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Measurement Science: Exam 

Measurement Science Exam - 11 April 2011 

Name: ____________ _ 

Student number:-------------

Note 1: Calculators are allowed 
Note 2: Lectures notes are NOT allowed 
Note 3: Appendix 1 contains all required constants and a list of equations 
Note 4: All questions contribute the same amount to the final score 

1. Standards. What is the international standard for electrical resistance? 

2. Units. List six of basic units of the international standard (SI): 

1. 
2. 
3. 

4. 
5. 
6. 

3. Noise. This question contains three parts. 

Note 1: Please use the standard temperature 
Note 2: Do not forget the noise bandwidth 

a. Consider three electrical resistors R1=1 kQ, R2=1 00 kQ and R3=1 0 MO. 
i .Which resistor has the largest thermal noise voltage (assume each component has the same 

noise bandwidth) ? 

ii. Calculate the largest thermal noise voltage value using the standard temperature. 

b. Calculate the equivalent thermal noise voltage between nodes A-B of the resistor network shown below 

R2 

A B 

c. Calculate the noise bandwidth of the voltage gain response shown in the figure below (remember to 
include the units) using f1=1 00 Hz, f2=1.1 Hz, f3=1.2 kHz and Avo=1 00. 

Av(f) 

A,o 

0 
"------------'---+! I Hz 

J., !2 h (linear scale) 
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4. Two-port network. Determine the coupling constant K
2 for the two-port network described by: 

( ~ H :: :: J( ;: : 
Note 1: Y; and Yo are across variables, and X; and Xa are through variables. 

5. Capacitive lateral motion sensor. The upper plate of a differential capacitance sensor moves laterally 
in the x-direction according to an applied force. For x=O, Ct=C2 and the surface area of both capacitors is 
A=axb (a is indicated in the diagram and b is the width of the plates) and L1A=L1axb when the upper plate 
is moved in the x-direction. The plate separations are constant and equal to d. A charge integration 
amplifier is used to measure the capacitance change as a function of displacement in the x-direction. 
a. Derive the transfer function voftD<, where tD< is the change in the capacitor overlap. 

b. Calculate V0 for V;(t)=0.1 cos(2rrft) V, Cr1 0 pF, b=1 00 1Jm, d=1 1Jm, and ilx=S 1Jm? (Hint: Choose Rr 
such that: jwC1R1 » 1 ). 

Movable 
upper 
plate cl c2 
-~r--ca_,. i ca,. ltd 

:..-.. 
V; X -V; 
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6. Strain sensor. The stretching of a plastic rod due to bending is measured with four identical 
piezoresistive strain gauges that are glued onto the rod in a full bridge configuration so that two of the 
sensors have the same elongation, and the other two stretch in the opposite direction (ignore any affects 
related to gluing the sensors to the rod). The gauge factor of the strain gauges is K=4. The bridge is driven 
with an AC input signal with amplitude 5 Vrms· The bridge output is read with an instrumentation amplifier 
with gain G=1 0 and a total rms output noise voltage en0 =400 nV/-'Hz (includes the effect of the amplifier 
gain). Assume that the CMMR -7 oo. The bandwidth of the output filter is 8=1 Hz. 

a. What is the minimum detectable strain? 

b. Describe how a lower CMRR will affect the strain sensitivity. 

vo 

7. Signal to noise ratio. A sensor signal is to be amplified and measured. The sensor signal range is 
1 iJV::; V8 ::;1 OiJV? Assume the operational amplifier is ideal with a bandwidth of 1 00 kHz. The input noise 
voltage is vn=8 nV/-'Hz. The amplifier bias resistors are Rt=1 kO and R2=SOO kO. What is the minimum 
bandwidth of the bandpass filter to achieve a minimum SNR=2? (Hint: SNR=VosfVon) 

R2 
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8. Electrochemical sensors 
You're participating in a student-quiz for exceptionally gifted students. Given an aqueous solution 
containing some well-dissolved AgN03 where the mobility of the ions responsible for the conductance is 
IJAg+= 6.43·1 o-8 m2/sV and IJN03-= 7.40·10-8 m2/sV at the temperature of the solution. You are given a 
conductivity sensor with a cell constant (= 1/A) of 120.0 m-1

. In addition, you are given a silver working 
electrode and a perfect reference electrode. The standard electrode potential of the reference electrode is 
E0Ag,Ag+= 0.80 V. 

The question: determine the temperature of the solution. I'll help you. By using the conductivity sensor, 
you measure the conductance and the result is G = 4.11·1 o-4 n-1

. 

(a) Calculate the silver-ion concentration, [Ag +]. 

By using the silver working electrode, you measure (by potentiometry) with respect to the reference 
electrode a potential of ENernst = 0.653 V. 

(b) What is the temperature of the solution? 

(note: if you couldn't calculate (a) then (1) you're not exceptionally gifted and (2) you may use an arbitrary 
value of [Ag +]= 6.2 mM for this question.) 

Note 1: mind the different expressions for concentration: in mol/dm3 or mol/m3. 
Note 2: for the purists, discard the role of the water-equilibrium ([Of-f] and [H+]) and only consider the Ag + 

and N03- ions. 

Potentiometry 
For the electrochemical reaction: 

ox+ ne Hred 
the Nernst Law expresses the electrode potential ENernst: 

E =Eo+ 2.303·RT lo<>( [ox]) 
Nernsl nF 1:> [red] 

with: E0 standard electrode potential in V 
R gasconstant, 8.314 J/(mol K) 
T absolute temperature in K 
F Faraday's constant, 96484 C/mol 
[ox] concentration of ox in M (=mol/dm3) 

Conductometry 
The conductance G (Q-1

) between two plan-parallel electrodes is: 

G = ~A "tlz,l,u,c, 
i=l 

with: A, £ area (m2
) of, and distance (m) between the electrodes 

z; valence of ion i 
IJ; mobility of ion i in m2/(Vs) 
C; concentration of ion i in mol/m3 
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9. PSD sensor. A light beam (red arrow) is at position x1 in a 1-dimensional PSD, which generates a 
photocurrent lr is the absorbing material. The total effective length of the PSD is L. Derive the equations Ia 
and h as functions of x and lr. 

PSD 

----------------~----~----------+X 

10. Optical displacement sensor. A low-cost optical displacement sensor that can measure distances in 
a range from x=1 0 em to 100 em is to be designed for a customer. Consider the measurement system 
below with 01"'0°, a=S em and f=8 em. Find the remaining sensor parameters such that the sensor can 
measure the specified distance requirements. 

End 
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Appendix 1: 
Constants: 

1. k=1.38x1 o-23 J/K 

2. Standard temperature: T5=290K 

V _ v.( R2 _ R4 ) 
2. Bridge: 0

-
1 Rl+R2 R3+R3 

Single element bridge: Vo "' .!_till 11; 
4 R 

3. Errors: (a; r =(a: r +( :b r +( ~c r 
s = Jj 

4. X Jx 

s s ---
5. f -1+ Sk 

6. 
en =zn -x 

/1-/2 2x 

8. !1+12 L 

v 
(} --

10. ADC - .Jl2 

(a cJ (AJ (aA + cBJ 
11. b d·B=bA+dB 

12. Impedances: 

Half bridge: V "' .!_till V 
o 2 R ' 

Zc =(Jmc)-1 

Full bridge: Vo "' till V; 
R 

6 
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13. Two-port network equations: 
.-~--------------------.---------------------. 

N=2n 
14. 

15. Identities: 

. E 
Input Impedance zi = ;, 

Zio: open output (Fo = 0) 

Z;,: shorted output (Eo= 0) 

2cosacos f3 =cos( a+ /3) +cos( a- /3) 
2cosasinf3 =sin( a+ /3)- sin(a- /3) 

16. res.=2-n 

17. SNR=1.78+6n (dB) 

ytana + f 
x=a 

18. ftana-y 

v. ( A f3 ) v. ( 1 ) 
V 

0 = t 1 + ~o/3 ~ t 1 
- Ao/3 

19. 

20. Opamp: 

y = 1ogb X ==} X = by 
22. Logarithm: 

V, =.J4kTRB 
23. thermal noise: 

24. noise bandwidth: ~o I A~(J)df 

Output impedance Zo = ~: 

Zoo: open input (.F; = 0) 

Zo,: shorted input (E; = 0) 

2sinasinf3 =cos( a- /3)- cos( a+ /3) 
2sinacosf3 = sin(a + /3) +sin( a- /3) 

7 


