RL
- 2 510
T E 5%
10pF 2N22224A
RE1
T
RB4 = = =
15k0
5o c4
Il
i
1uF
REZ
1kQ
59

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

noise



4.3.1 Calculation of the low noise amplifier

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

1.€.

Rps 15 KQ
~ X —B3 =145V X ————— =7,
Ve=Vce Rps+ Rpa VX s PV

Rs=Rgs || Rps=(15KQ) | (15KQ) =75k Q
Ve =1pRp + Ve + I (Re1 + RE2)
Ve =1pRp + Ve + Is(1+f) (Re1 + Re2)

. VB—VBE _ 7.25V-0.7V
Rp+(1+8) (Rpi+ Rga) 7.5 KO +(1+75)( 1 kQ+50)

Ip =0.078 mA

Ie=(1+p) Iy = (1 +75) (0.078 mA) = 5.93 mA
Ve=1Ir (Rg;+ Rp2)=(5.93mA) (1 KQ+5Q) =596V

Io=1I X —=503mA X ———585mA
CTIERT g 2P m 1475 0™

Ve=Vee-1IcRe =145V —(5.85mA)(1 KQ)=8.65V
For Input impedance Z;,

25mV.__ 25mV
Ig  593mA

roe= =422Q

re =re+Rg =422Q+5Q=922Q

60
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Zn= Rz || Bre = (1.5 KQ) || (75) (9.22 Q) = 633 Q

1 1

= = = 4857 Q
2w f C3 2mn(3.2768 MHz)( 10 pF)

X3

Thus, the overall input impedance is

| Zin| = 633 Q +j4857 Q |- 4898 Q

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

output of the pierce oscillator.

And the Output impedance Z,,; ,

Zot=Rc=1KQ

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

=HSHE 2 wEE QaQaA® DE 7| .-,

[0.05inch (4.300.90) |

¢O0BEON

=B
D B

Figure 4.22 Interface of Eagle® PCB layout design
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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]
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GWINSTEK sFEs-s30 )

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)

iAgiIent IntuiLink Counter

¢ Agient Courter | By Bl o= ado | 1P » @

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).

Set up Counter ri(

Measure | ch 1 Setup |

Frequency Readingsjsec

Period

Fregq Ch 2 1/sec - i
Period: Ch 2

Freq Ratio: 1.2
Freq Ratio: 211
Rizetime
Falltime

;:Z::i\?e\'\ﬁ;h Mote: It a different measure function is selected, the

Diaky Cycle: current measure function trigger and input settings
Phase: 1:2 will be reset to their default values

Time Intrvk: 1:2

Defaults ] Get Counter Settings J oK | Cancel ]

Figure 4.29 Universal counter setup using Agilent” Intuilink (1read/sec)

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

Set up/Run Logging Worksheet

Logging | Chart |

Begin Logging Data

& At Time: | snzrzot EE BT EE

7 ©n Receiving External trigger

With Interval of: u} hh 0 mm ] 10 ss.&
Terminating Upon:
* Number of Readings 1000
7 Durstion I I |

oK | concel |

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.

50.20000000
50.10000000

_50.00000000
=.49.90000000 1
% 49.80000000
<49.70000000

>
2 49.60000000
2]

=
$49.50000000
St

™ 49.40000000

49.30000000

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 o 2y(r), where:

M-1

Ji T 2(M I)Z[J’Hl Vi ] B (4'10)

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, 7, =1 second

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

. 1
Forz=1s, averaging factor, m = -

T data points = 1— = 1000

: 2 . 1000
Fort=2s, averaging factor, m=- , data points = — = 500

[u=y

Fort=4s, averaging factor, m = % , data points = 1— =250
. 5 1000
Forz=5s, averaging factor, m = 1o data points = —~ - =200
: 8 . 1000
Fort=8s, averaging factor, m = T data points = —~ 125
Forz=10s, averaging factor, m = 1T0 ,  data points = % =100

Fort=20s, averaging factor, m = 2—10 , data points = % =50
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Fort=25s, averaging factor, m = ZTS ,  data points = % =40
Forz=40s, averaging factor, m = % ,  data points = % =25
Fort=50s, averaging factor, m = ? ,  data points = % =20
For z=100s, averaging factor, m = %0 , data points = % =10

: 200 . 1000
For t=200s, averaging factor, m = - data points = 00

For 7=500s, averaging factor, m = 5;:0 , 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 T =2 s by averaging pairs of the adjacent values and using these new
averages as data values. For 7 = 4 s, take adjacent foursomes and find their averages and
proceed in similar manner [16]. The process stop at = 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 y;; - y; .

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).



70

Frequency Fractional Frequency Average N ized Frequency | Allan deviati Max | Minimum | Median
4.998220730E+01 2499110365E-06 2497268097E-06  6.842273024E09  1929501176E-09 2 6048B4766E-06  2479550996E-06 2.491930300E-06
4.989930126E+01 2494965063E-06 2.696971024E-09
4.990814090E+01 2495457045E-06 3.188953024E-09
4.995271633E+01 2.497635817E-06 5.367724524E-09
4.996382521E+01 2.498191261E-06 5.923168524E-09
4.990899437E+01 2.495449719E-06 3.181626524E-09
5.001481687E+01 2.500740844E-06 8.472751524E-09
5.004836884E+01 2502418442E-06 1.015035002E-08
5.001335451E+01 2 500667726E-06 8.399633524E-09
5.001092066E+01 2500546033E-06 8.277941024E-09
5.003027311E+01 2501513656E-06 9.245563524E-09
5.003344062E+01 2601672031E-06 9.403939024E-09
4.995736482E+01 2497868241E-06 5.600149024E-09
4.999122212E+01 2499561106E-06 7.293014024E-09
4.994763822E+01 2497381911E-06 5.113319024E-09
4.995956703E+01 2497978352E-06 5.710259524E-09
5.004415433E+01 2.502207717E-06 9.939624524E-09
5.003943974E+01 2.501971987E-06 9.703895024E-09
5.000477006E+01 2.500238503E-06 7.970411024E-09
4.998104151E+01 2.499052076E-06 6.783983524E-09
5.009769531E+01 2.504884766E-06 1.261667352E-08
5.002233207E+01 2.501116604E-06 8.848511524E-09
4.993627252E+01 2.495813626E-06 4.545534024E-09
4.998436273E+01 2499218137E-06 6.950044524E-09
5.004048510E+01 2502024255E-06 9.756163024E-09
5.006755751E+01 2503377876E-06 1.110978352E-08
5.005682895E+01 2 602841446E-06 1.067335562E-08
5.003836113E+01 25601918057E-06 9.649964524E-09
5.007472206E+01 2503736103E-06 1.146801102E-08
4.994839155E+01 2497419578E-06 5.151485524E-09

WA H 1000 frequency test suite data | t=1. t=2 /t=4 ./ t=5 ,/ t=8  t=10 ./ t=20 . t=25 . t=40 ./ t=50  t3 [l m T

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 (7= 1)

Averaging Factor 1

Data points 1000

Maximum 2.504884766 X107

Minimum 2.479550998 x 10

Average 2.492268092 x10°

Median 2.491930300 x10°

Allan Deviation 1.929501175 x10~




Table 4.4 Synthesizer data set |

71

Averaging 2 4 5 8
Factor
Data points 500 250 200 125
Maximum | 2.503000685 | 2.502540409 2.501858612 2.501054422
X107 x10° X107 X107
Minimum | 2.482362701 | 2.484703321 2.485330963 2.485026757
X107 X107 X107 x107°
Average 2492260414 | 2.492260414 2.492260414 2.492260414
X107 X107 X107 x107°
Median 2491814258 | 2.491623340 2491815272 2.491725573
X107 X107 X107 x107°
Allan 1.194733292 | 7.229764926 5.685590913 4.532323761
Deviation %107 x107° x1071° x1071°




Table 4.5 Synthesizer data set I
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Averaging 10 20 25 40
Factor
Data points 100 50 40 25
Maximum 2.501335045 2.500905910 | 2.500491798 2.500068652
X107 x107° X107 X107
Minimum 2.486264234 2.486654338 | 2.487564162 2.487577642
X107 x107° X107 X107
Average 2.492260414 2492260414 | 2.492260414 2.492260414
X107 X107 X107 x107°
Median 2.491799204 2491465516 | 2.491580540 2.491736504
X107 X107 X107 x107°
Allan 3.595111321 2.631745990 | 2.358733044 1.808476068
Deviation x107° x1071° x107° x1071°




Table 4.6 Synthesizer data set III
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Averaging 50 100 200 500
Factor
Data points 20 10 5 2
Maximum 2.500019604 2.498369322 2.497241389 2.494411280
x10°° x107° x107° x107°
Minimum 2.487824644 2.488701440 2.489460652 2.490109548
x107° x10°° X107 x107°
Average 2.492260414 2.492260414 2.492260414 2.492260414
X107 x10° X107 X107
Median 2.492006885 2.491297835 2.491297835 2.492260414
x107° x107° X107 X107
Allan 1.718765525 1.309835254 1.282721490 9.623776610
Deviation x1071° x107° x107° x107!!
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4.10 Sigma tau plot I

Lastly, the sigma tau graph was plotted based on the Allan deviation, cy(t)

in the table as shown below:

Table 4.7 Sigma- tau data table I

T oy(T)

1 1.929501175 %107
2 1.194733292 x10”
4 7.229764926 x107"°
5 5.685590913 x107"°
8 4532323761 x107™"°
10 3.595111321 x10™"°
20 2.631745990 x 10"
25 2.358733044 x 107"
40 1.808476068 x10™"°
50 1718765525 x10°"°
100 1.309835254 x10°"°
200 1.282721490 x10™"°
500 9.623776610 x10™""

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 7 = 100s can be estimated by a slope of 1,
which is (Y / X axis) 10719/1071% = 1. This also means that the frequency was

L (refer to figure 2.11 for

influenced by white PM noise or flicker PM because of 7~
more details)
The range between 7= 100 s and 7 = 1000 s indicates Flicker FM since the slope

is zero.



CHAPTER 5

RESULT AND DISCUSSIONS

5.1 Pierce Oscillator, he 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.
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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
Vs 6250 mV 3270 mV
Ve 5000 mV 2150 mV
Ve - 10100 mV
VeE 700 mV 680 mV
I 0.231 mA 0.098 mA
Ic 0.226 mA 0.097 mA
Iz= IEC 4.620 pA 1.940 pA




5.1.1.2 Crystal oscillator output value

Table 5.2 Crystal oscillator output value
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Item Designed value Measured value
43 429.10 mV s 133 mVims
P, = ‘;TLLZ 0.033 mW 0.0032 mW
I, = 5_2 0.077 mA 24.06 pA
= % 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.

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) IL=~141I; -(5.D)
2) |\ V| =| 3| VR:? + X,° -(5.2)
AR -(5.3)
T
3) Vo= I3 X -(5.4)
VLZ
4) P, o = «(5.5)

However, the
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Equations 5.5 states that increasing V7 or decreasing Ry will increase power. V7, in turn
can be increased by increasing Iz or X, , as stated in equation 5.1. /5 is increased by
adjusting r,; , 75, and /or r; [5] . Therefore, decision had been made to increase Iz by

adjusting rp1, Ip2.

5.1.2.1 Adjusting Ip1 o Fp2

Using voltage divider rule,

b2
Tp1t7Th2

Le. Vg = x 10V

. 330 kQ
680 kQ+330 kQ

=327V

x 10V

ry =rpr || 2= (680 KQ) || (330 KQ) =222178 Q
Vg =1Ipry + Ve + I 12
Vg =Igry + Vge + IB(]+ﬁ) 1)

V- Vgg 3 327V-0.7V
rp+(1+B8) (1) 222178 Q +(1450)( 22 KQ)

Iy =191 pA

Ve= Vs —Vae — Ipry
—327V-07V—(1.91 nA)222178 Q)
=215V

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

designed value of Vg, 5 V.



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

e, Vpg=—22 _x10V
Th1+7Th2

_ 330 kQ
198 kQ+330 kQ

=625V

X 10V

ry=rpr || 72 = (198 KQ) || (330 KQ) = 123750 Q
Ve =Ipry + Ve + Ip v
Ve = Ipry+ Vap + Ig(1+f) 12

 Ve-Ver 6.25V—0.7V
By +(1+8) (r,) 123750 Q +(1+50)(22 KQ)

= 4.46 pA

Ve =Vg—Vae — Ipryp
=625V —0.7V—(4.46 nA)(123750 Q)
= 4998V (=5V)
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Thus, choose 198 KQ (180 KQ series with 18 KQ) instead of 680 KQ as rp;

since it produces Vz = 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’y. The

trimmer capacitor can be tuned until the desired output voltage is obtained.



5.1.3 Measurement on trimmed crystal oscillator
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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
Vg 6250 mV 6100 mV
Vg 5000 mV 5010 mV
Ve - 10010 mV
I 0.231 mA 0.227 mA
Ic 0.226 mA 0.223 mA
Ig= % 4.620 pA 4.460 pA

5.1.3.2 Crystal oscillator output value

Table 5.4 Output value for trimmed Crystal oscillator.

Item Designed value Measured and calculated

value

%3 429.10 mV s 430 MV s

p, = vi? 0.033 mW 0.033 mW

Ry,
I, = PL 0.077 mA 0.077 mA
147

=P 0.3333 0.330
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Figure 5.3 Oscillator output waveform after trimmed

matching with the designed value.
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The measurement result for the trimmed oscillator was satisfied and more
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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 X 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

— e e

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 Q,
assume that the input voltage that was applied to low noise amplifier comes from the
output voltage of the oscillator. Therefore, input voltage 429 mV,,s (Pierce oscillator

output voltage) with 3.2768 MHz will be used for the amplifier testing.



5.3.1 Transistor DC biasing measurement in amplifier circuit

Table 5.5 Transistor DC biasing measurement of low noise amplifier

Item Calculated & Designed Measured value
Value
Ve 725V 722V
Ve 596V 6.10V
Ve 8.65V 845V
I 5.93 mA 6.07 mA
Ic=1Ig 5.85 mA 5.95 mA
J. =1 0.078 mA 0.079 mA
B

5.3.2 Voltage and gain measurement in amplifier circuit

Table 5.6 Voltage and gain measurement of low noise amplifier

Item Calculate & Designed Measured value
Value
Vin 429 mV s 428 mV s
/A 587 mVims 590 MV g
v 147 mV s 148 MV s
=Y 4.00 3.99
Vi
Ve
Ay = e 1.37 1.38

86
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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
Vin 429 mV s 453 MV
V. 587 mV s 639 MV e
Vi 147 mV s 157 mV s
Ve 4.00 4.07

147
Ve
Ay = Ve 1.37 1.41
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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.
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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 X 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)



91

A sinusoidal signal was applied from function generator to the input, at fixed
amplitude of 1V,.q 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 Vs /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
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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 mVu,) 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 I1

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).

50.15000000
50.10000000
50.05000000
50.00000000
49.95000000
49.90000000
49.85000000
49.80000000
49.75000000
49.70000000

Frequency v (t) -v 0 [Hz|

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.

=2 Home nsert Page Layout Formulas Data Review View @ - = x
| -l - A &= = =5 wrap Text General - = = 7 I ki & %
. el B U m TT (ZOAT b
Pate g ||mnan s R Oes i) || S S 0 A1 | Swerae & comter || [BG o oo il B || O~ sepaes - || 1 Format - || Lo~ Fumers serertc
Clipboa... & Font ' Alignment Mumber £} Styles Editing
s161 - 5 |
A B c D E M
1 * (taw) =1 |
2 Time | Frequency I Fr 1 Fr Average Nor Fr Allan deviation
3 154910 4 999911275E+01 1 525851830E-05 1.525750213E-05 1.016167932E-09 2 599307756E-09
4 15:49:11 4 998542091E+01 1.525433988E-05 -3.162250037E-09
5 15.49.12 4.993169788E-+01 1.525320370E-05 -4 .298428625E-09
6 154913 5 000278934E+01 1 525964030E-05 2 138174 158E-09
7 154915 5.001339301E+01 1.526287628E-05 5 374157434E-09
8 15:49:16 5.001552885E+01 1.526352809E-05 5.025964075E-09
9 15:49:17 5.001658722E+01 1.526385108E-05 6 348952966E-09
10 154918 5.001237324E+01 1.526256508E-05 5.062948328E-09
11 154919 4 999684 155E+01 1 525782518E-05 3.230526978E-10
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15 154923 5.001633707E+01 1.526377474E-05 6.272613245E-09
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18 154928 5.001816526E+01 1 526433266E-05 5 B30532556E-09
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20 154931 4 999246682E+01 1.525649012E-05 -1.012008948E-09
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Figure 5.15 Allan Deviation Calculations on Microsoft Excel

5.6.2 1000 - Point Frequency Data Set I1

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 (7=1)

Averaging Factor 1
Data points 1000
Maximum 1.529211263 x107
Minimum 1.520979414 x107
Average 1.525750213 x107

Median

1.525914359 %10~

Allan Deviation

2.599307756 x10~




Table 5.10 Synthesizer data set V
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Averaging 2 4 5 8
Factor
Data points 500 250 200 125
Maximum 1.529198001 | 1.529084407 | 1.529123267 | 1.529067312
x107 x107 x107 x107
Minimum 1.521255682 | 1.521454733 | 1.521508378 | 1.521566553
x107° x107° x107° x107°
Average 1.525750213 | 1.525750213 | 1.525750213 | 1.525750213
X107 X107 x107 x107°
Median 1.525918929 | 1.525944114 | 1.525965053 | 1.525974841
x107 x107° %10 %107
Allan 1.622147916 | 1.350417712 | 1.330889962 | 1.327124244
Deviation %107 x107 X107 %107




Table 5.11 Synthesizer data set VI
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Averaging 10 20 25 40
Factor
Data points 100 50 40 25
Maximum 1.529035471 | 1.528784614 | 1.528788126 | 1.528619031
x107° x107° x107° x107
Minimum 1.521704189 | 1.522256783 | 1.522462327 | 1.522332930
x107° x107° x107° %107
Average 1.525750213 | 1.525750213 | 1.525750213 | 1.525750213
x107° x107° x107 x107
Median 1.525916607 | 1.526009164 | 1.525881541 | 1.525889728
x107° x107° x107° %107
Allan 1321211463 | 1.394699746 | 1.407344368 | 1.424425353
Deviation X107 X107 X107 x107




Table 5.12 Synthesizer data set VII
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Averaging 50 100 200 500
Factor
Data points 20 10 5 2
Maximum 1.528526993 1.527982737 1.527602057 1.526991863
x107 x107° x107° x107°
Minimum 1.522832509 1.523734813 1.524611168 1.524508563
x107 X107 X107 x107°
Average 1.525750213 1.525750213 1.525750213 1.525750213
%107 x107° x107° x107°
Median 1.526053997 1.525911560 1.525189416 1.525750213
x107 X107 X107 x107°
Allan 1.200237111 0.444888239 | 4.064859930 | 5.555605445
Deviation x107 x107° x107° x1071°




5.6.3 Sigma - tau plot II

Table 5.13 Sigma- tau data table II
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T oy(T)

1 2.599307756 x10”
2 1.622147916 x10”
4 1.350417712 %107
5 1.330889962 x10”
8 1.327124244 x10”
10 1.321211463 x10°
20 1.394699746 x10”
25 1.407344368 x10”
40 1.424425353 x10”
50 1.200237111 x10”
100 9.444888239 x10°'°
200 4.064859930 10"
500 5.555605445 x107"°

1.0E-01

1.0E-04

6,(17)

1.0E-07

1.0E-10

1

10

100

1000

Figure 5.16 Sigma - tau plot II
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The zero slope in the range of 7 = 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 7 for

comparison.

1.0E-02
1.0E-05

e

b>~.
1.0E-08
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1 10 100 1000
T

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.



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™ 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,
Théol 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

MEC

SPECIFICATION OF CRYSTAL UNIT

ELECTRICAL

HC491-3.2768M1 630F

CHARACTERISTICS

1. Nomunal Frequency 3.2768 MH:=

2. Holder Type HC40U

3. Frequency Tolerance = 30 ppmat 25°C

4. Equivalent Resistance 150 Ohm max.

5. Insulation Resistance 500M Ohm @100V

6. Temperature Tolerance +/- 50 ppr at -10 ~ +60°C

7. Operating Temperature Range -10~+60"C

8. Storage Temperature Range 0~ +70°C

9. Loading Capacitance 16pF
10. Drive Level 100uW max
11. Aging = Sppm/ year miax.
12. Oscillation Mods Fundamental

DIMENSION s (mm)
13.46 max. 12.7 min. 465 max.
B Y
-0 MEC ——er—a ——g gy pivi

7

o

—0 3.2768MHz i =
e e

[N
/]
[ /1 LotNa.

EE Frequency Mask
L Mamufacturer's Code

MOBIGON
Eectronic Components

XBeWw g0l

M xew ol

/l_%J_lT
!

[

2xp043

Prepared By: Leo Wong
DOC. No: HC49U-3.2768MHz16pF 30ppmF

Page 2 of 2
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MEC HC-49 U Quartz Crystal

HC4%U METAL PACKAGE CRYSTAL RESOMATOR  ausane
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MEC

CHYSRAL

rﬁ —
Hotder Type

(R LU TR |

Mormnal Freguency

A T

®g HCAR) Pacnnge I7 14SMeGr Jpl e Cmp o Vipp Temmanee Fundereie Mo
" ¥ 20a0F

E W 1{F]
Cecdaton Mode

F Fundamental
T 3™ Cwerione

Frequency Tolerance |ppm)

Load Capactsnce (pF)
TEEW s L Meusnam

CGreneric Speci

ation

mominal Freguency Range

LEBO0MHT — 40.000MHS

[ 20.c00MEZ — 105.000MHz

wizragon Mode Fomzzmant Third Owertone
Temperature Smbility st 25°C £ LOOPEPM: 4 p-T00DM & JEhPEN. o b I00PPM
Freguency Toerance af 2890 +0-10PPM: 4020008 dege JOPPM- 4/ ESPPN:
Load Cacacmmnce Seres, 100F 12pF 16pF 18pF 20oF A0pF
Coerstng Temperature Barge | 000 — —5087 L3000 L T0AC : a0S0 o oEEe
Storsgs Temperstu-s Bange OO = s gEO™

Drive Lewel 10uby (100U mex )

Aging Rate ar 25°C

<+5 BpM per year Max

Frequency Range and ESR

Moaminal Frequency Range

Equivglent Series Resistanos

AT cur  Fungaments AT cut Thise Overtone
1 B00FHE — 1 055MH A0 Oorn May
2.000MHZ — 2 255z 452 OFm Max
2800MHE = I BEEMHZ 350 Dhn Max
3. 000MHT — 3.196MHz HE Oom Max
T I00MAZ — 3. a80Maz

150 Ohm Max

3. 500MHZ — 3.090M~2

B0 Ohm Maa

4.000MHZ — B.000MH

B0 Obm Max

TO00MHE — 14.880MHz

BT

1E.000MHT — 40 D00

2E Ohm Max

20 060 HY — 2= SO0kl

56 O Mex

2E 000MHZ — 105 200MHz

40 Onem Max

Outline Diagram

Application
Microprocesser Clock, Network Card, AN Card
Cable Modem, Consumer Electromic products,

Security System, Audio Equipment.

Features

tight tolerance and stabelity

The HC49U is Metal Package with resistance

Weld Sealed, Lead-free compliance, high reliable,

External Dimension

(U mie:

g

HCa9U

s

!




APPENDIX C

Motorola NPN Transistor P2N2222A

Amplifier Transistors

NPN Silicon

COLLECTOR

N

EMITTER
MAXIMUM RATINGS
Rating Symbol Value Unit
Collector—Emitter Voltage Veen 40 Vidc
Collector—Base Voltage VicBO 75 Vidc
Emitter—Base Voltage VERD 6.0 Vo
Callector Cument — Continuous I G600 mAde
Total Device Dissipation @ Ta = 25°C Fo 625 mW
Derate above 25°C 50 mWFC
Total Device Dissipation @ T = 25°C Pp 15 Watts
Derate above 25°C 12 mWFC
Ciperating and Storage Junction T Tstg —E51o +150 C
Temperaturs Range
THERMAL CHARACTERISTICS
Characteristic Symbeol Max Unit
Thermal Resistance, Juncbon to Ambient Faja 200 CW
Thermal Resistance, Junchon to Case Raic 833 CA

ELECTRICAL CHARACTERISTICS (Ty = 25°C unless otherwise noted)
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P2N2222A

Ui

CASE 2304, STYLE 17
TO-92 (TO-226AA)

| Characteristic | Symbol | Min | Max | Unit |

OFF CHARACTERISTICS

Caollector—Emitter Breakdown Voltage ViBR)CED 40 — Vdc
{Ic = 10 mAdc, Ig =0}

Collector—Base Breakdown Voltage ViBR)CBO 75 — Vdc
l:c=1|:|.u!\€€ E=E|] '

Emitter—Base Breakdown \Voltage ViBRIEBO a0 — Vdc
{Ig = 10 uAde, Ic =10} '

Callector Cutof Current ICEX — 10 nAdc
(Ve = 80 Vdc, VER[offy = 2.0 Vdc)

Callector Cutof Current CBO pAdc
':""rCE = 80 Vde E= ) — 0.4
(Wicg =80 Vde, Ip =0, T = 1507C) — 10

Emitter Cutoff Cument EBO — 10 nAde
(VEp =30Wdc, Iz =0)

Callector Cutof Current CEO — 1] nAde
Vee=10V)

Base Cutoff Current IBEX — i nAdc
(Vg = &0 Vide, VEg o = 3.0 Vdc)
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P2ZNZ2222A
ELECTRICAL CHARACTERISTICS (Tx = 25°C unless atherwse noted) (Continued)
| Characteristic | Symbal | Min Max Unit |
OM CHARACTERISTICS
CC Current Gan hFg ==
{ip = 0.1 mAde, Vg = 10 Vde) ] —
fie = 1.0 mAde, Viog = 10 Vec) 50 =
{ic = 10 'mAdc, Vop = 10 Vide) i) —
{iz = 10 médc, Vigg = 10 Vide, Tg = -58"C) L] —_
fic = 150 méAde, Vicg = 10 Vaci | 100 300
{ig = 150 mAdc, Vop= 1.0 vaglt) 50 —_
i = 500 mAdc, Vo = 10 Vde)l 1) 40 oy
Collector— Emiter Saturation Voltage! 1) ViCE fsa) Vo
fie: = 150 mAde, g = 15 mAde) — K]
{ig = 500 mé&de, ig = 50 mAdc) — 10
Ease—Emitter Sawration Yohage! ! VBE(sat) Vde
fie = 150 mide, Iz = 15 maAde) ) 08 1.2
{i: = 500 mAdc, Iy = 50 mAdc) — 20
SMALL-SIGNAL CHARACTERISTICS
Current-Gan — Bandwidth ProductZ) fr 300 - MHz
{ig = 20 mAadc. Vg = 20 Ve, f= 100 MHz)
Cutput Capacitance Coba — g0 pF
Wpp = 10Vde, Ip =0.7= 1.0 MHz)
Input Capacitance Ciba — 25 pF
Ve =0.5%de, ig =0, f= 1.0 MHz)
Input Impegancs he ki)
(g =1.0mAde, Ve =10 Vde, = 1.0 kHz) 20 2]
{ig = 10 mAde. Viop = 10 Vde, f= 1.0 kHz) b=25 -]
Voltage Feedback Rato hre X104
{ig =10 mAde, Vige = 10 Vde, f= 1.0 kHz) — go
{ic = 10 mAde, Viog = 10 Ve, F= 1.0 kHe) — 40
Small-Sgnal Current Gain Mg —
flp = 1.0mAde, Voo = 10 Vde, = 1.0 kHz) ] 300
{ig =10 mAde, Vigg = 18 Vae, = 1.0 kHz) s E
Clutput Admittance fipe AMPRLDS
{ip = 1.0 mAde, Vioe = 10 Vde, f= 1.0 kHz) 50 35
fic = 10:mAde. Vpp = 18 Vde, f=1.0kH) 2 na
Collector Base Time Constant e — 150 ps
{Ig = 2D mAde, Viog = 20 Wde, = 31.8 MHz)
Moiss Figure NF — 40 dB
{lp = 100 whde. Vo = 10 Vde, Rg = 1.0k, = 1.0 kHz)
SWITCHING CHARACTERISTICS
Delay Tame (Voo = 30 Ve, "fﬂEL:iﬁJ = —2.0 Ve, t4 = 10 ns
Rise Time Iz = 150 mAde, Igy = 15 mAadc) (Figure 1) i == 75 ns
Sworage Time (Wice = 30 Yae, Ip = 150 mAa:, 15 — 225 ns
s=lgn= 18 § {Fi his
Fall Time e =ty = T eide) Fgre 3 t = &0 =

1. Pulse Test Pulse Width = 300 us. Duty Cycle = 2.0%
2. fy 1= defined as the frequency at which Thyl extrapolates to uniy.
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APPENDIX D

Murata TZ03Z100FR Trimmer Capacitor

Ceramic Trimmer Capacitors

TZ03 Series

W Features

1. Color coded case faciliates identification of

caracitance range.
2. Besled construchion prevents the penetration of
fiux and dust
3. Available in two adjusiment styles: Top/Rear.
4.+ (Cross-shaped) siot enatles sutomatic sdjustment.

| | .ﬁp{.‘rﬁﬂﬂﬁﬂﬂi F Tupe

1. Carsudio systems 2. Car clocks

3. Stereos ¢, Radio cassette tape recorders

8. Cordless telsphones & Video games

7. Compact radio equipmant

&. Remote keyless entry systems

@ Burglarproof devices

N Tyoe
Bt humpey | CTIRERSR) | (Cmax T e Rated | WIhsianding | o iatoriCase Color
{pF) {eF) Vollage|  Wollage

TZ03Z2RITIER 135 2.3+50:0% | WPD:I00ppASC | 300win al IMHz, Crax. |100vde |  220uae Back
TZ03Z050C 169 ] 50.5040% | NF:I00ppm™C | 500min. al IMHz, Crax. |100Vdc| 230vic Siue
TZ03Z0T0C 168 if TO+50-0% | WPREIODpoM™C | SO0min &l WAL Grga. |100VdS |  2aDwie Biue
TZO3Z100C168 a7 0.0 +50-0% | NPRL200ppmC | S00min al TMHZ Crax. | 100Vde |  220udc Siug
TZ03R200C163 42 200 +5000% | NTS0:200pemC | 500min al 1MHz, Cmax. [100Vde|  220vde Red
TZ03R300C168 52 30.0 +50/-0% | N750+300ppm/C | 500min al 1MHz, Coax. |100vde|  220ude Gresr
TZ03P450C168 [3] 45.0 =30/-0% | N1200£500ppm C | 300min. al TMHz, Criax. |100Vde|  220ude ¥aliow
TZ03PE00168 L] 600 +5000% | N12002500ppm=C | 300mir. al IWHz, Cmax. |100vds | 220vde Brown
TZ03Z500169 &0 500 +100-0% | NPCL300ppe=C | 300min &t 1MAHE, Crax. | Sovde |  1iowae Orange
TZ03R300_183 g0 900 +100/-0% | NTEDLI00PmmSC | 300min 8l 1Mz, Cmax | S0Vde Ti0de Biark+Det
TZOIR1210168 00 120.0 +100/-D% | N7502300ppmC | 300min al TMHE, Crax. | SOvde | 190ude Back

laeainn Reaislance 100000 ofr
A blem ool 18 THed with larmal 1oe eodes

Toriee: 2,0%0 14.7ralim

Dpergling TemgeralLre Range: -25 10 =85°C
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Mini-Circuits ZAD -1-1+ Frequency Mixer

Coaxial

Frequency Mixer

Level 7 (LO Power +7 dBm) 0.1 to 500 MHz

ZAD-1-1+
ZAD-1-1
e £
S

Maximum Ratings Features
Cperating Temperaiure S8 10T + low conversion loss, 4.82 dB typ
Shorage Terpersture -SECmmte = high L-R isolation, 45 dB typ.. L-1. 40 dB typ.
i - R Connectors _ Moge! swmmgm ;
IF Curment 40mA LEEE BT TED - Bies (1-9)
Applications m&ﬂ JOPTION “B7) §5.00 1=
BRACKET (OPTION “BR™)  §150 (1=
! ; « VHELME
Coaxial Connections by e
* accordance
oy i instrumentaton +RoHS mmpm in
B T with EU Directive {2002/95EC)
= 4 The +5uf entfies Ro-lS Complande. See our sed e
for RoHE e and ¢
Electrical Specifications
Outline Drawing FREGUENCY CEH\!‘ES;.!E’H LOBS LO-RF ISOLATION Lo#iwrm
preerh) s
- a= \sct-Bara
LOvRF = 3 Tom L "] u L -~ u
H 1 T ——T% it T o e Mew [T M T Mn T e [T Me Te M Te Mn
.é.é% | :M: 01500 DoE00 |48 B TE BE | @ 45 & X x|le w a4 = #» »
1 ! | 1 0B CONF. =1 sBm Legwmnge [ B 1ET]  W=mamageDT 072 U= sermnge F,2e0)
L} Jl:ﬂ B i e iz BanE [ ) .
il ¢ - v
Typical Performance Data
e e
e % e Frequency Conversion  lsolation iokation VSWR VIWR
MHz) Loss LA L4 RF Port LO Port
(4] |eE} [L=]] ] m
[E=] o [X=] (X=] “wo
RF Lo +TaBm “TdBm +TdBe +7aBm +ToBm
0.1e anm LS 4 =700 =57 00 17 3
oS agsa &40 =IO =700 127 o
150 L ) £m3 =670 s04E 17 12
Pt o 208 4582 &7 00 - cF ] 126 )
LE o am 45 =670 ®’TT 1.3 %
i i i non
Qutline Dimensions (7] 0% a0 282 =700 5138 188 m
2000 005 s, =67 00 & 195 z.pe
& L] [ = ] € F il il =00 &100 4588 *B70C E1£3 1142 ipe
2 1WA & i AT S 1am 5o.82 28.53 450 ETEs 5583 108 242
GEW B NS WK EE EM a8 e 10080 7000 452 Bl 4530 1% 1%
4 LS L L - " B - 1T &34aT 433 alza e 19 inm
£+ ) " ® 1 e - 8 grane 20000 17000 £me &3EC &g 145 P )
BE 18 WE BN 43 %R AN me pes 18459 £33 mMET Ear 1.2 I
o-|mn 2911 £ E- B X6 12r Pt
/BT 26352 £32 T e =40 13 e
el HEL £ EE) 3355 122 158
386 TE 386 TH £68 s e i3 3]
431 .18 a0 18 %8 arme 3 68 13 185
48552 43858 rm re 08 13 188
500 .00 4T00 T8O ®Bn T 128 im
Electrical Schematic
L L R
| ;': i
- - - - - P!l.-
LA Mini-Circuits gt con
IS0 9007 IS0 14001 CEATHED —
P2, o 3507166, Brookiyr, Naw Yos: 11225-0002 {716 504 4000 Fam [118) 528601 For detaited periormance spocs & shapping saline soe Min-Cicuits wob oite Ve
=% The Design Enginesrs Saarch Engme Prosiges ACTUAL Jata nsiantly From MIN-CIRCLITT Al www. mwnicincuiis. com Lulfrom
e I MCTOWAIL CoMrons e St
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APPENDIX F

Ferrite Torroidal Core FT 37-61

Ferrite Toroidal Cores

Ferrite Toroidal Cores are available in nmumerous sizes and
several permeabilities. We can supply sizes from .23 inches to
2.4 inches in outer diameter directly from stock. Larger sizes up
to S inches O.D. are available, but mnot stock items. Perme-
abilities from 20 ma to 5000 mu. are maintained in stock, but
permeabilities up to 20,000 mu are available as nen-stock items.

Fervrite toroidal cores are well suited for a wvariety of RF
eircuit applications and their relatively high permeability
factors make Lhem especially useful for high inductance values
with a minimum number of turmns, resulting in smaller component
size.

There are two basic ferrite material groups: those having a
permeability range from 20 to 800 mu are of the NICKEL ZINC class
and those having permeabilities above 800 mu are usually of the
Manganese Zinc class.

NICKEL ZINC ferrite cores exhibit high volume resistivity,
moderate stability and high 'Q' factors for the 500 KHz to 100
MHz frequency range. They are well suited for low power, high
inductance resonant circuits and their permeability factors make
them useful for wide band transformer applications.

The MANGANESE ZINC group of ferrites, having permeabilities
from 800 mu toe 5000 ma have fairly low volume resistivity and
moderate saturation flux density. They can offer high 'Q*
factors for the 1 KHz to 1 MHz frequency range. Cores from this
group of materials are widely used for switched mode power
conversion transformers operating in the 20 KHz to 100 KHz
frequency range. These cores are also very useful for the
attenuation of unwanted RF noise signals in the frequency range
of 20 MHz. to 400 MHz and above.

A list of Ferrite toroidal cores maintained in our stock,

including physical dimensiens and magnetic properties, will be
found on the next several pages.

Turns formwla Key to part number
_ desired L {(mh) FT - 50 - 61
Tuens = ‘°°‘N m;xﬁwm) ferrite foroid ~©OD  material




116

Farrite Materials

Material 331 (permeability 850) A manganese-zinc material having low
volume resistivity .Suitable for | KHz to 1 MHz. applications. Available
in a varlety of shapes and forms but most commonly used for antenna rods.

Material 43 (permeability 850) A nickel-zinc material hawing high
volume resistivity. Widely used for medium frequency inductors and
wideband trans-formers up te 50 MHz. Also very useful for frequency
attenuation in the 30 MHz to 400 MHz range.

Material 61 (permeability 125) A nickel-zinc material which offers
moderate temperature stability and high 'Q' for frequencies 0.2 MHz to
15 MHz. Also commonly used for wideband transformers up to 200 MHz.

Material 61 (permeability 40) A nickel-zine ferrite having high volume
resistivity and low permeability. A high 'Q' material for frequemcy range
15 MHz to 25 MHz. Extensively used in toroidal form. This material is
going to be replaced with the superior #67 material.

Material 64 (permeability 250) A nickel-zinc material having high volume
resistivity. JFrequency range for resomant application up to 4 MHz. Good
attenuation of unwanted frequencies up to 1000 MHz.

Material 67 (permeability 40) A nickel-zinc material very similar to
the 53 material but having a greater saturation flux density. Somewhat
lower volume resistivity but good temperature stability. Useful for high
'Q'applications 10 to B0 Mhz. and wideband transformers up te 200 MHz.

Material 68 (permeability 20) A nickel-zinc material having high volume
resistivity and excellent temperature stability. Useful for high Q'
resonant circuits 80 Miz.to 180 MHz. Widely used for  high frequeacy
inductors, antennas, wideband amplifiers, and linear power amplifiers.

Material 72 (permeability 2000) A manganese-zine material having low
volume resistivity. A high 'Q' material for the lower frequencies to 3500
KHz. Also has excellent attenuation properties for unwanted frequencles
from 500 KHz through 50 MHz. (Going to be replaced with the #77 material)

Material 731 (parmeability 2500) A manganese-zinc material primarily a
ferrite bead material having good attenuation propertles for troublesome
noise frequencies .5 MHz. through 50 MHz.

Material 75 and 'J' (perm 5000) A manganese-zinc material having low
volume resistivity and low core loss from 1 KHz.to 1 MHz. Used for pulse
transformers and low level wideband transformers. Alsc very useful for
nolse attenuation from .5 MHz to 20 MHz. freguency range.

Material 77 (permeability 2000) A manganese-zinc material having high
saturation flux density at high temperature. Low core less in the 1 KHz
to | MHz range. Ideally suited for power conversion and wideband trans-
formers. Also widely used for noise attenuation in the .5 Mhz. to 50 MHz.
frequency range. ( Will shortly be replacing the #72 material )

Material 'F' (permeability 3000) A manganese-zinc material similar te
the 7/ material but having somewhat greater initial permeability. High
saturation flux density at high temperaturs. Used for power conversion
tranaformers. Also used for noise attenuation in the .5 MHz. to 50 MHz.

frequency range.
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FERRITE TOROIDATIT., CORES
for resonant circuits

Permeability 850

0.D. 1.D. Hgt 1 Ao Vv, A value
Core\/number (in) (in) (in) - cm? en® -Ihllooo t
FT-23 -4] 230 120 L0860 1.34 021 029 188
3,02 .133 L 401 5213
FT-50A-43 .500 +312 .250 3. I§ 5 ¢ a 570
FT-50B-43 500 312 .500 3.18 .303 L9964 1140
!!-8; "] . 5 £§’ - ) . . 557
FT-114-43 1.14 750 +295 7.42 .375 2.7§ 603
FT-140-43 1.400 .900 .500 9.02 .BO6 7.280 953
FT-240-43 2.400 1,40 . 500 14,80 1.610 23.900 1239
MATERIAL 61 Permeability 125
0.0, 1.D. Hgt b A.1 v value
Cove\/mmber (in)  (in) (in) cn cm em®  mh/1000 t
FT7-23 -61 .230 120 060 1.34 021 029 24.8
Fr-37 -61 375 187 +125 2.15 .076 .163 55.3
- .t . ‘ ” 3 02 0133 tml M
FT-50A -61 .500 .312 .250 3.68 .152 559 75.0
PT-50B -61 .500 312 .500 3.18 .303 964 150.0
FT-82 -61 825 .516 . 250 5.26 %Q l.g 73.3
n’ll‘ -61 1.1‘2 .7” 0295 70"2 . 5 iu ” 03
FT-114A-61 1.142 750 545 7.42 x 5.130 146.0
FT-140 -61  1.400 .900 .500 9.02 .806 7.280 140.0
FT-240 <61  2.400 1.40 . 500 4,80 1.610 23.900 171.0
MATERIAL 63/67 Permeability 40
0.D. L.D. Hgt 1 Ag J Ay, value
Core\/number (in) (in) (in) P em? ca -n}iooo t
Fr-23 -63/67 .230 120 060 1.34 021 .029 7.9
FT-37 -63/67 .375 .187 .125 2.15 .076 163 19.7
3.0 .133 401 22.0
: 152 .559 D
.303 964 48.0
. 246 1.290 22.4
FT-114- 63 i L ILZ 3 .375 2.790 25.4
FT-140- /67 1.400 ,900 .500 9.02 806 7.280 140.0
FT-240- (67 2.400 1.400 . 500 14,80 1.610 23,900 171.0
MATERLAL 68 Permeability 20
0.D. L.D. Hgt 1 v, Ap value
Core\/number (in) (in) (in) c: ::2 c:s -ﬁ'/looo t
n'23 '68 0230 -120 0060 103‘ 0021 |°29 4 0
FT-37 -68 375 187 .125 2.15 076 .163 8.8
-50 - .500 281 .188 3.02 133 401 11.0
F1-504-68 .500 312 .250 3.68 152 .559 12.0
FT-82 -68 .825 516 +250 5.26 246 1.290 11.7
FT-~114-68 1.142 L7150 . 295 7.42 375 2.790 12.7




FERRITE TOROTIDAL
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CORES

Physical Dimensions

Ferrite Toroids

core size op ) t Mean length|Cross Sect Vol
\ inches inches inches cn gg_§ g
FT-23 230 120 .060 1.34 .02 .028
FT-37 3715 .187 125 2.65 076 .163
¥I-50 500 .281 188 3.02 133 402
FT-50 =K .500 312 .250 3.18 152 483
I B3 2% 3.8 246 129
g' g’ oy 08;8 05#0 . 500 5 . z‘ .S; . '%9
FT-114 1.142 150 .295 1.42 o3 783
FI-114- 1.)42 .750 545 1.62 690 120
PT- 140 1.400 900 .500 9.02 LB06 7.270
FI-150 1.500 150 250 8.30 .501 4,905
FT-150-A4 1.500 .750 .500 8.30 1.110 9.213
FT-193 1.930 1.250 .ggs 12.%0 1.190 14.6g7
FT-193-A 1.930 {.250 .750 12.31 1.460 17.9 3
FT-240 2.400 400 500 14,40 1.570 22.60
AL Values=s (nd / 1000 turns) - Farr:l.te Toroids
To complete tha mwher add the Mix mmber to ze mmber
The 61 & 72 materials are being superseded by the 67 & 77 nltotills respectively.
Material > 43 61 63 67 g 7 g Z;H F J
corglsiae w=850 wu=125 u=250 u=40 wu=20 u= w5 wu =N u= 58
-13 R E 7.8 4.0 396 9% 3 NA NA
;¥' 7 433 és.g 57.? 17.7 8.8 884 2210 73% NA NA
FT-50 8.0 22.0 22.0 11.0 1100 2750 990 NA NA
FT-50 =k 57 15 4,0 24,012,007 1200 p) 0 NA NAT
PT'ZO -8B 1140 150.0 48.0 48.0 12.0 2690 NA 2160 NA NA
FT- 557 3.3 22.4 22.4 11.7 1170 2930 1060 NA NA
E87A ML M NA NA, A NA NA NA 3624 6040
~114 603 «3 25.4 25.4 12,7 1270 3170 1140 1902 3170
-Ha-A__NA 146.0 KA WA NA 2340  NA  NA NA NA
-1 57 140,07 &5, 0 45,0 NA— 22507 NA— Z34 35
-1 NA NA KA NA NA NA NA NA 2640 4500
-150-A NA N NA NA NA NA NA NA 5020 8370
FT-193 NA NA NA NA NA NA NA NA 3640 6065
FT=193-A NA | ;A NA gl NA NA NA NA 4460 52
FT-240 1260 173.0 53.0 53.0 NA 3130 6845 3130 NA 6845

Magnetic Properties

Ferrite Materials

Material > 43 61 63 67 68 72 15 17 ¥ J
Initial Perm. | B850 | 125 40 40 20 | zo00 | s000 | 2000 | 3000 | sooo
Max Perm. 3000 | 450 | 125 | 125 40 | 3500 | 8000 | 6000 | 4300 | 9500
Max Flux den. | 2750 | 2350 | 1850 | 3000 | 2000 | 3500 | 3900 | 4600 | 4700 | 4300
14 oer, gauss
Residual flux | 1200 | 1200 | 750 | 1000 | 1000 | 1500 | 1250 | 1150 | 900 | 500
density,gauss
x& ,mm. 1x10% J1x108 [1x108 [1x207 [1x107 |1x10? |sx10? |1x10? |1x10? |1x10?
'ﬂo '.ff 1‘ .151 -1“ 0132 .0‘: .501 .90! .60’ -25‘ -*x
Curie Temp. C | 130 | 350 450 | so0 | 450 | 150 | 1s0 | 200 | 250 | 140
Resonant Cir. |.01 to|.2 to |15 to |10 to |80 to [.001~ }.001~ |.001~ |.0OL~- |.001~
Freq. MHg 1mlomzsmwmuon71mxm:1m1mnm
Wideband 1 to |10 to |25 to |50 - 1.5 to to .5 to |.5¢
Freq. MHz. * |50 906" |200° [*306° | 1000 [0 nit |15 Mitu|30 #ita]30 Mits |15 tite
Attenuation - D- - l1000- | 1 - | 5- J1- J1- | .5~
RF Noise, go %386 ggoo ?280 5000 | 50 20 50 20
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APPENDIX G

Topward — LCR Meter 5040

Specification for 5000 series LCR Meters

Parameters Tested
Display Digit
Equivalent Circuit
Test Frequency
Test Level

DC Bias

Display Range

Range
Test Mode

Test Time

Comparator

Self Test &

Calibration
Power Source
Dimension

Net Weight

Accessories

Option Accessories

L/Q, L/R, C/D, C/Q, C/R, R/Q

L,C,R:4 Digits, D, Q:4 Digits, 0.56" LED Display
Series or Parallel

100Hz, 120Hz, 1KHz, 10KHz* (*For 5030, 5040 only)
50mV, 100mV, 250mV Auto Selected, +£10%

External Bias 0~60V, 250mA Max

L: 0.001pH~9999H C:0.001pF~9999mF
R:0.0010hm~9999MOhm
D: 0.001~9999 Q:0.001~9999

Automatic Ranging (6 Ranges)

Auto or Manual

0.5 Sec/Test at IKHz

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 Function Test, Open CAL, Short CAL

ACV 115V/230V, £10%, 60Hz/50Hz
404(W) x 101(H) x 328(D) mm
5.1kg

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

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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Tektronix — Digital Storage Oscilloscope TDS1012B

TDS10008 and TDS2000B Series Digital Storage Oscilloscopes
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TOS10018 TDS1002B TDS10128 TDS20028 2TDS2004B TODSZ012B TDS2014B TDS2022B TDS2024B
Display Mong Moz Meng Cofar Calor Cofer Color Calor
|*& VGA LCD)
Bandwidin® 40 WHz B0 MHz 100 MHz 60 MHz ED MHz 100 MHz +00 MHz 200 Mz 200 NHz
Channls 2 i 2 z 4 i 4 z 4
Exiarma Trigger luted on all models
Inpest
SamoleRateon 500 MSE 10 G5 10 G5 1065k 110 GB 110 Gais 10 G8E 210 GBie 2.0 Gl
Each Channe
Record Length 2.5 poinis at 8!l tme Deses on all models
Verlica 8 bets
Resolutien
Viertica 2 mV 1o 5 Vidiv on all mocels with cefbreied fine adjustment
Sanativity
*3% on &l modes
\iertically exoand or comgress a live or stopped wavedom
300 Vawe CAT 11, derated &t 20 dbidecads above 100 kHz 10 13 V. AC 8t 3 MHz
2 mV 1o 200 myidiv #2 ¢ 2200 mi to'5 Vidiv *50 V
Bandwidth Limit 20 Hz for all modeis
Input Cougling AC, DC, GND cn a¥f mode's
Inpdt f WD i parallet with 20 oF
Impedance
Time Baze SreloS0stdiv Sneto30sdiv SnsloS0sigy BnsicSlecn Snsiobleidv Sneio5lsidv SnsioS0sioy iimn Zimn
Range 50 ='div 50 sfdhv
Time Base 50 ppm
Agcuracy
Honzental Horizontally expand or compress & live or siopped wausform
Zoom
/G Interfaces
USE Ports BB hest pert on front panel suopors USB flash anves
JSB evice port on back of instrument susiports connection & PC and all PictBridge-compatible prelers
GP18 Optional
Nonvelatile Storage
{Eh 26K point reference waveforms
Naweforr: [2fZ5Kpoint (2} 25K point  [Z)25Kpomt  (2) 25K point (£)25Kpoint  (2) 25K point  (4)25Kpeesl  (2) 25K ooint 44 25K point
Storage wio
S8 Fiash
Drive
Maximum USE B4 GB
Flash Drve
Size
Waweform 86 aor more refierence waveforms par & MB
Slerage with
USSE Flash
Drive
Zalups wia 10 front-panel sefups
USE Flash
Drive
Betuos with 00 or mere Fonkpane! setups per B 18
USE Flash
Drive

Erveen Images
USEFlasn

zcreen images oer @ MB ithe number of inages deoends on file format selected)

Drive
Save All witn 12 or more Save AR cperationz per 8 MB
USR Flash & ginple Save Al operation crestes 3 1o O fites (setup. image. plus ong fite for each Saclayes waveform)

Drive




APPENDIX 1

Tektronix — Passive 1X / 10X Voltage Probe P220

Passive 1x/10x Voltage Probe
P2220 « P2221 Data Sheet

=2220

Features & Benefits

1x/10x Amenuation
200 MHz Bandwide
1.5 m Lengm

o UL3111-1, CSA1010.1, ENG1010-1, ENS1MO10-2-031, and

EC81010-2-031

Characteristics

10x Position
Bandwidth — DC 1o 200 WMz
Probe Leangth — 1.5 m
Atparuation Ratie — 1001
Compensation Rangs —
PZ220 15 to 25 pF
P20t WS gF
Ingut Capacitance =
P2220: 7.0 pF e
P22 170 pF (e
Inpart Resistance - 10 MO

Applications

- L guency Meas

= Low-frecuency Computer and Telecom keasursments
= Power Supplies
= Low-frenuency Amplifiers

P2220, P2221 Passive Voltage Probes

The P2220 and P2221, 200 MHz passive vollage probes permit seiection of
x or 10x attenuation, wusing a switch located on the prode heac.

The P2220 probe is compativie with TDS200, TDS1000, TDS 10008,
TDE2000. TDS20008, and TPS2000 Sevies oscilloscopes. The P2220
probe alsc orovides flioating measurement capebility up to 30 Ve with
TPS2000 Series cscilicscopes only. (Mote: De not flost with TDS2000,
TDS20008. TDS1000, TDS 10008, 'S200 Series oscilloscopes | The
2221 18 comipativle with MSO2000 and DPO200S Series oscilloscopes

‘Waxirmurm nput Veiltage — 2030 W TAT |
Maximum Violtage Setween Refarence Lead ana Earth Ground — 30 Ve

1x Position
Bandwidth — OC to € MHz
Probe Langth — 1.5 m
Attaruation Ratie — 1:7

Compenisation Range — All cecilloscopes wits 1 %I input

input Capacitance —
F2220° 130 pF (yp)
PZ22%: 190 pF ityo)

nput Resistancs — 7 WO

Maximum inpwt Velttage — 750 W SATH
Maximum Valtage Batwean Refarence Lead ana Earth Ground — 30 Ve

** The foal woiiage musl De AubiEsiand fram TR [ip 10 et grouna wollage . For exmgegie If s retenence 80
i TOEIEN 15 B0 Vaun W THE DRODE IS I INE 106 POSIGOR e NS YERS0E 10 the referarde Bar s fres

2 ET Vaus
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APPENDIX J

Instek — Spectrum Analyzer GSP 810

Specirum Analyzer

122

FEATURES :

* Frequency Range :150kHz~1000MH 2

* Fully Digital Phase Locked Loop Technigue Design

~ High Frequency Setability : X ibppm
* High Resolution of Span to Measure the More Detailed Sigral @
Zero, 2H 2z~ 100MEEZDIN,

* RBW:IK 30K, 220k, 4M

* High Iaput Protection Level : +30dBm,=258VDC

* Reference Level Range : -30dBm~=204Bm

~ Goad Noise Flonr Performance: -95dBm @ 30kHz, -100dBm typieal.
over -1504Bm/ Hz typical @220kHz and $MHz RBW

* Spurious Nolse : <-60dB

* Intermodulation (3rd) : <-T0dBe

* Two Markers for Abselute and Relative Measurement

* Functions: Viax. Hokl, Average(2~32 traces), Freeze, Peak Search,
Marker o Center Funcéons

* 9 Memories of SaveRecall

* RS232 Interface and Software to get Trace from GSP-§10 16 PC
* Options : Power Meter, Tracking Generator, Romote Control

GSP-810 (150kHz~1000MHz) Software
SPECIFICATIONS
SPECIFICATIONS
FREQUENCY Frequency Range 150k HzZ w0 1000OMEL:
:Mm ék&bﬁ.m&&wmﬂuﬂmzkﬂz/m
requency Display it sctting
Frequency Control igzital phase locked
Frequency Stability 4 2 ppmyvear aging , & 10 ppm, Owo 30°C
Frequency Spans Zeros 2kHzwo 100 MHz/DIV. in 2 1=2=5 soquence
BANDWIDTH Resolution Bandwidds < Kz KHZ 4
BW Acouracy :l;g?‘m . -
Video Bandwidth 1 HKHZO0K Hz couple with RBW
AMPLITUDE Reference Level =30dBm 1o+ 20dBm
Reference 1evel Aoccuracy Z1dBat 80 Milz
Input Level Range =100 dBm o - 20dBm ¢
Noise Mlh :,gsdﬂn @ 30 kHz RBW. =100 dBm typical =75dBm: 1 50kHz- 10MHz
Amplitude Ace L15dBwypical @ OdBm. 80 Mz
Ref, Level :—mm"mlm *nl <‘£ mﬁooﬁ‘t?mnﬁ.ﬂ?pg ine b/ 3B S0k Hz-10M1 iz
a L. dbover CVCren =
Spur Response <-_¢‘38d pwdm from el Tevel. SMHZDIV
Non=Hamon ic dic 1y L crence averaze.,
Intermodutation (3rd) <=TOBC, (=40 di3m mput, 2 ones, 2MHzapary=<=43d8cs 1 SR Hz~ (M2
Phase Noise =T7dBoHza 1 Gl 30 KHz ofSet
INUT Input Overload Protection +30dBm continuous Z25VDC
S0 ol nominal
Reorn Loss <16dBRL(VSWR < 1.35)
Input Attenuation S0 dB w0 0dB in 10dB steps coupled o reference kevel
Connector Type N female
MARKER Numberof Markers  ;
Marker Resolution O di 1 AHz
Mode Absolule, relative. PR=marker. marker=-center
Marker Accuracy 0.1dB Zamplitude accuracy
FUNCTIONS Memory 9 memorics of save recall
Trace M. hold. average ¢ 232 tuces - frecze(Hold)
Setup Access paramelons

REMOTE DISPLAY SOFTWARE ANDRS-232C

Connecting 10 PC and geiting the wrace from GSP-810, Softwane will be
dovwnloadad from GW ie

FM/AM WB FM

DEMODULATOR MBFM
NBFM
AM
Outputs

30kHz deviation
Tntemal speaker. 3.5mm steroo jack. wired [or mono operation




Spectrum Analyzer
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GSP-B10 FRONT VIEW

OFTIONS

OPTIONS

TRACKING !’mh 160 M Lo 1000 M1z

Giverator  ANDEWERME L DR VAR

(OPTIONOT Amplitude Accuracy L1l Dcm. 80 Mz
Attenuation Aecuracy L1dBw M
Amplitude Flatness 21 dB 10 MDY LR @00 R entire baned
Harmonics < w3l dRe
Reverse Power < 4 30dBm
Impedance A olum nominal
Return Loss < I0dBRL{VSWR <2y
Conngetor Tope N female

POWER METER Frequency Range TOME Lz w0 2 Gz usable to 2, 70] 12

(OPTION02) Power Level Range <20 dBm I+ 23 dBm. usable (o +30 dBm
Power Level Overload 40dlme= 10y evele. < 10 mS duration
Return Liss < 1:1.35 VSW Rinta < 1L 25 L
Readout Resolution 0.2 mik, 100mW scale. 2 W, | ol seales (1B, Log scale
Adeuracy L1y & ldigin )
[T W or dim

Connecting PC w pet the wace aned provide the conmol for seiing.,

AL TO0N 120V 2200 230V & | 0P, S0/60Hz

Opertion manal x|

SN00W ) % 1S x5 S mm. Approy, 8.5k
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APPENDIX K

Instek — Arbitrary / Function Generator SFG - 830

30MHz ARBITRARY FUNCTION GENERATOR

The SFC-E30 Series S0MHE Arbitrary Function Cererator is one of thie most versatile and highly
queiitative signal generators uithzing IDDS wechrigues. it nat only offers the standars functions
of ecifiary generators, but alse provices the sccurate modulstions, sweep, &nd arbirery wavefarm
generation. The free editing sefwese glmws profeszionals obiz, edit or crogte frasuenzy and
B P smplitude cherecteristics a8 desivec thry merfaces of RS-212 or CPIB (svailabie only in SFC-B300)

BEmEg il = f
N . be SFC-B30 is suited 1o simulate &l of the 5 g8’ conditions éncour tered intiudivg both ideal and

sromeles Forapplicstiorns such es product gesign, manufacturing testing, sutemotive, ard senser
stimulmtion, SFC-834 is the best solutior proviger for generaging arbitany wawefores

¢ - T — - -
ATURES e

| CUTPUT FUMCTION
* 30MHz Direct Digital Syrthesized Source J SINE, TRIANGLE, RAMP, SQUARE, 5YNC DLTRJT, ARETRART WAVE
® 2mHz Freguency Resolution | FREQUEMLY RANGE
® £10ppm Frequency Accurscy Sine i ~ S0MHz
ﬂ #12 Bit, SM Sample/S Arbitrery Waveforms :;‘Im fgforr'_‘_‘l:'?]-o::t
V] * Internally Spnthesized M, AM and Phase Famp T~ 00k
g Moduletion |PSK) g .
p Sine Bz
Q * Lingar and log Sweeps -t i
“ * hrbitrary Modulstion Trisngle et
E' * Standerd Interface : RE-232C s, ez
5 # CPIB Interface [SFC-230C)
-

Ran, 0y~ T0vep [nta 30 | B amilitude range./vac peak| = | vdcl € 3y
B a: . Véigee PP i B E e -
fcouracy 0508 | Z5miioma) {sine ‘oul]) | 2129 [+3mVrme) (s
5% (LSrmvrms) liriangle aut] | 3 ¥% | Z5mVrms) jarbitrary cull
DC DFFSET
Fange E5V i 50, ), Vacoeak |« ivdel S5V
Resclutian Icigts
Recuracy £ 1.3% ef santing + Ty
SYNC DUTPUT
Eync Ourput
Sync FanOut
|_SINE QUTPUT
Harmeonics DC = 100k™z : -508Be, DIM = 1Wisz - 40EBc

T0M Mz +308Bc, 10M » 30V Rz ; 115dBC

[ SGUARE GUTRIT

Rise Fall Time &150%
Owershact 55 (at s/l seale autput
Asymmetry T3 of paried + dnk
L'r'ﬂr'e- % offy scae output
Sampie Rate 42040600 Mz /4, Now 8,18, 12,03
Waweform Length 12000 peirts max
Wertica' Resolution -

| SWEEP
Sweep Functiors
Sweep Range
Swezp Time
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Rear Panel

0000
I I
e L ICe I
OGO

kit o Waveform Editing Software

AM Modulaton Farctior External inter netriangle ramp sguare|
Madulation Rate 10medz~’ Dk iz {interral) SlaHz manjesternal)
Madulatian Span - 100%
£t I mgut £5v for 100% modaiation

Ex? Input Impedarce 100kE)

FM Madulatior Function Sine, frang e, ramE, squane
Modulation Rate 10z ~ TlkHz
Madulation Span BON ez [100ksz for trangle, rame|

PM Modutation Spar 360 Degrees
Moduiatior Rate 20z ~ TDkiz

[ INTERFACE

Standacd : BS.I53C

Optiona : CPIB ‘nterface (SFCHE33C)

SO0V 20V 220V 240V £ T 0%, S0/60Hz

2140W) w B2 (=) o 173{D} mm, Approa E.Ellg

SFC.B38  30MiIsz Arbitrary Functron Generator with RS.232C interface
SFOE30C  30%Hz Arbitrary Function Generptor with R5.332C & GPIE interface

BCCEESORIES -
User manga' v, Fowescord w1, CTL 10k

Optional Accessories

CTL-232 R3233C Cable, Sepin Female to S-pin, null Modemn for Computer
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Agilent 5313A 225 MHz Universal Counter

Instrument Inputs
Input Specifications Ingut Characteristics
Cheanei | & £ {63134, 5313241 Channel | & 2 (631314, BI13ZA)
Chamnel | [GI1H1A) Chamned | [E3E1A)
imakdance M2 BB 0
Freguency Range i e
de Couples  de ta 226 M Leuecilence
st Gounled 1 Wiz e 226 SHE 160 42) Laupsing & ur 8¢
S0 MRS TR S TR LoweFast Fiter 100 k2, awitchase
FM Tolerarce 25% SJEdE e x T MER
ingal Beesleple batwan Lo,
¥otlags Renge and Sensitivity | Sinussid|' Beagitaity  Medum o High [detsult)
Azts 100 Mz 20 miemg s =8 Y ae + de Low @ saptoximansdy b
High Sengiticty

100 %Hz 30 bt 0 26V Be 4 g2
1 £08 MHz

Trigge: Slepe  Sogtive ot Negative

200 MHz & it g 28 Y ak + de
1 226 Mz nj:::l::rit?ﬁmmw um._]-u-u
i . Haige £ o 1004 e 10 steps
Wettags Rangs and Benaitivity Friguenty 100 H2
{ Binghe-Shot Pulse)* npat Empliude » 100 mvpp

LEneralBes 100mippae 10 Vpe
Pules Widtk 180 miipp with apticnal

eut sorEcteeE !
=10 re 50 mi'op e 10 Vpp
Fulse Wigtt (100 mvap wahk sptienal
resr cannseio s
Trigger Level®
Fenge P
Sgeumaey 26 mi + V5ol drigge: e

Ragalutien Smy

Damaye Level

g0 5 4rena

B dEeHe 350 \ilé = e ok

140

IS5 kHe o 350 Wile = & ph linsarsy

M0 EHE, THUE derated to B ems

100 kise, §irme
bR ]

INe Enplitue moddigtan

Chesscheristics

Impedares 5042
Loupany &L
VEWA €281

External Arm Input Spacifications

‘Signal Inout Aange

TTL Compatibie

Timang Restrictions

Fuise Width »50rE
Teanaition Time & 256
Btartto-dun e » 5l ne

Domage Level 10 Vo

Extarnal Arm Input Charactaristics®

Impedarce 1REY
input Capacienee |7 gf

Snart Broe Bope Fostive or Negative
VeRage Range x8
Trigge: Resge w30
External Tume Base Input Specifications
Vesge Renge 200 mites 1o 1 Vrma
Specifications
lap Damege iswe 10 Yrmg
Channe! T 31304, 631324 Fraguercy 1 Misz, B WHz, and 10 Mtz
Chamned 2 [BI1B14) [B31322 Y2 M2 saly)
Frequensy Renge
Dpeion 076 Y00 MHz e 1 5 BRe Time Base Output Specifications
Jlet G218 Jawee Dpr 030 fer
anly) dditiaral kpecs) Bt Pty 70 M
: upege #1 Wpp oo B0 03
Cptisrc 030 V0D MHEte 3 DR sntpsnd stasid 9V
Diption D60 20D Mz te & Ok
Dptior 128 200 Mz 1 128 BF2 b P ——
1 aed 2are isanbrel for bogh cemmen aed
Fowsr Rangs and Senaitwity | Sinusgid | MR Lo N
Diptiar: 130 100 M= te 37 OEx 2 values shosn @ for X1 anerusior ey,
<17 dBen ta #18 6Bm Mahigly st valuss 5y °0 nmingl| whee saeg
2 7GR te 2 GHz eha KT pissruator settng.
A4 B f2 #18 gBm 4. Winan this 831554 oo B R4 aen nrdemmd with
th optiordl eee emisnly {0 0BL; e teanne
Dption D50 200 Mée 1 % Gier: I-nmmm-nm:humh:unl-nr
23 dBm 1o #1323 dBm of the pownter. Yéan the §3 1814 is ordeme with
E #ha optioral 108 teemital, tea channel | input s
Dutize 128 ZD0 Azt 2L Bee actise £n both Srurt acd rea of the e Fer
+13 dBm s +13 gBm £his conovaen. apeecistoea diceise doothe sear
eanrachoos siec apaly oo tre frent comracsens
Demage Lvel 2. dyren DEDONN BOGTHONG CRATTEA a0 Grdee
e with Bt 0B sefer 12 eonbgerabon inbie for
Dyt 30 B Wrang Opt. 380 wedw ardereg irfo oo page 8. There i
Dptiar: 050 25 08m e dugradation i apserEioes o g npet,

Diption 126 &6 dEm

&

& apraabig.

B. Avaimba ror gl mesgutomers xznet ek ol
Extemet &rm 8 reforned o o8 Eowna: Sl fow
0T MR rAMants.



Measurement Specifications
Frequency (531314, 531328, 531814} Phaee (531314, 531324) Peak Volts (531314, 531324 B31B1A)
Channel 63131 Migasure el 1§ sueeifiea ouer the Idegsiremert & specilied on Charnes | ard 2
m:{?l;ﬂ o 1 mgne range of Chanrels 1 and 2 far e signas: of for 8¢ signals of frequencies
Fesults Range 180 16 +380° between 100 He and 30 MHz with pegk-1o-peak
Faige 00 e s 226 A2 Enpiuge greste than 100 mY
Channel 3 B3R, B31324) Fieaulls Fange <51 V10=81Y
Channel 2 (EIVETA| Duty Cycle (531214, 531324} Resdistion 30 my
Option: D16 300 Mz 0 1 5BH: Weagureienl 16 spetified over the o
{34814 oney| ‘algngl saage ol Charne 1 Howeser beth the :“-.n:.:':m:.'
i ative puise widths must be By *
Dptian U3 100 Mr 1 B o i for de wgness T8 v < Bl ¥
DOptie U5 200 Mtz 10 5 BHz Redults Range £50 1 46,3 B0% duty Fyeie Uae of the Snpal aBeaustor inaltiplies al
Cptiar 128 200 MHE 1o 124 GHe " wound be disgieped sa 5 ymw-iglwnﬂq-.m
IPerind 2 e § sslectabie vis GRIE aaly| r:" """I'":“n:':w ety
RiseFall Tims (531314 831
Perind {E31314, 531324, 531014 - o N Gate Tima
Mes g specied uer e s syl Sl Mode. or T i ta 10008
Channel 1 snd 2 [BITIA, E31320) rariged of Charnel | The intenal betaeen the :
Channel 1 [EIVETA) il ol ore edge e Bart ol 8 girler edge
fape Tl “usl e greater than & s Measursment Throughpist
Edye Belecten Frate or hegstive GFIE ASCI 200 measurementa s |naalmum|
Chasne! 3 |E31314, B31324) Trigges Detsull setbing = Auta Tagger
Chaanel T {E1E1A) # 0 End BI% :
- Measurament Arming
Cptioe 016 0.5 ne 10 10 20 Aeauts Rarge B ngle10's
{53818 andy) Foee Fur Manue or Externg:
80 05 e (SIIDNA) 160 o0 B3182A)  phammssnent
Cptios 030 0.3 10 10 5 )
Oplor 050 G2 eatefre - St mm‘*ﬂ“-m
s Sewiw e Tome Indgeval 700 10 10 B384
essurenenl i§ specitied ouer the 0 signsl
range ol Thannel | The widlh of the bpaoting Delayed 190 ra to Tl B31324)
Fraguency Ratio [53131A, 831324, BIB1A|  2die rust be greste e &g frning
zaslrenent i specdled sust the Il signel Fules Seieeton Feamle of Negstive )
ranige ol geeh inpul. Trigges Detault aetting <& Luts Trgper Aimiing Moded
Fedults Range 10 107 #ER (Mte el et & arming hodes Gre eaaeble ta
guary measinsment funetien |

“hube” Gate Time 100 ma

Time Intarval (31314 531324/

Wegauremeal it spectied sver the 1] sighe|
e’ of Crarvieis | and 1

Fsdults Fange -1 ag i W
150 00 pa (531344} 160 g8 (E31324)

fesuts Aange Bt 10's

Lgn 500 pe (GI1T14)/ 160 ox (B304

Totalize (E3131A, 531324

Wigagure gl 1§ sueeifiea guer the
{u wagna rnge of Chenrel 1

firguite Range - 40 10
Resolutien 1 ecunt

b Awmviabie s i mesweEnents dxeep: Pos vots
Exsiingd Sras is se*eernc oo an Exterca! Gabe for sone
meBsLTETANEY.

b Bee Soedrfications for Bume Width ard R Tail
Tima meps.rmants tor aasbora: ftrictonE o
Bignb Timng CRARLEELCE
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APPENDIX M

Agilent DSO 1002A Oscilloscope

Performance characteristics

128

Eandwidth [-3dB]"*

DSO1R02A, DS01D084 - DC to 60 MHz
DS01012A. GS010144 - DC 1o 100 ez
DSOEZ2A DSDID24A - OC w0 200 Mz

Rzeltime szmole rate

1 B5a/sec nalf cherre® * GEa/sec gech charre!

ldemary sapth 20 kpte half cheanal, 10 kpts each channel

Cherrets DS31602A DS010124, DECHIZIA ; 2 channals
5010044 DS010144, DECIDZ4A - 4 channele

Vertical resclution B bits

Vertical renge 2wV div a0V div

CC gain sccuracy'

Lo div i § mi e & 4.0% full scsie
1B miy/givte 59/ div: = 3.09% full scele

Vertical zaam

Wartice exnand

Maximam input valtzgs

CAT | 30 Wrme 4090 Vpk; transiert ovarsoitage | BEVnk

Dynamic renge

6 v

Time-baze rangs

D30 1E2xA: | neec/div Ta 56 sec/dw
DEDI0IxA - & nepcsdiv 1o 5D sec/div
D50 100xA - § nsec/div to 50 sec/div

Selectable BW limit

26 MHz

Forizortal mades ain (¥-Ti. XY, deisved zoom end rolf
Ingut coupling DC. AC 2nd ground
Input impegance 1 WAL £1% in parsiiel with 18pF & 3 pF

Time szale accurscy’

50 ppm fram B ™C1e BT,

£ 50 ppm = 2 ppm per =L from 30°°C ta 45 °C + 8 ppm = [veare snce manufectone |

¥ [irnbes wierantst spdcscestng, o othac am ypcs, Spacfoesienn an wald aitr o Memins warmeup geniot dng 2 0 fom demaan eihratite Wmpleiuth
I 2 Nwr iwher werticel sosie s aerin < §my

B Hf granngl @ whies gnly ane cranngl el cranngd gar 1L ar & & wired &
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Performance characteristics
Acquisition mooes
Marma Displevs sempled deta Girectly io the screer in resl time
Hyeraging Selactabls fram 2, 4, B.15, 32, 64, 136 or 258
Sequence Sewctabie | to | 000 acquesition framas caa be recorded, pleved back and stored in the scane memory o
gwtarmel USE memory
Pegk detert LCapures high-frequency gliiches ee narow se 10 nesc when viewing gigne's at slow sween speede
|elewer ther § umsec/ g
Rall Wavefarm digniay rofie from leftte aght WMinmum horizontal scale seting i 50 mase./div
Interpoletion Bira/x
Trigger coupling AL, OC, LF repect
Trigger mades
Farce Triggers immediately wher front pene! button ie sressed
Edge Tripgers or the positive ar negetive slope on any chernel
Vider Triggers or HTEC, PAL or SECAM viteo signsls
Pulse width Triggere on pulse width greater than. egual tc or less than & spacfic time limit, ranging fram 20 nsec
1o 1 eex
Alerratz Tripgere or e non-gynehronaed actve channgie
Trigger saurce Z-ghannel mogsis; Oh 1, 2 Ber, Ext/E, AT Line edge only|
4-channel modets: Ch 1,2 3 4 Ext Ext/5 AL Line {edps oriy)
Trigger sensitivity' 25 mi/div- 1 div from-DC ta 10 MKz, 1.5div fram 1 Mz to full bentwidth
<& mi/div: | div from DC 8 10 WKz, 1. 5div fram 10 Wz to 20 Mz
Cursar messurement Wanusl, track wevefarm or automatic messurement seections Menual and track wevetarm sslections
provide resdout of Horzante! (K, AX 1/ AY) end Vertice! (¥, AY)
Autp meagurament
Vaoliegs Maxmum, minimem, pess-to-pesk, top, base, amaltude, sverage. EMS, cvershoat, preghaot
Time Penod, frequancy, rise time, fall time, + with, - wigth, +duty cvele. -duty cycle, delay A-»B irisirg edga),
deley A-E Hzling edge), ghese A->E |rsing sdpel and phase A>3 faling edge)
Courmter Integrated &-dipt frequency courtes o ery chennel Counts up ta the scope’s bendwidth (200 Mk max|
Cigntay 8/l meaguraments Wode t fiepley 8 single-chennel SLtoMEte MessLIEMErts simuitansausty an e Beplsy
Meth functigns A+, A-E, AsE FFT
Spwee channel selection for & end B ¢an be ey combingtion of oecifigscape channels ¥ end
jar 3 and 4 en DED1mda)|
AutoSealz Finde and displsve &l actve channals, sets edgs trigger modes o highest numbarsd channele. s2ts vartice!
sensitivity o chanrels, time bass to display ~2 periods Beguives mirimum vaitage 320 mvop, 1% ity
oyeie gng minmum frequency »80 kz
Diznlay 57 ingh diagans! eolor OVEA TFT LCD gispley with 300 cd/m* backiight intensrty
Cizpiay paraistance OFF. Infinite
Dignlay types Date Vactors
\Waveform updeta rete 400 weveforms, sec
Szve/Recal imemsl 10 setups and |0 waveforms can be saved and racalled uging wternal norewaletile memory locabons. | referance
wiawefom can be sawed and recalled using &n internal walgtie memary locetian for viswsf comoensans:
Sgve /Recall exterral Setupe: 8TP paved anc raceled

Waveforme: WFM seved and recalles, DSV saved
Referarce waveforme: REF saved end recelled for vigual comaarigans
Images: 8-bit BMP. 24-bit BMF, PG saved

% Dipcptes wirmnies specscencns, af athers am typien. StacHesmicns am vald atter 2 Meminoeg waermeun pevics and 105 Feem ferwens eaibratior tempratum
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APPENDIX N

Lissajous Figure Chart

Negative slope (II & III) Positive slope (I & IV)
A A

y(t)

W
Y
(11 73 1) @stwpPOID

7

{.z(t_) = sin(2nt) ‘\f“%

y(t) =sin(2rt — 37) N o,

SIS ey
8=—225°

—270°

e
)

{ (1) = sin(2rt)
y(t) = sin(2xt)
—

? _0°
N (m‘s;]g)uu)
\ y(t)

direction of rotation determined by phase shift 4.

LTI Lissajous figures are ovals with eccentricity and

Y
(AI 2% T11) @S1aspo[d Jejunoy)

S { a(t) = sin(2nt)
y(t) = sin(2mt — )
D e ——

§=—45°

v

URL: http://upload.wikimedia.org/wikipedia/commons/f/fd/Lissajous phase.pn




Averaging Factor

# Data Points
Maximum

Minimum

Average

Median

Linear Slope

Intercept

Standard Deviation [1]
Normal Allan Deviation
Overlapping Allan Dev
Modified Allan Dev
Time Deviation
Hadamard Deviation
Overlap Hadamard Dev
Hadamard Total Dev
Total Deviation
Modified Total Dev
Time Total Deviation

URL: http://tf.nist.gov/general/pdf/2220.pdf

APPENDIX O

1

9

903

644
788.8889
809
-10.20000
839.8889
100.9770
91.22945
91.22945
91.22945
52.67135
70.80607
70.80607
70.80607
01.22945
75.50203
43.59112
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2

4

893.0
657.5
802.875
830.5
-2.35
809.25
102.6039
115.8082
85.95287
74.78849
86.35831
116.7980
85.61487
01.16396
93.90379
75.83606
87.5679%4



