Sensor Interfaces

<

E Vv V
h T2 i>!A
S 7 " Further analog processing
ensor / AFE (amplification, filtering etc.)

Sensor Interface: directly connected to the sensor. Detects the typically
small variations of the electrical quantity Ey and convert it into a
voltage, if required.
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Sensors that produce a voltage

Output
quantity

electrical

Sensor type

Input physical or chemical
quantity to be sensed.

Voltage

Thermoelectric sensors

Temperature difference
Temperature

Fluid flow rate

Infrared radiation (bolometers)

Gas concentration (catalytic sensors)

Electrochemical sensors

Ion concentration in electrolytes

Gas concentration (e.g.. “lambda
probes”)

Hall sensors

Magnetic Field
Position (Proximity)

Current measurement

Piezoelectric sensors

Force (ac detection)

Acoustical pressure, acceleration.
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Sensors that produce a current or a charge

Output electrical
quantity

Sensor type

Input physical or chemical
quantity to be sensed.

Current

Optical sensors (photodiodes)

Infrared, visible and
Ultraviolet radiation

Imagers
Proximity

Opacity (e.g. smoke detectors)

Charge

CCD 1magers

Visible radiation

High energy particle detectors

Tonizing radiation and
particle detection
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Resistive sensors

Output electrical quantity

Sensor type

Input physical or chemical quantity to
be sensed

Resistance

Thermistor and RTDs
(Resistive Temperature
Detectors)

Temperature

Fluid flow rates

Fluid  velocity (e.g. hot  wire
anemometers)

Gas concentration (catalytic sensors)
Proximity

Piezo-resistors

Strain (strain gauges)
Force (e.g. electronic scales)
Pressure (barometers)

Altitude
Acceleration

Chemi-resistors

Gas or vapor concentration

Magneto-resistors

Magnetic field
Proximity

Orientation (e.g. electronic compass)

Photo resistors

Visible radiation
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Capacitive sensors

Output Input physical or chemical quantity to be
electrical Sensor type sensed.
quantity
Acceleration
Capacitance Capacitive sensors (mechanical) Angular velocity (gyroscopes)

Pressure

Capacitive sensors (chemical)

Gas concentration (e.g. humidity sensors)
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Frequently used sensor interfaces

Output quantity

Type of Interface

Notes

Voltage

Instrumentation Amplifier (In-Amp)

Instrumentation Amplifier

Resistors should be mounted in a
Wheatstone bridge configuration or
biased by a current.

Resistance
. Resistor must be biased with a
Trans—Imp edance Amp lifier (TIA) voltage in order to produce a current
Current Trans-Impedance Amplifier (TTA)
Converting capacitance into a
_ Trans-Impedance Amplifier (TTA) current by means of a periodic
Capacitance voltage waveform
Charge amplifier (switched capacitor)
Charge Charge amplifier (switched capacitors)

P. Bruschi — Microelectronic System Design




Instrumentation Amplifiers (In-Amps)

Required features:
* Precise gain (A;) Viny —
* High input resistance

Vi_ —
Other important features " Single-Ended
Instrumentation
* Differential input Amplifier

* Low input referred offset voltage

e Low bias currents

* Low input referred voltage and current noise
* High CMRR (for differential amplifiers)

e Large bandwidth
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In-amps: errors due to the input noise/offset voltage and currents

Differential signal source Useful Signal: Vg, =V,

(Simplified Thevenin
equivalent circuit)

Vv, =V~ Ry =V, _(Vsz _leRsz) =V =V, —v

nt
Vo =V, tig Ry —15 R,

Balanced source
case (Rs1=Rg,=Rs)

Vv, =V, TRy (iBl —lp, )
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Total voltage noise expressions

Balanced source

case (Rg1=Rg=Rs) Var =V, T Ky (lBl B le)

DC components: V=V by =1y gy =1y (i —ig) =1y — 1, =1,
[viot = vio + RS Iio }
: =, = S
Noise components: v =S ; {lf’l lj“ ntf) S, (f)
iy =y = S (f)

If i ; and i, are uncorrelated and S;= Sy, =S;:

[ Svnt :Svn+2R§SI ]

Svnt — Svn +R§(S11 +SIZ _2S1112)
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Discrete monolithic In-Amps

SENSE
(o FEEDBACK) V = G(VIN

out

Vin- ) +Vieer

+_

SENSE
(o FEEDBACK)

GAIN _
Typical pin configuration PA 5
— vV

out

One possible use of the
GAIN SENSE terminal
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In-Amp with variable gain: Input and Output offset and noise

)1 vn2

vn 1
Vin+—@' / 4@k Vout
1

Ay
Vin—

/GAIN FD TO S/E

Typical two-stage architecture of In-amps G = A1A2

1 %
— — n—out __ n2
1
V Voo -
2 1 . Input noise
Generally, A,=1,thus: A =G Vo =V n P

G V.2 :output noise
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Three-Op-Amp Instrumentation Amplifier

First Stage

Second Stage Mismatch of these resistors
degrades the CMRR of the
second stage. Resistor
trimming is necessary for
CMRRs > 60 dB

The circuit that provides
Vzee must have a very low
output resistance (<<R)
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AD 620

VIN+D— +
Ae [1] 8| Rg R % RG Vout
<IN | 21— El +Vs N RG REE Vout = G(VIN + VI - )+ VREF

+ v S a—
w [3}—+ § | output I Vieer G=1+49.4kQ /R,
Vs [4] ADe20 5] e

TOP VIEW
1N ) r————— .
The RTI noise
1000 T -+ |
— : decreases with G G??OO the.
LTI QA= T, ), 1 amplifier BW is
e L B oo | larger than 100kHz.
= T~ 3 The noise density
L} \~~
¥ Bnae % starts to fall for
$ g f> 100kHz
E .4- 10 3 —_ \
8 § —cu;i 100, 1,000 N
- | 1 ‘ \
| | GAIN « 1000 \
| S LY N
10 1 ‘ | | !J | !
1 10 100 1000 1 10 100 1k 10k 1008
FREQUENCY - Hz FREQUENCY - Hz

Figure 9. Current Noise Spectral Density vs. Frequenc  Figure 8. Voltage Noise Spectral Density vs. Frequency,
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AD 620

GBW does not increase much beyond the G=10 case: BW affected by second stage

Nearly constant GBW product: BW determined by first stage AD620
ADa20 AD&20B ADs208!
Maodel Conditions Min Typ M: Min Twp Max / Min Typ Max LUmits
DYMAMIC RESPONSE \
Small Signal -3 dB Bandwidth
G=1 10 L KD 1000 kHz
G=10 LW} By B0 kHz
G = 100 120 120 Slew -Rate 120 kH:z
G = 1000 12 12 / 12 kHz
Slew Rate 0,75 1.2 0.75 1.2 0.75 1.2 Vips
Sertling Time to 0.01% 10W Step
G =1-100 15 : : 15 15 lus
G o= 1000 150 Settlan times 150 150 s
NOISE . . .
ISE ) Output noise >> input noise
Voltage Moise, 1 kHz Total RTI Notse = (¢ i Y+ (e | GF ~ \ Broad-Band Noise: \/SBB
Input, Voltage Noise, ey 9 13 \ g 13 o 13 nVAHz
Cutput, Voltage MNoise, ey, 712 1040 72 L0 72 100 nViHz

ETI; 0.1 Hz to 10 Hz
G=1 3.0 3.0 }m} 30 6.0 uV p-p

G=10 o 0.55

8 .55 0.8 uy pp

0.28 [ 0 028 0.4 v pp

Current Noise f=1kHz 100 \ 100 100 fANHz
0.1 Hzto 10 Hz Current 10 » 10 N 10 PA p-p

Low Frequency Noise

Integrated over 0.1-10 Hz \ Low Frequency Noise

. . . ) . . Integrated over 0.1-10 Hz
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The effective input referred offset (RTI)
is a combination of the input and output offset

N

AD 620

Input offset

Output offset

VOLTAGE OFFSET (Total RTI Error = Vg + Vie/G)
Inpur Offser, Vo Ve=15 VoI5V 125 15 M 125 uv
Owver Temperature Ve=25 Vi 215V 185 225 uv
Average TC Ve=15Vio 215V 0.3 1.0 0.1 { 0.3 L0 uv/=C
Output Offset, Vg, Ve=%15V 400 1000 200 7500 400 1000 v
V=15V 1500 750 1500 u
Owver Temperanare Ve=25 Vo I35V 2000 1000 2000 uv
Average TC V=5V tl5V 50 15 25 70 5.0 15 uv/=C
Uf?;;if__t_md o the The input bias current and|input offset current are|similar, since
Supply (PSR} Ve=423Vto 218V such a small bias current i$ the result of internal ias current cancellation
G=1 B0 100 &0 100 &0 100 dB
G=10 05 120 100 120 95 120 dB
Go= 100 110 140 120 140 140 dB
G = 1000 110 140 120 140 10 140 dB
INPUT CURRENT 4
Input Bias Current 05 20 0.5 1.0 0.5 2 nA
Ower Temperature 25 4 nA
Average TC 3.0 3.0 8.0 p&=C
Input Offzer Current 0.3 1.0 0.3 0.5 0.3 L0 nA
Ower Temperature 1.5 0.75 2.0 A
Average TC 1.5 1.5 8.0 pASC
POWER SUPPLY
Operating Range* +23 +18 423 +18 +2.3 +18 \%
Quiescent Current Vg=4+23V1to+lI8V 0.9 1.3 0.9 1.3 0.9 1.3 mA
Over Temperature 1.1 1.6 1.1 1.6 1.1 1.6 mA

The AD 620 in-amp represents a good trade-off between input noise voltage, input bias
currents and supply current (quiescent current)
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Interfacing a sensor whose output is a current

Goal:
il to obtain a voltage
| i o proportional to the
| ! t — '
1) | Interface v =71 <j sensor current
| Is Zy) e /
- | Zis a property of the interface
Sensor and must be accurate.
(Norton equivalent circuit) In many cases Zis a resistance

I is the quantity to be read, since it contain the useful information

Zs is the unavoidable output impedance of the sensor.
The ideal case is an infinite Zg (ideal current source)
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The simplest solution

-——— iZ Simply connect a known
| ] impedance cross the sensor
| | — °,  terminals
. : | Z
| S sl L o —
| I — Vout =/ lZ
Sensor  Interface
. Z, 1 L
/ zZ S
Z,+72 14+ 2
/Z

P. Bruschi — Microelectronic System Design
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Sensitivity vs Accuracy

' 1 Z
_____ I7 . = = ]=-—|]
: _:_; —1 5 VOM:Z.ZZ lZ 1_|_ZZS_( ZSle
| | + 7
10) []Z ! |z :
I 5 S S
| | 7 — 7.7
_____ v ZEZ(l—— ] Your - 2L

ou Z, Nominal law

Z should be small (magnitude) to reduce

Z should be large (magnitude) to . .
Y ge (magnitude) the relative error (high accuracy)

obtain a high sensitivity

For sensor marked by small values of the Zg impedance, finding a value of Z
that satisfies both requirements is often impossible
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A better interface: the Trans-Impedance Amplifier (TIA)

®. e J; Vour = £ 1,

|deal case:

Y Z)y =00 1, = s
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The op-amp based TIA

operational .
amplifier R —— 17
I> L — : Ideal case (perfect virtual gnd)
i \t |
|+_; | VIN:O:ZIN:O
®. [l 1o - .
's Zo) — T | V, IZ:lS
| TIA - _ _ :
L TIA Jis v=—Z-1,=-Z-i

.
Sensitivity of the TIAstage ~ ky, =—+=-Z
(transimpedance) L

P. Bruschi — Microelectronic System Design 20



TIA non-idealities

 Finite gain A,
» Finite input impedance A= 7
14+ j—

Jy

Typical dominant-pole
frequency response

Z.=Z,Z,

S— ”L ’;L_A
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Z =ZIZ, TIA: input impedance Z,

o Z Miler Effect: Z
: ZIN — KM e
: -k,
4 =
; Z. Viy A + 7/
's T - —+ v, AR
: £ 9= M1+ A4
ZIN :____’ — -
1+ji 1-|-ji
Z, =7 I —7 fp _ 2 fp
IN — — =
14— Al AT
141 f, A S,

Iy
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0dB

S

TIA: input impedance Z,

i

1 A

R A +pr
nifA : 1+A01+ji
Jo

f,is defined as the frequency at which the
amplifier gain magnitude is unity (0 dB)

P. Bruschi — Microelectronic System Design
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TIA input impedance

1+ji
4 f,
| ZIN: f
_____7 1+ A, 1+
| fo
|
A
TA << f<<,
| . e
fo f Ly =JL 7
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Error due to the finite input impedance: (1) error on /,

ldeal case: V,=-Z-1I

j /R
N I,=1 =
Iz! >y 2 T Zy+Z
' Zi
|
| .
i Z. :_IN n v, 1f ‘Z]N‘<<‘ZT‘ IZEIS(—Z—IN]
| . T
; 1 at
Z
NL__) SAEQ <j Error on current |,
ZT
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Error due to the finite input impedance: (2) error due to V;y # 0

Ideal case: V,=-Z-I V.=v. —1,7Z y, =——A

N
Il

A

1
= z = —-1,7 1——)

-
-
Il

error contributions

1+l A _ -
N AP

Relative ‘..

Va_ 1,Z=V, 1+lj =—1,7

-——— -
-

P. Bruschi — Microelectronic System Design
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Ideal case: V,=-Z-1

S

Reducing the 1/A error

This voltage is affected only
In-amp by the error due to: I, #1,

= 4

B YV Vi =ALLZ
AinanL

_ ina = “YinatZ
ina
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Input referred
noise current of
the amplifier

TIA non-ideality: Noise and offset

O [

Equivalent noise source

R / of impedance Z

Z
| C :> Thermal Noise:

S,.x =4kT Re(Z)

For noise calculations,

nL we will neglect finite
gain effects
_ (hypothesis of perfect
Input referred noise virtual ground)
voltage of the amplifier

28
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Effect of /, and V, 5

/
n
< Z V o
E I—(I +>
A +
+ ”L VAn
7r s
V,, =L - L+V .

P. Bruschi — Microelectronic System Design
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Effect of the voltage source

P. Bruschi — Microelectronic System Design
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Total output noise voltage and input referred noise current

Y4
v, =71 —vn(1+—]+vnR

[] Z A + Zy
r + VAn V
- . vAn — A _
v " bi-rT1 = I kpp=—=~2
g TIA L
1 1 Y V
L o =—1 +V + — IR for Z —oo:i  =—i +-=
Z 7,) 7 Z,
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TIA used to read capacitive sensors

physical quantity to be
C, / sensed

Cy = Co +f (X ) Balanced differential sensor

! — C.=C, —f(X) (e.g. MEMS accelerometer)
° CRII
C,=C,+ f( X ) Pseudo differential sensor
Differential (e.g. pressure sensor)
capacitive sensor Cr =G

C, is typically a large capacitance which does not vary with X, but is
widely affected by process spread and often depends on temperature

The interface must read: AC = CX —CR
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Transformation of AC into a current

C, vi@)=V,, cos(,t)

-VS 9 —o 4 ——\
I<> C C,=Cx +Cy

S S

, o P / Z:i 1&

/ short-circuit current ] (05 (CX + CR )
dvs _~ dvg

iS(t):CRE ¥ 7 :(CX_CR)VSMwSSin(wSt)
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Use of the TIA to read current Ig

C
o XH R Substituting the Norton
Vv equivalent circuit to the
° 9 sensor, we have the usual
o1 — TIA configuration, win Z=R
C | +
R _I_ VA

- ” oo 0 |

+
Z, v,
,J,j 1-

v,(t)=—=R-i;(t) = —=AC(r)- RV, @, sin(at)

The useful signal AC(t) is modulated by sin(wgt):
Demodulation is required to extract AC(1)
Synchronous demodulation allows detecting also the sign of AC(t)
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A few general considerations

{ ¢ (1) = AC(1) 'VSM @, sin(a)St) It is desirable to increase

this factor to have a larger
\_</' signal -to-noise ratio

RN
Ac(t%ffil'iiﬁﬁl}i{ TIA }—ﬂA(t)
Vs
[ 6, =

totr —

Z,, 1

_|_
Z, | A
F‘A( fS)‘ decreases

Vg must be as large as possible (limited by V)

Z,y|=R=% increases

g cannot be too large because the error due to )
the finite impedance becomes not acceptable. ZT‘ _ 1

if g increases: 1L w, (C,+C,)

decreases
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Complete interface

c i synchronous demodulator
X” is<l> gain - kD
]2 AN - N
“_ L — IR : LPF
+ -l\—/ A \

Vs cos(wgt) J: HL_A S y

—Vbm Sin(wgt)

<V

out

2

v =AC(t) RV, .k,

out

Iy = AC(t) Vo @ SIn(@yt)
v, =—AC (t ) RV, @, sin(w,t) (ideal TIA)
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Brief mention to TIA stability issues

R A
M IBAI

Introduces a zero that
reduces the phase lag

duetof
ue to fg iBAA

180° Small phase
+ margin:
Vs potential
”T”— 90° - ——  instability

I
I
I
I
l
|

O,
— >
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