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Agenda

- Key Op amp parameters for Precision
 Vio - Input offset Voltage
« CMRR — Common Mode rejection Ratio
* lib — Input bias Current
* Noise

» Use case Study : Gas Sensor
* Product line: High-performance Op Amps in ST
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Why Op Amps and why precision

Battery fuel gauging

42t027V

0.01 Q 0.9 mV £ V1 max
<1.4mV

load

30 Q
= ma“ LSB of the ADC
Jery ® ) go? =3.6V/212
=0.88 mV |

STM32 power supply:
1.65 to 3.6V




, Op-Amp parameters

( N\

Input offset voltage (Vio)
Precision/ small signal amplification

Common Mode Rejection +Vee Gain
Ratio (CMRR)

A

Input bias current (lib)

High Impedance Sensors I|b
Translmpedance conversion )

Noise
Output Accuracy in slow applications
\\ Y,

Gain Bandwidth Product )

(GBP)
Signalfrequency  J

Bandwidth

-

>

\Frequency

Slew rate
Max rate of change of voltage
at the output of the amplifier

~

r

»

Slew rate (SR) -
Response time Vee dV/dt \/ t

Rail to rail input or output e )

Full scale Signal Supply voltage (Vcc)
Application supply range

J

{ N\
‘ ’ Supply Current (Icc) sru
’ Power consumption /battery life Rail to rail input or output Op Amps

Key Op-Amp parameters for Precision
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Op Amps: Vio - input offset voltage
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Input Offset Voltage ___
What is this?

 Vio offset LM324

Symbol Parameter Min. | Typ. Max. Unit
+Vcce Input offset voltage (7
Tamb=+25°C
LM124-LM224 2 5
V t Vi, LM324 7 mv
ou
ol S
LM124-LM224 7
LM324 9
-Vce
1S507
Viem=01038V, T=25°C 25 100
TS507C full temperature range 250
TS507I full temperature range 400
Vie |Input offset voltage® = L pv
Viem=0V1to5V, T=25°C 450
V u t TS507C full temperature range 550
O TS5071 full temperature range 750
+Vee | ————— S
TSZ1 21 (Very high accuracy)
V| d Symbol Parameter Conditions Min.| Typ. | Max. Unit
. . DC performance
. 5 Differential be
. ; T=25°C 1 5
VI o) input voltage Ve |Inputoffset voltage uv
‘ l 40°C<T<125°C 8
, AV, JAT |Input offset voltage drift(" 40°C<T<125°C 10 30 nvrc
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Differential input

R £ SR

Vin |

Component mismatch
R1#R2, M1#M2 = offset

Lys
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Input Offset Voltage

Where does it comes from?

For CMQOS technology

VGS-VT,AR Akr = AW/L

2 (R+k/+W/L

Vos = AVth+

AVth linked to the substrate doping.
Second term linked to the MOS size.

Mismatch is mainly due to:
 Doping variations

» Lithographic errors

» Packaging & local stress




Impact of V,; on a real application
Current sensing for motor control

Vbat
|

[ Motor
%l; control

Rshunt
0.1Q

!

Vout = Rshunt.l. (%)-V o(1+——

10 kQ
ANN—

1OQ

) @_«
<«
100 pVv

5pV

1

1

1

e.g. | =1 mAin Rshunt

10 Q
10kQ

2.5V

»4

1SZ121

Vio =

o uVv

Vout

5V Gam

10kQ
100 )

|
1000

-105 mV

igna

& Offset x1001)

5% error on speed information
rotation information is correct




Offset

@ 25°C

Summary of V|5 impact ___
on motor control applications

Vour for a current Comment

|l =1 mA

Ideal ouv 100 mV Theoretical measurement in a perfect world!
+100 pVv -100 pVv Speed of the motor is incorrect.
Information about the motor rotation is incorrect.
15507 -100 pVv 200 mV 100% error on motor speed.
Information about the motor rotation is correct.
+5 Vv 95 mV 5% error on the motor speed.
Information about the motor rotation is correct.
TSZ121
-5 uv -105 mV 5% error on the motor speed.

Information about motor rotation is correct.

Lys
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The real cost of V5!

10 kQ
W

3.3V

! ! Signal Gain: -10

Vio Gain: +11

3.3V

1 kQ

ANAN——o—]
Vio

1.65V

The LSB of the ADC is 3.3 V/2'2 = 805 pV

The input signal is amplified by -10, and the V|5 by 11

Maximum Vg Maximum offset at Equivalent effective
ADC ADC
TSZ121 5 uV 55 uV /<12 bits\
TS507 100 pV 1.1 mV [ ~11bits |
Y TS512A 500 pV 5.5 mV \ ~9bits |
> /4 TS512 2.5 mV 27.5mV \ ~7 bits /
life.augmented
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AVio/AT and calibration

10 kQ
MA—
Vout = Vin(——=h+Vio(1+-3) (1)
25V 1000 1000
100 Q
MA Vout e —10kQ . AVio 10kQ
Vin T Vout = Vin(— )*(VioxdT(—) )(1+55) @
+ (Vio: x 101)
- 25V
= z
SZ121 . _
v i ~3uV
SV611 -0\ .
125 mV \\ }

Vio @25°C max Avio/At max
‘ ,’ TSZ121 5uVv 30 nV/°C

life.augmented TSV611 4 mV 10 pv/°C




Op Amps: CMRR — Common Mode

Rejection Ratio



{ Common Mode Rejection

s | Common Mode Rejection Ratio

+Vg +Vs
Vn Vi
VOCM
Vv
VP 'VS P _VS
o voeoe (1) (o) oo
L L T
Vocwm Diff 2l Gai Vo
Common Mode Gain = ifferential Gain = v
VP‘VN P- N

Differential Gain

Common Mode Rejection Ratio = )
Common Mode Gain

Essentially CMRR is a measure of the Op-Amp ability to reject the signal which

is common to both inputs
Kys P
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Common Mode Rejection Ratio

Input stage of a CMOS op amp 1SZ121

5
4
VCC &l Z T=125°C|
* ? o S——— Mismatch between two NMOS or
@ S o [1-250] ~— two PMOS is responsible for the
e g - ‘ Vio
. b3 = 2 {1=a0°C ’
Ppair | | ) — _ _
1 oo Diff_Vn ° Neaav » Nolink between the mismatch of
-500 04 08 12 16 20 24 28 32 36 40 44 48 52 56 the NMOS and the mlsmatCh Of
V|n+ . ‘él_‘ Ié’ . V|n- —_  Input Common mode Voltage (V) the PMOS.
_ :Z %ﬁw_ _— «  Each pair will generate its own
| t 3 | I A — ey Vio.
\ % 06 . [T=-40°C]
4 « Diff Vp o So, depending on the common mode
g 00 ,/‘ voltage used in the application, the
0.2 v Voos5V| . . .
2 ol 2 Vio might be different.
£ o /
-0.8
e 1.0
0.0 1.0 20 3.0 4.0 5.0
VC C Input Common Mode Voltage (V)

Lyy TSV611
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Impact of CMRR on battery monitoring

Rf High-side current sensing
1+—
Rg _
CM R Rres= Rf\ \;: vbat Rf\ ,vicm—vcc/2 Rf
4g Vout=0.8-(1+70).Viox 22— (20) + 22 (1420)
With €=0.1% precision resistance Vout = Vout_ideal - k1.ViO + k2'VCMF§F{resist + k3'VCMMF{opamp

and a gain of 1000
The CMRR of the whole schematics is 250250 (108 dB)

0.61V

TSV711

5V
Z Vv

Gain: x1000

Rf=10kQ
: TSV711 Impact on Vout
Example of impact when ]
Common Mode is varying. Vio 0.2V 25%
Veommon mode = (V1 +V2) /2 CMRRres @4.2V (108dB) 16.8mV 2.1%
CMRRop @4.2V (74dB) 340mV 42.5%
‘ ’l CMRRres @2.5V (108dB) 10mV 1.2%
CMRRop @2.5V (74dB) omV 0%
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Impact of CMRR on a battery monitoring

High-side current sensing

1+ Rf
Rf . vbat Rf\ ,vicm—vcc/2 Rf
= =0.8-(1+L 4202 (2L I 145
CMRRes= 48 Vout=0.8-(1+5, ). Viot o (o) 70 o= (147)
With £=0.1% precision resistance Vout = Vot igeal = K1-Vi0 £ Ko.Vomparesist T Ks-Vommropamp

and a gain of 1000
The CMRR of the whole schematics is 250250 (108 dB)

TSZ121 |[°%*Y

10kQ

..... Vv
10Q
<
E | &
o [ee]
T Gain: x1000
: ©
2.5V <4 8 1
o
Rf=10kQ
TSZ121 Impact on Vout
0.2V 25% 0.005V 0.5%
CMRRres @4.2V (108dB) 16.8mV 21% CMRRres @4.2V (108dB) 16.8mV 21%
CMRRop @4.2V (74dB) 340mV 42.5% CMRRop @4.2V (115dB) 3mV 0.4%
CMRRres @2.5V (108dB) 10mV 1.2% CMRRres @2.5V (108dB) 10mV 1.2%
CMRRop @2.5V (74dB) OomV 0% CMRRop @2.5V (115dB) OmV 0%
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V,5, CMF

1=

(Power supply rejection ration)

Input offset PSRR

(Common Mode
rejection ration)

(differential
voltage
amplification)

oVid
oVout

oVid
oViem

We define : Avd = -201og(

), CMRR =-20 log(‘

), SVR = —ZOlog(‘

Input offset drift

oVid
0Vce

ovid
oT

) and DV, :‘




Op Amps: lib — Input bias current
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CMOS

No gate current, only diode leakage

Vce

l $
>
S

£ i
b3
S

: Diff_Vn

» Vin-

: Diff_Vp

Input bias current

BIPOLAR
Current in/out (NPN/PNP) in the base

Vcc .

T
. (Is/2)
Iib =
s lé = Gee )

\

Vin- Vin+

* Input currents are also important sources of error,
especially for high source impedances (>100kQ)



UV sensor application

UV source Index: 4

* Trans-impedance circuit : 1.04V
v
UV radiation
\ l
\ g A

current RIZYTN

UV table translation for the UV sensor and Gain of 10M

Lys
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uvl

uv2

uv3

uv4

UV5

UVve6

uv7

0.26 V

0.52V

0.78V

1.04V

1.3V

1.56V

1.82V




R2

Is the TSZ121 chopper
always a good choice?

Vio vs Rs @25°C

25V

25V 3.00E-04
: CMOS
g
S ° —TSZ121
= \ — TSV
2.00€-04
1.00E-04

CMQOS chopper\

Vio tot = Vio + Rs.In (1)

Rs>22 ()

In+






Op-Amp parameters

e Equivalent input noise voltage (en) : expressed in nV/»/_Hz, it is the internally
generated noise voltage
® Equivalent input noise voltage is bandwidth dependent, and includes the spectral
density component VHz

§1/fnoise
Noise R

nv/ Hz

1/t

\_cormer i white noise i

v
~h

Lys
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Noise sources of a

(a1 g
9 e e <
85] 1kQ resistor noise HZ,L"EQ’ZZTEE ) E‘*
] There are 5 sources of noise
- : Rf %2 S
f MA /31 N i

10 10k

00 1k
Frequency (Hz)

For CMOS input op amps,

100 1k 10k
Frequency (Hz)
%
Resistors Rf & Rg Noiseless input noise current Inn is

generate a white noise J R extremely low (0.5fA/NHz) and

\;Vit:c?ral Censity of- 1 generally does not affect
p y - design

e, =+J4kTR VHz ?

D
o

N
o

kvlq%% 107 JK™ ]% noise (flicker noise)

' g 120 \ Tamb=25°C —
(Boltzmann's constant) o X AT Input noise voltage: enf (f) = |£LUH2 ;1HZ) V/Alhz
T = T(°C)+273.15 S YT
(Temperature in Kelvin) § 60 White noise
57 B ‘“; i en Vhhz

o

100 1k 10k
life.augmented Frequency (Hz)



Contribution of each source of noise

10 kQ

Rf

 TSV731

1.E+03

1.E+02 ‘ Noise voltage contribution to the output BW = 30 kHz
—~ 1.E+01 Noise Source en Vaus
Z | £400 en 5.37 1073
§ 1.E-01 OPAMP
> 1 In -9
E 8.66 10
8 1E02
o
Z 1E-03 Al 2.2 107°

THERMAL 0
e Rg 70.5 1076
1.E-05
10 100 1000 10000 100000
Frequency (Hz)
VoutRms=+/en? + In® + Rf? + Rg*

Lys
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Use-case study: Gas sensor
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(3as sensors

» Unmonitored gas can rapidly become a danger

 In many industries such as refining, mining, and semiconductor industries,
monitoring air quality is mandatory for security reasons.

- Different gas sensor technologies exist.

* The electrochemical sensing technique has the advantage of having a linear output and
operating with a low consumption

« —> it operates on batteries for a long period of time
» Other types of technologies : Metal Oxide Semiconductor, Non Dispersive Infra Red

* Most frequently gases monitored using electrochemical sensors:

~+ Oxygen (0O2), Carbon Monoxide (CO), Hydrogen Sulfide (H2S) and Nitrogen Dioxide (NO2).
1S7]
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What is an electrochemical sensor

» The sensor generates a current flowing from WE to CE
» The current generated by the chemical reactions is proportional to the gas concentration.

| Case of O2 sensor:
@/202 Oxidation on Working Electrode (WE)
CO + H,O — CO, + 2H* + 2e-

2e- Reduction on Counter Electrode (CE)

1/202 + 2H+ + 26' — Hzo
20H-

H,O
Electrolyte 2
V' PoO Reference Electrode (RE)
- 2e- no chemical reaction at the surface,

no current flows.

K,’ Oxygen Sensor Electrochemical carbon monoxide sensor
and glucometer test strip




3 electrode sensors : Potentiostat

Vcc
Vref— + pcontroller >
u2 >, CE STM32 o
U2: Need to Apply voltage (@)
between WE and RE. - ]
No current through RE. /
RE\| .

R
Isense T

U1/U2: Vee
« TSU112, -
- TSU102, Isense R U1
e TSV712 oowi0a [ |+ U1: trans-impedance
Vref2 4 configuration

-Bias the sensor
U2 : RE set to Vref without driving current
‘— -Convert the current into voltage (to drive the ADC)
> /4 U1 : Vout= Vref2 + R;*Isense

life.augmented



Choosing an Op-amp key parameters

« Small currents means CMOS device

- Rail to rail op-amps preferred especially for low voltages
and sensors that require a biasing different than 0V

- Low consumption (battery powered applications)

- Small package

LISYA VAVARS YA V-IA R YA VL

TG
TSU101/TSU102/TSU104 CMOS S S T

Low Power
600nA / channel Rail to Rai

SC70-5/ DFEN8 2x2

7 TSU111/TSU112/TSU114 TSV711/TSV712/TSV714
Y /Ml 900nA/ channel, Vio 150uv max 9uA / channel, Vio 200uV max



2 electrode sensors : Galvanic configuration

- Alternative config: Voltage drop through Load res. and Amplify
* |1to V conversion done by R, (100Q))
< Small signal to amplify ~350uA x 100Q=35mV in air

» Op-amp used in voltage gain need for accuracy

1SZ121

High precision TSZ121
amplifier %

5uV max

30nV/°C max 5
29UA typ ucontroller <DE
|to V STM32

conversion
I*R,

Isense is negative for O, sensor, so Vout positive



47kQ Galvanic sensor - Vio

220Q Vcc O, sensor specification
— N\ - Output Signal | 0.10 + 0.02mA in air
1mVl Recommended Load | 100Q
Isense + 215mYVY lower Resistor
WE
Isense
This sensor we have outputs 90.8uA in air’
G 8 Voltage to amplify : 9.08mV
- S | ucontroller | <
T In air” output voltage should be
CE 9.08mVx(1+47/0.22)=1.95V
N4 (‘air means [02]=20.9%)
Output voltage Vio [02] equivalent
TSZ121 1.95V 5uV max 20.9%
Standard micro-power device 1.74V 1mV 18.6%
(“'"l The input offset voltage can cause a significant offset

e-cugmented (alarm would ring in air for 2nd case device!)



Take away

Ly

l]] I Electrochemical sensors need  !'=.augmented
High performance Opamps

— Different Opamp solutions depending on Sensors &

TSU111
TSU112
TSU114

TSU101
TSU102
TSU104
TSV711
TSV712
TSV714

TSZ121
TSZ122
TSZ124

Application constraints.

m Features (all specifications given at 3.3 V)

Ultra low consumption: 900 nA typ
Low low noise: 3.7 uVpp from 0.1 Hz to 10 Hz
Good precision: 150 yV max

Ultra low consumption: 600 nA typ
Battery life extension

Good compromise between consumption and precision
Icc: 9 pAtyp
Vio: 200 yV max

Excellent precision: Vio 5 pV max
Ultra low noise: 0.8 pVpp from 0.1 Hz to 10 Hz
Ideal for galvanic use

C E S




Electrochemical gas sensor evaluation pack

2 videos released in February 2018

Order code : P-NUCLEO-IKAO2A1

g 2

M Cetting Started with
.7 P-NUCLEO-IKAO2AT

Board

2 x TSU111 nano-power op amps

« STM32 Nucleo pack for

« Are used for signal conditioning electrochemical toxic gas sensing

« Are ideal for electrochemical
sensing thanks to high precision
and low power consumption

Product overview @@
Wireless Home CO detector

Wireless CO detector demo

» Based on TSU111 Op Amps and
S2-LP sub-1GHz RF transceiver
and Figaro TGS5141 CO sensor




ST High-Performance Op-Amp Product Line
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General Purpose Anolog

The best choice for longevity,
robustness and power efficiency

* 40 years experience Ig enelog

« 5 Billion units manufactured per year (100 units/s)

« 5,400 commercial parts

« Worldwide Customer Base

« Large Technology portfolio fom andog to Mixed signal

o High relia bili’ry produc’rs 0.05ppm for Automotive Grade, 1ppm for Standard Grade

ife.augmented



From Standard to High Performance
1980 2019

supply current enhanced by *1400

H input offset enhanced by *1400

DIP8 space SaV|ng 2[r)n|n:"|’!;|m8m*0.55mm 2

lcc (LM358)
1.2mA max @25°C

lcc (TSU101)
850nA max @25°C

Vio (TSZ121)
5uV max @25°C

Vio (LM358)
7mV max @25°C

' 8.8mm*6.4mm*4mm

volume enhanced by *100



High-Performance Op-Amps

Nano Micro Low Zero Drift Precision Energy Fast
Power Power Power (chopper) effective (High speed)

8 5 9
TSVe . TSV TSZ TSV7 TSV TSV
16V TSX6 [ TSX7 ][ TSX5 ][ TSX9 ]

TSB6 TSB7 TSB5 TSB9 *
| e, et

&% AECQ-100 * In development

Lys
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ST Op Amp
el s Mobile product selector

among our

Op amps
Comparators
Current sensing

Discover the
latest news

And share
product
information
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1SZ121 versus OPA333

K’I life.augmented ﬂ, TE’XAS INSTRUMENTS

® )

@mO .. # N .1 61% @ 00:27 \

¢ OPA333 B A

Cross-reference

Part name Vendor Vecemin (V) Veccmax(V) Icctyp(pA) Viomax(mV) GBW (MHz)

proposed by ST : I
Op amp mobile —
application I Tsm

Parameters in
green are better
or equivalent

Lys
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Thank You

Visit www.st.com/opamp
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