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Interface circuits TU/e

Vi [oveo] Vi L
R4§ \§\R3:R0(1+X) R2:R0(1+X)\§\ Vo

= output voltage (k=1)

= response of bridge output to change in x only half of response when using divider
= can we change the bridge to get the same response?

= use an additional sensor

= use operational amplifier (also amplifies non-linearity error)



Amplifier TU/e

increase sensitivity by adding amplifier to output of bridge

adjust voltage for digitization

amplifier with gain G

G
v = . v
out mn V|n G Vout
= circuit output voltage O——
X
voutZG'vozG'4+2xV;'zG'ZV;‘

Ry R;=Ry(1+X) Vout




Amplifier TU/e

= example — PT100 temperature sensor
= PT100 (R,=100Q and a=0.004Q/Q/K at 0°C)
= measure temp from -10°C to +50°C in environment with 6=5mW/K

= output must range from -1V to +5V with error < 0.5% of the reading (due to non-linearity) plus 0.2% FSO (due to
self-heating)

= what values should be used for the resistors and voltage supply, and what gain must the amplifier have?

Rl R2 Vol| G

Ry R;=Ry(1+aT) Vout

O




B Amplifier TU/e

= example — PT100 temperature sensor
= PT100 (R,=100Q and a=0.004Q/Q/K at 0°C)
= measure temp from -10°C to +50°C in environment with 6=5mW/K

= output must range from -1V to +5V with error < 0.5% of the reading (due to non-linearity) plus 0.2% FSO (due to
self-heating)

= what values should be used for the resistors and voltage supply, and what gain must the amplifier have?
B kaT v
C(k+D(k+14aT) "
= assume aT << k+1, the response is then equal to

kaT
(k + 1)?

= introduces an error (due to non-linearity); requirements is relative to reading, thus look at relative error; gain
plays no role since its both v, and v, are multiplied with same gain G

Vo

v = v

Vo —V;

_ _‘ —aT ‘
&= lk+1+ar

Vi



Amplifier TU/e

= example — PT100 temperature sensor
= PT100 (R,=100Q and a=0.004Q/Q/K at 0°C)
= measure temp from -10°C to +50°C in environment with 6=5mW/K

= output must range from -1V to +5V with error < 0.5% of the reading (due to non-linearity) plus 0.2% FSO (due to
self-heating)

= what values should be used for the resistors and voltage supply, and what gain must the amplifier have?
= maximal error when T=50°C
| —(0.004/°C)(50°C)
Tk + 1+ (0.004/°C)(50°C)

< 0.005

= this requires k > 39
= R, must be R;=R,=100Q) to get OV at 0°C
Ry R
Ry R3
= R, =100Q and R;=R,=3900Q
= larger values of R1 and R2 would decrease sensitivity!

k



B Amplifier TU/e

= example — PT100 temperature sensor
= PT100 (R,=100Q and a=0.004Q/Q/K at 0°C)
= measure temp from -10°C to +50°C in environment with 6=5mW/K

= output must range from -1V to +5V with error < 0.5% of the reading (due to non-linearity) plus 0.2% FSO (due to
self-heating)

= what values should be used for the resistors and voltage supply, and what gain must the amplifier have?
= supply voltage limited by sensor self-heating

2
Py 4
AT =— = P, = R .002 - 50°C) - °C) = 0.
6=> D <R2+R3> 3 < (0.002-50°C) - (5mWW /°C) = 0.5mW

= maximal self-heating when R,=R,

= R; will however always be below R, in measurement range
= maximal heating occurs at 50°C
= R(50°C) = 120Q

V< 0.0005W (39000 + 120Q) = 8.2V
r 120Q -



B Amplifier TU/e

= example — PT100 temperature sensor
= PT100 (R,=100Q and a=0.004Q/Q/K at 0°C)
= measure temp from -10°C to +50°C in environment with 6=5mW/K

= output must range from -1V to +5V with error < 0.5% of the reading (due to non-linearity) plus 0.2% FSO (due to
self-heating)

= what values should be used for the resistors and voltage supply, and what gain must the amplifier have?

V. < 0.0005W (3900Q + 120Q) = 8.2V
r 1200 -

= choose V, =8V

= output of bridge at 50°C

_ kaT UV~ 39 -0.004/°C - 50°C
T k+Dk+1+al) " 402

U, -8 =39mV

= gain needed to get +5V output at 50°C

G = oV = 128.2
- 39mV '



Amplifier

= output of voltage divider or bridge may be very small

ng §R2 Vo| G

R? \%R?’:Ro(l*‘GT) Vout
O

= (digital) processing circuits require higher voltage (0-5V)

VO

= two types of amplifiers considered
= differential amplifiers

= instrumentation amplifiers Vin

Vout = G - Vip

Vout

TU/e



Operational amplifier

= inverting amplifier

= amplifier draws no current

= current through R, and R, are equal

Vi —VU_ V_—U,

= non-inverting amplifier

= these circuits cannot be used in bridge since they have only one input terminal and bridge has two output

terminals

—v_  U_—7,

Ry R;
Vo =V, =V

o= (s

R]_ R2
Vi o—\WW\ MV
R]_ R2

TU/e



Differential amplifier

assumptions about op-amp
" negligible common mode gain (A_=0)
= considerable differential gain (A,#0)

output voltage

R, 1+ R, R,
= — v, —=v
Yo T R.+R, R, )72 R

inputs v, and v, have differential and common part

v+ v,
2

Vg =V —Vq, Ve =

output voltage

1 R, R,\ R R4R; — RyR;
Yo =7t [R3 + R, < R1> RJ Ve [Rl(Rg T Ry)

TU/e



Differential amplifier TU/e

differential mode gain

1[ R R,\ R
_L R (R Re )
o, 2|Rs+Ry R, R

= common mode gain +
G — Vo _ R4Ry — RyR3 ‘
- vy R1(R3 + R4) Vo

Vo
Gd -
Vg

=0
= ideal differential amplifier has G_.=0 R3 R4
Ry R, L
R R " —

differential gain of an ideal differential amplifier

Gg =

[— (1+k)+

k(1+k)+k(1+k)| 2k(1+k)
Tk =]

1+k “ 200+ k)

differential gain G, depends on ratio k of resistors



Differential amplifier

Vi
matching condition is hard to realize
CLE _
R; R,
—OVp
common mode rejection ratio (CMRR) +
G 1RR,+ R,R; + 2R,R
CMRRR=—d=—14 2113 2114
G. 2  R.R,— R,R; Vs O—’\/\/\/—L\/\/\/—
CMRR; indicates mismatch only due to resistors R3 R4

expressed in decibel (dB), defined as 20 - ’log(CMRRg)

amplification of common mode voltage is error source
large CMRR implies small influence of common mode signal on output signal (small error)

differential and common mode gain are dependent on each other

TU/e



Differential amplifier

= sensing circuit with amplifier

= differential amplifier

= sensing circuit with differential amplifier

Vout

R:

- AM—

%Rgz R0(1+GT)

Vo R7

Rl R2
V10—
Vo o—A\W N
R3 R4

—OVout

TU/e



Differential amplifier

= differential and common mode analysis

= electrically equivalent circuits for both modes

R

Vg r\) Rq

= |oading effect is ignored in these electrically equivalent circuits

common mode y
>_° Vo,c=Gc¢ Ve 2

TU/e

differential mode

Vo.d=Gq Vg



Differential amplifier

= |oading effect changes common and differential output voltage

common mode

le

Rc

—AW

AAAY,
>_OVO,C

Re

differential mode

>_°Vo,d

TU/e



Differential amplifier

= example — PT100 temperature sensor

= PT100 (R,=100Q and a=0.004Q/Q/K at 0°C)

= measure temp from -10°C to +50°C in environment with 6=5mW/K

TU/e

= output must range from -1V to +5V with error < 0.5% of the reading (due to non-linearity) plus 0.2% FSO (due to

self-heating)

= we computed earlier: R,=100Q, R;=R,=3900Q), V =8V, G=128.2

= what are the minimal input differential and common mode resistances and the CMRR of the differential

amplifier to have a negligible error (at most 10% of errors considered so far)?

2r,

S Rs=Ro(1+aT)

V1 R5 RG
o—A\W AN

AAYAY AAVAY
V2. Ry Rs

—OVout




Differential amplifier TU/e

= example — PT100 temperature sensor

= what are the minimal input differential and common mode resistances and the CMRR of the differential
amplifier to have negligible error?

= equivalent circuit parallel resistors

differential

v.=V,/40(

common L
voltage
(200mV)

parallel resistors

worst-case situation
R+(50°C) = 120Q



Differential amplifier TU/e

= example — PT100 temperature sensor

= what are the minimal input differential and common mode resistances and the CMRR of the differential
amplifier to have negligible error?

= common mode voltage produces

: . : 116.4Q R.
= differential voltage across bridge AN AN
= due to unequal resistors in both arm v
= error amplified by differential gain 0
= choose error to be 10% of constant error AN AVAYAY T
[y 97ISQ RC -
common mode bridge differential V.=V,/40 <_>
V0|tag;(vr/40) expression gain
200mV Re Re 128.2 < 0.1-0.002 - 5V
(200mV) | g 11640 " R, + 9750 AR

= this gives R. > 484kQ



Differential amplifier TU/e

= example — PT100 temperature sensor

= what are the minimal input differential and common mode resistances and the CMRR of the differential
amplifier to have negligible error?

= output voltage v, sensed by differential
= amplifier (voltage across) R, lower

= then v, due to resistors > v
Rd Rd Vd@ °
vO

TR, +11640+9750 % R, +213.90 ¢

= |eads to relative error
UV, — Vg _213.9Q

R, /
R, +213.907%° ~ Yo )/ Vol T R 121390
= choose error to be 10x smaller than allowed relative error (0.5%)

213.9Q
R, + 213.9Q

= this gives R, > 428kQ

E =

Va

<0.1-0.5%




Differential amplifier

= example — PT100 temperature sensor

= what are the minimal input differential and common mode resistances and the CMRR of the differential

amplifier to have negligible error?
= choose negligible error to be an error
= which is at most 10% of constant allowed
= error (0.2% of 5V)
= maximal common mode gain
0.1-(0.002 - 5V)
¢~ T 200mV
= differential gain is 128.2
= required common mode rejection ratio

= 0.005

CMRR > 1282 _ 25640 = 88dB
0.005 B

116.4Q

Q)

97.5Q R
Vo=V i40 (D" . ¥

—AA——AM—

r

Re

TU/e



Differential amplifier TU/e

example — PT100 temperature sensor

what are the minimal input differential and common mode resistances and the CMRR of the differential
amplifier to have negligible error?

summary
= CMRR = 88dB
= R, > 484kQ
= Ry >428kQ

observations

= differential impedance high to prevent signal loading

= common mode impedance high to prevent common mode signal from producing differential voltage
= result of high impedances is a low CMRR



Instrumentation amplifier TU/e

= instrumentation amplifier is a differential amplifier with
= high input and low output impedance
= high CMRR
= high gain (adjustable with resistor R,)

= output of first stage

R R
va=<1+R—j>v1——2v2

Ry V10 R4
Ay,
R, R,
vy = 1+R—1 Uy —R—lvl
= output is combination of v
0
" non-inverting amplifier 0
= inverting amplifier =
4
l\/\/\l _OVref
Vo O
fully differential differential

amplifier amplifier



Instrumentation amplifier TU/e

= instrumentation amplifier is a differential amplifier with
= high input and low output impedance
= high CMRR
= high gain (adjustable with resistor R,)

= output of second stage

R R
va=<1+R—j>v1——2v2

Rl VlC R4
NN
R, R,
R, —©O Vo
Vo = Vref = (vp — va)R_
3
2R,\ R, -
— 1 _“ 1= _ 4
< * R4 >R3 (v2 =) IR AN AV
=1+ 6&)k(v, —vy) with G = R_z V0
! fully differential differential

amplifier amplifier



Instrumentation amplifier TU/e

instrumentation amplifier is a differential amplifier with
= high input and low output impedance

= high CMRR

= high gain (adjustable with single resistor)

output of second stage

Vo = Uref = 1+ &k, —vy)

¢ =2 k=t e £§K
Ry R,
= R, plays no role in matching
of differential amplifier
. . . —OVy
= differential mode gain
independent of CMRR =
4
CMRR;; =~ (14 G) - CMRRp, Voo M —O Vef
2
fully differential differential

amplifier amplifier



Summary TU/e

= operational amplifiers can increase output signal
= errors are increased with same magnitude
= two types of amplifiers studied

= differential amplifiers

= instrumentation amplifiers

I:21 R2 o R
Vi 0—AMA——A, Vi R4
—OoV,
—O0 V,
Vo 0—AAWN AAAY .
— V20
B fully differential differential

amplifier amplifier



Example — pressure sensor TU/e

I N instrumentation amplifier
+5V excitation circuit

g = signal amplification
I, I:‘ /
+ Vy

strain gage sensor AN

= active sensor N signal processing circuit

= absolute sensor = bridge circuit

= contact sensor = remove error sources (e.g. temperature)

= remove offset voltage
= improve linearity
= improve sensitivity



Signal processing

= increase sensitivity by adding sensor on other side o
= bridge output voltage
B R3 R4 v
Yo = <R3+R4 R1+R2> " }:
Ry Ry

= = k:—_
Ry, = R3 = Ry(1 +x), R, R,

= relative non-linearity error due to bridge circuit
X

= jdeal output voltage v; = EVr

absolute error

X
>+ 2% _‘
= —

>V
relative error
2 ‘ —x‘ ‘ X

& £ = —_ = =

2+ x 2+ x 2+ x

f opposing arm

X
170_1+x+kvr L, X
Vo = oy m
R1:R4:>k:1
R1
2 X 1‘
x2+x

Vi

TU/e



Signal processing TU/e

= increase sensitivity by adding sensor on other side of opposing arm

<) 05 T T T T T T
a 045 T
T N
) N
= ° ideal output voltage (v,)
N~ 035 _
o
% N e e \\
= I G 1> measured output voltage (v,)
> N -
5 015k e i
= P
dd 01- L N
= -
O s+ .
X R4 R2:Ro(1+X)
S 0.3
o
t 025
)
QZ) oz} 8 VO
= 5 _
L,
9 01
DEI 01 0z 0.3 0.4 05 0.6 o7 08 0.8 R3:RO(1+X) R4




Signal processing TU/e

example — pseudo-bridge with two resistive sensors

= two equal linear resistance sensors: R;=R,=R,(1+x)

= two equal fixed resistors: R;=R,

what value should R; and R, have to get an output voltage (V,) which is directly proportional to the measured

quantity x?
Vi—v, 1 R Vi
R TR TR AR (=voltage divider)
V.—v, v,—v R R —
T n_™n Y = —ZVT 2 Un—VUp =~V Rl RZ_RO(1+X)
R1 RZ Rl R1

R,  (Ry+R)\[ Rs
= -2y, V
Yo T TR T +< R, ><R3 TRy




Signal processing TU/e

example — pseudo-bridge with two resistive sensors

= two equal linear resistance sensors: R;=R,=R,(1+x)

= two equal fixed resistors: R;=R,

what value should R; and R, have to get an output voltage (V,) which is directly proportional to the measured

quantity x?
R, R, + R, R,
= -2y + V
Vo= TR T ( R, )<R3 TR,

using R,=R, and R,=R; we find _
R, (Rz + Rl) , R1 R2=Ro(1+X)

2y +
R, T

Vo =

R, + R4

using R,=R,(1+x) we find




Signal processing TU/e

example — pseudo-bridge with two resistive sensors

= two equal linear resistance sensors: R;=R,=R,(1+x)

= two equal fixed resistors: R;=R,

what value should R; and R, have to get an output voltage (V,) which is directly proportional to the measured

quantity x?
Ro(1+ x) R, R,
(0] Rl T + r [ Rl Rl X Tr
v, directly proportional to x when _
R R R2=Ro(1+Xx)
1—-——=0=>Ry=R
R 0 = Ry —AWW—
output voltage then equal to )
v, = —xV,

non-linearity is removed by circuit




