creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Performance Improvement of a GNSS
Receiver Using MEMS Oscillator
for Space Launch Vehicle

MEMS OscillatorS E A} 3!

XA YHFHRAA] A

FA}

o O

ol

-
O

2021 84



Performance Improvement of a GNSS
Receiver Using MEMS Oscillator

for Space Launch Vehicle
MEMS Oscillator & ¥A)3k
3L S QAR FA] s -
A=y 89 F =

o] +EE FHYA FYrFoR A2

20214 6¥
A&d s 44
71 A 33T
AL
8422 FA e =eds AEF
2021 6€
i 0 g , —
4%
oo S
i 9 poceona S
4 a: P




Performance Improvement of a GNSS Receiver
Using MEMS Oscillator for Space Launch Vehicle

A Dissertation
by
Yong Sul Shin

Submitted to the Department of Mechanical and Aerospace Engineering in partial
fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
In Aerospace Engineering at the
SEOUL NATIONAL UNIVERSITY

June 2021

Approved as to style and content by:

v Prof. Youdan Kim
Dept. of Aerospace Engineering, Chairman of Committee

Prof. Chan Gook Park
Dept. of Aerospace Engineering, Principal Advisor

/~_Prof. Changdon Kee'
Dept. of Aerospace Engineering

Ph. D. Moon Beom Heo
Korea Aerospace Research Institute

—Ph. D. Young Bum Park
Agency for Defense Development



Abstract

A Performance Improvement of a GNSS
Receiver Using MEMS Oscillator
for Space Launch Vehicle

Yong Sul Shin
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

In this dissertation, the environmental and performance results of TCXO
(temperature-controlled crystal oscillator) and MEMS (micro-electro mechanical
system) oscillator are presented. The test results for each oscillator are compared,
and based on the test results for the GNSS receiver to which each oscillator is
applied, the replaceability of TCXO with MEMS oscillator is discussed.

TCXO is a component that supplies a fixed and stable reference frequency by
using a quartz crystal with a piezo-electric effect, and it has low phase noise, high
Q-factor fitted for a resonator. The TCXO is widely used in precise clock and
timing equipment as well as GNSS receivers. Through many temperature tests
during development, the high level of frequency stability over temperature can be
achieved by the surrounding compensation circuit.

MEMS oscillator drastically reduced its size and weight by introducing micro-

scale manufacturing and packaging technology and uses silicon as a resonator. This



reduction in size and weight makes MEMS oscillator robust under physical stress
such as vibration and shock. However, silicon, which is used as a resonator of
MEMS oscillator, has lower frequency stability over temperature compared to a
quartz crystal, and relatively high phase noise occurs as the complex compensation
circuit is required. Despite its advantages, the MEMS oscillator has not been
widely used so far due to the tendency to use existing TCXOs.

Electronic devices in space launch vehicles experience significant vibration,
acceleration, and shock at the flight events such as lift-off, engine shutdown, stage,
and pairing separation. And the performance tests under these physical stresses to
verify operability should be conducted. In the pyrotechnic shock test, the GNSS
receiver equipped with TCXO as a reference oscillator cannot maintain signal
tracking, making the position fix fail. This phenomenon was caused by a sudden
change in frequency output of TCXO due to the shock, and to address this issue, a
MEMS oscillator, which is known to be robust in harsh environmental and stress
conditions, was chosen to be utilized as a reference frequency oscillator instead of
TCXO.

To use the MEMS oscillator as a reference frequency of a GNSS receiver, the
pyrotechnic shock, vibration, and temperature test for the MEMS oscillator itself
were performed before assemble the GNSS receiver. In order to check the behavior
of the GNSS receiver under the reference frequency change, the test using a signal
generator, which simulates the reference frequency change without physical shock,
was performed.

After the test for the MEMS oscillator itself, the test of the GNSS receiver
with the MEMS oscillator was conducted. The GNSS receiver can maintain signal

tracking and calculate position normally under the pyrotechnic shock test, and the



vibration and temperature tests are done without any issues. In environmental and
performance tests, there are no problems due to the high phase noise of the MEMS
oscillator, and the navigation accuracy was not much different from the existing

GNSS receiver with TCXO.

Keywords: GNSS(Global Navigation Satellite System) Receiver, Space Launch
Vehicle, TCXO, MEMS Oscillator, Environmental Test, Pyrotechnic Shock
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Chapter 1

Introduction

1.1 Motivation and Background

The GNSS receiver for KSLV-II receives navigation signals from multiple
patch-type GNSS antennas installed on the surface of the vehicle and processes
three navigation signals, GPS, GLONASS, and Galileo, in two frequency bands
denoted as L1 and L5 [1]. As the attitude of the vehicle changes every moment
during flight, the GNSS receiver receives satellite signals from two or more
antennas to increase the availability and thus provides navigation information to
the ground station for improved flight safety. Thus far, a GNSS receiver that
utilizes external signals is only a secondary device used for flight safety, as such
components must be highly reliable and should not be affected by factors in the
external environment, such as vibration, temperature changes, vacuum conditions,
or RFI (Radio frequency interference) [1-3]. Nevertheless, the ability to
compensate for the diverging errors of an INS (inertial navigation system) during
the long mission times of a launch vehicle has been highlighted, and the use of
GNSS receivers for launch vehicles has gradually increased. In addition, the GNSS
receiver for Atlas V functions as a primary sensor for flight safety as part of the

trend of reducing the maintenance and operating costs of ground stations for the



tracking of the vehicle [4].

GNSS receivers, which should operate normally during the flight mission,
undergo environmental testing during the manufacturing process for performance
verification purposes [5,6]. Environmental testing should simulate the extreme
conditions experienced in actual space circumstances on the ground, and these
environmental test procedures refer to specifications used or published in Europe
or the United States [7-9]. In order to establish the procedures for the
environmental tests, application-specific tailoring is essential, especially for space
launch vehicles, as vibration and shock stress occurs during events such as the lift-
off, fairing separation, and engine shutdown. The environmental tests required for
the manufacture of GNSS receivers of space launch vehicles should be configured
to satisfy the dynamics of the space launch vehicles as outlined in Table 1.1, and
typical commercial GNSS receivers cannot meet these environmental conditions.
Product design and manufacturing considering these environmental conditions
along with related tests significantly increase the prices of the devices used in
space systems [5].

Table 1.1 Commercial GNSS receiver and space launch vehicle dynamics

Commercial GNSS Space Launch
Receiver Vehicle Dynamics
Altitude <18 km > 300 km Export Licensing
Velocity <514 m/s > 7 km/s Restrictions
. 10-1 h
Acceleration 0-16 & W* et >8g
operating
Shock 40 g, Non-operating* >50g
Environmental
o 77 g’(rand.o m) 20 g (random) .
Vibration 5 g (sinusoidal) . . . Tests are required
. Varies with location
When operating*

* AsteRx3 from Septentrio, ProPak6 from NovAtel




In order to perform normally for a GNSS receiver, the frequency output by the
oscillator must remain constant in any environment. Temperature is a major factor,
having the greatest effect on the frequency output, and TCXOs, which are designed
to be robust against temperature changes, are already in use in most commercial
GNSS receivers. In addition to the temperature, applying a strong physical load to
an oscillator, such as vibration or a pyrotechnic shock, can cause temporary or
permanent changes in the output frequency and can even lead to failure. In such a
case, the GNSS receiver briefly cannot track the navigation signal [4]. For example,
under a vibration load, the navigation performance can be reduced by increasing
the phase noise and lowering the C/NO (carrier-to-noise ratio), while during
pyrotechnic shock stress, the oscillator output frequency varies abruptly, causing
the tracking signals to be missed. To prevent such phenomena, vibration and shock
stress conditions were considered when selecting the TCXO of the GNSS receiver
for KSLV-II [10].

The TCXO has long been used, and its performance has improved such that it
is becoming an essential aspect of GNSS receiver technology as the stability and
accuracy of the output frequency increase [11]. However, considering the difficulty
associated with the creation of resonant crystal and its susceptibility to the
vibration of the TCXO, the MEMS oscillator has attracted attention recently
[12,13]. MEMS technology has enabled the size of the oscillator to be reduced
profoundly, raising expectations that it can replace the TCXO by improving the
high phase noise shortcoming. MEMS oscillators are known to be strong against
electromagnetic interference, shocks, vibration, and acceleration compared to the

TCXO types [14-17].



1.2 Objectives and Contributions

In this study, the effect of changes in reference oscillator output on GNSS
receivers is analysed when pyrotechnic shock is applied. In addition, performance
and environmental tests of the MEMS oscillator were conducted to confirm the
replaceability of TCXO, which is widely used as the reference oscillator for GNSS

receivers. The contributions of this study are as follows.

» Use of frequency data obtained from real test : In the tracking loop analysis
of the GNSS receiver, the measured frequency data in the pyrotechnic shock
test is utilized. The simulation results were consistent with those of the tests

conducted in practice.

* Adoption of MEMS oscillator : Verification tests of MEMS oscillator has
been done to replace TCXO, which is used as the reference oscillator for

GNSS receiver.



1.3  Organization of the Dissertation

This dissertation is organized as follows. Chapter 1 provides the motivation
and background of this dissertation as well as the objective and contributions. In
chapter 2, the criterion for the general oscillator is introduced, and fundamentals of
the TCXO and the MEMS oscillator as reference frequency sources are reviewed.
Chapter 3 provides the effects of environmental conditions of oscillators are
examined from existing article and papers and analyzes the variation of the output
frequency of oscillators by applying temperature changes, vibrations, and
pyrotechnic shock test, and chapter 4 presents a tracking loop of a GNSS receiver
and the behavior of the GNSS receiver under the change of reference frequency.
Chapter 5 presents the results of environmental and performance tests with each
oscillator assembled on the GNSS receiver, and in chapter 6, the summary and the
factors associated with the possible replacement of TCXOs in the field of GNSS

receiver technology are presented.



Chapter 2

Oscillators for Timing Source

An oscillator, which provides the accurate and precise reference frequency, is
a key component in a GNSS receiver, which determines the user’s position by
measuring the exact time delay of a satellite signal. The oscillator vibrates a
resonator with a high Q-factor (quality factor) and amplifies its signal to output a
constant frequency corresponding to its natural frequency. The oscillator can be
classified according to the resonator used, and this chapter introduces both the
MEMS oscillator and the TCXO and examines their working principles with

simple models.



2.1 Barkhausen Criterion

In order for a resonator to produce the stable frequency output without
attenuation, the Barkhausen criterion must be satisfied. Consider the closed-loop

feedback network as shown below.

|:> 180° Phase Shift

Inverting IV
e et e | Amplifier (a) °

Feedback
Signal acts
as input
< Feedback IV
Vi=P Ve Network (B) ’

> <:| 180° Phase Shift \/

Figure 2.1 Oscillator closed-loop circuit

Consider a voltage V; is applied at the input of the inverting amplifier,
V,=Ax*V, 2.1
The feedback gain 3 determined the feedback voltage to be given to the input
Vi=BxVp=AxfrV; (22)
The two conditions required to work the circuit as an oscillator are called the

Barkhausen criterion for oscillation below.
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1. The total phase shift around the loop must be 0° or any integer multiple
of 2m (360°).
2. The magnitude of the product of the amplifier gain (A) and the feedback

gain(B) is 1, |AB| =1

If these conditions are met, the circuit works as an oscillator producing self-

sustained oscillations of constant frequency and amplitude.



22 TCXO

Currently, the most widely used oscillator is the TCXO, which uses quartz
crystal as a resonator. Quartz is a piezoelectric element that outputs a constant
frequency through an exchange between physical vibration and electrical energy.
The electrical interface is clear, and the Q-factor is fairly high, making this material
suitable as a reference frequency source. Because it has a temperature-frequency
relationship characterized by a cubic polynomial curve with an inflection point
near room temperature, it provides relatively accurate frequencies over a wide
temperature range even in the absence of a compensation process. TCXOs, which
improve the frequency stability by adding temperature-compensation circuits, are
widespread in areas such as wireless communication devices, which require high

accuracy levels.



2.2.1 TCXO Fundamentals

TCXO, which uses quartz crystal as a resonator, has a lot of fundamental
properties and characteristics such as piezoelectricity, crystal structure, crystal cuts,
vibration mode, and crystal mounting. The output frequency of TCXO depends on
these characteristics, and a closer look at these elements can help make a TCXO

robust and stable.

» Piezoelectricity

Piezoelectricity is the important property of a crystal which makes it a
resonator. Piezoelectricity is defined as electric polarization produced by
mechanical strain in crystals belonging to certain classes, the polarization being
proportional to the strain and changing sign with it. This electric polarization can

be produced by deformations such as bending, shear, torsion, tension, and

compression for quartz pieces. The electrical polarization provides an electric force.

And the inverse piezoelectric effect can be made; a voltage applied across the

crystal produces mechanical displacement.

e Crystal structure

The quartz crystal consists of silicon and oxygen (Si0,). Its characteristics
stem from the unit cells, which are identical and consist of atoms arranged in a
repetitive geometric pattern. Quartz crystals have a three-dimensional geometric
body, and most physical properties of a crystal are anisotropic; therefore, changes

as it grows, affecting anisotropy, resulting in crystal imperfection. A change in the
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piezoelectric coefficient creates a boundary in which the sign of the charge is
different when strain is applied. This twin boundary is not suitable for a reference
oscillator unit as it prevents the crystal piece from resonating. Since various works
and efforts are required in making a good crystal oscillator, these defects and flaws

should be found earlier stage of manufacturing.

*  Crystal cuts and vibration mode

Quartz material is obtained by cutting the lump crystal at specific angles to the
various axes. The choice of axis and angles determine the physical and electrical
parameters and characteristics of the resonator. For example, an X plate crystal, cut
in normal to the X axis, produces a relatively large voltage when compressed and
decreases in frequency with temperature increases. The Y cut, however, exhibits a
positive temperature coefficient with a similar voltage. Numerous other cuts can be
made just by changing the angle and the axis of reference.

When a quartz crystal is subjected to a voltage, a force is produced. As the
voltage alternates at the proper rate, the crystal begins to vibrate and produce a
stable electrical signal. The mode of vibration depends on how the crystal was cut.
That is, X cut exhibits an extensional vibration mode, whereas the AT cut, which is
cut at 35 degrees off the Y axis, vibrates in the thickness shear mode. The various

vibration modes are shown in Figure 2.2.
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» Frequency Determination

The vibration frequency is determined by the crystal cuts, size, and shape of
the resonator. The primary frequency determinant for the AT and BT cut is
thickness because they oscillate in the thickness shear mode. The precision with
which the thickness is controlled determines the change from correction to
modification at the nominal center frequency. The adjustment of the center
frequency is accomplished by plating a small amount of gold on the quartz.
Circular crystals of the thickness shear vibrating mode, when designed with the
proper radius of curvature at the center, will produce frequencies with no spurious.
For this reason, high performance crystal oscillators will typically utilize highly
polished and properly shaped quartz resonators. In fact, these crystals are polished

with a surface finish that is 10 times finer than those used for eyeglasses.

Fundamental ‘ J ;

F

Third Overtone ¥

-

IER K|

Extensional

T
&

Fifth Overtone 4

Thickness Face Shear
Shear

Figure 2.2 Vibration modes of various crystal cuts and the thickness shear overtone

[11]
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* Crystal Mounting

The supporting structure and methods used to obtain the electrical contacts are
determined by the vibrating mode. Care must be taken in mounting to avoid
placing a strain on the crystal. The support should not be a part of the resonator as
it can absorb energy and cause an activity degradation, lowering Q value. A
thickness shear mode crystal is supported by the edges at approximate null or zero
nodes to avoid interfering with the vibration. A typical 1 MHz crystal, due to its
size, maybe secured with tension wires at several points around the surface edge. A
smaller 10 MHz crystal could be supported at two points on a ceramic header.
Various support types are shown in Figure 2.3.

Once the crystal is mounted, a suitable encasement is selected. The cases
reduce the effects of contamination, humidity, pressure, and atmospheric changes.
Glass has been used for many years because it is easy to work when evacuation and
inert gas replenishment are required. A newer technique is a cold-welded copper lid
on a ceramic header. This method provides a cleaner environment and allows for
uniform heat distribution, which is critical to compensate for the frequency change

due to temperature.

8 = Y

Cemented Lead Type Pressure Mounting Solder Lead Type Strap Type

Figure 2.3 Methods of mounting crystals [11]
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2.2.2 TCXO Oscillator model

The TCXO, which uses quartz crystal as a resonator, can be modeled
electrically as a series of RLC circuits with a shunt capacitance. The following
Figure 2.4 shows the Pierce oscillator diagram, which is widely used in TCXOs
today because of its simple circuit making, stable resonance frequency. A Pierce
oscillator circuit has the following components like inverting amplifier( U, ),

resistors(R;), capacitors(C;) and quartz crystal(modeled by Ry, L;,C; and Cy).

Pierce '
i Oscillator ;
E Output |
R, sk '
| W |
'- M d1LA | Quartz E
F R, L, C, crystal 3
F Il i
:: || :

-------------------------------------------------------------

Figure 2.4 Pierce oscillator diagram [18]

The feedback resistor(R,) is to linearize the inverting amplifier output by

charging the inverting amplifier’s input capacitance from the output of the

14

M L) &t



inverting amplifier. If the inverting amplifier is ideal, the input impedance is
infinite, and the output impedance is zero.
The resistor in series with the output of the inverting amplifier, R3, has two

functions :

1. Isolation of the output driver of the inverting amplifier from the load
impedance (C,, C3) and the crystal.

2. In conjunction with C3, R; forms a lag network to add additional phase
shift necessary at low frequencies, 8 MHz or below. This additional phase
shift is needed to reduce the jitter in the time domain or phase noise in the
frequency domain. R; is sometimes not needed since the output
resistance of the inverting amplifier with C; will provide enough phase

lag, it may still be needed to reduce the drive level on the crystal.

The inverting amplifier(U; ) provides the necessary loop gain to sustain
oscillation as well as -180° phase shift. In general, the inverting amplifier is
included in the microprocessor or ASIC. If it is not, the inverting amplifier must be
selected with the proper gain/phase characteristics for the targeted frequency.

The quartz crystal, which is modeled by Ry,L,C; and C, together with Cs,
Cs; and R;, provide an additional -180° phase lag to satisfy the Barkhausen phase
shift criteria for sustaining oscillation. Usually, load capacitance(C,) is set equal to
load capacitance(C3). However, C3 can be larger than C, by a small amount and
set the center frequency and/or increase the loop gain. The shunt capacitance(Cy)
represents the capacitance of the quartz crystal electrodes plus the capacitance of

the leads. Rq,L;,C; compose the motional arm of the quartz crystal and are

15



denoted as the motional parameters. The motional inductance represents the
vibrating mass of the quartz crystal unit, and the motional capacitance represents
the elasticity of the quartz, the resistance represents bulk losses occurring within a
quartz crystal.

In the Pierce oscillator, the quartz crystal works in the inductive region of its
reactance curve shown in the following Figure. A crystal that needs to operate in its
inductive region is called a “Parallel Crystal”.

A quartz crystal has two frequencies of zero phase, as illustrated in Figure 2.5.

The lower of the two, is the series resonant frequency, denoted as F;. At this

1 . . . o
frequency (——=), the quartz crystal acts like a resistor in the circuit, impedance

2m\/L1Cy
is at a minimum, and current flow is maximum. As the frequency is increased
beyond this series resonant frequency, the quartz crystal appears inductive in the
circuit. When the reactances of the motional inductance and shunt capacitance

cancel, the quartz crystal is at the anti-resonant frequency denoted as F, = (F; +

C1

F; *m). At this frequency, impedance is maximized, and current flow is
0 L

minimized. The quartz crystal oscillates at a frequency ranged from F; to F,.
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Figure 2.5 Reactance curve of parallel crystal and operating frequency region [18]

The pullability refers to the change in frequency of a crystal from natural
frequency or series resonant frequency to load frequency or anti-resonant frequency.
The amount of pullability exhibited by a given quartz crystal at a given load
capacitance is a function of the shunt capacitance( C;) and the motional
capacitance(C,). An approximation of the pulling limits for standard quartz crystals

can be obtained from the following

_ G
Af = Fs 2(Co+CL)

(2.3)
The exact pullability limits also depend upon the Q of the quartz crystal as
well as associated stray capacitances. If the shunt capacitance and the motional

capacitance are known, the trim sensitivity in ppm can be obtained using the

following formula

17



Cy

Af . _
+ (in PPM) = 2CotC)?

106 2.4

When the shunt capacitance is 4.5 pF, and the motional capacitance is 0.02 pF,

and the load capacitance is 30 pF, the pulling in ppm can be calculated as

Af _ 0.02 6 _
T = 3aeraon * 10° =840 PPM (2.5)

This equation is useful since it gives values about how far off frequency the
oscillator will be at room temperature every 1 pF under the 20 pF load capacitance
due to component variation and tolerance. The problem here is that the equation

requires the motional and shunt capacitances, which is not known.
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2.2.3 Pierce Oscillator Design Example

Based on the following values of the Pierce oscillator circuit, an oscillator

with the following requirements can be designed.

® Frequency : 10 MHz

® Temperature Stability over -20°C to 70°C : +50 ppm

® Calibration/Tolerance at 25°C : £50 ppm

And the given conditions are

® (Capacitances of Amp. Input(C;;,) : 4 pF

® (Capacitances of Amp. Output(Cyy¢) : 9 pF

First, feedback resistor is not critical for designing Pierce oscillator and can be

within 470k ~ 5SMQ at 10 MHz. The feedback resistor value can be chosen 1MQ).

The value of C,, C3, C;; and C,,; will determine the load capacitance
requirement on the quartz crystal. For a clock design, the load capacitance
specification of the quartz crystal is the standard values of 20 pF. These are the two
most common load capacitance values in the crystal industry. The load capacitance

presented to the crystal in a Pierce oscillator is

_ [(C2+Cin)(c3+cout)] ~
Croad = (€t Cat Cont Cont) + PCB strays (2~3 pF) (2.6)

19



Assume that C, equals to C3 and 3 pF for PCB strays, the C, can be

obtained by solving the following equation

C3+13C,+36 _
13+2C,

17 2.7

C, = C3 =27 pF are obtained from the above equation, and the load

capacitance is set to 19.6 pF, which is close to the standard value of 20 pF.

The calibration/tolerance at 25°C is +50 ppm, and in order to meet this
requirement in the crystal without trimming, the trim sensitivity equation is used.
The typical commercial quartz crystal has a trim sensitivity range of -15 to -30

ppm/pF. If we set the trim sensitivity to 30 ppm as calibration spec. with 50
ppm tolerance requirement, the quartz crystal calibration specification is +20 ppm.
Recently, a commercial quartz crystal is calibrated in the range of 25 ppm to

+50 ppm at room temperature(25°C). The tighter the quartz crystal calibration

specification, the higher the price. The load capacitance directly affects the
calibration specification, as shown above. As the load capacitance is made smaller,
the trim sensitivity becomes larger. Hence a quartz crystal with 10 pF load
capacitance is much harder to calibrate than a quartz crystal with 20 pF load
capacitance given the same design. It is harder to calibrate when a 3 pF load
capacitance than with a 10 pF load capacitance under the same
calibration/tolerance requirement.

The R; can be determined under the value of C,=27 pF

20



1 1
T 2nfc,  (2m)(10MHz)(27pF)

Ry =590 Q (2.8)

The quartz crystal type needs to be an AT-cut since a BT-cut cannot meet the

+40 ppm frequency stability over the temperature range of -20°C to 70°C.

The oscillator circuit design parameters discussed above are as follows.

® Feedback resistor Ry : 1 MQ

® Series resistor R; : 590 Q

® [oad capacitor C, = C3 : 27 pF

The quartz crystal specifications to meet the above oscillator requirements.

® Output frequency : 10 MHz

® (Crystal type : AT Cut

® [ oad capacitance : 20 pF

® Calibration : +20 ppm at 25°C

Even if the initial design is completed with validation, the higher the volumes
of the product, the more attention should be paid to mass production and to
reliability. Validation involves

® Measure gain margin

21



® Perform frequency Vs. Temperature tests over operation range
® Measure drive level of the crystal

® Specify the environmental test specification

22
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224 TCXO in GNSS receivers

The TCXOs applied to GNSS receivers that operate under harsh environments
must reliably generate accurate and stable frequencies in hot, cold, vibration, and
pyrotechnic shock conditions and should use parts that have been proven to operate
in such environments. The TCXO currently applied to the GNSS receiver for
KSLV-II is the E7386 model by RAKON. This TCXO has been tested in multiple
environmental conditions and is specialized in low acceleration sensitivity. Its
temperature and physical stress specifications are correspondingly shown in Table

2.1 and Table 2.2 [21].

Table 2.1 TCXO E7386 temperature specifications [21]

Parameter Min. | Max. Unit Test Description
Frequency
Stability over +1 ppm Reference to (Fmax+Fmin)/2
Temperature
Operating Operating temperature range
Temperature -40 85 °C over which temperature
Range stability is measured
Slope +100 | ppb/°C Temperature ramp 1°C/min
23



Table 2.2 TCXO E7386 physical stress specifications [21]

Parameter Test Description
IEC 60068-2-7, test Ga
Acceleration duration: 1 minute
steady state peak acceleration: X1 & X2 axes 10,0009, Y1 & Y2 axes

20,000g, Z1 & Z2 axes 10,000g
IEC 60068-2-6, test Fc
Duration: 1.5 hours

Vibration 20gn acceleration, 10Hz to 2000Hz, in each of three mutually
perpendicular axes at 1 octave per minute.
IEC 60068-2-27, test Ea
. duration 1ms,
Mesct:]ggl(cal 3 shocks half-sine pulse in each of three mutually

perpendicular axes (18 shocks total), X1 & X2 axes 10,000g,
Y1 & Y2 axes 30,0009, Z1 & Z2 axes 5,000g.

0.2 ~ 0.5 ppb/g

Acceleration
Sensitivity

Electronic devices, parts, including oscillators, will experience increased
levels of thermal noise as the ambient temperature rises, while navigation errors
tend to increase as the accuracy of the pseudo-range becomes degrades. Under
considerable thermal noise, a sufficient integration time is required to cancel the
thermal noise in order to acquire the navigation signal and/or improve the
navigation accuracy, but in environments with highly dynamic characteristics, such
as that of a space launch vehicle, long integration times are often not possible. The
GNSS receiver for KSLV-II uses a FLL (Frequency Locked Loop) to track signals,
and the tracking threshold of FLL is as follows [19]. The first term (o.f;;) is the
frequency measurement noise caused by thermal noise, and f, is the error induced

by vibration, acceleration, or a shock. The sum of these two values should not
exceed one-quarter of the pull-in range (%) of the FLL to enable accurate frequency

tracking.
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1
30pLL = 30tpLL T fe < r (Hz) (2.9)

Once the signal has been acquired, the signal tracking is maintained unless the
reference frequency from the oscillator undergoes a large discontinuity or jump for
any reason. Even when external disturbances exist, the GNSS receiver can
calculate its position and velocity accurately as long as signal tracking is
maintained. However, phenomena such as ‘activity dips’, referring to abrupt
frequency changes of TCXO within a certain temperature band, can interfere with

signal tracking [20].

The specifications for acceleration, vibration, and shock are given in Table 2.2.

However, there is no specific information regarding the test procedure, such as
whether the reference frequency is measured during the stress interval or after the
stress interval. Therefore, the operational capabilities under those loads should be
verified by actual tests with the GNSS receiver.

The TCXO mounted on the GNSS receiver for KSLV-II is an oscillator
specialized for specific types of physical stress, such as vibration, acceleration, and
shock events, and its environmental conditions differ from those of the TCXOs
used in commercial GNSS receivers and/or communication devices. The
environmental specifications of TCXOs for commercial applications and for
general GNSS receivers are shown in Table 2.3 [21-24]. The environmental test
conditions for vibration and shock are often not specified in datasheets for
commercial products, though it can be found that the E7386 specifications exceed
those of the commercial products presented in Table 2.3. The vibration
specification for Vectron’s TCXO exceeds that of the E7386 model, but this is not

true for the shock specification.
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Table 2.3 Specifications of the commercial TCXO environment [21-24]

Frequency Erequenc Sine
Manufacturer Stability S(io e Y| Vibration Shock
(-40 ~85°C) P (Peak)
TXC +2.0 ppm 0.5 ppm/°C - -
EPSON +2.0 ppm 1 ppm/°C - -
. 3000 g,
IQD +2.0 ppm 0.1 ppm/°C 10g 0.3 ms
5000 g,
VECTRON +1.0 ppm - 50¢g 0.3 ms

In order for the oscillator to function robustly under physical stress or loads
such as vibration or shocks, an isolator can be installed. In a random vibration
environment, isolators absorb high frequency vibration. However, when using an
isolator, care must be taken as resonance can occur during low frequency vibration
below 100 Hz, and shocks or vibration with large amplitudes may be transmitted,
as can occur when the isolator is saturated [25].

When vibration is applied to an oscillator, the phase noise increases, changing
the output waveform continuously. This phase noise causes clock errors in the
random walk form and reduces C/NO, thereby degrading the navigation accuracy or
increasing the time required for signal acquisition. After applying the acceleration
sensitivity (0.5 ppb/g), phase noise values, and random vibration test specifications
of E7386 to the below equation, the vibration simulation results are shown in
Figure 2.6 and Table 2.4. It can be seen that the phase noise rises compared to that
in the absence of vibration stress [26]. y is the acceleration sensitivity, T is the
transmissibility, PSD is the power spectral density of the random vibration, f, is
the oscillator output frequency, and f is the offset frequency from the oscillator
output frequency. As shown in below equation, the phase noise increases with

greater acceleration sensitivity and higher transmissibility. Because the performed
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simulation did not consider damping or the natural frequency, the actual phase

noise is expected to be much greater compared to the values in Table 2.4.

100 4

110 4
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Phase Noise Simulation Results
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(2.10)

Figure 2.6 Phase noise simulation results in a random vibration environment (1/2)

Table 2.4 Phase noise simulation results in a random vibration environment (2/2)

Phase Noise at Phase Noise
Offset(Hz) Rest under Vibration Difference
(dBc/Hz) (dBc/Hz)

10 -90 -90 0

100 -113 -94.6 +18.4
1000 -125 -114.3 +10.7
10k -134 -134 0
100k -138 138 0
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Normally, the output frequency or phase changes when an oscillator
experiences an impact or shock. The output frequency of the oscillator changes
permanently, as shown in Figure 2.7, when the amount of impact exceeds the
elastic limit or when the capacitance of the oscillator circuit is varied [27]. Upon
more severe impacts, the oscillator may be broken, and normal operation may not
be possible, as shown in Figure 2.7. It should be noted that the surface treatment is
very important because small scratches on the resonator surface seriously impair

the resistance to impacts.

Figure 2.7 Broken resonator with the frequency output changed by a severe impact
[27]
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2.3 MEMS Oscillator

MEMS refers to ultra-fine structures such as highly integrated circuits, ultra-
small gear, and finger-sized hard disks consisting of silicon, crystal, rings, and
glass [28-31]. The operation of the MEMS oscillator, built on the basis of MEMS
technology, is the process in which electrostatic(capacitive) and vibration motion
are converted into each other with oscillation sustaining circuit, and it can also be
fabricated with a surface treatment that adds piezoelectric materials to a small
resonator as a thin film, reducing the physical size and weight over 1/10 times. The
reduced size and weight of the MEMS Oscillator mean that the supporting structure

of the internal resonator becomes relatively strong, making it more robust in

physical stress or load environments such as vibration, shock, and acceleration [32].

Research on MEMS oscillators has been conducted since the 1990s, and
companies from various areas, such as Discera, SiTime, Epson, and Avago, have
jumped into manufacturing. Although robustness to harsh environments existed in
the early days of MEMS oscillators, they were not widely used in commercial
products due to the high phase noise they presented, whereas it has been announced
more recently that the phase noise has improved to an extent comparable to the
TCXO type [16]. This could be a good opportunity for MEMS oscillator makers to
replace TCXOs, which thus far dominate most oscillator markets.

Depending on the direction and manner of the cutting of the quartz crystal, a
plane with a TCF (Temperature Coefficient of Frequency) of nearly zero exists, and
each TCXO’s resonator is manufactured using this plane. However, MEMS
oscillators, made of a thin film or silicon, require compensation for frequency

changes due to temperature changes because the TCF of a MEMS oscillator can
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greatly exceed that of a TCXO [33]. Commonly used methods are mechanical
compensation to make the TCF close to zero through mixing with a material with
an opposite TCF, or circuit compensation to adjust the output frequency according
to temperature changes by adding a temperature sensor to the compensation circuit
[17,29]. The stability of recently released MEMS oscillator’s during temperature
changes is much better than that of TCXOs, and manufacturers appear to have
solved the problem of ‘activity dips’, previously unavoidable in TCXOs [34].

The results of random vibration and shock tests for oscillators performed by
ILSI, which produces many types of oscillators, are shown in Figure 2.8 and Figure
2.9. Figure 2.8 shows that the phase noise of the MEMS oscillator is slightly higher
than the phase noise of TCXOs during calm periods, whereas the phase noise of
TCXOs increases significantly compared to that of the MEMS oscillator during
random vibration, implying that this type is less affected by vibration stress. When
the oscillators are subjected to shocks on the level of 500g, the frequency offsets of
the TCXO and MEMS oscillator are shown in Figure 2.10, which indicates that the
resistance to shocks of the MEMS oscillator is much higher than that of any other

TCXO sample [35].
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Figure 2.8 Phase noise comparison in a random vibration environment [35]
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Figure 2.9 Frequency deviation comparison in a shock stress environment [35]

The MEMS oscillators also are less sensitive to EMI. An electromagnetic
energy can be measured by exposed PCBs that connect the quartz crystal resonator
to the oscillator circuit. This noise can be mixed into the oscillator circuit and
passed to the output adding unwanted noise to the system. However, integrated
oscillators have no exposed PCB connections between the resonator and oscillator
circuit, and the wires and balls that connect the MEMS resonator to the IC are very
short. This makes MEMS oscillators much less sensitive to EMI than TCXO.

And MEMS oscillators offer much better reliability. Quartz resonators, while a
mature manufacturing technology, involve a complicated process in which each
individual resonator is tuned to the targeted frequency. This step occurs before
crystal is encapsulated and causes the resonator to be susceptible to contamination.
In cantrast to the manufacturing processes of quartz crystals, MEMS oscillator is
fabricated using standard semiconductor batch mode techniques. This includes
wafer level production of resonators and oscillator and die bonding with plastic
encapsulation. And ultra-clean hermetic vacuum seal ensures the resonator
structure is protected and free of contamination eliminating aging mechnisms. The

MTBF(Mean Time Between Failure) of MEMS oscillators (1140 million hrs.) are
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about 30 times better than quartz (10 ~ 40 million hrs.), providing very reliable
platform that endures severe environmental stresses and provides a high quality to

the end user.
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2.3.1 Electrostatic MEMS Oscillator model

In the MEMS oscillator, the vibrating elements are generated by micro-scale
etching using silicon. A voltage is applied through the fine gap between a resonator
and electrodes, and the mechanical vibration incurs the exchange of energy
between the mechanical energy and electrical energy under the electrostatic force.
An oscillator circuit maintains the vibration with amplifier energy under
Barkhausen criteria. The resonator is a passive device that determines the resonant
frequency according to its size, shape, and density. With the recent development of
semi-conductor technology, a MEMS oscillator can be produced much smaller and
lighter than TCXO, which uses piezo-electric elements. A small size MEMS
oscillator has properties favorable to harsh environmental conditions compared to

relatively large TCXO.

Figure 2.10 MEMS oscillator model for parallel plate [36]
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Frequently used model of MEMS oscillator in the form of Parallel-Plate and
anon-linear oscillation equation, Duffing equation are as follows [36].
m¥ + cx + kx + fx3 = F, (2.11)
In the above equation, m represents mass, ¢ is damping coefficient, k is elastic
constant, and B is non-linear elastic constant. In Parallel-Plate case shown in
Figure 2.10, F,, electrostatic force can be written as follows.

Electrostatic force (F,) is described as charge (Q) and electric field (E)

F, = SQE (2.12)
Charge (Q) is the multiplication of C and V.

Q=0CV (2.13)

The electric field is given as follows using V and (d, — x).

= (2.14)
Capacitance can be written as
= (2.15)
Electrostatic force can be rewritten as
£oAV" (2.16)

e~ 2dp-np?
To simplify modeling, assume that a non-linear elastic constant is zero and a
quasi-static situation in which the electrostatic force and the elastic force are the

same. Then, the displacement is as follows.

o= oA (2.17)

Rearranging with respect to V2 gives
V2 = 2""(50—0/4‘") (2.18)
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Taking derivative the right side to obtain the maximum value, V;,,, and x

are as follows.

(2.19)

Denote V', x" as normalized V and normalized x using V4., do, above

V' is expressed as follows.
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Figure 2.11 Voltage difference vs. separation between plates
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The maximum point of V under x < d is called ‘pull-in’ point and
depends on the voltage applied to two electrodes. The resonator maintains its
vibration within pull-in region. If the applied voltage is larger than V,,,,, the
resonator moves outside the pull-in region and can stick to the electrode. This is
called a bifurcation phenomenon.

This system potential energy is calculated by the sum of electrostatic and
spring elastic potential energy when the displacement from one electrode is

changed from 0 to x. It can be expressed as follows.
U= [JEdx+ Skx? (2.21)
— (*1 1,.2
U= |, SQEdx + Skx (2.22)

Substituting Q,E gives the following

_(x1 gAv? 1, 2
U= Jo53 @) dx + -kx (2.23)
Integrating the first term
U= gAV? (5 —5——) +5kx? (2.24)
0 2dy  2(dg—x)) ' 2 '

Rewriting the above equation with normalized variables

i = I (2.25)

27 (1-x")

Figure 2.12 illustrates the potential energy in the case of V' =
0.6,0.8,1.0,1.2 for x'. In Figure 2.13, there is no stable point when V' is larger
than 1.0. The bifurcation occurs, and the resonator sticks to one electrode. If V' is
less than 1.0, the stable point exists between two electrodes, which causes the
resonator to vibrate by electrostatic force and spring elastic force.

This pull-in effect or pull-in instability is important for designing resonator or

vibrating devices like MEMS sensors using electrostatic force and has been
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observed for many applications[37-41]. When there is an electrical potential
between the plate and substrate, the attractive force will attract the plate while the
elastic force of the plate will restore the plate original displacement. In this case,
the electrostatic force and the elastic restoring force are in an equilibrium state. The
deformation of the plate would cause an electric charge distribution change. And
the redistribution of the electric field achieves a new equilibrium state.

During beam resonator or plate resonator movement, the device could be
affected by the air damping, drag. When the devices vibrate with greater amplitude,
the effect of air damping force would be increased. Thus, it is critical to establish
an air damping model of components under movement. A simplified electrostatic
driven beam model under non-linear air damping is studied, and an analytical
formula of the air damping force and the damping coefficient of the plate is

developed using the Fourier series [42, 43].
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2.3.2 MEMS Oscillator Design Example

Based on the previous modeling on MEMS oscillator, a clamped-clamped
beam oscillator with the following design parameters is simulated. The diagram of
a clamped-clamped beam resonator is shown in Fig. 2.13. A resonator is made of

aluminum, and the electrode anchors, beams are developed using metal in the

CMOS process [44].

Anchar

Fixed “€

ki 7 > Fixed

Figure 2.13 clamped-clamped beam resonator [44]
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Table 2.5 MEMS oscillator with 10 MHz output design parameters

Input parameter Value Unit
Beam length, L 15 am
Effective beam width, W 0.45 pm
Beam thickness, h 1 um
Poisson ratio, v 0.36 -
Young’s Modulus, E 64 GPa
Density of beam, p 2700 Kg/m?

The natural frequency of the above resonator depends on physical parameters

such as length, width, thickness, and material properties. The frequency of a

resonator is calculated according to the below equation [45].

f= 1.03\/%”2 (2.26)
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Chapter 3

Environmental Test Results of Oscillators

Rakon’s low acceleration sensitivity TCXO E7386 has already been used in
the GNSS receiver for KSLV-II, and temperature tests, vibration tests, and
pyrotechnic shock tests were completed during the manufacturing process.
However, the GNSS receiver cannot track or will lose track of the navigation signal
due to an abrupt change in the reference frequency of the TCXO during a
pyrotechnic shock. Pyrotechnic shock tests were conducted with several TCXO
samples as screening, and the oscillator that showed the least change in the output
frequency was selected and applied to the GNSS receiver [10].

While searching for oscillators that are robust against physical stress and can
be used in GNSS receivers, it was confirmed that the environmental specifications
of the MEMS oscillator were superior to those of the TCXO. Environmental tests
of MEMS oscillator samples were conducted to confirm the possibility of using the
MEMS oscillator as a replacement in GNSS receiver applications. The conducted
environmental tests used the specifications shown in Table 3.1 for the MEMS

oscillator samples, and the results are described in this chapter.
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Table 3.1 Environmental test specifications

Test Test Description, Method Measurement
-15°C ~ 60°C (Chamber)
Temperature Low: 5 Hours Soak @ -15°C
ik 0o Frequency
H;ghégoﬂo:rs ZSoak @/ 6(_) C Offset (ppm, ppb) From
Sinusoidal Ne@ 2’0 Nozc(t)aov;;mn. 10 MHz
Vibration &
Random 20 gRMS*, 4 minutes
Freq. (H) | SRS @ [Q=10]
Shock PyrohteCEnlc 100 40 31t|me§/aX|s,
snocC 100 ~ 2,000 +8.7 dB/oct along 5 axes
2,000 ~ 10,000 3,000
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3.1 Oscillator Behavior under Environmental Stress

The frequency and amplitude of the output signal of a reference oscillator are
affected by various environmental conditions. The major causes of oscillator
frequency instabilities are shown in Figure 3.1. This chapter examines the physical
basis for the sensitivity of oscillators to time, temperature, humidity, pressure,

vibration, electro-magnetic field, and radiation.

Af
- X10° Oscillator
g_'l'emperature Vibration Shock Tun;Off Tizc-)%er Radiation
Step Turn On P
1= _Aging _ -
o———T"“'"_—— il
I‘
1
On
2=
Short-Term
Instability
S
[ [ [ [ [ | [ [
L 4 t t3 t, t t 3 Time

Figure 3.1 Various factors affecting oscillator’s frequency [42]
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3.11 Vibration and Acceleration Sensitivity

Every acceleration makes force, and force can cause a device to deform in
some ways. The acceleration can affect resonant frequency, clock rates, optical
properties, and even amplifier gain. Typical levels of acceleration that equipment
may experience in various operating environments are shown in Table 3.2. Sources
of vibration are anywhere from inside a moving vehicle or aircraft to handheld
mobile devices. For example, the performance of aircraft radar is directly related to
the oscillator phase noise in the system. Vibration induced phase noise translates to
the blurring of targets and a decrease in the accuracy of detection. Medical imaging
applications are also quite sensitive to vibration. In these systems, the oscillator
phase noise limits the resolution, so the system must be resilient to vibration

operate reliably.

Table 3.2 Typical acceleration levels in various environments [47]

Environment Typical Acceleration (G’s)

Building, quiescent 0.02 rms
Tractor-trailer 0.2 peak

Armored personnel carrier 0.5~3rms

Ship-calm seas 0.01 ~ 0.1 peak

Ship-rough seas 0.8 peak

Railroads 0.1 ~ 1 peak

Propeller aircraft 0.3~5rms

Helicopter 0.1~7rms

Jet aircraft 0.02~2rms
Missile — boost phase 15 peak

44

-
I Y|



Although large shocks or vibrations can change the long-term frequency of the
resonator, the main effect is typically a momentary change in the resonator
frequency due to changes in the stress on the resonator through the mounting
structure [49-54]. The frequency changes are linear up to approximately 50 g of
acceleration or vibration depending on the direction. The maximum sensitivity is
typical of the order 2 = 10™%/g.

Significant efforts in compensation [49,51], installation techniques [52], and
resonator fabrication techniques [54] have been made to minimize the sensitivity.
The net sensitivity for specially compensated or fabricated oscillators ranges from
approximately 1 107%/g to 3 *1071%/g.

When a resonator experiences acceleration, a vibration frequency changes due
to the stresses caused by acceleration. Under varying vibration frequency or
amplitude circumstances, the resonator vibration frequency also changes according
to the environmental condition. The relationship between frequency and
acceleration can be nonlinear at higher acceleration due to deformation of
mounting and supporting structure. The acceleration sensitivity can also be a
function of temperature. The relationship between frequency change and
acceleration is usually linear, with acceleration magnitude up to least 50 g’s. How a
varying vibration frequency changes the frequency of a resonator is shown in

Figure 3.2 [48].
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Figure 3.2 Sinusoidal vibration modulated resonator frequency [48]

Experience shows that the acceleration sensitivity of a quartz crystal oscillator
is a vector. The frequency of the accelerated oscillator is maximum when the
direction of acceleration is parallel to the acceleration sensitivity vectors. The

frequency change due to acceleration with an acceleration sensitivity vector is

Af =T o A. Therefore, the frequency shift is zero for acceleration in planes

perpendicular to the acceleration sensitive vector and negative for opposite
acceleration to the acceleration sensitive vector. Typical values of [ for
commercial crystal oscillators range from 107°/gto 1071%g. T is independent of
applied acceleration amplitude up to 20 g. However, high acceleration levels can

cause changes in the mounting structure, which can lead I being a function of

acceleration or a function of temperature. The magnitude of the acceleration
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sensitivity is the vector sum (square root of the sum of the squares) of the
sensitivities of the three mutually perpendicular axes.

To prevent a vibration induced noise, an isolation system can be introduced.
Even a simple vibration isolation system itself is a resonant structure. It can be
effective at high frequencies (along one direction), but it amplifies the vibration
below its resonant frequencies, as shown in Figure 3.3. In addition, the isolation
system should accommodate large displacement at low frequency and high
accelerations. For sinusoidal oscillation, the vibration displacement d =

dosin(2mft), and the acceleration a = —do(2mf)?sin(2mft), where d, is the

peak displacement, and f'is the vibration frequency. Therefore, d, = ﬁ , peak-

to-peak. Therefore, the peak-to-peak displacement is inversely proportional to the

square of the vibration frequency under the constant acceleration.

Figure 3.3 Response of passive vibration isolation system
to sinusoidal excitation (Blue) [11]
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Acoustic noise can be particularly problematic in certain applications. For example,
if an aircraft radar applications require extremely low noise oscillators, the
isolation system was effective in isolating the oscillator from the vibration of
aircraft induced vibration. The designer discovered that the expected phase noise
could not be realized because it was failed to block the intense acoustic noise. The
isolation system can isolate the oscillator from the vibration of the aircraft itself,

but it was not able to manage sound waves, which are relatively low frequencies.
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3.1.2 Temperature Sensitivity

A main influence on the crystal frequency is operation under the temperature
changes. With a frequency change of 5 ppm/°C at a 25°C, the oscillator can
experience a frequency offset of 25 ppm only with a temperature increase of 5°C.
The amount of frequency variation depends on the crystal cuts because of the
crystal temperature coefficient. A frequency-temperature graph for various cuts is
shown in Figure 3.4.

The curves of some crystal cuts remain relatively flat over a limited
temperature range. Others have both positive and negative frequency deviation that
makes an “S” curve. A small change in the cutting angle can limit the deviation and
make the slope less steep, as shown in Figure 3.5. Clearly, this frequency change
cannot be compensated or avoided completely if the crystal is used over a wide
range of temperatures. Therefore, other techniques must be utilized to reduce this
effect.

Temperature variations change the value of the elastic constants and the
dimensions of the resonator. The resulting change in resonator frequency with
temperature depends largely on crystallographic cutting and orientation [57-60].
There are several cuts that compensate for frequency dependence on temperature.
The actual values depend on the resonator cut, overtone, frequency, diameter, and
mounting techniques. Temperature changes and temperature gradients often cause
large frequency change compared to the slope of a static curve. Typical coefficients

for frequency-temperature effect for 5-MHz resonators for 5™ overtone AT cuts are
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i—f = 1079AT? — 10~5dT/dt (3.1)
0

For 3" overtone SC cuts,

i—f = 1079AT2 + 10~7dT/dt (3.2)
0

The frequency-temperature characteristics of the crystal oscillator are not
repeated exactly upon temperature cycling. The lack of repeatability in
temperature-compensated crystal oscillators (TCXOs), called "thermal hysteresis,"
is depicted in Figure 3.6 [48]. They are showing that the frequency-temperature
characteristics during temperature rise are different from those of temperature
decrease. This effect makes it hard to find the exact inflection point.

Hysteresis is defined as the difference between the up-cycle and the down-
cycle frequency-temperature characteristics and is quantified by the value of the
difference at the temperature where the difference is maximum. Hysteresis is
determined for one or more complete quasi-static temperature cycles between the
specified temperature limits. Hysteresis is a major factor limiting stability that can
be achieved with TCXOs. Typical hysteresis values for TCXO range from 1 ppm to
0.1 ppm with a temperature cycle ranges of 0°C to 60°C, and -55°C to +85°C.
Some SC-cut resonators have observed hysteresis less than 107°, but some
common resonator hysteresis is around some parts in 108.

As mentioned earlier, the vibration mode of the crystal depends on the crystal
cuts, and there can be an accidental overlap with the main resonance mode over a
narrow temperature range. This anomaly is called “activity dips,” as illustrated in
Figure 3.7. This unwanted coupling leads to increased resistance and a reduction in
the oscillator amplitude. When the oscillator gain is insufficient, it can stop the

oscillation. Near the activity dip region, the frequency-temperature coefficient
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varies rapidly. This phenomenon is influenced by the crystal’s drive level and load

capacitance. The activity dip temperature is a function of C; because the

interfering mode frequency usually has a large temperature coefficient and a C;

that is different from that of the desired mode. When the frequency of the

interfering mode coincides with the frequency of the main resonance mode, the

frequency cancels out, and an activity dip occurs.
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Figure 3.6 TCXO thermal hysteresis [48]
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An important note in TCXOs is the interaction between the frequency
adjustment during calibration and the frequency-temperature relation. This
phenomenon is called the trim effect. In TCXOs, temperature-dependent reactance
changes are used to compensate for the crystal's frequency-temperature coefficients.
During calibration, the load reactance of the crystal is changed to compensate for
the aging of TCXOs. Because the frequency-reactance relationship is nonlinear, the
capacitance change during calibration changes the compensation process, such as
the operating point on the frequency-reactance curve, to a point where the slope of

the curve is different.
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Figure 3.7 Activity dips in the Frequency vs. Temperature plot
with and without load capacitors [48]
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-6 ppm aging adjustment

+6 ppm aging adjustment

Figure 3.8 Frequency vs. Temperature stability curve of a 0.5 ppm TCXO

at zero trim and at +6 ppm trim
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How compensation frequency-temperature changes when the operating point
is moved to a different C; for the same compensation C, -temperature is
illustrated in Figure 3.9. Shown above are test results for a ‘0.5 ppm TCXO’ that
had a +£6 ppm frequency adjustment range (to allow for aging compensation for the
life of the device). When delivered, this TCXO met its 0.5 ppm f vs. T specification.
However, when the frequency was adjusted £6 ppm during testing, the f vs. T
performance degraded significantly. The 0.5 ppm TCXO was shown to be a 2 ppm
TCXO. In specifying a TCXO, it is important to require that the f vs. T stability

include the hysteresis and trim effects.

Compensated fvs. T

Compensating C_vs. T

Figure 3.9 Trim effect [48]
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3.1.3  Pyrotechnic Shock

A shocking test is intended to determine the suitability of the devices for use
in electronic equipment which may be subjected to severe shocks as a result of
suddenly applied forces or abrupt changes in motion produced by rough handling,
transportation, or special operations. Current space vehicle and satellite design use
numerous pyrotechnic shock devices during missions. These devices are typically
used to separate structural sub-systems, accessories of structure and activate the on-
board operating system with a high level of integrity.

The initial pyrotechnic shock peak acceleration can be as high as 200,000 g
with high frequency content of 1 MHz. These values rely heavily on the method of
measurement and recording as well as the subsequent digital data analysis. The
pyrotechnic shock acceleration time history has a short duration of less than 20 ms
and depends largely on source type and size, intermediate structural path
characteristics, and distances from the source to the response point of interest. Due
to high frequency content, many hardware elements and small components are
vulnerable to pyrotechnic shock failures while resisting a variety of low frequency
environments, including random vibrations. Those high frequency contents can
make the analysis method and calculation procedure not applicable to system
verification under the pyrotechnic shock. Therefore, the pyrotechnic shock test
should be accomplished by qualification or flight acceptance test and is essential to
mission success.

Frequency shift during shock impact is due to the stress sensitivity of the
oscillator. The amount of frequency shift is a function of the oscillator design and

the shock induced stress on the oscillator. The stress changes, resonator surfaces
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deformation, and changes in the oscillator circuitry can change oscillator output
frequency permanently. When there are imperfections on resonator surfaces, it is
hard to survive under shock. The scratch-free resonator produced by chemical
abrasives endured up to 36,000 g of shock in the air gun tests and up to 16,000 g of
shock with 12 ms duration.

The pyrotechnic shock response in Figure 3.10 is a complex waveform. It
tends to oscillate in a somewhat symmetric manner about the zero line. Its overall
envelope has an exponential decay. Unlike the transportation shock pulse, this
pyrotechnic shock response is too complicated to represent by a time domain
mathematical function. Therefore, the SRS (Shock Response Spectrum) is a useful
tool for estimating the damage potential of a shock pulse, as well as for test level

specification. [61-70]
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Figure 3.10 Time series of acceleration in pyrotechnic shock
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The shock response spectrum is a calculated function based on the
acceleration time history. It applies an acceleration time history as a base excitation
to an array of single-degree-of-freedom (SDOF) systems, as shown in Figure 3.11.
Note that each system is assumed to have no mass-loading effect on the base input.
Y is the common base input for each system, X,, is the absolute response of each
system to the input. The dot means derivative, M,, is the mass, C, is the damping
coefficient and K,, is the stiffness for each system. F,, is the natural frequency for
n-th system. The SRS consists of each system’s maximum acceleration values
versus the resonance frequencies. The damping of each system is typically assumed
as 5%, which is equivalent to Q = 10. The natural frequency is an independent
variable. Thus, the calculation is performed for a number of independent SDOF
systems, each with a unique natural frequency. The SRS plot is shown in Figure
3.12 converted from Figure 3.10. Unlike Figure 3.10, which is hard to measure or
check the shock values, the SRS plot can show the amount of shock in terms of

acceleration.

M3y
Ky |J—\ Ky J_‘ K3 J—‘ “L |J—\ Y (Base Input)
[01 [02 [03 [CL j

f f
1 < n2 < n3 < = = - < fnL

Figure 3.11 SDOF systems for SRS representation [67]

58



Pyrotechnic shock SRS

Ty T

o

B e

i

bl Sl

Lllcceee=d

-t

e e

[Ep=pepupupup. o

=i b -

BT
“EPTTAN

'
===

10*

10°

5
10

Seconds

Figure 3.12 SRS plot in pyrotechnic shock
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3.2  Frequency Stability during the Temperature Test

In accordance with the test specifications shown in Table 3.1, temperature
tests were conducted, which indicated changes in the frequency output of the
TCXOs and MEMS oscillators. The frequency stability and frequency slope of
each TCXO and MEMS oscillator as measured during the temperature tests are
shown in Tables 3.3 and Table 3.4, respectively. For the TCXO, the results were
acceptable considering the specifications given in the data sheet, but accurate
values could not be obtained because the tested temperature range is narrower than
that in the specifications. Regarding the frequency slope, though the temperature
change rates during the temperature tests were greater than the temperature change
rates given in the data sheet (1°C/min), the performance exceeded the specified
level. Moreover, these frequency changes do not present problems while
performing the navigation process.

With the same temperature range for the MEMS oscillator in the temperature
test, the frequency stability is one-fifth, and the frequency slope is one-third to one-
half compared to the results for the TCXO, generating much more stable frequency
output in environments with varying temperature. Figure 3.13 illustrates the change
in the output frequency offset of the TCXO and MEMS oscillator, indicating that
the change of the MEMS oscillator output frequency is much less than that of the
TCXO. Note that the 20°C to 30°C section is connected by a solid blue line
because the data of TCXO cannot be stored. Moreover, the temperature test is
divided into low and high temperature tests, explaining that the data is not

continuous near room temperature (25°C).
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Table 3.3 Frequency stability and slope of the TCXO under low and high
temperature environments

Parameter Specification in Test Results Etc.
Datasheet
Frequency +1PPM $0.13PPM Referenced to
Stability (-40°C ~ 85°C) (-4°C ~ 76°C) (Fmax+Fmin)/2
Slope 100 PPB/°C 3.13PPRAC | |emperature ramp
1°C/min

Table 3.4 Frequency stability and slope of the MEMS oscillator under low and high

temperature environments

Specification in Test
Parameter Etc.
Datasheet Results
Frequency +0.1 PPM +0.025 PPM Referenced to
Stability (-40°C ~ 85°C) (-4°C ~ 76°C) (Fmax+Fmin)/2
-1.0 PPB/°C ~
Slope 2.5 PPB/°C Temperature
+1.67 PPB/°C ramp 1°C/min
TCXO Frequency Offset with Temperature Change
0.15 ! ! ! ! ! !
0.1
__ 0.05f-
=
o
o
T 0
5
S 005
[
z
o
[

T S S SN SO SN SOt S
MEMS Osc
0.2
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Figure 3.13 Frequency offset comparison under low and high

temperature

environments
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Temperature Profile in High Temperature Test
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Figure 3.14 Temperature profile in high temperature environment test

Temperature Profile in Low Temperature Test
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Figure 3.15 Temperature profile in low temperature environment test
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The MEMS oscillator has better frequency stability than the TCXO in varying
temperature environments because it can be manufactured in a very small size. The
general TCXO consists of an oscillator circuit and a resonator, which are separate
components, and the thermometer for temperature compensation is attached to the
oscillator circuit, for which the measured temperature differs from that of the
resonator. However, the MEMS oscillator, when manufactured in a very compact
size, predicts the temperature at which the actual resonator operates very accurately
because the thermometer and resonator are positioned in close proximity,
compensating for the output frequency based on the measured temperature. For this
reason, the frequency stability of the MEMS oscillator is better than that of the
TCXO [13]. Although not listed on the datasheet, the hysteresis of the MEMS
oscillator in the tested temperature range, as shown in Figure 3.13, is also

significantly lower than that of the TCXO.
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3.3 Frequency Stability during the Vibration Test

In accordance with the test specifications shown in Table 3.1 and Figure 3.16,
the random vibration test and sinusoidal vibration test were conducted, and the
variations in the output frequency of the TCXO and the MEMS oscillator during
the vibration period denoted by the red lines were investigated. During the
vibration test, which directly measured the output frequency of the oscillator
instead, the variation of the output frequency is estimated based on the calculated
clock drift from the GNSS receiver. The random vibration specifications are not
given in the datasheet, and the frequency variations of each oscillator are shown in
Table 3.5. In addition, Figure 3.17 illustrates the estimated frequency variations

during the random vibration interval.

Power Spectral Density in Random Vibration (20 gRMS) Test

g%iHz

10"

Frequency (Hz)

Figure 3.16 PSD under random vibration test environment
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Table 3.5 Frequency offset in a random vibration environment

. Specification in | Frequency Offset
Oscillator Datasheet Results Etc.
Relative to No
TCXO i 10 ppb vibration status
MEMS
Oscillator - 0 No change observed
Frequency Offset during Random Vib. Z-Axis
20 ! ! ! 1 — I
‘MEMS Osc. |
1] —— e, B A E .
10 o ;L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
)
o
.
5

TCXO

GPS Seconds(Time)

i i i ‘ ‘ ‘ i ; i
1.038 1.0385 1.039 1.0395 1.04 1.0405 1.041 1.0415 1.042

x 10°

Figure 3.17 Frequency offset comparison in a random vibration
environment
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When 20 gRMS of random vibration was applied for four minutes, the TCXO
showed a frequency change of 10 ppb, whereas the MEMS oscillator was not
affected by vibration at all. This supports existing research findings, which
indicated that MEMS oscillators are more robust to physical loads or stresses such
as vibrations than the TCXO. The reason why frequency changes of TCXO occur
throughout the entire test period, including the vibration period, is not related to the
applied vibration but because the output frequency of the oscillator slowly varies.

In the sinusoidal vibration test conducted according to the specifications
shown in Table 3.1 and Figure 3.18, variations in the output frequency of the
TCXO and MEMS oscillator during the vibration period, as denoted by the red
lines, are investigated. The frequency variations of each oscillator are shown in
Table 3.6, and Figure 3.19 illustrates the estimated frequency variations during the
sinusoidal vibration interval. The sinusoidal vibration specifications guaranteed by
the manufacturers are as follows: 20 g @ 10 ~ 2000 Hz for the TCXO and 70 g @
20 ~ 2000 Hz for the MEMS oscillator. As mentioned earlier, because the
frequency offsets of the oscillators are obtained from the results of a navigation
calculation in the GNSS receiver, the frequency offsets can change differently from
an actual situation when satellite signals at a lower elevation are received.
Therefore, the frequency offset during the vibration tests should be considered as a
result of the sum of the velocity errors calculated in the GNSS receiver and the

actual frequency change of the oscillator.
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Acceleration Profile in Sine Vibration (Peak 22 g) Test
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Frequency (Hz)

Figure 3.18 Acceleration under sinusoidal vibration test environment

Table 3.6 Frequency offset in a sinusoidal vibration environment

. Specification in Frequency Offset
Oscillator Datasheet Results Etc.
Relative to No
TCXO 20g@10~2000 Hz 12 ppb vibration status
MEMS
Oscillator 70g@20~2000 Hz 8 ppb No change observed

The interval with 22 g sinusoidal vibration is shown with green arrows in
Figure 3.19. The TCXO shows a slight frequency offset with the vibration interval

of 22 g, and the frequency change at the level of 12 ppb was noted before the
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Frequency Offset during Sine Vib. Z-Axis
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x 10°
Figure 3.19 Frequency offset comparison in a sinusoidal vibration
environment

vibration ended. The MEMS oscillator also shows a slight frequency offset before
the vibration starts, confirming the effect of the velocity errors calculated in the
GNSS receiver, and a frequency change at the level of 8 ppb arises before the
endpoint of vibration and the start point of the vibration of 22g. The frequency
offset of 8 ppb of the MEMS oscillator during the 22 g vibration interval is
influenced by an outage of the GPS PRN22 satellite signal, with the actual
frequency output remaining unchanged.

At the end of the vibration, denoted by the red line, it was found that both
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oscillators exhibit significant frequency offsets, as shown in Figure 3.19, due to the
amplification of the vibration caused by the significant transmissibility near the
resonant frequency of the GNSS receiver. In Figure 3.20, the green line is the
sinusoidal vibration reference value, the red line is the + 6 dB of the green line, and
the blue line is the acceleration measured from an accelerometer attached to the
surface of the GNSS receiver. At the end of the vibration period, two peaks at an
acceleration level of 100 g were measured, and the frequency offsets in Figure 3.19
greatly increased at the same time. 1600 Hz and 1900 Hz are expected to be the
corresponding resonant frequencies of the jig, which holds the GNSS receiver, and
of the GNSS receiver. At these frequencies, the sinusoidal vibration of 12 g was
amplified to 100 g, i.e., by approximately eight times. In the sinusoidal vibration
test, the output frequencies of both oscillators changed, and the amount of the
frequency change of the MEMS oscillator is lower than that of the TCXO by 4 ppb,

confirming its robustness in an environment with vibration.

Acceleration Profile
2000 .

1000+

00

Acceleralion (G peak)

4 = g - )

100 1000 200
Frequency (Hz)

Figure 3.20 Accelerations of the jig and GNSS receiver surface in a
sinusoidal vibration environment
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3.4  Frequency Stability in Pyrotechnic Shock Test

The type of pyrotechnic shocks that can occur when the stage and fairing
separation can cause cracks in oscillators, any ceramic materials, and the epoxy and
soldering parts given that these are very high impacts which occur within a very
short period of time compared to a normal shock. A pyrotechnic shock test is
essential for the components of a launch vehicle or a satellites, as pyrotechnic
shocks can cause malfunctions and failures [3,46]. The cut-off frequency and
maximum acceleration values of the SRS (shock response spectrum) from the test
specifications are tailored, as shown in Table 3.1. In an actual pyrotechnic shock
test, three impacts on each axis are applied to verify the performance, but in the test
here, five TCXO samples were subjected to one impact, and MEMS oscillator
sample was subjected to three impacts, and the actual frequency offsets were
measured by a frequency counter. A time series graph and SRS of the acceleration
at the time of impact are shown in Figure 3.21, where the black line in the middle
is the pyrotechnic shock reference value, and the red dashed line is the = 6 dB
value of the black line. As shown in the time-series graph, very high acceleration
occurs within a very short time interval of 1 ms. When the GNSS receiver is
exposed to such an impact, the tracking signals can be lost due to the rapid

frequency change of the oscillator.
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Acceleration in the Pyrotechnic shock Test SRS in the Pyrotechnic shock Test
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Figure 3.21 Acceleration and SRS in the pyrotechnic shock test

The frequency offsets measured in the pyrotechnic shock test are summarized
in Table 3.7, and Figure 3.22 shows the frequency offsets at the time of impact. The
frequency offsets of the TCXO and the MEMS oscillator are shown in Figures 3.23
and 3.24, respectively, and the impact moments are at 150 seconds.

In the pyrotechnic shock test, the MEMS oscillator shows very little frequency
offset during the three impacts, whereas the frequencies of the output of the five
TCXO samples appear to stabilize after showing a large frequency offset, but
without fully recovering the previous frequency output. The output frequency
changes permanently because the oscillator exceeds its elastic limit due to the
applied pyrotechnic shock [26]. The TCXO output frequency varies from 0.90 Hz
to 2.05 Hz after the impact depending on the sample, and the output frequency of
the MEMS oscillator varies from 0.06 Hz to 0.20 Hz. The MEMS oscillator
exhibits a small frequency offset, and it appears that the frequency output is only
affected at the moment of the shock. The test results suggest that the GNSS
receiver equipped with a MEMS oscillator can perform without signal loss of lock

during pyrotechnic shocks, whereas when the GNSS receiver uses the TCXO, the
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navigation performance should be determined in an actual pyrotechnic shock test.

Table 3.7 Frequency offsets of each oscillator measured in the pyrotechnic shock

test
TCXO MEMS Af
Af (H Af . Af (H
Sample (Hz) (ppb) Oscillator (Hz) (ppb)
1 1.92 192 1% 0.06 6
2 2.05 205 2nd 0.20 20
3 1.20 120 3rd 0.09 9
4 0.90 90 - - -
5 1.83 183 - - -
Frequency Offset From 10Mhz @ Pyroshock On Oscillator
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] e o -
o
(s
o
L’E:_:'_ '
2 1000 — 1ey01
= —— TCX02
o 180 — Texo3
——— TCX04
2000 ———TCx05
MEMS Osc. 1st Shock :
230 1| ——— MEMS Osc. 2nd Shock [~~~ """ f 777 m oo 7
— MEMS Osc. 3rd Shock i
-300 L -

50

100
Sec

l l
150 200
onds(Time)

|
250

Figure 3.22 Frequency offsets under the pyrotechnic shock test
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Frequency Offset From 10Mhz @ Pyroshock On Oscillator
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Figure 3.23 MEMS oscillator frequency output in the pyrotechnic

shock test
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Figure 3.24 TCXO frequency output in the pyrotechnic shock test
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Chapter 4

Simulation with GNSS Receiver under Reference

Frequency Change

This chapter describes the results of the GNSS receiver performance test when
the frequency output of TCXO is arbitrary changed abruptly using signal generator.
The GNSS receiver loses signal tracking and fails to calculate navigation solutions
during the pyrotechnic shock test and it is found that the rapid change in frequency
output of TCXO causes the problem in signal tracking. In addition, instead of
applying the pyrotechnic shock to unit directly, the signal generator is utilized to
change reference frequency by a certain value. The relation of the amount of
frequency change in reference frequency and loss of signal lock can be identified in

this test, and this values are compared to theoretical values.
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4.1 Tracking Loop of GNSS Receiver

The GNSS receiver for KSLV-II uses 2nd-order FLL(Frequency Lock Loop)
with 6 Hz bandwidth for tracking signals, while the pre-integration time is 2 ms for
GPS and GLONASS and 4 ms for Galileo signals, respectively. The 2™ FLL
tracking loop consists of integrator, discriminator and loop filter. In the tracking
loop, these three features determine the important characteristics of the carrier
tracking loop such as thermal noise error and dynamic stress threshold. Because the
discriminator of the FLL tracking loop generates frequency error estimates, it is
robust to dynamic environment. However, to improve the accuracy of the
measurements, pre-integration time must be increased, loop filter bandwidth
reduced, and PLL is recommended. Therefore, a trade-off between these
characteristics is required to design receiver that fits the dynamic requirements.

In the discriminator of tracking loop, the theoretical pull-in range is
determined by the pre-integration time mentioned above and is affected by the
bandwidth of the tracking loop and the C/NO. If the frequency of the tracking
signal is outside of the pull-in range due to an external impact or noise, GNSS

receiver loses track of the satellite signal.
The theoretical pull-in range for KSLV-II GNSS receiver is 500 Hz (+£250 Hz)
for GPS and GLONASS signal and 250 Hz (£125 Hz) for Galileo signal. Given

that half of this theoretical pull-in range is linear region of traceable frequency
range (250 Hz (£125 Hz) for GPS signal), this value corresponds to +0.8 Hz of
reference frequency with 10 MHz output. Therefore, when the frequency output of

reference oscillator changes within +0.8 Hz, signal tracking is done normally, but
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in an environment where the output frequency of reference oscillator varies beyond

this range, the signal tracking may be lost, or a false frequency lock may occur. The

false frequency lock can occur at a frequency outside the actual pull-in frequency

range in Figure 4.1. The linear region and the slope of the discriminator curve

change with C/NO, and this effect has a material impact on the tracking

performance of the frequency lock loop.

Input Frequency Error (Hz)

Atan?2 Discriminator Curve (2ms PIT) with Different C/M0s
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In this study, a simplified tracking loop is generated as shown in Figure 4.2 to
analyze how changes in reference frequency output affect the tracking loop. Since
the tracking loop cannot distinguish the difference between the dynamic stress
experienced by the actual situation and the change in the reference frequency
output, the tracking loop recognized that the actual signal undergoes a dynamic

environment such as acceleration or jerk when the reference frequency output

changes.
Simplified Tracking loop
Discriminatof Diserirninator Loop Filter
Incoming_ Input * Loop Filten Loop Filter
Frequency ) Input 1 . Output
" w2 % A
A
- la
NCO [
Reference 1
Oscillator

Figure 4.2 Simplified tracking loop

The frequency error of a typical tracking loop is largely divided into thermal
noise and dynamic stress error. The tracking threshold is defined by a 3 sigma error
should be less than one quarter of the FLL discriminator pull-in frequency and is

expressed by the following [19].

0.25
30pL, = 30pLLt + fe < - (Hz) 4.1)

If the noise and dynamic characteristics due to the reference oscillator are low,

only the og;;, component should be considered, but f, should also be
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considered if the output of the reference oscillator itself changes due to external

stress. FLL tracking loop error due to thermal noise is as follows.

_ 1 [4FBn 1
OFLLt = Sp7 CN, 1+ TCNO) (Hz)

FLL tracking loop error by acceleration is as follows.

fo =Lar (H2)

Where T : PIT (2ms)
B, : Bandwidth (6Hz)
CN, :Signal Power (dB.Hz)
F:1 for high CN,
2 near the threshold
a :Relative LOS Acceleration
c : Speed of Light

fo: 1.57542 % 10° (Hz)

4.2)

4.3)

The FLL discriminator threshold of expression Eqn.(4.1) is divided by case 1

and case 2 and organized in Table 4.1. Case 1 is when loop filter is 6 Hz and PIT is

2 ms, and case 2 is when loop filter is 6 Hz and PIT is 1 ms. For case 2, which has

a PIT of 1 ms, the thermal noise exceeds the tracking threshold when the C/NO is

less than 25. Increasing the PIT to 2 ms reduces the thermal noise component and

enables signal tracking at the same C/NO environment. This reduced error from the
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thermal noise allows signal tracking to be maintained even if the dynamic induced

€1ror grows larger.

Table 4.1 Discriminator threshold

C/NO | Thermal . | Dynamic | 3*Thermal+D Tracking
. L. Accelerati . . Error
Case in Noise in on in Stress in ynamic stress Threshold
dBHz | Hz & Hz in Hz .
in Hz
1 15 402 10 1.0 1207 125
1 20 95 100 10.3 295 125
1 25 35 100 10.3 115 125
1 30 15 100 10.3 55 125
1 35 7 100 10.3 31 125
2 15 1119 10 0.5 3357 250
2 20 258 100 5.1 779 250
2 25 89 100 5.1 272 250
2 30 35 100 5.1 110 250
2 35 16 100 5.1 53 250

Under the same PIT and C/NO conditions, the thermal noise is the same, so the
threshold can be represented only by the error of the frequency change or dynamic
characteristics. The Table 4.2 summarizes the tracking threshold for case where
C/NO is 30 dB.Hz and PIT is 2 ms. If C/NO is 30 dB.Hz with GPS L1 signal, it
starts to exceed the tracking threshold when the reference frequency change of 10
MHz is 0.6 Hz, and if it changes more than 0.8 Hz, it can be seen that the tracking
threshold is unconditionally exceeded regardless of C/NO value. In pyrotechnic

shock environment, the frequency output of TCXO changed from 0.9 Hz to 2.0 Hz,
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which can be converted to 917 g to 3059 g. These values cannot be seen in real-

world acceleration environments and are estimated by the very short time impact

due to pyrotechnic shock.

Table 4.2 Tracking threshold due to changes in reference frequency

Changes in . % .
reference | C/NO in Thermal Dynarmc 3 Thermgl + | Tracking E‘T"r
frequency | dB.Hz | Noise in Hz Stress in Dynamic Threshold in

. ’ Hz Stress in Hz Hz
in Hz
0.1 30 15 15.7 60.7 125
0.2 30 15 31.5 76.5 125
0.3 30 15 473 923 125
0.4 30 15 63.0 108 125
0.5 30 15 78.8 123.8 125
0.6 30 15 94.5 139.5 125
0.7 30 15 110.2 155.2 125
0.8 30 15 126.0 171 125
1 30 15 157.5 202.5 125
2 30 15 315.1 360.1 125

The frequency error output from the discriminator in tracking loop is fed into

loop filter and integrator and the frequency estimates is compared with incoming

signal frequency. The tracking loop filter must determine the appropriate order and

bandwidth according to the dynamic characteristics of the GNSS receiver, which in

high dynamic conditions, the bandwidth should be widened and the order has to be

80



increased to minimized errors.

» AW

Figure 4.3 2™ order FLL loop filter and integrator

Figure 4.3 illustrates the block diagram of the 2™ FLL loop filter with
coefficients of a = 1.414 , B, = 0.53w and w = 11.32 with a bandwidth of 6
Hz [19]. The loop filter filters the frequency error output from the discriminator
and generates frequency of the NCO using the filter output and the reference
oscillator output. The loop filter input and output are shown in Figure 4.4 when the
bandwidth is 2, 6, 10 and 12 Hz. Although frequency estimates converges quickly
as bandwidth of loop filters increases, it can also be seen that overshooting
increases. Larger bandwidth and small PIT are required for the receiver in high
dynamics, the thermal noise component may become significant, which cause
difficulty in signal tracking. Thus, if the frequency estimate changes rapidly within
one PIT period, such as pyrotechnic shock, the discriminator loses its signal
tracking or can track the false frequency signal. Note that in a PIT of 2 ms, the
doppler shift of 300 Hz in the GPS L1 signal is approximately 2915 g of

acceleration in terms of receiver dynamics.
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Frequency Difference between Input and Output Referenced to L1 Frequency
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Figure 4.4 Frequency difference between filter input and output with different BW
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Meanwhile, the discriminator obtains the frequency error continuously after
signal acquisition, the tracking can be lost or be wrong when the frequency change
occurs above pull-in frequency range. The frequency estimates are shown in Figure
4.5, Figure 4.6 and Figure 4.7 when the reference frequency output varies by 2.0
Hz, 1.6 Hz and 0.2 Hz, respectively. There are frequency errors of 500 Hz in Figure
4.5 and Figure 4.6. However, if the estimated frequency errors are more than 500
Hz, the signal powers of adjacent peaks are compared to stop signal tracking as
shown in Figure 4.8. A new frequency estimate is obtained from re-acquisition
process. If there is a 0.2 Hz change in the referency frequency, the accurate
frequency is estimated.

As previously confirmed in chap. 3.4, TCXO showed a frequency output
change of 2.0 Hz and MEMS oscillator showed a frequency output change of 0.2
Hz. Therefore, according to the analysis of tracking loop, TCXO is expected to fail

in signal tracking, and MEMS oscillator is not.
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Tracking Loop Frequency Estimate(Red), Reference Frequency 2Hz Chg.(Blue)
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Figure 4.5 Frequency estimate under 2.0 Hz reference frequency change
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Figure 4.6 Frequency estimate under 1.6 Hz reference frequency change
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Figure 4.7 Frequency estimate under 0.2 Hz reference frequency change
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Figure 4.8 Relative signal power as a function of frequency error
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4.2 GNSS Receiver Operation under the Change of

Reference Frequency

In the pyrotechnic shock test conducted during the KSLV-II GNSS receiver
development, the frequency output of TCXO changed by more than 0.8 Hz after
the impact. This makes the GNSS receiver lose track of the signal, and the
navigation solution cannot be obtained temporarily. When the GNSS receiver loses
track of the signal temporally, the GNSS receiver can recover its navigation status
shortly with signal reacquisition. But when a false frequency lock occurs during
physical stress interval, the pseudorange rate can be incorrectly obtained, which is
reflected in the velocity errors.

Although the frequency output change of TCXO in vibration test or in
acceleration test does not affect the tracking status in frequency tracking loop, it is
found that even TCXOs designed to be robust against physical stress also have
difficulty in tracking navigation signals under pyrotechnic shock test.

As shown in Table 3.7, the frequency change of TCXO samples ranges from
0.9 Hz to 2.0 Hz under pyrotechnic shock test, and the GNSS receiver with these
TCXOs is expected to lose signal tracking under the same shock condition. To
identify more quantitatively the effect of frequency output change in reference
frequency for GNSS receiver to track signals, the planned and fixed amount of
reference frequency change is required, which cannot be realized using pyrotechnic
shock test equipment.

A signal generator with 10 MHz output is fed into the GNSS receiver, just like
a TCXO, the frequency of the signal generator is changed to certain values. During

this operation, the effect on the GNSS receiver tracking status is investigated. The
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change in the reference frequency varied by 0.1 Hz from 0.0 to 1.0 Hz and by 1.0
Hz from 1.0 to 10.0 Hz. The test configuration is shown in Figures 4.9, 4.10, and
Table 4.3 shows the theoretical calculated pull-in frequency range for each GNSS
signal. The reference frequency entered into the GNSS receiver was changed as
shown in the second column of Table 4.4 ~ Table 4.7, and the status and test results
of the GNSS receiver were shown accordingly. The GNSS receiver lost signal
tracking of GPS and GLONASS signals from 0.6 Hz to 0.8 Hz of reference
frequency change and Galileo signals from 0.3 Hz to 0.4 Hz of reference frequency
change. All signal tracking is lost when the reference frequency change reaches 0.8
Hz, and the navigation status is resumed through signal reacquisition. This is
consistent with the theoretical analysis of the tracking loop previously discussed,
and since C/NO is different for each satellite signal being tracked, the timing of
missing the signal is slightly different. The reacquisition starts when the GPS or
GLONASS signal is missed and navigation is restarted.

Table 4.3 Pull-in frequency range according to GNSS signals

Pull-In Frequency | Frequency shift Remark
Range Linear by TCXO (Hz)
Region (Hz)
GPS/GLONASS 250 Hz (+125 Hz) 1.6 Hz (0.8 Hz) 50 % of theoretical
L1 for 2ms PIT* value
QGalileo E1 for 125 Hz (£62.5 Hz) 0.8 Hz (0.4 Hz) 50 % of theoretical
4ms PIT* value
GPS L5 for 2ms 250 Hz (125 Hz) 1.6 Hz (+0.8 Hz) 50 % of theoretical
PIT* value
QGalileo ES5 for 125 Hz (£62.5 Hz) 0.8 Hz (0.4 Hz) 50 % of theoretical
4ms PIT* value
L1, E1 for 1ms 500 Hz (£250 Hz) 3.2 Hz (+1.6 Hz) Tracking loop to
PIT* prevent false
frequency lock

*PIT : Pre-Integration Time




Figure 4.9 Test configuration
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Figure 4.10 Test configuration for GNSS receiver
under the reference frequency change
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Table 4.4 Test #1 results (1/2)

Test Tracking / Navigation Af GPS
No. Input Frequency (MHz) Status (Hz) Sec
1-1 10.0000000—10.0000001 Normal / Normal 0.1 284748
1-2 10.0000001—10.0000003 Normal / Normal 0.2 284808
1-3 10.0000003—10.0000006 Normal / Normal 0.3 284868
1-4 | 10.0000006—10.0000010 | Calileo S'ﬂgfr'n';fc" Loss/ | 64 | 284928
15 | 10.0000010—10.0000015 | CAlileoSignal LockLoss/ o5 | 554908
Normal
1-6 | 10.0000015—10.0000021 | CPS GalileoSignalLock | ¢ | 555049
Loss / Normal
1-7 | 10.0000021—10.0000028 | CGPS GalileoSignalLock | 7| 5e54g
Loss / Normal
GPS,GLONASS,Galileo
1-8 10.0000028—10.0000036 | Signal Lock Loss / Velocity | 0.8 285168
Error Increase
GPS,GLONASS,Galileo
1-9 10.0000036—10.0000045 | Signal Lock Loss / Velocity | 0.9 285228
Error Increase
GPS,GLONASS,Galileo
1-10 | 10.0000045—10.0000055 Signal Lock Loss /0.1 sec. 1 285288

No Fix
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Table 4.5 Test #1 results (2/2)

Test

Input Frequency (MHz)

Tracking / Navigation
Status

Af
(Hz)

GPS
Sec

1-11

10.000000—10.000002

GPS,GLONASS,Galileo

Signal Lock Loss /0.1 sec.

No Fix

285468

1-12

10.000002—10.000005

GPS,GLONASS,Galileo

Signal Lock Loss /0.1 sec.

No Fix

285528

1-13

10.000005—10.000009

GPS,GLONASS,Galileo

Signal Lock Loss /2.2 sec.

No Fix

285588

1-14

10.000009—10.000014

GPS,GLONASS,Galileo

Signal Lock Loss /2.0 sec.

No Fix

285708

1-15

10.000014—10.000020

GPS,GLONASS,Galileo

Signal Lock Loss /1.8 sec.

No Fix

285768

1-16

10.000020—10.000027

GPS,GLONASS,Galileo

Signal Lock Loss /2.0 sec.

No Fix

285828

1-17

10.000027—10.000035

GPS,GLONASS,Galileo

Signal Lock Loss /2.2 sec.

No Fix

285888

1-18

10.000035—10.000044

GPS,GLONASS,Galileo

Signal Lock Loss / 2.0 sec.

No Fix

285948

1-19

10.000044—10.000054

GPS,GLONASS,Galileo

Signal Lock Loss /2.0 sec.

No Fix

10

286008
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Table 4.6 Test #2 results (1/2)

Test Tracking / Navigation Af GPS

No. Input Frequency (MHz) Status (Hz) Sec

2-1 | 10.000000010.0000001 Normal / Normal 0.1 | 287410

2-2 | 10.000000110.0000003 Normal / Normal 0.2 | 287388

2-3 | 10.000000310.0000006 Normal / Normal 0.3 | 287328

2-4 | 10.0000006<10.0000010 | Calileo S'ﬂgf;ﬁ';fc" Loss/ | o4 | 287268

2-5 | 10.000001010.0000015 | Calileo S'ﬂgf:n';fd‘ Loss/ | o5 | 287208

2-6 | 10.000001510.0000021 | Calileo S'ﬂgf%';fc" Loss/ | o6 | 287148

GLONASS, Galileo Signal

2-7 | 10.000002110.0000028 L ook Lose ! Nopmat 0.7 | 287088
GPS,GLONASS,Galileo

28 | 10.000002810.0000036 | o AT NN BT | 08 | 287028
GPS,GLONASS, Galileo

29 | 10.000003610.0000045 | o AT AN BT | 0.9 | 286968
GPS,GLONASS,Galileo

2-10 | 10.0000045«10.0000055 Signal Lock Loss /0.1 sec. -1 286908

No Fix
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Table 4.7 Test #2 results (2/2)

Test

Input Frequency (MHz)

Tracking / Navigation
Status

Af
(Hz)

GPS
Sec

2-11

10.000000«10.000002

GPS,GLONASS,Galileo

Signal Lock Loss / 2.0 sec.

No Fix

286728

2-12

10.000002+10.000005

GPS,GLONASS,Galileo

Signal Lock Loss/ 1.8 sec.

No Fix

286668

2-13

10.000005«10.000009

GPS,GLONASS,Galileo

Signal Lock Loss/ 1.8 sec.

No Fix

286608

2-14

10.000009+10.000014

GPS,GLONASS,Galileo

Signal Lock Loss /1.9 sec.

No Fix

286548

2-15

10.000014+10.000020

GPS,GLONASS,Galileo

Signal Lock Loss /1.9 sec.

No Fix

286488

2-16

10.000020«10.000027

GPS,GLONASS,Galileo

Signal Lock Loss /2.1 sec.

No Fix

286428

2-17

10.000027+10.000035

GPS,GLONASS,Galileo

Signal Lock Loss / 1.8 sec.

No Fix

286368

2-18

10.000035«10.000044

GPS,GLONASS,Galileo

Signal Lock Loss /2.1 sec.

No Fix

286308

2-19

10.000044+10.000054

GPS,GLONASS,Galileo

Signal Lock Loss / 3.8 sec.

No Fix

-10

286248
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As mentioned earlier, C/NO is the factor that affects navigation signal tracking
performance according to the change in oscillator frequency frequency when the
integration time of the tracking loop is the same. For each signal, C/NO at the time
of the first loss its tracking, and C/NO of signals that were maintaining their
tracking are compared in Table 4.6 and Table 4.7.

Test #1 results show that the satellite signal of PRN26 with the lowest C/NO
missed its signal track at 0.6 Hz of reference frequency change, the GLONASS
signal lost its signal for the first time at 0.8 Hz of reference frequency change, and
the Galileo signal at 0.4 Hz of reference frequency change, respectively. For
GLONASS signals and Galileo signals, signal tracking began to be lost at the
frequency change corresponding to the integral period, but for GPS signals, signal
tracking was lost at the reference frequency change of 0.6 Hz, which is lower than
0.8 Hz. This is due to the low C/NO of PRN 26. Test #2 results show that the
satellite signal of PRN91 with the lowest C/NO missed its signal track at -0.7 Hz of
reference frequency change, the GPS signal lost its signal for the first time at -0.8
Hz of reference frequency change, and the Galileo signal at -0.4 Hz of reference
frequency change, respectively. For GPS signals and Galileo signals, signal
tracking began to be lost at the frequency change corresponding to the integral
period, but for GLONASS signals, signal tracking was lost at the reference
frequency change of -0.7 Hz, which is lower than 0.8 Hz. This is due to the low
C/NO of PRN 91.

Based on the results of the tests, a signal with lower C/NO lost its signal
tracking in a smaller reference frequency change environment compared to other
signals. And even if a signal with higher C/NO, the signal tracking is lost at a 1 Hz

or higher level of the reference frequency change due to the restriction of the
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integration cycle. Meanwhile, no false frequency lock occurred in this test, so there
were no position or speed errors. However, temporal speed errors at the time of
changing the reference frequency rarely occur due to discontinuous changes in the

reference frequency between integral times of the frequency tracking loop.
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Table 4.8 Tracking status of each GNSS signal

under reference frequency change of test #1

. GPS L1 GLONASS L1 Galileo E1
Constellation
(0.6 H2) (0.8H2) (0.4 Hz)
PRN CINO PRN C/NO PRN C/NO
The first lost 87 46.4 123 50.3
GNSS signal 20 34 94 49.2 144 43.1
10 44.7 81 52.1 122 50.2
12 47.4 84 44.3 125 46.2
14 48.6 88 54.9 128 47.9
18 39.9 89 53.2
Other signals 22 41.7 91 39.5
25 49.2 93 40.3
29 444
31 51.9
32 53.6
Table 4.9 Tracking status of each GNSS signal
under reference frequency change of test #2
) GPS L1 GLONASS L1 Galileo E1
Constellation
(-0.8 Hz) (-0.7Hz) (-0.4 Hz)
PRN C/NO PRN C/NO PRN C/NO
The first lost 25 44.7
GNSS signal 32 49.4 o 370 122 201
3 42.6 81 50.8 123 49.6
10 40.7 84 50.6 125 414
12 46.1 87 45.0 128 49.3
14 47.0 88 54.5 144 42.6
Other signals 16 40.1 89 54.7 150 42.5
22 42.9 90 40.4
26 43.6 92 45.7
29 45.2 94 48.7
31 48.7
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4.3 False Frequency Lock

For GPS signals with pre-integration time of 2 ms, a false frequency lock can
occur at every 250 Hz away from the original frequency, which corresponds 1.6 Hz
(250 Hz / 1.575 GHz * 10 MHz) based on the output frequency of TCXO. Five
TCXOs’ output frequencies are measured during the pyrotechnic shock test as
shown in Table 3.7, three showed frequency changes over 1.6 Hz, and if this TCXO
is used in the GNSS receiver, the false frequency lock will occur.

The false frequency lock is inherently caused by the pre-integration time of
the discriminator, a shorter integration time can be utilized to detect and
compensate the frequency offset over 1.6 Hz. With the addition of 1 ms pre-

integration time discriminator, the pull-in frequency range can be doubled,

meaning that the frequency change up to +500 Hz (+3.2 Hz change in 10 MHz

reference frequency) can be tracked without false frequency lock. But this also is
likely to have a false frequency lock at every 500 Hz.

However, if there is a frequency change over 500 Hz or more, the signal can
hardly be tracked because the correlation result value is lower than the peak value
by 3 dB or more. In this case, each signal should be re-acquired. The pre-
integration time can be designed up to 20 ms, and the smaller the pre-integration
time, the larger the pull-in frequency range, but it is difficult to track weak signals
or track signals under a severe multi-path environment.

Even if a false frequency lock occurs on all channels temporarily, the velocity
can be obtained correctly because the clock drift absorbs range rate measurements

by the same amount.
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The fix modes and velocities of the GNSS receiver under pyrotechnic shock
test are shown in Figure 4.11 and Figure 4.12. The velocity errors do not appear
immediately after the pyroshock impact, but the range rate estimates from the
doppler measurement for each satellite signal show that they are affected by the
frequency change of the reference oscillator. Immediately after pyroshock impact,
the range rate measurements of all tracking signals are false-locked and no velocity
errors are shown at the moment. The range rate and C/NO of PRN 13, PRN 15 and
PRN 18 are shown in Figure 4.14 ~ Figure 4.19. After 40 seconds of pyrotechnic
shock, range rate of the PRN13 is acquired correctly, resulting in velocity errors
while other tracking signals remain false-locked. At 284280s, a normal navigation
status is recovered after lock loss and signal re-acquisition process. As shown in
Figure 4.15, Figure 4.17 and Figure 4.19, C/NOs of tracking signals decrease in the
false-locked interval and C/NOs gradually decrease over time. When each false-
locked signal has been re-acquired for all tracking satellites, the accurate velocities
are calculated after 284310s. After re-acquisition, a bias of 50 m/s occurred in all
tracking signals, the equivalent value as the false-lock at the 250 Hz as previously

analyzed.
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Chapter 5

Environmental Test Results of GNSS Receiver

In Chapter 3, the test results for oscillators under temperature, vibration, and
pyrotechnic shock types of stress are examined to determine how the frequency
output of each oscillator varies, and in this chapter, the navigation performance of a
GNSS receiver equipped with each type of oscillator is presented under identical
environmental stress conditions. Because the tracking performance of a GNSS
receiver depends on the output frequency of the oscillator, the GNSS receiver with
the MEMS oscillator is expected to be more robust in a harsh environment
compared to a GNSS receiver with a TCXO. Moreover, it is necessary to assess the
navigation performance under a normal condition through extensive performance
tests. The GNSS receiver with the TCXO for KSLV-II is shown in Figure 5.1(a),
and the pyrotechnic shock, temperature, and vibration tests of the GNSS receiver
are described in Figures 5.1(b), 5.1(c), 5.1(d), respectively. The existing GNSS
receiver with the TCXO is replaced with a GNSS receiver with a MEMS oscillator
for the environmental test here, and the possibility of using the MEMS oscillator as

a replacement is examined through a comparison of the navigation performance.
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(¢) Temperature test , (d) Vibration test

Figure 5.1 Environmental tests of GNSS receiver
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5.1 Navigation Performance during the Temperature Test

In accordance with the test specifications shown in Table 3.1, temperature
tests of the GNSS receivers are conducted, as shown in Figure 5.1(c). The position
and velocity errors of the GNSS receiver in high temperature and low temperature
tests are shown in Figures 5.2 and Figure 5.3, respectively, and the results are
summarized in Table 5.1. As the temperature changes, the frequency outputs of the
TCXO and MEMS oscillator vary, but the performance of the GNSS receiver is not
affected, as given in Table 5.1. It is confirmed that the navigation accuracy of the
GNSS receiver with the MEMS oscillator does not differ significantly from that of
the GNSS receiver with the TCXO in high and low temperature environments. The
wide range of velocity errors of both GNSS receivers stems from the use of GNSS

signals at low elevations.

Table 5.1 Navigation performance comparison in the temperature test

GNSS Receiver with | GNSS Receiver with
TCXO MEMS Oscillator
PositionError | High Temp. 10.97 11.17
(m, RMS) | Low Temp. 10.04 10.40
VelocityError | High Temp. 0.17 0.17
(m/s, RMS) | Low Temp. 0.18 0.17
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Figure 5.2 Navigation performance of a GNSS receiver in the high temperature test
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5.2 Navigation Performance during the Vibration Test

In accordance with the test specifications in Table 3.1, vibration tests of GNSS
receivers are conducted, as shown in Figure 5.1(d). The position and velocity errors
of the GNSS receiver during random and sinusoidal vibration tests are shown in
Figures 5.4 and 5.5, respectively. Red lines indicate the beginning and end of the
vibration, and the results are summarized in Table 5.2. The frequency outputs of the
TCXO and MEMS oscillator vary, as in chapter 3, due to vibration stress, but the
performance of the GNSS receiver is not affected because the navigation errors are
not large. It is also confirmed that the navigation accuracy of the GNSS receiver
with the MEMS oscillator does not differ from that of the GNSS receiver with the
TCXO under vibration conditions. However, the cause of the large velocity error
by the GNSS receiver with the MEMS oscillator during sinusoidal vibration is not
vibration, but because one GNSS signal at a low elevation is repeatedly used and

dropped.

Table 5.2 Navigation performance comparison in the vibration test

GNSS Receiver | GNSS Receiver with
with TCXO MEMS Oscillator
PositionError Sinusoidal 4.68 7.12
(m, RMS) Random 8.73 9.87
VelocityError Sinusoidal 0.09 0.19
(m/s, RMS) Random 0.08 0.10
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Figure 5.4 Navigation performance of GNSS receiver in the random vibration test
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5.3 Navigation Performance during the Pyrotechnic Shock

Test

In accordance with the test specifications in Table 3.1, pyrotechnic shock tests
of GNSS receivers are conducted, as shown in Figure 5.1(b). The position and
velocity errors of the GNSS receivers in the pyrotechnic shock tests are shown in
Figure 5.6. Red lines denote the moments of impacts, and the results are
summarized in Table 5.3. The navigation solution of the GNSS receiver with the
TCXO was temporarily interrupted at the time of impact (119180 s), with the
receiver considered to have failed to track the navigation signal due to a significant
change in the frequency output of the oscillator. The frequency offset of the TCXO
at this moment occurs in the form shown in Figure 5.7, and the GNSS receiver
resumed navigation again after 2.5 s.

Although not shown here, there are certain cases when a false frequency lock
occurs, and the velocity error may persist while performing navigation with the
TCXO. On the other hand, for the GNSS receiver equipped with the MEMS
oscillator, the obtained navigation solution was not affected by the three
pyrotechnic shocks. This is consistent with the results showing that the frequency
output of the MEMS oscillator changed only slightly in the previous pyrotechnic
shock test.

The position and velocity error of the GNSS receiver with the TCXO is
smaller than those of the GNSS receiver with the MEMS oscillator, as shown in
Table 5.3, most likely due to the fact that an RF input signal is supplied to by the
GNSS simulator during the pyrotechnic shock test for the TCXO, while a live

signal is used in the pyrotechnic shock test of the MEMS oscillator. The signal
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generated by the GNSS simulator contains no errors except its thermal noise, but
the actual signals propagated from GNSS satellites contain errors such as multipath,
ionospheric, and tropospheric delays.

The clock drift output from the GNSS receiver with the TCXO is shown in
Figure 5.7(a) and Figure 5.7(b), and the corresponding C/NO ratios are presented in
Figure 5.7(c). It can be seen that the C/NO ratio is not calculated directly after the
shock impact because the GNSS receiver loses signal tracking. The clock drift
decreased by 0.34 PPM and navigation was performed again 2.5s after the
pyrotechnic shock impact. If satellite signals are physically blocked or obscured,
the C/NO ratios of all received signals do not drop simultaneously. But if the
reference frequency of the oscillator changes significantly due to some form of
external stress, the C/NO ratios of all tracking signals can drop altogether, as shown

in Figure 5.7(c).

Table 5.3 Navigation performance comparison in the pyrotechnic shock test

GNSS Receiver with | GNSS Receiver with
TCXO MEMS Oscillator
Position Error 3.34 4.41
(m, RMS) Status No Fix After Impact Normal Operation
Velocity (m/s, Error 0.07 0.11
RMS) Status No Fix After Impact Normal Operation
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Chapter 6

Conclusion

In this study, the performance of a MEMS oscillator is analyzed under
temperature, vibration, and pyrotechnic shock environmental conditions of the
types that can be experienced by space launch vehicles, and the applicability of the
MEMS oscillator in a GNSS receiver system is examined based on test results,
with a comparison to the existing GNSS receiver with the TCXO. The GNSS
receiver with the conventional TCXO showed good performance under the
temperature and vibration conditions, but failed to calculate the navigation solution
due to an abrupt change in the reference frequency at the time of an impact in a
pyrotechnic shock condition. However, the GNSS receiver with the MEMS
oscillator was able to calculate the navigation solution at the time of impact
without any errors. The navigation performance of the GNSS receiver with the
MEMS oscillator does not differ from that of the existing GNSS receiver with the
TCXO under the temperature and vibration environmental conditions, implying
that replacing the TCXO with a MEMS oscillator as a reference frequency source
in GNSS receivers can be a practical solution to the loss of lock induced by
pyrotechnic shock. After a burn-in test and an electromagnetic test have been
carried out, it is expected that the MEMS oscillator will be able to replace the

TCXO.
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In this study, the effect of frequency changes in reference frequency output on
GNSS receivers are analyzed when pyrotechnic shock is applied. At this point, the
output of the reference frequency changes rapidly, resulting in a lock loss or
velocity error, which can be attenuated by location change or by using shock
absorber. When the shock absorber is applied, high-frequency shocks such as
pyrotechnic shocks can be attenuated, but further analysis on relatively low-
frequency vibration is required, which could be future work. And the tracking loop
design other than existing tracking loop which is directly affected by reference

frequency output, can also be worth researching.
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