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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
* Voltage Regulators
* Noise
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Chapter 2
Filters

In: Circuits with R, C, L

—_— —— R - _— — o —— — - =
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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
|
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0.303 p—"——————————————
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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
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Bode Plot: Introduction, Low Pass ﬂ(IT

BOdedlagramm Karlsruhe Institute of Technology

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

A commonly used representation of the transfer function (komplexe Ubertragungsfunktion) Z e] P

* Two plots: Z
« Amplitude of transfer function Zin dB vs log(f) f= w o ] ’ o
* Phase ¢ vs log(f) 27 U -7z |Uu,
Y Y
1
/ =
V1 + (wRC)?
> tangp = — wRC
here:
R =10 kQ
10 10 f_34B 10° 104 101 10 f_34B 10° 104 C =100 nF
flHd f [H]

—_—-— =——
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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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Chapter 2
Oscillators

In: Circuits with R, C, L

B = sy i ———— — — _— _ _— _______ e — ——— = = - - -
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Oscillators - Introduction ﬂ(IT

SCh Wlngkrelse Karlsruhe Institute of Technology

1 2
U = max I=0] U=0 [ = max
_ 1 2 _1 4 52
( : L =5 CU W=5 LI
+ 4+ +
cliliu 3L |cC 3L
S P Y
Resonance: 3 4
Z 1s maximal, the imaginary part
of Zis 0 (Phase ¢ = 0) — == )
| | cttttv 3L | c /3L
7= 1 1 — 1 +++ +
Z. | 7z, JoC —Jor
: 1
—J (Q)C wL) ] 1
= Z is real for wC=— = 0y= resonance frequency
9 —

—— ——— = —_mm— — — ——
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RLC Oscillator: Extension with Resistor ﬂ(IT

SCh WlngkreIS Karlsruhe Institute of Technology

- — _ — — S - S - — —_— e — — — = e —

o  Parallel oscillator with R:
* “Driven” by current from current source

I e | R I C Upu
1 s [, 1
£ = 7] 1 I~ 1 . . 1 1 1
ZR I Z¢ I Zy RTI¢ C =] w L RZ (wC w L )2

1 => Resonance
[ = \/ ‘_ tanap — ( wC) R frequency identical to

2
]%:z | (w C wlL> idealized pure LC circuit!

—_—— — —— - ——
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Z/R

RLC Oscillator

Behavior

- KIT

Karlsruhe Institute of Technology

Basic considerations:

* small output signal for very small and very large w

e for small w: Inductor shorts the circuit;
for large w: Capacitor shorts the circuit

|
a)o —
 LC
Aw = 0.3 wo
1
‘:5 3. Precise behavior
05 as a function of w
|
A = 0.1 we depends on R!
0 b e
0.5 w1 1 w2 2 0.5 Wi 1 W2 2
w/wo w [wo
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Z/R

RLC Oscillator ﬂ(IT

BandWIdth and Q faCTOI’ Karlsruhe Institute of Technology

7 o - E— — P - = = e - =— = — == — — — —
—— — — = —_— e e — ——————— e P — = = —— — —

e Crucial guantity: The bandwidth (Bandbreite)

bandwidth: Aw = w2- w1; w1, w2: amplitude 1/¥2 below maximum

1 Aw = 0.3 wo
§ (corresponds to a phase ¢1,2 = +45°)
1
0.5 : L= Z maximal for wo: Z = R
1 ol 2
f Aw=0.1 wo = T\@C =77
0 b - _________ 5 1 o) 1
0.5 w1 1 W9 9 Results In: Z1,2 for wC T — ﬁ
w/wo
+ | w = (0  positive solutions: w; = | | W = | |
LC RC 2RC 2LC)?  LC 2RC LC)? LC
Q factor (“Giite” 0 @ Wy " 0 RC C
acClor ute ). - = ere: — — —
( ) Aw  w, — w d \/R’ L

—_—-— =——
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RLC Oscillators: Compact Summary

Series and Parallel

§L U

Series

| |
| |
Q

Y

Electronics for Physicists -
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W823/24 Analog Chapter 2

Parallel

- KIT

Karlsruhe Institute of Technology

wo | Aw Q2
. . 1 R | 1 /L
Series oscillator JLC | L R\ C
- 1 1 C
Parallel oscillator 7ic | RO R/ F

Frank Slmon (frank S|mon@k|t edu)
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Chapter 3 Overview

1. Basics

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

» Basic Properties 5. Transistors - Basics

« Semiconductor Basics 6. 2-Transistor Circuits

. L /. Field Effect Eransistors

* Diode Circuits - Examples N |

8. Additional Topics

e Filters
* \oltage Regulators
* Noise

S e sy =S _— — == = Jp———— P—— e ——— - — = — = = — E— e
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Chapter 3.1
Basic Properties

In: Diodes
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The Diode ﬂ(l I
DIOO’G B - - o - ) Karlsruhe Institute of Technology
* A passive, non-linear component. 100 mA
80 mA
E I 60 mA backward
o] o]
Basic behavior: 40 mA as as
Durchlass-
~ )
Large current for forward bias. 20 mA Sperr richtung

o | richtun
Minimum leakage current for reverse bias 0 mA :

For a constant, not too small current in -1 nA
forward direction (~ 10% of the maximum
current of the component) there is a voltage -2 nA

drop of Us over the diode, (almost) -1.2 -0.8 -0.4 0 0.4 0.8 1.2
independent of the current. [J {\} “IV curve”
“Kennlinie”

For Sidiodes: Us ~0.7 V voltage drop / forward threshold vo/tage “Sohwel/enspannung”

e — = = = p————— e, . . ——— P— = —— —_— E— e P e— = — - — -
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Behavior of Diodes ﬂ(IT

ShOCkley DIOde Equatlon Karlsruhe Institute of Technology

e = — e ——————— " — — ——— =

—_— = = — — = —_— e e — ——————— e S —

= — = = R e =

» Description of the IV Curve of a Diode: Shockley diode equation

100 mA
- [J - - U i}
80 mA de ' — '
[ =1qg |ekrT — 1| = 1g |eUr — 1]
60 mA - B _ N
40 mA _ _ y ,
Is : reverse bias saturation current  “Sperrstrom
20 mA (often also “leakage current”)
0 mA
A k1l _ UT >~ 26 mV at 300 K
de
-2 nA
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

k: Boltzmann constant
de: elementary charge

T— E——— S T e ————— —— ——— —  __ ——— —_ — - = - -
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Behavior of Diodes

Extens:on of the Shock/ey Equatlon

_— — = —_— e e — ——————— e S —

- KIT

Karlsruhe Institute of Technology

e e — = — e — = -

* Depending on material diodes show different behavior:
Cannot be described by the simple Shockley equation.

- gqe U ] i U i U
I =1g |exT — 1| =1g |eVr —1 => I =1qg |enVr — 1 n=1...2
100 mA 100 mA
80 mA 80 mA n = 2
60 mA 60 mA Si-Diode
40 mA 40 mA
20 mA ~ 20 mA
0 mA 0 mA
-1 nA -1 nA
-2 nA -2 nA
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 -1.2 -0.8 -0.4 0 0.4 0.8 1.2
U [V] U [V]

i ————— = — ——
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Historical Perspective
W/ll/am B. Shock/e y

ﬂ(l

Karlsruhe Institute of Technology

* Physicist and electrical engineer

* Nobel Prize in physics 1956 (together with Bardeen, Brattain)

“for their researches on semiconductors and their discovery of
the transistor effect”

One of the “founders” of

Silicon Valley

(but also a very controversial
person)

YT I e— W yp— PR— o a

..,-‘..-_ Moumu mmmm

quknm labetobq

—— — e —— e e — = e e — _— ——— =
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Chapter 3.2
Semiconductor Basics

In: Diodes

Electronics for Physicists - WS523/24 Analog Chapter 3
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Semiconductors ﬂ(IT

Ha/b/eltel’ Karlsruhe Institute of Technology

* The basis for diodes (and transistors,...): semiconductors.
Characterized by a (small) band gap between the (filled) valence and (empty) conduction band.
Electrons move from valence into the conduction band via thermal excitation -> “holes” in valence band.

Semiconductors: Elements of the IV main group: Si, Ge, C (as diamond); but also compounds:
GaAs, GaN, SiC, HgCdTe, CdZnTe, ...

Typical values at room temperature

Si Ge GaAs | Diamond GaN
Band gap Eg [eV] 1,12 0,67 1,42 5,5 3.4
Intrinsic charge density | 7 [ecm—>] | 1,110 | 2,410 | 1,810° ~ 1027 2 x 10-10

(due to thermal excitation)
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Doping, PN Junctions

- I

DOtlerte Halblelter Und PN-Ubergange Karlsruhe Institute of Technology
* Doping: Providing additional electrons (V main group, such Increases the charge carrier density
as P (Z=15), n-type doping) or holes (lll main group, such as by several orders of magnitude

B (Z = 5), p-type doping).

Co O)J‘(&[/'Ovn &4){
baad gap E

TS dkrees
Prefd (ﬁw/c I'Cj""’?

accg,oé»- leve/ LA /en:/
‘ Vaelence bamof ploctroms i“"“’?)’
O O O o o O o o o o o
O O O o o o o o o O . . . .
O O O o o o o o o O . . .
O O O o o o o o o . . .
O O O ° ° ° ° ° ° O O ° ° ° ° ®
O O O o o o o o o O . . . .
f t —> diPlusitn cucrent L™ Prowm o fo p)
P" Jop/.'n(: echg{ ho/e_g n - def‘n s é__. feld curret (e~ from p % ")

&K C¢$€ el 44)(’0«5

—— —— e e e ——— B e e e e e ————S———e—— e eSS — = —_—— -
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Electric Fields In Diodes

- A<

Karlsruhe Institute of Technology

= = = — _ — = = - = ——— — e T —— _——e— e —_— — - — — —— —————————— ——— ——
E— = _ — — = — = e e = = = = S — — — === — _ _ == —— ——— ——————
— = S _ —_— _ = __ = — = = - — ——— —__—

A Space charge density A field strength A potential
—.7‘p
e E e B p—
I'n L
| -
a5, . X
0 . ot Potential difference between n side (higher due to
o . ¢ positive net charge) und p side (lower due to negative
6 o ' ] ] net charge), depending (among others) on doping
2 concentration. In silicon typically 0.6 V - 0.7 V.

—_—— — - _— — S

e e e ——— e —— p—— = ———- == p— =
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Extreme Reverse Bias Voltage: Breakdown

Durchbruchspannung

T 10-
mA:
JA
breakdown reverse S forward
5_
Durchbruch- Sperr- _ Durchlass-
bereich —* bereich »<— bereich
I I I I I I I I I I I IO— I I I I I
130 V 50 10 0.5 U V 1,0
- UBr — Ugp —»
. IN 914
"~ 25 °C
Ig -
ho
1.0

e p— — _—— = ———————————

Electromcs for Phys:c:sts W823/24 Analog Chapter 3

- AT

Karlsruhe Institute of Technology

_ — E—

* A diode cannot hold arbitrarily high reverse
bias!
Above: Breakdown

Normally unwanted:

High currents, power dissipation,
temperature results in destruction of the
diode.

But: There are exceptions:
Zener diodes

avalanche diodes (avalanche amplification!)

N |

Wl In tttf
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Diodes beyond Electronics Components ﬂ(l

A Wlde Range OfA,D,D/ICéltIOnS Karlsruhe Institute of Technology

_— —— . = — ———  — = — = — e —_—— = ——
—_ _ e e — - —  ——— e —_ = o e — —

» Silicon detectors in particle physics.

——— - e S . = = = .
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Diodes beyond Electronics Components ﬂ(IT

A Wlde Range OfA,D,D/ICéltIOnS Karlsruhe Institute of Technology

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

e Silicon Photomultiplier (SiPM)

Avalanche Photo Diode APD V...  Al-conductor
A

7

Si Resistor

c Linear i1 Geiger N
3 mode ii mode
o 1
o : g
= Gain ~ 100
No Gain ;
Of— E
>
Reverse Bias Voltage
= e
| EEEErememsmmEREE

W |nstitute for
A Data Processing 1 4
I ond Electronics
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Temperature Dependence of Diodes ﬂ(IT

Tempel’athabhanglgkelt Karlsruhe Institute of Technology

___ T— = I _—— —— = _——— = — — = — — —_—
_ - _ S — —— = —— — — = —_— e e — ——————— e P — = = — = -

* The properties of diodes depend on temperature.
Two main effects:

 |ntrinsic charge carrier density - thermal excitation

 Dependence on Ut (IV curve / Shockley equation) 'l‘;]T — UT
. |
. dU Ug—Ug — 3Up dU mV
Forward bias = Uz ~1.12 V (band — oY
dT T ° (bandgap) => 7 =~ L8754
(at 300 K)
3 e Vg
in reverse bias: Ig ~1T'2e 2kT

Current grows with increasing temperature - doubling every ~ 7 K.
Risk of a “thermal run-away”!

—_—-— =——
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Next Lectures:
Digital - Thursday, November 16 & Tuesday Nov. 21
Analog 06 - Chapters 03, 04 - Thursday, Nov. 23




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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