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Fully digital smart temperature sensor with quartz tuning fork resonator
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Abstract: In order to measure temperature in high-precision, a high-performance and fully digital
smart temperature sensor is designed, which comprises a quartz tuning fork resonator,an interface
with Complementary Metal Oxide Semiconductor (COMS ) and a controlling algorithm for sensor
reconfiguration based on the Field Programmable Gate Array(FPGA). According to the piezoelectrici-
ty effect of a quartz, the thermosensitive cut for the quartz tuning fork resonator and the electrode
configuration are analyzed,and the resonant differential equation of the quartz resonator working in a
{lexural vibrating mode is derived from mechanical vibration. Then,the design principle for the quartz
tuning fork temperature sensor is discussed,and the characteristic parameter of temperature sensor is

extracted. Finally, the nonlinear error of the sensor is analyzed. The quartz tuning fork resonator is
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fabricated by a photolithography and an etching technology, in which the frequency output is from the

interface IC to FPGA and the special controlling algorithm may easily realize the sensor reconfigura-

tion and the automatic calibration in the field. The experimental result indicates that the sensitivity of

this sensor can reach 65X107°/C at the temperature ranges from —20 C to 140 'C, which guaran-

tees the precision of 0.01 'C, the resolution of 0.001 C, and the response time of 1 s.
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1 Introduction

With the rapid development of science and tech-
nology, the high-performance and low-power
systems have been introduced to meet the con-
tinuous needs of market. The requirement of
high-precision temperature measurement be-
comes higher and higher. Piezoelectric resona-
tors have been widely utilized not only for time
keeping devices but also for temperature meas-
urement sensors'’. The prediction of their tem-
perature-frequency characteristic as well as the
impedance at their electrical terminals are the
primary importance for their design. The anisot-
ropy of quartz as well as usage of different types
of vibrations make it possible to control these
parameters, such as temperature, force, mass,
pressure, acceleration, humidity, etc?®,

Many previous studies have been addressed a-
bout the development and application of bulk a-
coustic wave (BAW) as temperature sensor.
Those sensors mainly based on thickness-shear
model resonators or tuning fork resonators. The
BAW sensor is small, light, reliable, stable and
sensitive, The key part of resonant temperature
sensor is the oscillator's structure. The oscillator
frequency nearly doesn’t alter when the outside
voltage is changing. In addition, its quality fac-
tor is up to more than 10", so the drifts of out-
side circuit’s temperature nearly have no effects
on the measurement accuracy.

The selection of quartz crystal cuts is an im-
portant problem in BAW-based sensor design.

Using different quartz crystal cuts, BAW sen-

sors will have different performances. Thus, it
is necessary to select the optimal quartz crystal
cut which yields the best performance for the
BAW sensor. In 1962, Wade designed a BAW
temperature sensor based on thickness-sheared
quartz resonatorst). As his followers, Smith and
Spassov proposed using Y-cuts as temperature
sensors”® ™,  Hammond working at Hewlett-
Packard located a cut of quartz named LC-cut for
the temperature sensor whose resonance fre-
quency is substantially linear with the tempera-
ture”™. Those temperature sensors using high
resonance frequency have larger volume and
higher power consumptions.

In order to miniaturize the construction of the
sensor and reduce the power consumption, a
good resonator type of tuning fork shape is used
to design the resonators. A miniature resonator
as a temperature sensor was described by Din-

8], By using a orientation crystallographic

ger
rotating far away from the usual watching crys-
tal orientations, a flexural quartz tuning fork re-
sonator was used for temperature sensor by Ue-
da"’. The low resonance frequency of tuning
fork which allows low power consumption of
CMOS electronics and the miniaturized volume
by using photolithography and etching technolo-
gy are very attractive properties for sensor appli-
cations. Based on the preliminary work'"', in
this paper, the frequency shift of quartz tuning
fork temperature sensor (QTTS) caused by the
temperature is analyzed with theoretical method.
Using lithography type setting and erosion tech-
niques, size of quartz tuning fork is reduced

much. The software and hardware of quartz tun-
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ing fork temperature sensor are respectively de-
signed with special algorithms and FPGA. Ap-
plying the smart sensor concept, frequency ad-
justment step at 0 C can be avoided, and the
calibration curve can be stored in the Transducer
Electronics Data Sheets (TEDS). The tempera-
ture-frequency characteristics of QTTS have

been investigated through experiments.

2 Sensor design

Quartz crystals are widely used for BAW-based
temperature sensors. The crystal cuts can be ex-
pressed with the Euler angle (0, ¢, ¢) which re-
flects the rotation angles from the crystal axes
(X, Y, Z) to the substrate coordinate axes (x,
ys 2). The readers can refer to IEEE Standard
on Piezoelectricity (IEEE Std 176-1978) for the
definition of quartz cuts. In this paper, in order
to get higher sensitivity and better linearity, a
doubly rotated orientation cutting method with
ZYtw(118°, 18°, 0°) (Rotated at @ about the x-
axis as a rotary axis, then rotated at ¢ about the
y-axis as a rotary axis, where =118, ¢=18",
define x-axis as electric axis, y-axis as mechani-
cal axis and z-axis as optical axis) is used. The
geometrical orientations of the quartz crystal

tuning-fork resonator are shown in Fig. 1.

<

Fig. 1 Crystallography of tuning fork

The electrode layout of quartz tuning fork is
illustrated in Fig. 2, where one can see the tun-
ing fork cantilever’'s crossing section, using the

quartz tuning fork as the center axis and the pos-

itive strain and negative strain separately locates
on the two sides of quartz tuning fork. We apply
the mirror method to get the other tuning fork
cantilever, and use the electrode to indent the
quartz tuning fork. On the surface, the beam
perpendicular to the thick silver or gold elec-
trodes is deposited silver which covers only a

part of the surfacel’***,
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Fig. 2 Quartz tuning fork element

In this analytical method, a quartz tuning fork
works in a flexural vibrating mode, each beam of
the tuning fork is considered separately. The
flexural vibration wave mode can be described by

the differential equation as below

2oCy,t) | , d'0(y,t)
J 7¢y2 Ta’ 7y1 =0
1o, dy (1)

1(12 - EI/pA
where ¢ is the relative offset of the tuning fork
cantilever L, A is the cross section area of the
cantilever, E is the quality hardness, p is the
density of the quartz crystal, and I is the move-
ment inertia of the tuning fork. The derivation is
used in this model where shear effects are neg-
lected. The resonant frequency is

_1xrw

f=—7 , (2)
4rL* /30S,,
where W is the width of the beam, S,, is the

yy
flexible coefficient, and A is the solution of an
eigenfrequency equation which depends on the
boundary conditions. For a fixed-free beam, the
eigenfrequency equation is 1+cos A cosh A=0.
The frequency-temperature characteristics f
(T) of the flexural vibration tuning-fork at the

reference temperature T, may be described as a
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Taylor series (neglecting the high-order terms) :

SO — f(To) _ : _ Ty
T DT, * (T—T)"s (3
The n™ temperature coefficient is
_ 1 I"f
Th= s o o) W

For a high thermo sensitivity, the value of 1st
temperature coefficient should be as large as pos-
sible, the value of 2nd temperature coefficient
and 3rd temperature coefficient should be as
small as possible, which raise the output of sig-
nals and improve its linearity. ZYtw(118°, 18°,
0°) cut has a large first temperature coefficient
and a large electromechanical coefficient.

Another subject for miniaturization is fine pat-
terning and productivity. Fig. 3 shows the sum-
mary of process flow which was applied to a new
element. The cross sectional views of elements
are also shown by Fig. 3. Process flow is com-
posed of wafer cleaning, tuning fork shape etch-
ing, electrode patterning, inspection and assem-
bly. The photolithography technology in tuning
fork shape etching process and electrode pattern-
ing process is described elsewhere'""). The
quartz tuning fork temperature sensors are pre-
pared by synthetic quartz with Q-factor over 6.
104 on ZYtw-cut plates. The resonators are in-
stalled in standard capsules of package ®2 mm X
6 mm holders and filled with Helium of 90 Pa as

shown in Fig. 4.
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Fig. 3 Summary of process flow
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Fig. 4 Mount structure of tuning fork resonator

3 Experiments and results

The fully digital smart temperature sensor based
on QTTS is realized basing on a programmable
chip technology, which is realized by integrating
various main function modules on a piece of FP-
GA chipt*', They offer many advantages to
digital designer, especially the ability to repro-
gram in a short time. Moreover, computer-aided
design tools that simplify the complexity of FP-
GA basing on hardware design are available.
The peripheral electronic element consists of an
analogue part and a digital part. The signal con-
ditions of the sensor signal and the amplifiers for
the actuation signal are located on the analogue
PCB. The digital PCB includes the Oscillator
circuit, FPGA, memory, and the data interface
converter. The design is based on the opportuni-
ty to use the circuit as a guideline for an ASIC.
The major part of the functionality is placed in

the FPGA that is described in VHDL as shown
in Fig. 5.

Analog PCB Digital PCB

VHDL

- - — FPGA
mhﬁer ~I Oscillator circuit |

mr = | [PLL ] Filter | RS232 ]

Fig. 5 Schematic graph of sensor and electronics

A PC-based temperature calibration system for
measuring temperature-frequency characteristic

has been arranged. It includes a personal com-
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puter (PC) for digital processing and displaying,
a quartz tuning fork temperature sensor of array
samples and a high-performance thermostat.
The measured temperature range is from —20 C
to 140 C, and we change it by 5 C to measure
the frequency. The sample points are 32 data
points together. Using a method of the least
square fitting for each sample, the line shows
the relationship between frequency and tempera-
ture as the polynomial of the third order approx-
imating nonlinearities.

The temperature-frequency curve of the quartz
crystal tuning fork temperature sensor is shown
in Fig. 6, which shows a linear relationship ap-
proximately. Using a mean squared algorithm
for each sample, we computed the temperature-
{frequency characteristic carefully with PC pro-
grams. We found the line of the temperature-
{frequency shows the linear relationship between

temperature and frequency.

X 10*

+ data
— Three-order| |
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Fig. 6 Temperature-frequency characteristics of QT TS

The deviation from the linearity of the TFC
( Temperature-frequency Curve ) is shown in
Fig. 7. The largest deviation of the TFC does
not exceed +0. 047 C in a temperature interval
from —30 C to 180 'C, which is close to the
theoretically calculated value. The experimental
results indicate that the variation in device sta-
bility of the micro tuning-fork temperature sen-
sor is very small. The precision of the testing
system is 0. 03 'C. Fig. 8 presents the time re-
sponse of the quartz tuning-fork temperature

sensor. The response time of the proposed micro

quartz tuning-fork temperature sensor is deter-
mined to be 5 s in the relative temperature range
from 0 'C to 100 C.
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Fig. 7 Deviation of linearity of temperature-frequen-

cy characteristic of QTTS
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Fig. 8 Time response of QTTS

4 Conclusions

In this paper, we have presented a simple, low-
power consumption and low cost quartz tuning
fork temperature sensor. We have analyzed the
characteristics and manufacturing method of the
quartz tuning fork temperature sensor. The tem-
perature test shows that the precision of the
temperature sensor designed in this paper can a-
chieve 0.01 C, and the hysteresis can be totally
neglected when the temperature range is from —
20—140 'C. We have pointed out that the single
point calibration methodology of quartz tuning
fork temperature sensor are necessary for the ap-
plication of low cost calibrated sensors. By ap-

plying the smart sensor concept, the calibration
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curve can be stored in the TEDS. And the future

work is how to improve the accuracy of tempera-

ture examination and how to arrange the number
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