RESIT MEASUREMENT SCIENCE 2012 (EE1320)

(translation of the Dutch exam
of Thursday, Aug. 30, 2012, 9:00h — 12:00h)

This exam consists of three questions, with 5 sub questions each.
All sub questions have the same weight.

At this exam, you may consult the book - only in original form, no printout or copy:
P.P.L Regtien, "Electronic Instrumentation” and / or R.F. Wolffenbuttel,
"Measurement of electrical and non-electrical quantities'.

Use of a calculator is permitted.

For every question, give a short motivation for your answer
Start every question on a new answer shest.
Write your name and student number on every sheet.

GOOD LUCK!
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1. Pressur e sensor
. . Doped
A pressure sensor is based on a silicon i el

\
membrane containing four piezoresistive
strain gauges. A cross-section of the sensor is
shown on the right (where 2 of the four Thin diaphragm

resistors are visible). When the pressure

changes, the membrane will bend, causing the oo g:‘:;g:i

gauges to deform and their resistance to S FLiiii

change. We’'re assuming this change is lineafly

proportional to the pressure (measured in Pa). Thin diophrogm
Side view

The four resistors are incorporated in a Wheatshoiuge:

o
(-20mQ/Pa) (+80mQ/Pa)
+ & +
u (D U
- & —
R> R4
(+80mQ/Pa) (-20mQ/Pa)
L

At a pressure of 100 kPa, the bridge is balancedl@afollowing holds:
RI=R=R3=R; =5.0 KQ.

The resistance &}, andR, decreases at increasing pressure, with Q0Ra.
The resistance d®; enRs increases at increasing pressure, with SDPa.

a) The sensor is driven by a voltage = 5.0 V. Determine the sensitivity of the
output voltageJ, (in V/Pa).

For a given pressure differenfp with respect to 100 kPa, we can write
the resistances as: Ri=R;=5.0 KQ — 20 nQQ/Pa -Ap,
R, =R;=5.0 K + 80 n)/Pa -Ap.
The output voltage is then equal to:
Uo=Up  {R/(Ri+R)—Ri/ (Rs + Ry)
=Up - 100 n2/Pa -Ap/ (10 KQ + 60 n)/Pa -Ap)
We can find the sensitivity by taking the derivatnf U, to Ap
(aroundAp = 0):
S=dU,/dAp=Up - 100 n2/Pa/ 10 K = 50uV/Pa
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As shown below, the sensor is connected to aruim&ntation amplifier using copper
wire. This amplifier is a chip of which the pinganade of the material kovar. It is given
that the Seebeck coefficient of a copper-kovar echan equals 5v/°C. In the
following questions, assume that the bridge isatriay U, = 5.0 V (as before), that the
bridge is in balance at 100 kPa (as before), aatthie sensitivity ol, is equal to
2.0uV/Pa (not the correct answer to question a).

kovar

copperr

\ instrumentation amplifier chip
—{ 1 1
1,0kQ 10 kQ
+ i
+ 10 kQ -
Up (D pressure U, Ry 5+
sensor 10 kQ +
- 1
_ — Uoo
/l — 1] I 2 —
- 1,0kQ 10 kQ
copper A
kovar

b) Determine the measurement error (in Pa) when teexéemperature difference of
0.1°C between the connector pins of the instruntiemtamplifier.

The copper-kovar transitions are thermocouple jonst When there is no
temperature difference between these junctionssdhee voltage is across
them, which makes the differential voltage at thygui of the
instrumentation amplifier equal td,. When there is a temperature
difference, however, there the voltages acrossiwbgunctions will differ.
Therefore, the differential voltage at the inputleé amplifier deviates
from U, with a measurement error as result.

This error is 0.1°C - 5aQV/°C = 5.0V, which corresponds to a
measurement error of 5/ / 2.0uV/Pa = 2.5 Pa.

c) The amplification of the instrumentation amplifean be set with a resistBy.
The resistors above may be presumed ideal. Deterthewvalue ofR, at which a
pressure of 110 kPa will yield an output voltagg of 2.0 V.

At a pressure of 110 kPa the output voltage obtidge is
U, = (110 kPa — 100 kPa) - 20/Pa =20 mV

Therefore, to obtain an output voltage of 2.0 \L0@x amplification is
needed. The amplification of the 3-opamp instrumgon amplifier is

Solving giveR = 2,2 Q.
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d) Determine the minimal common-mode rejection ra¥RR) of the
instrumentation amplifier which is needed to makeeshe measurement error due
to the common-mode voltage at the output of theédaris smaller than 10 Pa.

The common-mode voltage at the output of the bridggual to half of
the source voltage: 2.5 V. At the output, this gille a voltage of
Gc - 2.5V, wher&, is the common-mode amplification.

A measurement error of 10 Pa corresponds to ardiffeal voltage
U, =10 Pa - 2.qav/Pa = 20uV. At the output, this gives a voltage
Gq - 20V, where Gy is the differential amplification.

Required is thaG. - 2.5V <G4 - 20uV, or, the common-mode rejection
ratioH = Gq/ Ge > 2.5V / 20uV = 1.25 - 18 (102 dB).

e) An ADC will be added to the output signal of thetnumentation amplifier to
digitalize the signal once per second, in ordegtitain a digital representation of
the pressure with a resolution of 1.0 Pa in a raid® kPa. If you have the choice
between a flash, ADC, a dual-slope ADC and a ssooely-approximating ADC,
which type would you prefer? Concisely motivate iyanswer.

A resolution of 1.0 Pa in a range of 10 kPa is egjent to’log (10 kPa /
1.0 Pa) = 13.3 bits. Therefore a 14-bit ADC is regph Considering that a
relatively long measurement time is available, #redrequired resolution is
relatively high, a dual-slope ADC is the most l@dichoice, with the added
advantage of averaging out interference.

A successively-approximating ADC could also be usedavever, without
the advantage of interference suppression.

With a flash ADC, the number of components (ressstoomparators)
depends exponentially on the number of bits, which4 bits leads to an
impractical complexity. Moreover, flash ADCS ar@esially known for
their quick processing, while this is not requiteste.
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2. Capacitive displacement sensor

The displacement sensor below is based on a pdapldle capacitor of which one of the
plates is fixed, and the other is movable. At datise of x = 1.0 mm the capacitance of
the sensor is 100pF. Together with a IDdesistor R, the sensor forms an RC-filter that
is driven by a sinusoidal voltadd, with an amplitude of 1.0 V and a frequency of
10 MHz. A change in the sensor capacita@gehanges the corner frequency of this filter.
The position of the moving plate can thus be deiteethfrom the amplitude of the output
signalU,.

moving plate — 5+
R
P - '
= 4 -

fixed plate I

) N
c
o

6_

a) Determine the sensitivity of the amplitude of theput signalJ, (in V/mm) for
small displacements aroumrd 1.0 mm.

The sensor capacitan€g is inversely proportional to the distance
between the plate€x = eA/x, whereg is the dielectric constant of the
material between the plates, and A is the surfee® af the plates.

The corner frequency of the filteggs = 1/2nMRCy is inversely proportional
to Cx and hence proportional 10 At x = 1.0 mm this corner frequency is
159 kHz. The source frequency of 10 MHz is mucbédarso the output
amplitude is in good approximatids, - f.34s / f. The amplitude at
x=1,0mmidJ,=1,0V - 159 kHz /10 MHz = 16 mV.

This amplitude is proportional fggs and thus tx, so the sensitivity is
16 mV/mm.

More formal without approximations: The sensor ciyaC, = eA/X. The
sensitivity of C, to changes in is:

dC, / dx = —eAX® = —C,/X

The output voltage can be written &g = Uy / (1 + jwRC)).
the amplitude of which is Ub| =Up / V(1 + (RC))?).
The sensitivity of Y| for changes irCy is:

dlJol / dCx = = U (WR)*/ (1 + @RCYH)™®
= ol (@R) “Cx/ (1 + @WRCY?)
The sensitivity ofJ,| for changes ig is therefore:
dlJol / ok = (dMo| / dCy) - (dCx/ dX)
= ol - @RCY?/ (1 + @RCY?)
At x=1.0 mm, | =16 mV.
Substituting the numbers: Pd/ dx | =16 mV/mm.

pagina 5 van 9



b) Using a coax cable, the sensor is connected te@hoscope. The cable has a
capacitance of 50pF. The oscilloscope has an inpgdance of
1 MQ /I 20 pF. Forx = 1.0 mm, determine the relative error (in %) ia th
amplitude due to the load on the sensor by theecatdl the scope.

The cable capacitance and the input impedancesadgbilloscope are
parallel toC,. At 10 MHz the effect of the 1 M resistor is negligible, so
due to the load, the capacitance is effectivelpmgad from 100pF to
170 pF. As a consequence, the cross-over poiaivered by a factor
170/100 = 1.7, and thus the amplitude of the ousprial is also lowered
by a factor 1.7. Therefore, the amplitude is 100R& = 59% of the
unloaded value, or, an error of — 41%.

More formal: Unloaded, transferlig = Uy / (1 + RCy). The output
amplitude ak = 1,0 mm C, = 100 pF) is 16 mV.

Loaded, transfer i, =Up Rs/ (Rs + R( 1 + jwRCiot ), WhereRs = 1 MQ
is the resistance of the scope &l = 170 pF the total capacity.
Substituting the numbers and determining the madgives an amplitude
of 9.4 mV, or, 41% less.

c) The resistoR has a temperature coefficient of 2.0 0. All other components
are temperature independent. The sensor is caibedt25°C by measuring the
amplitude that correspondsxe 1.0 mm. Determine the maximum measurement
error (inpum) when the sensor is consequently used in a tanyerrange of
-50°C to 125°C.

The largest error will occur at 125°C, becausedthiee temperature
difference with respect to the calibration tempamis largest, namely
100°C. The resistance is then 100°C - 2.0>K® = 0.2% larger. The
output amplitude is 0.2% lower. Given that the atage is proportional
to x, the measurement error will also be 0.2%, op@0

Next, the circuit below is used for the sensor cesdThe source voltade, still has an
amplitude of 1.0 V and a frequency of 10 MHz. Tipamp in this circuit can be assumed
ideal for now. Also, you can assume that the secapacitance has a nominal value of
100pF, with a sensitivity o0 pF/mm.

__!:I_

U +

pagina 6 van 9



d) Determine the value @ at which the sensitivity of the amplitude of themut
voltage is equal to 10 mV/mm.

The amplitude of the output voltagk is Uy, - C,/ Ck.
The sensitivity is By / dx = (dU, / dCy) - (dCx / dX)

B4/ Cg) - 20 pF/mm =10 mV/mm.
Solving yieldsCg = 2.0 nF.

e) In practice, the input current of an opamp is rretcsely zero: there is a bias
current. Explain to what problem this leads in thisasurement circuit, and
indicate how you can modify the circuit to solvestproblem..

The bias current is integrated 6p and therefore causes the output voltage
to linearly increase with time (or decrease, dependn the polarity of the
bias current) until the output of the opamp saagdtiue to the limited
output range of a practical opamp). Then, a sigaalno longer be
measured. This problem can be solved by addingistoe in parallel to

Cr. The value of this resistor must be taken largeoimparison to the
impedance ofCg, so it does not significantly influence the trarssignal,

but small enough to prevent the output from bemtgraited due to the bias
current.

3. Resistive touchscr een

A resistive touchscreem, as used in certain AT L T TRANSPARENT,
mobile phones, is built up as displayed on the yi  RESBTNECORTING Nl BOTTON Bbe
right. It consists of two transparent plastic ~ Sstrionsse "
films, each with a homogeneous resistive laye
on top. These layers are electrically connecte
with conducting electrodes X+, X-, Y+ and Y-.
When a pressure is exerted on the foils (for
example by pressing on it with a finger), the

resistive layers contact each other, creating asorsoe >
resistive divider_ LCO SCREEN RESISTIVE GOATING ON TOP SiBE

The horizontal position of the contact-point cardieéermined by applying a voltatig
across X+ and X- and measuring the resulting vel@agthe contact point using one of
the remaining electrodes (Y+) , as is displayedWweln this figure Rx+, Rx., Ry+, andRy.
represent the resistance from the different eldesaip to the contact point, aRg the
resistance of the contact point itself.
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a)

b)

It is given that the distance between the elecsasl@0 cm, and that the total
resistance of both resistive layers equals + Rx. =Ry + Ry. = 2.0 K2. The
contact resistand®: can be neglected. A voltagk = 5.0 V is applied. How high
is the sensitivity of the output voltagk for the x-position of the contact point (in
V/mm)?

The output voltagé), is equal to the voltage on the contact pointhéf t
contact point is at electrode X-, the output vadtagO V, if it's at X+, then
U, is equal tdJp. Since the resistance is homogenous between these
contact points, the voltage will change linearlyhathe position between
the electrodes. The sensitivity is therefore 5019 cm = 50 mV/mm.

The contact resistané® is a measure for the pressure which is applig¢beo
touchscreen. Describe how you can measure thealeseR: through the 4
electrodes of the touch screen, using a curremte@and a voltmeter.

For instance, this can be done by connecting thecusource to
electrodes X+ and Y+, so the current passes thrdgghR: enRy., and
connecting the voltage meter to X- and Y-. Sinar¢hs no current

passing througRx. andRy. , the voltage meter measures the voltage over
Rc. By dividing the measured voltage by the inducadent, Rc can be
determined.

A SAR ADC is used to digitize the measured posibbthe contact point. The
SAR ADC consists of a DAC, a comparator and SARcldgow should the
reference voltage of the DAC be chosen such tleatebolution of the ADC is
maximized? Concisely motivate your answer.

In a SAR ADC, the input voltage is compared todh&ut voltage of the
DAC, and a digital code is determined in a numbesteps, in which the
output voltage of the DAC is matched to the inpaitage as closely as
possible. The output range of the DAC must theeeémual the range &f,,
that is, 0 V tdJ, = 5.0 V. To this end, a reference voltage of 5m¥st be
chosen.
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d)

Determine the minimal clock-frequency of the SAR®@yiven that the position
must be determined with a resolution of minimally®mm, in a measurement
time of maximally 1.0 ms. You can assume the reswiwof the ADC is fully
utilized.

A resolution of 0.10 mm on a range of 10 cm coroesis to

%log (10 cm / 0,20 mm) = 10 bits. A10-bit SAR ADCeus 10 clock cycles
for a conversion. To realize this within a measwgptitime of 1.0 ms,

a clock frequency of minimally 10 / 1.0 ms = 10 kl#zneeded.

Say an 8-bit SAR ADC is used, and this is connestath that a contact at position
x=0 cm corresponds to the minimal output code,»xa& D cm to the maximal
output code. It is given that the touch screeoughed at positior=2.25 cm.

During a second comparison of the conversion pgy¢hs comparator makes a
wrong decision due to a distortion. Determine tleasured position.

In the first step in the SAR algorithmjs compared to 5.0 cm:

2.25 cm < 5.0 ce» most significant bit becomes 0.
After this,x is compared to 2.5 cm:

2,25 cm < 2.5 ce» The next bit should become 0, but (wrongly)
becomes 1. As a consequence, all the following @visgns will therefore
be between 2.5 and 5.0, causing all the subsedtitsrib become 0. The
resulting binary code is 0100000, which correspdnds5 cm.

--- END OF EXAM ---

pagina 9 van 9



