Lecture 5: Using electronics to make
measurements

As physicists, we're not really interested in electronicsfor its
own sake

We want to use it to measure something
— often, something too small to be directly sensed

As an example, we'll assume we want to measure the strain on
an object

— strain is the degree to which an object changes its shape due to an
external force:

strain:&
L

We can convert thisto an electrical signal by using astrain
gauge, adevice that changes its resistance under strain



e The measuring power of astrain gauge is quantified by the
gauge factor:

GF :AR/_R:AR/R
stran AL/L

A higher gauge factor makes a better gauge

One example isametallic wire bonded to a piece of
material:

Condoctor parallel
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wire become thinner and longer as material stretches —
resistance increases

o Typicaly these have resistance of 120Q and GF = 2



Let’s say we want to be sensitive to strains of the order
10 or so using this gauge
That means the change in resistance is.

AR = RIBIGF =120Q 10™ [2 = 0.0024Q

How can we measure such a small change in resistance?

One answer 1s the Wheatstone bridge:
— V.




Analysis of Wheatstone bridge

Think of it asaset of two voltage dividers:

V, =y
R*+R,

V= y
R, +R;

So the difference in voltagesis:

VA_VB:[ R % ]Vo
R+R R +R

Note that when R,R, = R,R,,

V, -V, =0

The bridge is balanced when this happens



« For smplicity, we'll choose R,= R;=R,=R
» The bridgeisthen balanced when R; = R
o Let’'sseewhat happens when R, is closeto, but not equal

to, R
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o S0 we seethat the voltage difference varies linearly with o

— But since the change in resistance is small, so is the change

In voltage
AV anbe ~10°
0



e S0 Wwe need to measure avery small voltage difference,
without being sensitive to fluctuations in V, itself

— sounds like ajob for adifferential amplifier!

 We might try avariation on the inverting amplifier
discussed in the last lecture

— Thisiscalled a“follower with gain™:
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e This has some nice features

— for example, the input impedance is very high (equal to the
Internal resistance of the op-amp)

e Here' show it works as an amplifier:
— The op-amp makes surethat V, = V.
— We also know that:
V,— 1 10kQ =V_=V,
V_=V; =V, +| 10MQ
— Current is the same through both resistors since no current
flows into the op-amp

— S0 we have two expressions for | that must be equal:

| :VA ~Vg :VB ~Vo
10kQ  10MQ
10MQ 10MQ
V. =—""2(V. -V, )+V, = —"2°(\V, -V
° 10kQ(B A Ve 1OkQ(B y



e Thishas high gain (1000), depending only on resistor
values
— that’s good!
e But the output is only approximately equal to the
difference between the inputs
— therewas still that Vg term all by itself
— means there is some common-mode gain as well
o Thiscircuit is good enough for many differential -
amplification uses
— but not good enough for our strain gauge!



Instrumentation Amplifier

e Todo thejob we want, we need acircuit like this (called
an instrumentation amplifier):
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o We'll break this up into piecesto see how it works



o We'll start with the two left op-amps:

Va

\ », * Eachop-amp has equal

/ voltage at itsinputs
e S0, voltage at top of R,
R Y — ISV,, and a bottom it’s
F; V
B
§ Ry e Current through R, is:
R
VvV, -V
—— Ay —— =5
\ R
/ v e Thiscurrent can’'t go into

Vs op-amps
e must go across R, and
RB



 Putting that information together, we have:
Vi — Vs
R

v, ~ IR, =V,
v, +IR, =V,

_ R,
1 _VA _ VA _VB
=V (V)
_ R,
2 _VB I VA _VB
=V~ R (v, v,)

o=, -ve) 10
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o Sothisisalso adifferential amplifier
— gain determined by resistors, which is good!



* What about the common-mode gain of these two op-amps?
» Using the equations on the previous slide, we have:

Vi :VA +i(VA _VB)

v, +V, =V, +V, +(R2|;1R3j(vA -V;)

 |f wechoose R, and R, to be equal, the common-mode
output is the same as the input

— 1n other words, common-mode gain isone

« CMRR isalready pretty good for this circuit
— but not good enough for our strain gauge!



e That brings usto the final op-amp in our instrumentation

amplifier:
Ry o Applying the ideal op-amp
_;WV_
] 3 rules here, we have:
S L Vo=V - LR =V + 1R,
R‘* V,=v,- LR, =1,R,
S V.=V

e \We can solve for the currents:

|, =2

° 2R,

IR, =v,-Vv, +I,R, =v,—V,/2
2V, —V,
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2R,



e With this, we can solve for v,

V
—_ 2 | —
vV, =V, Z(V1 —j =V, —V,

o Thispart of the circuit is a subtractor

— Getsrid of the common-mode signal that makes it through
the first set of op-amps

* Note that exact subtraction requires all four resistorsto
have the same value

— Large CMRR will require the use of high-precision resistors!



Active low-pass filter

We studied filtersin thefirst lecture, and built them in the
first lab

Those were “passive’ filters
— they could transmit or supress asignal, but they couldn’t
amplify it
With an op-amp, we can build an “active filter”

— an amplifier where the gain depends on the frequency of the
signa

Here'show it might look: ,~ ¢
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Thislooks like an inverting amplifier, so we know the gain

|S.
v, __Z
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The impedance is given by:
1 1 1 1+ia)C:1+|wR2C
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