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Detailed agenda

Introduce debug problem

Op-amp stability review

— Poles & zeros

— Capacitive loading

— Loop gain, Aol, 1/ and rate of closure
* Op-amp output impedance
— Zo vs Zout

— “Trust but verify” series
— Interaction with reactive loads and impact on Aol

 Real world applications and commonly encountered issues
— TLVO7 vs. OPO7
— Driving an ADC
— Using different op-amp topologies
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Debug Problem
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TLVOY7 versus OP0O/C

Specification Comparison

Parameter
Supply Voltage Range \% 6 to 36 2.7to 36
GBW MHz MHz (Typ) 0.6 1
Slew Rate V/us (typ) 0.3 0.4
Rail-to-Rail - Out
Vos MV (Max) - 100
Vos MV (Typ) 60 50
Offset Drift uVv/°C (Typ) 0.5 0.9
Input Bias Current nA (Typ) 1.8 0.04
Vn @ 1kHz nVINHz (Typ) 9.8 19
Quiescent Current mA (Typ, Max) 24,5 0.95,1.8
CMRR dB (typ) dB (Typ) 120 120
Architecture Bipolar CMOS
Operating Temperature Range °C Oto 70 -40 to 125
Package Group SOIC, PDIP, SO-8 SOIC
Price (1ku) UsD ($) 0.23 0.35
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20nF Cap Load on OPO7

R1 10k
AAN
+
= ZL\is
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IG1

TLVO7: Upgrade or downgrade? _L
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TINA-TI Simulator

» All of the simulations in these slides are done with TINA-TI

* Free Download: http://www.ti.com/tool/TINA-TI

» Design files are embedded in this presentation
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Op amp stability review
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Bode

plots: Pole
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Pole Location = f, (Cutoff Freq)

Magnitude (f < fp) = G4, (e.g. 100dB)
Magnitude (f = f;) = -3dB
Magnitude (f > f;) = -20dB/Decade

Phase (f =fp) =-45°

Phase (0.1f, < f < 10f;) = -45°/Decade
Phase (f > 10fp) = -90°

Phase (f < 0.1f;) = 0°

Wip TEXAS INSTRUMENTS



Bode plots: Zero
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Zero Location = f,

Magnitude (f < f,) = 0dB
Magnitude (f =f,) = +3dB
Magnitude (f > f,) = +20dB/Decade

Phase (f =f,) = +45°

Phase (0.1f, < f < 10f,) = +45°/Decade
Phase (f > 10f,) = +90°

Phase (f < 0.1f,) = 0°
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Capacitor: Intuitive model

DC X,
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Inductor: Intuitive model

DC X,

QMO

SHORT

DC < X, < Hi-f

OMO
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frequency
controlled
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Capacitor and inductor: Impedance vs frequency

Impedance (ohms)

Low frequency=
High Impedance

7-N

Low frequency=
Low Impedance

Capacitor and Inductor
Impedance vs Frequency
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Op amp: Open loop model

IN+>

IN->

Open-Loop Gain

OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY
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Op amp: Closed loop mode

Vin—= Aol Vout
Vfb
=
Aol 1M
-1 +
X
ok )
- Vout

VG1

A, = Open loop Gain

B = Feedback Fact Vi R
= Feedback Factor = =
Vout R1 + Rf
A, = Closed Loop Gain = _Bol
1+ A,
A, B = Loop Gain
A, 1 R,
A, = Ilim (—O )=—=1+—
T aase \T+AqB) B R,
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When is an amplifier unstable?

AoL
A —
L1+ A0B

Ao B = -1 when the phase

« Acircuit is unstable when A, B = -1 at Vg has shifted 180°
* Ag. B = -1 sets the denominator of Ay =0 relative to Vin
* Ay B =-1when A, B(dB) = 0dB and /
phase shift(Ay B) = 180° R1 10k Rf 90K
* Phase shift is relative to the DC phase L +V

Phase Margin (PM) - +
How close the system is to a 180° phase shift in A5, B Vin

 PM = Phase(Ay B) when Gain(Ay ) = 0dB

« Ex: 10° phase margin = 170° phase shift in Ay B

VO uT

——(
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Loop gain magnitude: Ay B

Gain (dB)

Gain (dB)
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40_— Vin N

1B 95
204 «— 1 Vour Rf

] == =—+1=10V/V

0 ! B Ve Ry /
1
1 10 100 1k 10k 100k 1 10M _ _
Frequency () ’:” 5 (dB) = 20l0g(10) = 20dB
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60 A B ! 201log(ApLB) = 201log(AgL) — 2010g< >
40 OL i 1
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- U‘E ______________________ ! Note: AOLB(dB) = 0dB when

E 1
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1
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17

Wip TEXAS INSTRUMENTS



Loop gain phase: phase(Ag, B)

Vee
R110k [ C  Rf90k
= (ﬂ 1nF ny
E Il
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@ ——(
Q)] +
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Phase(A . 1
135 oo 5 Clintroduces a zeroin 3
o sl S — L/
S| 907 ' B Z
— Phase(1/B)
2 45 |
a:“_’ : At DC the capacitor is open, so gain =
0 ' | i ' | 10V/V. At high frequency the capacitor
180 Phase(AciB) causes Z, to decrease, so gain
90 ] i Phase Margin = 8° increases by +20dB/decade
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Phase margin

Gain (dB)

Phase [deq]

/

120+,
1001

07 1/B

—h

| Loop Gain Phase
Phase(AoLB)

1 10 100 1k 10K 100k 1M 10M
Frequency (Hz)

Phase Margin = 8°
Loop Gain Phase @ f.

Ssssssssssssssesssss

Rule of thumb:
Phase margin > 45° is required for optimal stability!
Phase margin < 45° is considered “marginally stable.”

This does not ensure a robust design over process variation 19
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Rate of closure: Unstable example

Ves
R110k [% Rf90k

C1 1nF +\ 1 V f
| == OUT=1o<—+1>
- : Vour B Ves fc
. 5 g 1/B(dB) = 20dB at DC, then

v increases by +20dB/decade after
= the zero frequency

Rule of thumb: Rate of closure = 20dB is required for optimal stability!

Rate of Closure =

Slope(Aqy) — Slope <%>‘

Rate of Closure = |—-20dB — (+20dB)| = 40dB

Slope(1/B) =
+20dB/decade

Gain (dB)

Slope(AOL)=

-20dB/decade Unstable because rate of closure > 20dB!

— ] — — 1 ] —
7 10 100 1k 10k 100k M 10M
Frequency (Hz)
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Rate of closure: Stable example

VEs
R110k [~ Rf90k

T Ay 1_Vour _R

F
- - +1=10V/V
i} Vour B Vs Ry

B(dB) = 20log(10) = 20dB

Rule of thumb: Rate of closure = 20dB is required for optimal stability!

120~
1 1
1004 Slope(AOL)=-20dB/decade Rate of Closure = |[Slope(Aq.) — Slope <E>‘
— 80
z 60 Rate of Closure = |—20dB — 0dB| = 20dB
&
40 = |
| Slope(1/B) = 0dB/decade i Stable because rate of closure = 20dB!
20
] fe
0 L AL L B L B L L DL L L R
1 10 100 1k 10k 100k 1M 10M

Frequency (Hz)
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Rate of closure (ROC) and phase margin

Gain (dB)
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Why do capacitive loads cause instability?

10m

w Vin o ‘
k Vout 3
— -10m-
\S
_|_
+ ( ] \M""
vin(¥) v C — Vout o

= -22m

I L
100u 175u 250u

Time (s)
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Simulating the effects of output capacitance
Run open-loop analysis on buffer circuit with capacitive load

<

801 LOADED
vz 1s %_ 6‘0— POIe
_ £ 401 /
Vfb 3 - o 201 1/

< C11T o
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=
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Capacitive loads: Stability theory

Vfb
“

N Ro 100
Aol C_/D i V((')A‘OL_LOADED)

— _ClLoad 10n

a

(AO L_LOADED)

CLoad 10n
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Capacitive loads: Pole in Aol

0

' A, Pole
. Ro 100 20
Vin @ _{VO .

Gain (dB)

CLoad 10n

A
o

o

A
o

Phase [deg]

[(]
(@)

Of---- cccesdecccccccccage
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Frequency (Hz)

1

1+ s#*Ro*Cpoap
1
Pole Equation:  froLe = 5o pone——

Transfer Function: E(s) =
Vin
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Capacitive loads: Loaded Aol

Ao (from data sheet) Ay, Load

Gain (dB)
5
Gain (dB)

5
X
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N
Q
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90 |

e \
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12017
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Loaded A, = -40

1357

Phase [de
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There are only 2 things you need in an op amp
macromodel to analyze stability problems:

AO|

(AC open loop gain)

/0

(AC open loop output impedance)

28
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Op amp output impedance

Open loop (Zp)
&
Closed loop (Z51)
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Op amp impedance: Output resistance

Definition of Terms:

Ro = Op Amp Open Loop Output Resistance

Rout = Op Amp Closed Loop Output Resistance

R:

R

Ro
-IN

N Vre

VOUT

il

+IN

) xAol + Vv
Rpirr Ve ©
+ ——
Op Amp Model

Rour = Ro / (1+A0lB)

From: Frederiksen, Thomas M. Intuitive Operational Amplifiers.
McGraw-Hill Book Company. New York. Revised Edition. 1988.

I
I
I
I
I
I
I
I
Rout = Vout/lout
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Op amp Impedance: Derivation of Rqt

—

B =Ves! Vour= [Vour (Ri/{Re + RDINVour = R/ (Re + R))
Rour = Vour/ lout
Vg = -V Aol
Ve = Vour [Ri/ (Rg + R))]
Vour = Vo * loutRo
Vour = -VeAol + 15,1Ry Substitute 3) into 5) for V,
Vour = -Vour [R/(Re + R))] Aol+ IR Substitute 4) into 6) for Vi
Vour + Vour [R/(Rg + R)] Aol = 15,1Ro Rearrange 7) to get V1 terms on left
Vour = loutRo / {1+[R,A0l/(R:+R))]} Divide in 8) to get V1 on left
Rout = Vout/lour =l loutRo / {1+[RACI/ (Re+R)T} ] / loyr
= Divide both sides of 9) by I to get Ryt [from 2)] on left
11.  Rgyur = Ro/ (1+A0IB) Substitute 1) into 10)

> Royr =R/ (1+A0IB) <

© o N o 01 BRI

=
=

31
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Op amp impedance: Ry 1 VS Rg

= R, does NOT change when closed loop feedback is used
O It does change with output current

" Rout IS the effect of Ry, Aol, and B controlling Vg,

[ Closed Loop feedback (B) forces V to increase or decrease as
needed to accommodate V loading

 Closed Loop (B) increase or decrease in V appears at Vg, as a
reduction in R,

4 Ryt increases as Loop Gain (Aolf) decreases

Wip TEXAS INSTRUMENTS
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Op amp impedance: When Ry Is really Z,!

OPAG27 has Ry OPA2376 has Z,
- OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY OPEN-LOOP OUTPUT RESISTANCE vs FREQUENCY
1k —FH—F—++% ——F—FH—+—
= = Capacitive Inductive
<) % 100 4 e
[0 o0 N, v 4
§ 60 g < 2 e
3 A = 10 N )
S 40 5 = 400pA Load A7
% a R | ] //
3 Resistive 8 3 i 2mAil o
20 g = i
0 0.1 el
2 20 200 2k 20k 200k 2M 20M 10 100 1k 10k 100k i 10M

Frequency (Hz) Frequency (Hz)

Note: Some op amps have Z, characteristics other than pure
resistance — consult data sheet / manufacturer
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Amplifiers with reactive Zo: Zero drift

OPA388 | OPA333/0 | OPA188/0/9 | OPA334/5 | OPA2187 | OPA378 | LMP2021 | LMP2011

Overview

» Zero-drift (chopper stabilized or auto-zero) operational
amplifiers continuously correct for error to achieve the lowest

possible input offset voltage and drift, as well as minimized

low-frequency noise.

» This circuitry also ensures excellent DC specifications (AOL,

CMRR, and PSRR), allowing better performance in harsh

environments.

Low-noise
Charge-pump

Zero-drift topology in OPA388

+IN I
-
-n [
I GM1

| our

Problems solved

Amplifiers (%)

= = NN WoW
oo o oo oo

Input Offset VVoltage Drift (upV/°C)

Ultra-low
temperature drift
(-40°C to +125°C)

Minimized low- _

frequency noise

(nVIVHz)

Noise Spectral Density

\

Volta

1000

-
[=]
o

-
o

-

Device Example:

Specifications

Zero-Drift Non-Zero-
OPA388 Drift Amp

V, V
s (,*\’,l ) 0.25,5 | 200, 1000
Ll | yp, Max)
’ H o
Vos ANt (WVFC) 15 508 0.08| 0.3, 1.5
S (Typ, Max) . I e
1 10 100 1k 10k 100k 0.1Hz ¥ 10Hz voltage 0.14 2.5
Frequency (Hz) noise (IJ'VN")

Tl TechNotes é?:/ Zero-Drift Amplifiers: Features and Benefits” | |T #: sboal82

Wip TEXAS INSTRUMENTS
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Amplifiers with reactive Zo: Multi-stage feedback
OPA376 | OPA209 | OPA211 | OPA140 | TLVO7 | OPA277 | LPV811

Overview

+ Some Op amps use multiple gain stages to achieve the
desired open loop gain.

« This is especially useful in low voltage rail-to-rail applications Compensation
i ) capacitors
that want to avoid cascoded input stages. \ -
» This requires compensation between stages for overall loop ] N k/ ‘l’
stability. e T

Advantages * % > > = o

* Many bipolar devices use this architecture to improve the

output swing to the rail, because wider swing requires >

additional base current.

» Using a three-stage architecture allows for optimized distortion

performance.
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com

Impedance (ohms)

Cl1TF

L11TH
NV

V225V

.||;I:

£

Vout
{

- 1
[ Ul OPA2376
5|+
=V/125V

[

IG1 0

1.00k

100.00

10.00

1.00

100.00mM ———rrrrm

Simulation

400uA Load

10

T
1k 10k
Frequency (Hz)

VS

nlex Zo: Accurate models are key!

Z, SPICE Test of Op Amp Macromodel:
1. Run SPICE AC Analysis

1. IG1lis an AC Current Generator

2. 1G1 DC Value=0A for unloaded Z,
2. Zo=Vour
3. Convert Vgt (dB) to V1 (Logarithmic)
4. Zg,r (0hms)=Vy, (Logarithmic)

Datasheet Curves

1k
Y
o Lt
£ 100 e |
§ \\;\ o
pe N i
2 10 = =
= SS= 400uA Load HZHZ
a ~ dil -
8 L 2mA Load
= 1
-
2
o OPA2376

0.1

10 100 1k 10k 100k M 10M

Frequency (Hz) 36
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Some data sheets specify Z5,+ NOT Z,

Recognize Ry 7 instead of Ry:
* Rgyr inversely proportional to Aol
R 1
Q Royr = ﬁ,where Rour & —
»  Rgy typically <100Q at high frequency

This is really OUTPUT IMPEDANCE

VS
Z or Ry !
ouT out FREQUENCY
1000
— Vpp=5Vand 12V TLCO82 § 4
o 100 | TA=25°C |
|
a [ 111
(&)
= .
= 10 ==
a2 A 100 2 =#
E
=
—g' 1 3 =75
(=] Aoy =10
|LLLL
ool Aay=1 =
0.01
100 1k 10k 100k 1M 10M

f— Frequency — Hz

Ayp - Different ¥ltage Gain - dB

DIFFERENTIAL VOLTAGE GAIN AND

PHASE
vs
FREQUENCY
80 N T 0
70 {3 TLCO82
r 2 !
60 ’Gam 45
N
40 Phase 90 -
T = 1
I ‘\\\ @
30 &
N ™ =
20 ™ N 135 %
10 i \’. 1
ol VDD 46V | -180
RL = JO kQ N
-0~ CL=dpF R -
=25°( I N
-20 ¥ -225
1k 10k 100k 1M 10M  100M

f—F —H
requency Z 37
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Some data sheets specify Zo5,+ NOT Z,

Calculating Ry From Rg¢

Computing Ry from Ry where g = 1(0dB):

Rout=100Q for A,=1, f=10MHz, AolB=1(0dB)

R Ro
OUT ™ 1 + Aolp
Ro
100Q) = - Rp = 2000
1+1
Rour (Ay=1) [Rgyr (Ay=1)

Point frequency Aol Datasheet Computed
---------- (Hz) (dB) (ohms) (ohms)
1 10M 0 100 100

2 100k 40 2 2

3 10k 60 0.2 0.2

OUTPUT IMPEDANCE

Vs
FREQUENCY
1000 r—— T a
— Vpp=5WVand 12V TLCO082 1
o 100 b TA=25°C 4
|
@
(%]
=
5 10 ==2
2 Ay = 100 = 2 =
E |
b=
= 1 =
3 L Ay =10
[ LLLLIL
N o100 Ay=1 =
0.01 !
100 1K 100k 1M 10M

f— Frequency — Hz
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Op amp model: Open loop gain

STEP 1 STEP 2 STEP 3

Test Circuit for Aol Simulated results Data Sheet Specification
140, OPEN-LOOP GAIN/PHASE vs FREQUENCY
?Il o Liar o] < DC Gain = 130dB 160 T T °
120 22,
X ] Rl == i DC|@ajn|=130d8 Gy = 50pF | =20
VG1 100 120 N -40
] IS
1 g 80 = 100 S Y Phase 60
U1l OPA320 v = 604 UGBW = 80 | i N -80
& 8 . & 60 SN N ~100
- s 2.500037V e Ao Gain 0 BN 120
= Vi = 20 Gain N
I Vin 2.5 vdd SI ) [——) ] —) 20 1l P \ -140
/ 0 0 135°at UGBW ~160
= T Userest = 20 a0 A 180
condition Test dc 180— 1 10 100 1:: 10k 100k 1M 170 100M
loading operating requency (Hz)
point ] 46.8° at UGBW UGBW
135 180°- 45.8° = 133.2° 20MHz
1. Test dc operating point to assure s oo K . Ulati
that circuit is correctly wired 2 Ao, Phase Comlpare dey p°l'1“t5 on simulation
2. Run ac simulation for Ao, curve a5 results to data sheet curve.
AoL = Vout ]
0 T T T T T T T |
1 10 100 1k 10k 100k 1MEG 10MEG100M DMEG
Frequency (Hz)

(o) @sBUd

Aol = -1*V,; for same phase in datasheet
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Op amp model: Open loop output impedance

STEP 1
Test Circuit for Aol

Vout

1. Test dc operating point to assure
that circuit is correctly wired

2. Run ac simulation for Z, curve.
Z,=\Vout.

STEP 2

Resistance (Ohms)
2

10

1k

M

Simulated results

Compare key points to

/ data sheet \

_/

Set axis to logarithmic
Change axis title to Resistance (Ohms)

10

100

T
1k 10k 100k 1MEG 10MEG100MEG
Frequency (Hz)

STEP 3

Impedance (€2)

OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY

1000

100

Data Sheet Specification

Vg = 2,75V

1k 10k 100k 1M 10M 100M
Frequency (Hz)
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Op amp model: Closed loop output impedance

Test Circuit for Zout Simulated results Data Sheet Specification
100?
10
Set axis to
~ Vout g 14 logarithmic g
it c f Compare key g
Ul LMV844 8 100m— Gain=1 points to data ®
+ lIGl 3 sheet
=\V225 — ] —
I +5V 10m+
- B 1 E D.0011(10 1k 10k 100k ™ 10M
H H M
1. Test dc operating point to assure 100 1k 10k 100k 1M 10M EREQUENGY (H2)
that circuit is correctly wired Frequency (Hz) Figure 33. Closed-Loop Output Impedance vs Frequency
2. Run ac simulation for Z,,; curve.
Zout= Vout.
3. Change the vertical axis to
logarithmic scale
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Summary: Overview
Op Amp Output Impedance

1) Before any stability analysis is done check the SPICE op amp macromodel for
proper Aol.

2) Before any stability analysis is done check the SPICE op amp macromodel for
proper Z, (open loop output impedance).

2) Newer Tl op amp datasheets give a Z, curve. Test in SPICE for Z5 and compare.

3) Older Tl and competitor op amps usually have a Z,; (closed loop impedance)
curve. Test for Zg 1. If Z5r @and Aol are correct then so is Z,.
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TLVOY7 versus OP0O/C

Specification Comparison

Parameter
Supply Voltage Range \% 6 to 36 2.7to 36
GBW MHz MHz (Typ) 0.6 1
Slew Rate V/us (typ) 0.3 0.4
Rail-to-Rail - Out
Vos MV (Max) - 100
Vos MV (Typ) 60 50
Offset Drift uVv/°C (Typ) 0.5 0.9
Input Bias Current nA (Typ) 1.8 0.04
Vn @ 1kHz nVINHz (Typ) 9.8 19
Quiescent Current mA (Typ, Max) 24,5 0.95,1.8
CMRR dB (typ) dB (Typ) 120 120
Architecture Bipolar CMOS
Operating Temperature Range °C Oto 70 -40 to 125
Package Group SOIC, PDIP, SO-8 SOIC
Price (1ku) UsD ($) 0.23 0.35
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1.00m

OPO7: 20nF cap load o

-1.00m -

R1 10k -4.95 —

AN

Voa
-
= ZL\is
-5.05 ‘ ‘
0.00 1.00m 2.00m 3.00m
Ti
R2 10k q Ul OPO7 o ime (s)
AN - :
> . cha
+ P s 161
= Vref 5 = 3V
* 8 _—
=V115 -1.00m -
- l l IG1 -4.95—
1 |
) = —|T— Voa ] J\f
-5.04 ‘ ‘ w I |
1.40m 1.45m 1.50m 1.55m 1.60m
Time (s)
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1.00m

TLVO7: 20nF cap load |

-1.00m -
-48.63m — \

AN
Voa

LI
= -9.54
0.00 1.00m 2.00m
Time (s)

- V2 15
R2 10k
- : Voa 1.00m
l Ul TLVO7 ) (
T N N z p— | el
e ” -1.00m — i
VARV
1.60m

1 L
T I L1

-9.54
E R o P 1-55m

Oscillation at 25.97kHz! |
.40m 1.45m -F,r;;(ls)

3.00m

e
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o
I
.||_—-|
o
I
Phase [deg]

o
|

TLVO7: Loop stability
60
R1 10k C21T _ ]
b AAA ll ll g 20-
Beta £
o 07 !
- VG1 % o
Ll 35 T ™ i
- -60 T — T R R e
R2 10k 100.00 1‘.00k 1b.00k i 1‘00.00k 1‘.00M
AN - Frequency (Hz) !
Ul TLVO7 - % i
. — S :
—= - Voa < ] !
=Vref 5 . e N A B :
=V115 °T 45 |

Voa = Aol
Voa/3 = Aol

Phase Margin = -19° at 75kHz

-45

L A T T T
100.00 1.00k 10.00k 100.00k 1.00M

Frequency (Hz)
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TLVO7 vs OPO7: Output impedance (Zo)

OPO7

— +

OPO7 Zo.TSC

= Vcc 15

C31T L1 1T

| | AN,
L [

L Vee 15

I'h
.
- Voa
e

TCA) IG1

Zo(dB) = Voa(dl_3)

Zo(ohms) = Voa(Logarithmic)

TLVO7/

C31T
||

L11T

DY,

r

TLVO7 Zo.TSC

Vee 15

=

r

+

= Vcc 15

TCA) IG1

= | Zo(dB) = Voa(dB)
Zo(ohms) = Voa(Logarithmic)
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TLVO7 vs OPO7 Zo

Impedance (Ohms)

10k

=
=~

=
o
o

[ERY
o

| TLVO7 Zo
E —
] OPO7 Zo /
T T ||||||| T T ||||||| T T ||||||| T T ||||||| T T ||||||| T T ||||||| T T |||||||
1 10 100 1k 10Kk 100k 1M 10M

Frequency (Hz)

Wip TEXAS INSTRUMENTS
48



Capacitive loads — Stability theory

Ro 100
¥ (AoL_LoapED)
Aol ('/3 —Vo

— _ClLoad 10n

A

(AO L_LOADED)

CLoad 10n
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Is It really output impedance?

1.0M

100.0k -

=

o

o

=
|

20nF Cap

1.0k~

Impedance (Ohms)

TLVO7 Zo

|

= o

o &

o o
| I

23.2kHz \

10.0 100.0 1.0k 10.0k 100.0k 1.0M
Frequency (Hz)

=
o
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Looking at Aol vs. looking at output impedance

O Output impedance isn'’t resistive so it's not straightforward to understand how to

comp the op amp!

O Most stability problems can be solved by manipulating the feedback IF the

output impedance is resistive.

O With a complex output impedance there is potential for complex conjugate

poles in Aol, and manipulating the feedback will never fix this resonance!
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How do we fix it?

A

= =V215
Rin 10k
- Riso 244 Vout
Ul TLVO7 A (
+
Vin L
- +
é =V115
100m
Vin
-100m -
150m —
Voa 1
-150m ; ‘ ; ‘
0 im 2m
Time (s)

Rfb 10k
A

Cx3.3n
||

[l

L1

=V215
Rin 10k
- Riso 244 Vout
Ul TLVO7 AN
+
vin —r * == CL20n
L TVl 15
100m
Vin
-100m—
150m —
Vout 1
-150m ; ‘ : :
0 im 2m
Time (s)

Vin

Vout

C Rfb 10k
4%,
N
- =V215
Rin 10k
AN = Ro 2k Vout
Ul TLVO7 AN
o =
£ Vi L S S
: & o
1 =vi1s & I
- I o
Y
N -
o -
100m
-100m -~ J
155m — n r p
-155m i \V i T i 1
0 im 2m 3m
Time (s)
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Compensation schemes: check for footprints

Cf Comp

e

Y  Noise Gain
Comp

3

L%

Riso Comp

e

Output Pin § _

-----------------------------------------
.* ‘e
. .
. .

* An op-amp driving
a cap load almost
always requires
compensation!

* (Good design
practice will leave
space for these
components!

. .
. .*
-----------------------------------------
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Summary

1)

2)

3)

4)

OPO07 Zo (open loop output impedance) is predominantly resistive within the
unity gain bandwidth of the op amp.

TLVO7 Zo (open loop output impedance) is predominantly inductive over four
decades of its the unity gain bandwidth.

Any design replacing OP07 with TLVO7 should be verified for stability!
Problem: Most designers with DC voltage circuits don’t think to test for stability,

but a disturbance on any pin could potentially cause erratic behavior and lead to
invalid readings or system shutdown.
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Output impedance and driving
converters
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ADS8363

1 MSPS | 16-bit | 4x2/2x2 Simultaneous Sampling ADC

* Dual, 4-Ch pseudo-differential or 2-Ch * Input muxes and dual programmable internal
differential configurable inputs coupled with a reference enable input range scaling and
dual 2.5V programmable reference monitoring up to 8 different signals

» Allows resolution flexibility without board or

« Dual ADCs with true 16-bit Performance _
control software redesign

o NMC @ 93dB SNR (typ)

AVDD DvVDD

Input SAR ADC |—»] l
Mo E
b r Y

» Integrated Industrial Solution AT PIOHAS
o 4 deep per-channel FIFO GHAOPICHAT

CHAON/CHAD © CLCJCK

o Auto-scan Mode CMA < e (seral | L gusy
1 1 REF2 and 2?
Applications goaer. = | " [ Goon

Input < SAR ADC

SDOB

v

CHBOP/CHE1 ¢

M

* Motor control CHBON/CHBO
« Power quality measurement . onurai [ U

. » CONWVST
* Protection relays EFIO

* Industrial automation

RGMND AGND DGND
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ADC input drive design

MIN MAX UNIT PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
toata Data throughput, fc x = max 1 us ANALOG INPUT
teony Conversion time I ::'If;:)s: :;’:: 17; tou FSR Full-scale input range {CHbap — CHN) or G fo “Veer WVegr|
taca Acquisition time 100 ns Vin Absolute input voltage CHxxx to AGND -0.1 AVDD + 0.1 '
| Half-clock mode 05 20 Cin Input capacitance CHxxx to AGND 45 pF
fou CLOCK frequency | Full-clock mode 1 | M=
Select Type
i Single Ended #1
Resolution Gsh
AVDD [ a5 E
16 3 +5V
l:‘SEFK l:‘SW R
100Q  100Q Full Scale Range Acquisition Time Rfilt
CHxx+ O MM —M—" : v s AW < Vsh
R O—J Cs 433 41000 J_ J_ I
5pF AV?D 40pF " Chis
R R { ] ) ) —
Cpar % AGND . SER Sw Cq Rfilt Min Cfilt Vin I :[:
= 5pF 1002 100Q2 40pF —_— 1 1 1
CHoox O MA—MA—" |33 Ohm 910 F Il : - =
% Rfilt Max ——
ona
¢ |26 ohm b
AGND : :
Gain Bandwidth Single Ended #1: No Ground Sense (Negative Input)
Figure 28. Equivalent Analog Input Circuit [54.4m Hz
Max Error Target
|25.18u % . .
http://www.ti.com/tool/ANALOG-ENGINEER-CALC

OK
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OPAS835 uitra-Low Power, 56MHz, RRO, Negative Rail In, VFB

{F Features
+ Single/Dual Channel Options Channels | Packages Body Size
 Ultra-Low Power: '

« 250pA/ch, Power-Down: <1pA - 6-pinSOT-23 | 29mmx 1.6 mm
 Ultra Low Distortion: 0.00003% 10-pin QFN 2.0 mm x 2.0 mm

* Bandwidth: = 56MHz G = 1V/V
« Input Voltage Noise: 9.3nV/VHz
* RRO - Rail-to-Rail Output
* +2.5to +5V Single Supply
* -40°C to 125°C Operating Temp

@~ Applications
e Low Power Signal Conditioning
e Low Power SAR and A~ ADC Driver
e Portable Audio Systems
e Ultrasonic Flow Meter

%5 Tools & Resources

» Device Product Overview: LINK

* Device Evaluation Board (EVM): LINK

» Support: LINK
- Reference Design: LINK TIDéSigns

~y-
TIEE™
Community

» Flexible supply for power sensitive applications

» Exceptional performance at very low power

* Increased dynamic range / sensitivity

» Low signal distortion

» Larger outputs in low voltage applications

 Integrated gain setting resistors enables smallest PCB
footprint

27V
VSIG VsIG
0V =geeefeesi- 135 Vegaaafaaale
5V 25V
VIN © 100

4in VDD REF|
ADS 8326

Tl Confidential - NDA Restrictions % TEXAS INSTRUMENTS
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OPAB835: ADC drive

X 3;,\/{‘0 ‘ AinL;Z QDSSCSGSIN Vdiff
i UL OPA835 Li ,C\b)Vdiff ADS8363 IN '954'1?4%:
= i V155 I f v Verror TM'\I_\ W_‘ nv n |
! £V4e::;0497 506 \ ! ‘ ] ’ f “H ] ‘] m 1 ] ’] “ '
voa i !1 | M \ "‘i I 11! Ml‘\ il ﬂ ) Hin \! M 'H' Il !n
. 55,0 | .IV ‘l!‘ ‘\\I‘ 1’ .1' ‘h N‘ | .lf il ! ‘M‘ | \' ‘luf N‘ I\ ‘M‘ M' .u' I .\n\' .l! ‘W |
0.00 T szfglzs) 500u
“TI Op-amp is too noisy!” % . _

‘ User usually read ADC
“Offset is out of spec!” ~~ codes and don’t observe
this directly!

Me
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OPAB835: Zo and load impedance

C31T

L11T

NN

| |
[l

-E

+

ZM1

Rl

Vcc 2.5 —
\:f FPD
|~

:e_lee 2.5

uloPAsls L VoA

‘[CA IG1

Zo(dB) = Voa(dB)
Zo(ohms) = Voa(Logarithmic)

R1 10

Ik
Cl1in

Impedance (ohms)
S
o

OPA835 Zo

| Zo and load resonance ~10MHz |

100k M 10M 100M
Frequency (Hz)
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Open loop output impedance: Can | change it?

Re

MV

Ro

— W

xAol *

Roirr Ve N () Vo

+ i

+IN
Op Amp Model

Rout = Vout/lour
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OPAB835 Zo and load impedance: Compensated

C31T L11T

| AN, 10.00k—E
L[l[l—_l ]
i Vvcc 2.5 = 1.00k —
| U1 oPagss T Ve i
;S Fpo Ro 75 % - /
+ £ 100.00 =
‘5 -
= ICA IG1 © ] \
ee 2.5 i Fixed 75W OPA835 Zo |
= 10.00—
Zo(dB) = Voa(dB) ] 10W
Zo(ohms) = Voa(Logarithmic) ]
Rllo 1.00 T T IIIIII| T T IIIIII| T T IIIIII|
100k 1M 10M 100M
S F H
- T 5 | requenc;I/( z)- |
T 0 No resonance! Does this mean the circuit is stable???

Not necessarily...
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Loaded Aol:

With and without RO

V333

g —

120 T—
AolB T~
100-] TN
: ™~
R3 10 80

60—

= ]

o £ 404
o 5
20—

Gain (dB)

Beta

V33.3

g —

L 10 100

120

100

1k

Phase margin: -29.
at frequency (Hz):

26
17.58M

10k 100k 1
Frequency (Hz)

M 10M 100M

Beta

L 10 100

1k

Phase margin: 23.11
at frequency (Hz): 7

.98M

10k 100k 1M 10M 100M

Frequency (Hz)
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Another perspective: Zout and load impedance

10k =

Impedance (ohms)

100m

1k =
100

104

[10nF

| Modified OPA835 Zout |

i .

: 10w
Resonance with Zout

100k

II| I I IIIIII| I I T IIIII|
M 10M 100M

Frequency (Hz)
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Final solution

Voa
—
U2 ADS8363 IN
R3 30 /
AN * AnP .
- - %9
=V23.3 - _
T Ul OPAS835 s C\bZleff ADS8363 IN
1T ~ “NAINN Vesh
= — i
O

= = V155 . |

e = — Vref 1.65
| Verror

- 1+

= V4 1.650497

T
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Final solution

1.00
Tacq i
0.00

1.65

Vdiff

1.57

Tacq A:(1.25u; 980.515151m)
Vdiff  A(1.25u; 1.650503)
Verror A:(1.25u; 11.116704u)
Voa A:(1.25u; 3.300487)

—

3.32

0.00
Verror ?
-1.65

A

325
0.00

| 1|.00u | | 2.0t‘)u‘
Time (s)

Target error: 25.81uV

Actual error: 11.11uV

3.00u
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What iIs the tradeoff?

Select Type
1 Single Ended #1
Resolution Csh

To  F
416 45p +5V

Full Scale Range Acquisition Time
) [
433 4 1000 s

Vsh Vdiff

Tacq A:(1.25u; 980.515151m)
Vdiff  A:(1.25u; 1.650503)
Verror A:(1.25u; 11.116704u)

Rfilt Min Cfilt Vin ; }/ '_

133 ohm  910p F = = - Voa A:(1.25u; 3.300487)
= Verror

Rfilt Max

o 15
Gain Bandwidth 430p F Single Ended #1: No Ground Sense (Negative Input) 332

54.4M Hz Cmax
13n F
325 ‘ T T T |

Max Error Target

5180 v http://www.ti.com/tool/ANALOG-ENGINEER- 0.00 1.00u 2.00u 3.00u
CALC Time (3)
o [ Acquisition time = 250ns

U Load transient response time depends on Zout, which depends on Zo, Aol, and 1/3
0 Compensation usually sacrifices loop gain, which effectively increases Zout!

Zout = Zo / (1+A0IB)
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Compensation schemes: Revisited

Cf Comp
s T e— . I—
Rg Rf
| VW | iy Better to have a footprint
l L WS and not need it...
Output Impedance
Comp Riso Comp

A A
~ Noise Gain |
Comp

? Output Pin § .
?’ comp  [OID — c
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Choosing the right Op Amp
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Bipolar, CMOS, JFET:

Op Amp input device structures

C

|-

Ib
—>
b Vce
+
Vbe ile
-0 _
NPN Bipolar

d
? +
Id
— Vds
4
g o
+
Vgs
- O -

S

N-Channel CMOS

Vgs

S

N-Channel JFET

1)
2)
3)
4)
5)
6)

Current Controlled Device

“Current Controlled Current Source”
Ic = Ib *hfe

Ib = OA turns bipolar off

Baseis op amp +/- input

Highest Op Amp input current

1)
2)
3)
4)
5)
6)

Voltage Controlled Device
“Voltage Controlled Resistor”
Vgs > 2V controls Rds_on
Vgs=0V turns MOSFET off

Gate is op amp +/- input

Very Low Op Amp input current

1)
2)
3)
4)
5)
6)

Voltage Controlled Device
“Voltage Controlled Resistor”
0V< Vgs < -2V controls Rds_on
Vgs < -2V turns JFET off

Gate is op amp +/- input

Very Low Op Amp input current
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Summary CMOS vs. Bipolar vs. JFET

CMOS JFET

Vos Dirift

Ib Drift

Ibos

%] Generally Larger than bipolar. Complex
trim.

Inherent = 5mV, Trimmed = 500uV

M Can use zero drift, and package trim.

Generally Larger than bipolar. Complex
trim.
¥  Very good if using chopper.

M Low compared with bipolar
Ib=1pA @ 25C

Doubles every 10C, diode leakage
Ig room= 1PA, T =25C
Ig hot= 1000pA, T =125C

Large offset current that is comparable to
Ib. Don’t use resistor to cancel effects.
Ib = £1pA, Ibos = +1pA

M Generally smaller than JFET and
CMOS. Laser Trim Only.
Inherent = 200uV, Trimmed = 20uV

M Inherently linear and easer to
trim. Laser Trim Only.

Much larger than CMOS and
JFET. Can use bias current
calculation.

Inherent = 100nA, Canceled = 1nA

M Small compared to room temp
lg_room™= 1NA, T =25C
lg pot= 3NA, T =125C

¥ When bias current cancellation is
not used Ibos is low relative to Ib.
Resistor can help cancel effects.

Ib = 100nA, Ibos = +1nA

¥ When bias current cancellation is
used Ibos is comparable to Ib. Don’t
use resistor to cancel effects.

Ib = +1nA, Ibos = £1nA

Xl Generally Larger than bipolar.
Complex trim. Laser Trim Only.
Inherent = 1mV, Trimmed = 100uV

Generally Larger than bipolar.
Complex trim. Laser Trim Only.

M Low compared with bipolar
Ib=1pA @ 25C

Doubles every 10C, diode leakage
lg_room= 1PA, T =25C
lg hot= 1000pA, T =125C

Large offset current that is
comparable to Ib. Don’t use resistor to
cancel effects.

Ib = +1pA, Ibos = £1pA
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Summary CMOS vs. Bipolar vs. JFET

Generally Larger than bipolar. Noise

Broadband Noise

1/f Noise

Back-to-Back Diodes

Integrated Digital?

Rail to Rail Input

Rail to Rail Output

Output vs. Load

decreases to the square root of 1d.

¥ Generally worse than bipolar.
Noise Corner > 1kHz

“ May or may not be required. Check
Data Sheet!

M Yes. i.e. Chopper, package trim

M Yes

Very close to the rail. 10mV

¥ Falls off quickly with load. Ron of
output transistor.

M Generally smaller than JFET and
CMOS. Noise decreases directly with
Id.

M Generally better than CMOS.
Noise Corner < 10Hz

Generally required

X No

No.

Close to the rail. 200mV

M Relatively flat until you reach
current limit. Vsat not related to Ron as
with CMOS.

¥ Slightly higher than Bipolar

M Generally better than CMOS,
but not as good as bipolar. Noise
Corner < 100Hz

M Not required. Check Data Sheet
= No

¥ Not common. Difficult

Same as bipolar

Same as bipolar

72
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JFET, Bipolar, and CMOS: Noise

Noise (nV/rtHz)

10000 -

1000 -

100 -

/JFET OPA827
10 -

Bipolar OPA227

\

CMOS, JFET, and Bipolar Noise

CMOS OPA350

CMOS: I, 350 = 4fA/rtHz
JFET: I, g57 = 2.2fAlrtHz
Bipolar: I, ,7; = 200fA/rtHz

Note: CMOS current noise
has minimal 1/f, but it may
be significant in bipolar

0.1

10

100 1000
Frequency (Hz)

10000

100000

1000000

73
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Bipolar vs. CMOS:

Open loop output impedance

100 ‘

10 EEEEE -] - R e . R 1 1 R, -

1
1 10 100 1k 10k 100k 1M  10M 100M

Frequency (Hz)

10k

Wi

10

OPA192
| CMOS

0 1 10 100 1k 10k 100k 1M 10M
Frequency (Hz)

T T T T T T
« |- OPA188
| Chopper ] )
//
/]
10
N v
1
\\ 1
N LA
0.1
1 10 100 1k 10k 100k ™M 10M

Frequency (Hz)

Bipolar is generally the flattest
and lowest Zo

CMOS Zo is often higher and
not as flat as Bipolar.

Zero Drift and pPower amplifiers
often have complex Zo.
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Common application issues
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Input capacitance and the rule of 10: OPA192

INPUT IMPEDANCE
Zn Differential 100 || 1.6 MQ || pF
13
Zic Common-mode 1164 1D|:|I£! Il
Rin 10k F'\,’\jt\:)/\jOk 80—
* 60
40 Cin(eq) = Ccm + Cdiff = 8pF
- Cem 6.4p—_— - ]
& $ 20
; = Vee-15 E R Rfb X Rin £
Vin- o 0+ eq = — =
; Vout R .
Cdiff 1.6 — e ]
| y 204 Aol Phase margin: 37.13 be + Rin
) % U1 OPA192 1 Aolb at frequency (Hz): 3.74M 1 3.98MH
Vin+ = 1 1/p z = = 3. z
= Vec1s 404 -
= |com6.4p— I ] 21 X Cin(eq) X Req
pI = -60 T T T T T T
= 1k 10k 100k 1 10M 100M
OPA192 Input Capacitance Frequency (Hz)

Problem: 10MHz amplifier + 10kQ resistors results in instability from input capacitance
Solution: Place a capacitor in parallel with Rfb.
Choose Cfb = Cin(eq)
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Anti-parallel input diodes: Bipolar, Chopper, HV CMOS

r--r—-———777 |

| Vo=+10V Rent +0v | S, Ron mu \TCG)

I AN _T_ { {)T'vv\,—o :
=

I Crur I Cs : i

! 11 1 '
I

I Vo ==10V Regr 0V I S+ Ran_mux l@ :

| AAN +—F—C( O—0C .

I . 1 - . |

I FILT | 5 Id:oﬂa_uanslam

1.! 1
I = v | —
e — ———— — — — —

Input Low Pass Filter

Avoid input diodes in these applications:

« Comparators
» Multiplexed inputs

e Sguare wave input circuits that require

fast settling

Simplified Mux Model

Use MUX friendly input devices!

http://www.ti.com/lit/an/sbot040/sbot040.pdf

FFFFF

iHH

Lo Most choppers have parasitic body diodes
from MOSFET switches (OPA189 and
OPA388 are exceptions)
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Flux contamination

UImproper cleaning of solder flux can cause huge
DC voltage errors!
» These errors are random in nature and are
nearly impossible to predict
U Use an Ultrasonic bath (or similar) for final
cleaning of all hand-assembled or reworked PCBs
» PCBs assembled by a contracted assembly
house should already use suitable post-
assembly cleaning methods
U Bake assembled and cleaned PCBs at slightly
elevated temperature to remove any residual
moisture
= e.g. 70°C, 10 minutes
U Place guard rings around critical signal traces to
reduce PCB surface leakage currents
» See “Op Amp Precision Design: PCB Layout
Techniques” for more information
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Additional resources
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DIYAMP-EVM: ti.com/diyamp-evm

The industry's most versatile amplifier EVM!

Universal Do-It-Yourself (DIY) Amplifier Circuit Evaluation Module

(ACTIVE) DIYAMP-EVM

[% Description & Features Technical Documents E Support & Training .!!_ Order Now

» 3 packages to choose from (for single):
- SC70-5, SOT23-5, SOIC-8
» 12 functions to choose from, including:

- Noninverting, Inverting, Active Filters, Difference Amp,
Comparator and more!

* Optimized for robustness:
- Standardized layout is configured for optimum performance
» Multiple interface options:

- SMA, Header, Bluewire, Breadboard

Applications

+ Existing designs: performance enhancement

* New designs: prototyping, trouble shooting and debugging

* Multiple package and function options increases speed

and versatility of prototyping
» Flexible prototyping and debugging

+ Efficient evaluation of multiple amplifiers or comparators

under identical test conditions

» Allows for precise side by side comparisons

§ 3 package types
12 amplifier configurations

Compatible with ADC and DAC EVMs Click For More Information
Includes: 32 coupon boards, Terminal strips
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https://sps09.itg.ti.com/sites/PAM/PADev/Shared Documents/OPADev/OpAmp Product Information/DIYAMP-EVM/OPAMP_DIY_EVM User`s Guide - PRELIMINARY.pdf

Analog Engineer’s Op-Amp Cookbook

Analog Engineer’s Op-Amp Cookbook:

U Includes examples of common op amp
topologies

O Walks through design techniques

U Provides unique amplifier circuits,
including SPICE models, for quick
adaptation to any end equipment or
product

U Includes >25 common op-amp circuits,
from inverting amplifier to PWM
generation and more

O Free download on ti.com

JiErCEN

Analog Engineer’s
Circuit Cookbook: Op Amps

;:L?F;

Coming 1Q18to Tl.com!

a2

Transimpedance Amplifier

oo Single-Supply, Low-Input Voltage Full-Wave Rectifier

Design Goals

Differentiator Circuit

£ 1T

Design Goals

e
H
{
i

Desi Design Notes

1. o 1- Select a large resistance for R; to keep the value of C, reasonable.
| 2. A capacitor can be added in paraliel with R; to filter the high-frequency noise of the circuit. The
capacitor will Bmit the effectiveness of the differentiator function starting about half a decade
(approximately 3.5 times) away from the filter cutoff frequency.
3. A reference voltage can be applied to the non-inverting input to set the DC output voltage which aliows
the circuit to work single-supply. The reference voltage can be derived from a voltage divider.
4. Operate within the Enear output voltage swing (see Aol specification) to minimize non-linearity errors.
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Tl Precision Labs- online analog learning
www.ti.com/precisionlabs

U <15 minute each video

Measurement Results - R, = 0Q

O Lectures & Labs with quizzes and experiments

O For both new and experienced engineers

Drift Slope — Positive and Negative

For this exampie Vi 0% is dedned as

A - " i i = | ifications:
Input Offset Voltage (Vos) & Comparator ApplicationS iy  Basics of Analog Multiplexers 2858 DC Specifications: | @ et 08
|nput Bias Current (IB) }:PPL 2103 = Tl Precision Labs — Op Amps R > reference voltage range, INL, and DNL 5&@
TIPL 1100 recision Labs - Op Amps - TIPL 4001 2 "f‘q
TiPrecisionLabs - Op Ampé g o Ti Precision Labs - ADCs e T¥h
Presented by lan Williams Created by Abhijeet Godbole, Art Kay s ,’Z Sradio At 0 I[
Presented by lan Williams Prepared by Thomas Kuehl and lan Williams Presented by Peggy Liska 2 ﬁ Bressia by Pepcs Lika e d

Prepared by Art Kay and lan Williams
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Additional resources

dTim Green and Collin Wells’ stability series

= https://e2e.ti.com/support/amplifiers/precision amplifiers/w/design notes/2645.solving-
op-amp-stability-issues

O How to verify a macromodel against the datasheet

= |an Williams’ “Trust but Verify” series -
https://e2e.ti.com/blogs /b/analogwire/archive/2017/07/27/trust-but-verify-spice-
model-accuracy-part-1-common-mode-rejection-ratio-cmrr
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Thank you!

Questions?
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