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Chap ter 2 Overview

1. Basics

Circuits with R, C, L 2. Circuits with R, C, L with Alternating Current
3. Diodes
4. Operational Amplifiers

e AC behavior of R, C, L 5. Transistors - Basics

 Complex Voltages & Currents 6. 2-Transistor Circuits

_ 7. Field Effect Eransistors

e Filters L. .
8. Additional Topics

* Oscillators

e Filters
* \oltage Regulators
* Noise
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Chapter 2
AC Behavior

In: Circuits with R, C, L
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Waveforms

Signalformen

harmonic oscillation

1 - |
0 b————————————— -l
| | | | | | |
t

step function

g _—— === = = = = - p———— p— _———

Electronics for Physicists - WS523/24 Analog Chapter 2

- KIT

Karlsruhe Institute of Technology

r <« . - 17T "—"TTr ™" T /T
O-: .................................................. -
S
> L L ]
t

nstitute for o
Frank Slmon (frank S|mon@k|t edu) |P= Dot Ptrocessmg 4

and Electronics



mailto:frank.simon@kit.edu

Behavior for harmonic Signals ﬂ(IT

ReSISTOI‘ Karlsruhe Institute of Technology

 Harmonic signal U(t) = Uy sin(w t+p)

—1__F— |

2

1
U(t) = RI(1) = 0 o =
- ~

~ -1

Voltage and current are in phase.
-1 _9
O L7 27
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- KIT

Karlsruhe Institute of Technology

Behavior for harmonic Signals

Capacitor
 Harmonic signal U(t) = Uy sin(w t+p)
du ‘
[ — U => [(f) — U()w (Y (‘()S(w lL) 1 2
dt
1
~. 0 0 —
90° phase shift: - ~
Voltage follows current! -1
-1 -2
O L 27
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Behavior for harmonic Signals ﬂ(IT

/ndUCtOI’ Karlsruhe Institute of Technology

s —— — ——————e——— —_————— " = = = —
— = — e e — —— ———— S — — L e

— - — . e = — — = —

* Harmonic signal: U(t) = Uy sin(w t+p)

e, ¥ X Y e

[,

U= L ﬂ
dt =

I |1

I[(t) = Iy sin(wt) -
=> U(t) = Ipw L cos(wt) -]

O 17 27T

90° phase shift:
Current follows voltage. wi

— —_—— == = Py e— — ——— . — S
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Chapter 2
Complex Currents and Voltages

In: Circuits with R, C, L
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Representation via Complex Numbers ﬂ(IT

T/me dependence via comp/ex voltages and currents Karlsruhe Insttute of Technology

e ——————— | ——— —_— = — = — =— = = —— e — — ——

» To describe the time dependence it is convenient to use complex numbers: NB:in EE normally J
instead of “i” is used for V-1

z=TRe(z) +jIm(z) =a+]jb

Graphical illustration in complex plane

b
important relationship for harmonic signals: Euler’s formula
E o |
el¥ = cosp +j sin
b - 2 P
0 a
Re
Complex voltage: [/ = U() eJ W

e e  _ —  —————————— ——————_____ S = = - s — = —

Electronics for Physicists - WS23/24 Analog Chapter 2 Frank Simon (frank S|mon@k|t edu) |P=ID o proces 9

d Electro



mailto:frank.simon@kit.edu

Passive Components in complex Notation J(IT

Summary Karlsruhe Institute of Technology

7 — — —— N = I _—— —— = —_—— = — — = — — —_—

In the time domain (Zeitbereich):

Differentiation becomes a multiplication by frequency jw Integration becomes a division by jw
dF 1
dt Jjw
time domain complex plane
Resistor U = RI U=RI
. dU .
Capacitor [ = CT [ =joCU
/ 2 e
di |

Inductor U = LE U =jwLl

iy = _ — O ——— — — m——— e e—— e ———

. m Wl Institute for

Electronics for Physicists - WS23/24 Analog Chapter 2 Frank Slmon (frank simon@kit.edu) [ 2= Data Processing 10

I ond Electronics



mailto:frank.simon@kit.edu

Generalized Ohm’s Law J(IT

Verallgeme/nertes Ohmsches Gesetz Karlsruhe Insttute of Technology

e —————— e — — — —————— — ——— _ = e = — ————————— ———— —— —_— = — S

E— —— — = —_— e e — ——————— e P — =

e (Complex) impedance Z describing the relationship between complex voltages U and complex currents |

L] — _Z_I Impedanz
Resistor: Zr =R Circuits with impedances:
1 1 series: =7 +7
C citor: L= - —7 — —1 ~2
' —1
Inductor: Z; = JoL i i
o parallel: 7= — 4+ —
- Zl ZZ

The opposition to alternating currents by capacitors and inductors is also

Blindwiderstand
referred to as reactance:. No power d|SS|pat|on (in contrast to reS|stance)

e — — - == =
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Representation in the Complex Plane

Darstellung In der komp/exen Ebene

- KIT

Karlsruhe Institute of Technology

—_— ——————— " — — —— = —_— = - = - —_————
— —_— e — —_— — — - s — = _
= ———

 General remark: The impedance of an ohmic resistor is real, the impedance of capacitors and inductors is
imaginary.

Representation of Z in the complex plane:

Im (2)
,. y i o U1
0\ With U=0Upe!" and [=C— & I=jwClpe!" and Zp===—
dt I jwC
+ 7 dl | 1 lwt Q :
With U=L— & Ll:/th:,—Uoon and Zp=—==jwlL
. dt . jw I
jwl
R
— > Re(Z)

—— e —— e ———————————
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Frequency Behaviour: Summary

- KIT

Fr equenzver halten * Karlsruhe Institute ofTechnoIogy
w~0 W —
U=RI
Resistor
frequency independent
Capacitor =0 U -> 0
I =joCU open circuit short circuit
Inductor U =0 >0
U =joLl short circuit open circulit

. m Wl Institute for
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Concrete Example: Generalized Ohm’s Law ﬂ(IT

RGSISTOI’ and IndUCtor Karlsruhe Institute of Technology

- — e = — - — —_ —— _—— — — —

Input voltage The problem:
What are Ug and UL ?

Qez’n = Uy ej “t
and: What are the real voltages?

Ansatz: Voltage divider

Im (Z)

— = _— — o e —— —_——— == = —— — — — I
——— ——— = = = S

e e e S nstitu t f
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Concrete Example: Generalized Ohm’s Law

4]}

SOIUtiOn Karlsruhe Institute of Techno Igy
éﬂ l‘hFo Comféx ‘naoml.gs
R = -l-“b
— X = X- CJ¢

2 [’llm.» Ss/ an'/a\/ Aed Ol s AQ‘V

So/d./wm, ,-——”,L ! T real Q«mﬂé/aw(c
— —R =L lonpelme / 544510»(4/01109(‘"‘( ﬁ%l{- b
x\/ f o ¢= arctfon (Wi y ] a
[‘ : wl b —
Z=UR H:'«:t' 6Qc/é/€ 6-\]‘( z R
. ’ C
=2 Q{R - MO - € W -Eqkjg 'PGPMH/&
2 cht—f) ej‘/; &957’*\[.5’;‘7

——— =—— — = — _—
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Concrete Example: Generalized Ohm’s Law ﬂ(IT

SOIUthn Karlsruhe Institute of Techno Igy

e —————— e — — — ———— — == — —————————— ——— ——

qu, Voffd;e meéy et/ pdff ob C(ﬂ
24 § (T -9) L R

uﬂ = L{@ ) 2l D Uy = U "ol . A * (oS (Cuf"‘f)
= JRL wi 1 2 o m
+ 1 : C'OS( ot — @k, Cc—d-ﬁ

[ Y
canm—

- ‘ (e . - € é/ 9 [ Complern planc
‘gb - U 'wtm th*_'ﬂ‘ .i”—é | j£c./£--rf--9
= U CJ v € : - uO W €
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Concrete Example: Generalized Ohm’s Law ﬂ(IT

RGSISTOI’ and IndUCtor ReSU/t Karlsruhe Institute ofTechnoIogy

I _ w L\’
Urp = Up — cos |[wt — arctal
R 0 7 OS - 1( - >-
L - w L |
Up=Upw 7 COS -wz‘. — arctan <?> T j;
Im (2)
A
=0
wlL/R =
*> Re (Z)

= —_— —__ = - = S —
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Why this matters: Real Components ﬂ(IT

ShOI’t OverVIeW Karlsruhe Institute of Technology

= — _ __ — - — _—— = —_—— = — P —— —
&= — _ _ = _ ————— — — = _ S — e _ — — — — = = e ————— ===

 Real components never behave like ideal elements:

C

1

Example resistor: equivalent circuit

(Ersatzschaltbild)

R
— —

Example capacitor:

O o I I ® { f ~NYYY o
O ESR ESL

ESR: equivalent series resistance
Conseqguence: frequency dependent

behavior of real electronics components
beyond naive expectation.

ESL: equivalent series inductance

—_— - =—— — = ——
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Exampe: Compensated Voltage Divider ﬂ(IT

OSCI”OSCOpe PrObe Karlsruhe Institute of Technology

_— e = — e ——————— " — — ——— = = = - S = - —_————
_ =" = A — —_— | e — ——————— _— — — == — — =

e Typical application: Oscilloscope to extend the measurement range | Practical Course!

Naive approach: 10:1 Voltage divider with two resistors:
x10 in dynamic range. (One of the resistors is the input resistor of
the oscilloscope, typ. 1 MQ or 50 Q), depending on use case.)

Dse illosceo pe L. npf

. 74 (L o
C(%‘I‘_,r_’p——a
But: Capacitance (typ. ~ 100 pF) results in a Qs-
frequency dependence, which is modified by the

—C
additional resistor: Distortion of the signal! Ro (>

—— ——— = _—m — — ——
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Exampe: Compensated Voltage Divider ﬂ(IT

OSCI”OSCOpe PrObe Karlsruhe Institute of Technology

_— - - - - = = e e ——————— — ——————— —_— = = — u — = — = — — —
—_— = _— e e S e == _ =
e — _ ___ _ __ _ = = - = =— — = —

e Typical application: Oscilloscope to extend the measurement range | Practical Course!

Die solution: Probe with a parallel circuit of resistor and
capacitance, which is chosen based on the input impedance of the

oscilloscope.
Gt Oscilloscopy Lapt
Ct has to be chosen such that a econ ( J (L
Uein/Uaus is frequency independent.
Result:
RoCo = RtCt, and with that Ct=1/9 * Co R
T R éb
Provides 10:1 voltage division independent of frequency: 0
Uein Uein 13 RT
Uaus - Uaus - | RO

—— ——— = p————— = — — _
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Real Components: Resistors

Some more details

. _ - — _ - N P _ — — . = S — A = —_ = S = = —— e ——

AKIT

Karlsruhe Institute of Technology

* Typical parameters to consider: o Q innere Kontakie
. R —— — innere Kon rung
¢ MaX| mum ratlngS — ( //' M (El.étt,::nsct:'l‘tt:ss)
. \ 7
o PreC|S|On Abgleich mit Laser
» Temperature stability IRy,
Rhcrmcaczac |

* Types and sizes
 HF properties

e Costs
SMD components
“surface mounted device”
’ Electronics for Phys:c:sts WS23/24 Analog Cha?terZ S | Frank Slmon (frank. S|mon@k|t edu) |P=§§£:EE§§§'£? 21
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Real Components: Resistors

Some more details

— = —— — — _ P— —_— _——— - — — . -

frequency behavior -
some random examples

pEa———

— IS

Electronics for Physicists - WS523/24 Analog Chapter 2

20,00%

0,00%

-20,00%

-40,00%

©0,00%

Value Deviation (%)

4]}

Karlsruhe Institute of Technology

— 100K Thin
100K Thick

10K Thick
— 10K Thin
w— K THiCK

w— 1K THIN
w100 Thick

e 100 Thin
w10 THIN
39 Thick

1.000 10 OO-, « Thin Firm

lﬂlc.l = Thick Film
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Real Components: Capacitors ﬂ(l

SOme more detaI/S Karlsruhe Institute of Technology

- ; S I . - — -— — —_— — — == = = - = — —_— —_—— — — —

== —_— _ E— P —_— — e P — —— . —  ————— e —— =

» Different types and form factors

» Different dielectrics in use - ceramics, liquid,...
with dielectric constants ranging typically from a
few 10 to a few 100

:'E:’.'.)‘ 'y
%’--*gq

7
210V

‘t

e = S =SS ______  _— __ __ ____ _———— e - —  — —__ — _ _____— ___ _____— _ __ _______————— = - =S
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Real Components: Capacitors ﬂ(IT

SOme more detaI/S Karlsruhe Institute of Technology

= = . _ — _ _ P = _= — = —_ —_—— —— _

Frequency behavior - can be understood via equivalent circuit

100
L 2 ko Weno '.?.‘ié‘c, SEEEENE
miN)
10
k‘IL‘L‘L‘I_I '41
° T EsR w0 NN RN
L‘L‘h‘--m‘

HIRNN L

-EL‘-I'._--

s~ L
T ﬁl
100 nF
----l 1 WLCC'
HiEINIEInin

10 102 10° 104 10° 107 f(Hz) 10°

 For small w, the capacitive term 1/wC dominates.

* Forlarge w, the term wL dominates.

* Around the natural frequency behavior primarily
resistive (wo=1/Sqgrt( ESL C) ).

* The frequency response of a capacitor is often more
important than the exact value of its capacitance.

— — —_— —_— ——_—— _—m — .
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Chapter 2
Filters

In: Circuits with R, C, L

—_— —— R - _— — o —— — - =

o - - -l In tttf R
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High- and Low Pass Filters

Reminder / Summary

7 — — __ T— = I _—— —— = —_—— = — — = — — —_—

- KIT

Karlsruhe Institute of Technology

Type low pass

RC ( ",_ in —( l--'ru us —

RL "
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Low Pass ﬂ(IT

TlefpaSS Karlsruhe Institute of Technology

‘ > [/ Integrator / low pass filter
in 2 out roe V
M - [/t . %L (Vbé‘ar( O[‘V‘ééf ®
: : o T L tA

C?m//tx .tl‘msAf ‘l[\% Lf/&oq

U out _Z‘/_ Z,  foc 1 1-jwRC
U, = Zi+Zy ++R 1+jwRC 1+(wRO)
- 1 Im(Z)
- = e« 7 = and  tanp = — =—-wRC
with Z /e " \/1 wRC’ P RG(Z)

Z=1forw=0 and Z = 0 for w >> 1/(RC)

—_— B S e e T T e ————— ——————————  _____  ———— . — —— = — — — - = —

[ | Wl Institute for
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Low Pass - XIT
ImpaCt on Slgna/S Karlsruhe Institute of Technology
U |\ U

R (01" pass m’f?

arbitrary vertical position t phase information / shift not shown! t

* Low frequency signals pass unchanged
* High frequency signals are damped
* For high frequencies the output signal is delayed in time with respect to the input signal

e = == == = - S —
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Low Pass

Frequence Dependence

- KIT

Karlsruhe Institute of Technology

_ e = — e ——————— " — — ——— =
_ =" = A — —_— | e — ——————— _— — _ S

e = . — — = —

 Amplitude of output signal depends on frequency.
 Phase depends on frequency.
* The frequency of input and output signal is identical.

0.992 ,
|
|
|
i
0.707 p——F————————— 1
s 4 = 5
|
: i
0.303 p—"——————————————
i : ;
i i
i |
20 159 H00
f [Hz|
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Brief Excursion: Decibel

Characterlzmg F/lter Propert/es

_ — — = —_— e e — ——————— e — ——

e T — —_——

- KIT

Karlsruhe Institute of Technology

Do Pin Uin Iin
Definitions: 10 log for power 20 log or 20 log——  for current / voltage
POMt UOl/tZ out
db voltage ratio power ratio NB: log = base 10 logarithm
20 log i~ 10 log o
5 N Reminder:
100 10 10
log(ab) = log(a) + log(b):
40 100 104 ds( I) gl )b (ij L'
20 0 100 values can be added!
6,02 2 4
3,01 V2 2 Additional terms: P[W]
0 1 1 dBm: dB relative to 1 mW: 10 log
—3.01 L 1 I mW
. \/§ 2
— 6,02 ) i I[A)
—9 :
— 20 0,1 10 dBmA: dB relative to 1 mA: 20 log
— 40 0,01 10~ 4 1 mA
—100 10~ ° 10— 19
msmlsts W823/24A;alog}5773pter2 - " Frank Simon (ngnk simon@kit. edu) |P='D£;f : 36 :
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Bode Plot: Introduction, Low Pass ﬂ(IT

BOdedlagfamm Karlsruhe Institute of Technology

—— == = = - — e ———— ——————— | ——— — ——— = = — S e — e
E— —— e — A — —_—e— | e ——  ———— e — — — — — — - =

* Acommonly used representation of the transfer function (komplexe Ubertragungsfunktion) Z e] P

* Two plots: A
* Amplitude of transfer function Zin dB vs log(f) f= Y | — l |
* Phase ¢ vs log(f) o U, Zaz U,
| T
1
/ =
V1 + (wRC)?
>- tangp = — wRC
here:
R=10kQ
10! 102 f_34B 10° 104 101 102 f_zaB 10° 104 C =100 nF
f [He] f [Hz]

—_——— —_— _——— e — —_—— - ——
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Bode Plot: Low Pass

Closer Look

- KIT

Karlsruhe Institute of Technology

Cutoff frequency: Z has dropped by 1//2 (-3 dB)

1 1
— Q)  —
J-34B STRC —3dB T
Since tang = — wRC : for critical frequency: -1; > ¢ = -
0 dB——————
-
i g
s -20 dB
S &
m 2
4 —
-40 dB
k 0.1 1 10 100
} % l Dimensionless Frequency
101 102 f_3zqB 10° 104
f [Hz] At high frequencies Z drops by 20 dB per frequency decade.

Corresponds to 6 dB/ Octave (frequency doubllng / halvmg)

—_— e s e e — —_— - -
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Next Lectures:
Digital - Thursday, November 9
Analog 05 - Chapters 02, 03 - Tuesday, November 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 09.11. 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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