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Simple Circuits: Feedback etc.

In: Chapter 4: Operational Amplifiers
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Feedback ﬂ(IT

RUCkkO,Dp/UI‘Ig Karlsruhe Institute of Technology
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* Principle: A fraction of the output signal of a circuit is fed back to its input

e Positive feedback GAIN FREQUENGY CHARACTERISTIC
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* Negative feedback (the dominant application!) w rggggﬂff’ys .
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Feedback with Op Amps

- KIT

POSItlvey negatlve Karlsruhe Institute of Technology
* Positive feedback: Output signal coupled * Negative feedback: Output signal coupled
into the non-inverting input into the inverting input
RQ RZ

Schmitt trigger inverting amplifier

—_— e — e e e e — e e, —,—— = - =——

Electronics for Physicists - WS23/24 Analog Chapter 4 Frank Simon (frank S|mon@k|t edu) |P=ID ItPt e 1 5

d Electro



mailto:frank.simon@kit.edu

The Schmitt Trigger ﬂ(IT

POSItlve feedbaCk Karlsruhe Institute of Technology

e e e—— —— I — = = — — S == — — —

U oUqus

How does this circuit work?
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The Schmitt Trigger ﬂ(IT

POSItlve Feedbaok Karlsruhe Institute of Technology

/an— qm’[ ‘iAt'cq f,:,q

oUqus
C; Fred back : U, & fwhe

Im ccease] - Uaug mereeses e pe
-P”MU.

—> LLQM,.S = L, [ o fte Yilect
pocs e oc.u(pwf volfye of A Q'“cp)

of Ues,, L OUV: Same primeip /e, Unss = ~Uee

How does this circuit work?
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The Schmitt Trigger

SW/tch/ng between stetes

oUqus

* Assumption for initial state:
Uaus — Umax

— e e ——— p————— Epe—————— === — =
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To change the state:
U, <0 required

KCL: |1 = 1o
(large input resistance of OpAmps,
input current ~ 0)

Uein T U—I— U—i— T Uaus

Ry Ro
Obtaining U, ~ O: for
Rl
v, <-U_, —
RZ

changes to Uaus = Umin

- — —_—— —= — S S
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Schmitt Trigger

Hysteresis
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Karlsruhe Institute of Technology

* The input signal has to “overcome: the positive feedback to switch states

UBUS
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ldealized assumption: Umaxmin = +/- Ucc

switching for

Uein > UCC Rg

Uein < UCC Rz

Symbol for the
Schmitt Trigger
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Negative Feedback

Inverting Amplifier

- I

Karlsruhe Institute of Technology

O Uaus

How does this circuit behave?

100 200 300 400 >

-0.51
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Negative Feedback

Inverting Amplifier

4]}

Karlsruhe Institute of Technology

e ——— — —— _— —— e p——

R — 1—'—’&( Llam < c9V '7 u <®V
2
Sl

ol 7[/{,_. becomes = Cla,h /owa-m,,
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@Zf 2 S foest Op Honp

How does this circuit behave?

100 200 300 400 >

05 k tmpest Sk nal
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The Golden Rules J(IT

OpAmpS Wlth negatlver FeedbaCk Karlsruhe Institute ofTechnoIogy
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* The analysis of the behavior of ((idealized) OpAmp circuits with negative feedback results in the
Golden Rules:

1. The OpAmp does whatever is necessary to achieve U, = U..
2. The input draws no current. (input impedance o)

This is sufficient to describe and understand the behavior of negative feedback OpAmp circuits in most
practical cases.
In addition we can define a 3 rule:

3. The output impedance is very small. (Output voltage does not depend on load or current.)
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The inverting Amplifier ﬂ(IT

Applylng the GO/den RU/GS Karlsruhe Institute of Technology

—_— _ — e, _ - —— e — e ——
= — —_ e = ==

1St RU/e.' U- —_ U+ —_ OV

OV - Uaus over R2 ab, Uein - OV over Ry:

U I _ Uem I _ T Uaus
O 1 — n =
aus Rl R2
2nd Rule + KCL I, =1
U, -U
with that — = -
“virtual ground” R, R,
results in input impedance Zi = R1
(normally relatively small ...) Gain:
Interesting observation: | U R,
' The open loop gain Ap of the OpAmp does | A = T
ein 1

not appear in the gam of the CII’CUI’['

Electronics for Phys:c:sts W823/24 Analog Chapter 4 Frank Slmon (frank simon @kit.edu) |P=ID e 23

d Electro



mailto:frank.simon@kit.edu

Non-inverting Amplifier ﬂ(IT

Wlth negatlve feedbaCk Karlsruhe Institute of Technology

e — —_ = e — — ———— S

e How can we do this?

e e = - =
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Non-inverting Amplifier ﬂ(IT

Wlth negatlve FeedbaCk Karlsruhe Institute of Technology

= — = —— — = e — —

e How can we do this? | | | -
Input signal into the non-inverting input

U ein ©

Negative feedback via voltage divider
on output.

Golden Rules:

Ry
ein + AU Rl 1 Rg
Amplification: Uaus — 1 4 R
[](in Rl

—— ——— = _—m — — ——
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Voltage Buffer ﬂ(IT

Impedanzwand/er/SpannungSfOIQGr Karlsruhe Institute ofTechnoIogy

What’s the point?

e “Extreme case” of non-invertin
O Ua,.u.s* J

amplifier..
Amplification:
U, .. R
W+ —= 1
Uem Rl
Ucin © T
. t— Uaus a But: Output current can be high (small output
Ry —2 0 impedance of OpAmp) without putting a load on the
I input source.
Ry —> ©0 NB: In realistic cases one would use a (not too large)
resistor for the feedback loop.

— ___ _ __ _ . N
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A brief Break

Lecture Survey

o i e — —_— — S— - __ -
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Lecture Survey

Please fill it!

A {

Karlsruhe Institute of Technology

_— - = — == s e ————— — — —_———= == = = — = ———— = — e ———— = —_— I

https://onlineumfrage.kit.edu/evasys/online.php?p=HVC7V
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OpAmp Circuits - Part |

In: Chapter 4: Operational Amplifiers
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Integrator / Low Pass

- KIT

ACtlve VS paSSIve CIrCUIt Karlsruhe Institute of Technology
C for reference: passive integrator
R
R o : ® o
PP e EEEEE
O Uaus Uez’n C U aus — UC
\ \
O @ O
\V
Inverting amplifier, with C instead of R
U, dU
Using the Golden Rules: — = — C——  (I=0on the input)
R, dt
1 In contrast to the passive integrator: no
Ugus = RC JU eind! restriction of the integration time to t << RC

— S N —
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Integrator: Charge-sensitive Amplifier ﬂ(IT

Charge mtegratmg Amp//f/er ( CIA / CSA ) Karlsruhe Insttute of Technology

e ——— e, _— —— e — e ——

\
, C
l/ / Important application: charge-
'\ sensitive pre-amplifier for particle
4 M °Uaus detectors.
defectes \/
\V/
Current source (charge source) as input 1 é,
: Uaus — - Ieindt — -
(instead of Uein and R): C C

Typical gains for detector applications: mV/fC. What does this say about the scale of C?

_ = = e —— === —— - ——
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Differentiator

and the compar/smn W/th the pass:ve h/gh pass

e ————————
— = — e e _
——— =

L ey L
C
| | | i e—o
Uez’nl +Uaus
i i 1

ein

dt

— RC

Applying the Golden Rules: UWS —
(I = 0 on input)

Superior to the passive high pass:
Good linearity!

o e e ——— - e

Electronics for Physicists - WS523/24 Analog Chapter 4
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Karlsruhe Institute of Technology

Uva. us — UR

U —UntRC dUc see Chapter 2
i — Ul
) dt
d( Ue m U aus )
Ue. m UC = R CY d 4 = U aus
For t << RC or small R:
1.9 T T T T
dUez’n
Uau S — R C L+ A T | — —".\ .
d t 05 i/ / "z\\. ‘{/ '-.'\ i
- 0 '»i \ — \L:_ .\\\‘ — \h_
-1 F f Uc -
1 = ] (]R _“; —————— |
J to t to t3 t4

Frank Slmon (frank S|mon@k|t edu)
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Logarithmic Amplifier

- KIT

Comblnlng OpAmp and DIOde Karlsruhe Institute of Technology
D
Using the exponential IV curve of a forward-
R biased diode:
o
[.. e Uein — RIein
ein *Uaus

o) IV curve:

o
l J_ qge Y U U

l = Ig {( kT —l} — Ig —(‘W—l—

See Chapter 03: Shockley Equation

Results In:

[/ U [/ le (Uein_l_l) kKT In (Uem)
ein o de” aus s — — T n -

RI tl=e"m de Rl e Rl
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Exponential Amplifier ﬂ(IT

COmblnlng OpAmp and DIOde Karlsruhe Institute of Technology

e Same principle, but putting the diode on

the input:
_ D O 9eUein
V “ nl *Ura-us Iein — DT IS (6 v 1)
_T_ Golden Rules:
I =7, — Uaus
R — tein — R
deUein
= [/ =~ —Rl.e With that: Output signal depends exponentially on input signal
aus S

Taking all this together: Why is this relevant?

—_—-— =——
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Analog Computers

4]}

USIng O,DAITI,DS et a/ Karlsruhe Institute of Technology
* |In the 50ies, 60ies und into the 70ies electrical — |
A AR e £ S
analog computers were used. ﬁﬁi %E’;”;’***ﬁ %3
_ Mt R
« OpAmps that were interconnected to add, ?ﬁ;ﬁg ‘,ﬁi o
. . P imstantt??
subtract, multiply, integrate,... s ma
caPtAR R ronnY . B
A AR AN AR ELERE LIS L
/'.J(.“‘.!'&& L ”,’..Q..'
tfsdstecste s * 9 5800000888
le8gaesvasisoas 2o
| }ﬁfoootoié *e
lgfb@%oooo~- "o
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Real OpAmps, Replacement Circuits

In: Chapter 4: Operational Amplifiers

—— = e — —  — _— ________ p— — - - - —

Electronics for Physicists - WS23/24 Analog Chapter 4 Frank Simon (frank.simon@kit.edu) iP= Data Processing 6

I ond Electronics



mailto:frank.simon@kit.edu

OpAmp as a Control Loop ﬂ(IT

Regelkrels Karlsruhe Institute of Technology

—— ———————— — ——— —— — —— —————— ———— e

An OpAmp with negative feedback
can be considered as a control loop.

KF. Attenuation of the input voltage
(for simplicity often assume =1)

Kr: Attenuation of the output voltage in
the feedback loop.

UD = KF Uein 5 KR Uaus Up: Differential voltage
Ap: Open loop gain of OpAm
Usus = Ap Up D- UP P9I pPAMP
SaE 1+ KrAp Amplification of full circuit % - Uaus . Kr Ap .
gl Kp (with feedback, Uein 1+ KR Ap K R

closed-loop gain)

Electronics for Physicists - WS23/24 Analog Chapter 4 Frank Slmon (frank S|mon@k|t edu) |P=ID gt;t : sing 37
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Summary of Definitions

Parameters of OpAmp Clrcwts Non /nvert/ng Amp//f/er as Example

i o — ——_—»._—_.__ = — e —— e ———

- KIT

Karlsruhe Institute of Technology

Ap: Open Loop gain of OpAmps (Leerlaufverstarkung)

A: Closed loop gain (Verstarkung mit Rickkopplung) A = — ~ ——

KrAD: Loop gain (Schleifenverstarkung)

Example: non-inverting amplifier Numerical example
Uiy, o—+ KF - R Ri=9 R
: ° Uaus Kp=—0 => K = 1/10
g s R+ =>A=10
K R+ R R
R
' K K R,

with that KrAp = 104

—_—-— =——
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Summary of Definitions S(IT

Parameters of OpAmp Clrcwts Invert/ng Amp//f/er as Example Karlsruhe Insttute o Technology

i o — ——_—»._—_.__ ~ o = — e —— e ———

Ap: Open Loop gain of OpAmps (Leerlaufverstarkung)

A: Closed loop gain (Verstarkung mit Rickkopplung) A = — ~ ——

KrAD: Loop gain (Schleifenverstarkung)

Example: inverting amplifier R, Numerical example
K.=—
RQ " Rl —+ Rz Ri1=9Ro
P — R => Kr = 9/10
.. o— . )\ K, = 1 => Kr =-1/10
ewn R R R
| —o Ugys ] T I =~ A =-9
A=k _ B Ao = 108
\ Kp R, resultlng in KRAp = 9 X 104

E— — e —— s —_— - _—
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Real Operational Amplifiers

Parameters

Grofle Symbol ideal OPV real OPV
common-mode impedance Rq 00 i 1
differential input impedance Rp 00 e 10 5

output impedance It 0 0,1...100¢
differential gain Ap 00 10*...10°7
common-mode gain Ag 0 10
input bias current Ioc 0 IpA...1uA
offset voltage Uos 0 10uV...10mV

Usus = AD (U-I- = U—) T AG (U-I- T U—)

common mode rejection ration (CMRR)” Ap/Ag should be as

large as possible! “Gleichtacktunterdriickung”

—_—— == p————— P——

—

Electronlcs for Phys:c:sts W823/24 Analog Chapter 4

- KIT

Karlsruhe Institute of Technology

e Parameters w/o
feedback

Amplification of U, - U.
Amplification of U, + U.

idealized: Uaus=0ViforU,=U.=0 V.
Deviation Uos (“offset voltage”)

depends on temperature, supply voltage,
but also component ageing,...

— ————

—— —_—— —

Frank Slmon (frank S|mon@k|t edu)
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Real Operational Amplifiers

- KIT

Parameters Table in German “for the record” Karsruhe nstitute of Technology
Grofle Symbol ideal OPV real OPV * Parameters w/o
feedback
Gleichtakteingangsimpedanz Rg 00 1 10
Differenzeingangsimpedanz Rp 00 10°...107Q
Ausgangsimpedanz . 0 0,1...100%2
Differenzverstarkung Ap 00 0. 1 Amplification of U, - U
Gleichtaktverstarkung Ag 0 B Amplification of U, + U.
Eingangsruhestrom Iog 0 IpA...1uA
Offsetspannung Uos 0 100y - 0my

e e i — ——— = ——— =S —— = = - — = = —_—

[ | Wl Institute for
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Equivalent Circuit

- KIT

Invel’ting Ampllflel’ Karlsruhe Institute of Technology
Input Impedance?
! Output Impedance?
o—[ 1
O
..
eml *Ua,us o
) o Definitions:
- dU
Iein Rl U 1 Rz Iaus Zein — —
s B C Uaus dlein
I Ra,us for open output laus =0
_ dUaus
Uein RG RD Zaus -
(|)Uo=-ApU s
0 i short circuit on input
Uein — O

U. = Uy Voltage on mvertlng mput

e —— = — — _
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Equivalent Circuit

- KIT

Invertlng Ampllfler Karlsruhe Institute of Technology
Iin £ U 1o Laus
= s o | ]:I_’_QUaus I = Uem_U
Raus o Rl
7 dh Re | || Bo (Rs + Ru) = R
Q Uo = —Ap U- can be calculated with superposition
L - principle, assuming Rg >> Rp>> R1, Ro>
- not done in detail here -
R R, R
U_ — UelnR R o ADU—R R == U— T Uem
[T T I R+ R+ R/Ap
Ao is very large. Consequence: U. << Uein. => ~ 0 V (“virtual mass”), see 1st Golden Rule. Resultsin: /. = R,
dU .,
Reminder: Z,, = ——
dIein

E=— = - == ——— = _———— = ——— === = — S — = SR—
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Next Lectures:
Digital - Tuesday, December 12
Analog 08 - Chapter 04 & 05 - Thursday, Dec. 14




Time Plan for Next Lectures

A feW Changes com/ng up/

— - _ _ — — = —_— e e — ——————— e P — =

- KIT

Karlsruhe Institute of Technology

= = —— ————————— ———— ——— — ——

Calender Week Tuesday Thursday
45 07.11. Analog 09.11. Digital
46 14.11. Analog 16.11. Digital
47 21.11. Digital 23.11. Analog
48 28.11. Digital 30.11. Digital
49 05.12. Digital 07.12. Analog
50 12.12. Digital 14.12. Analog
51 19.12. Analog 21.12. Digital
2 09.01. Analog 11.01. Analog
3 16.01. Digital 18.01. Digital
4 23.01. Analog 25.01. Digital
S 30.01. Analog 01.02. Digital
6 06.02. Analog 08.02. Digital
14 13.02. Analog 15.02. Digital

_— — — = _— — = = — _
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