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(1) Reminder: Electrical circuits
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A e L T Y 4~ ™"
g/ Basic elements NN

AC source:
Power source: C) DC voltage DC current Uft) = Uy sin(wt)
source: source: U = Ueff= Uo/\/z
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‘ Basic elements NS

AC source:
Power source: C) DC voltage DC current Uft) = Uy sin(wt)
source: source: U = Ueff= Uo/\/z

Resistance: m $ UlC) R U=R-1I. I R )U

08/05/2026 U. Blumenschein, Introduction into Electronics 4



' Basic elements

Power source: /) DC voltage DC current
\o source: source:

Resistance: $ UlC) R 7

Capacitance: —— I¢C—— )u(t)

_ oy da o du
Q=C-U :.(t)—dt_C-dt
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AC source:
u(t) = U, sin(wt)
U = Ueff= Uo/\/z
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"~ Basic elements

Power source:

Resistance:

Capacitance:

08/05/2026

(

o

-
AC source:
DC voltage DC current U(t) = Uy sin(wt)
source: source: U =Ugy= Uy /N2

— A — Inductance:
T ) ul(D +
i(t)
di
_ dg du B e
Q=C-U -z.(t):E—CE H(f)—Ldt,
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‘ AC resista nte_(r_e_acffaﬁc_e_)__ \

Resistance:

Ul R
T

U

Ir =

Rotation of

phasors at
rate @,
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‘ AC resistance _(r_e_aéfaﬁc_e_)__

. ‘ \\\\\ ‘\

Resistance:

Ul R
T

U

Ir =

Rotation of

phasors at
rate @,

08/05/2026

Capacitance:

L 8]
I C___ u(t)
& 8]
Uc = Ic Xc
P 1
€T wC

Rotation of

|
Cm = I¢ \phasors at
rate o,
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‘ AC resistance (reactance) S0

Resistance:
Ul R
I
__Ug
Ip = 7

Rotation of

phasors at
rate @,

08/05/2026

Capacitance:

L 8]
I C___ u(t)
& 8]
Uc = Ic Xc
P 1
€T wC

Rotation of

|
Cm - I¢ \phasors at
rate @,
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Inductance:
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UL:fL X1
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R
PRy
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‘ Networks (more later)

Junction rule:

k=1

Is Is
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Networks (more

later)

_.;\

N

y
"4

Junction rule:

Is Is

Loop rule
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@8]  Networks (more later)

Junction rule:

Loop rule

—Rtota.l=Rs=R1+R2+""|‘Rn

08/05/2026
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‘ Networks (more later) RS

Junction rule: Loop rule

I — n
2l S U=

. 7 i Q> 2
Ry
Is I
) - *
Us
Resistance in series: Resistance in parallel:
W ....... _‘,kgv\_o °1> .......
1 2 n ) ‘le R, R,
Rigtal = Rs =Ry + Ry +---+ R, 1 1 + 1 + + 1
Rtotal B Rl R2 Rn
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@8]  Networks (more

Junction rule: Loop rule
i
Ik =0 n
; Z U, =0
1 > I x> 2
Ry
Is Ig
) - *
Us
Resistance in series: Resistance in parallel:
W ....... _‘,kgv\_o °1> .......
1 2 n ) ‘le R, R,
Rtotal=RS=R1+R2+"'+Rn 1 1 + 1 + 4 1
Rtotal B Rl R2 Rn
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‘ Networks (more

later)

_M;\Q\\\\

S

Junction rule: Loop rule
i
Ik =0 n
; > Up=0
. 7 f R 2
R3
Is Ig
) - *
Us
Resistance in series: Resistance in parallel:
O AN AN nies —AN—0 °1> .......
R R R, $r 2n, "
[ —— L LLLLL
Rigtal = Rs =Ry + Ry +---+ R, 1 1 + 1 +-- 4+ 1
Rtotal Rl R2 Rn

08/05/2026

U. Blumenschein, Introduction into Electronics

Impedance in AC circuits

R

AAA
Yy

250Q
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@8]  Networks (more

Junction rule:

k=1

Loop rule

I I Uy Us

N oy
Iy I Q‘ (g

R3
Is I 1

Resistance in series: Resistance in parallel:

O AN AN 2 e —_AN—0 °1> .......
R Ry R, $r 2n, "

1
Z= |R? 4+ (wL ——)2
(L ——2)

Low-pass filter

in

a
Il
|
=

out

Rigtal = Rs =Ry + Ry +---+ R, 1 1 n 1 4 + 1
Rtotal B Rl RZ Rn
08/05/2026 U. Blumenschein, Introduction into Electronics
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@8]  Networks (more

Junction rule:

k=1

Loop rule

I I Uy Us

. N
I4 I W (g

R3
Is Ie  —

Resistance in series: Resistance in parallel:

Low-pass filter

1
Z= |R?+ (wL ——)2
(L ——2)

high-pass filter
C

------- R
A A ] Y VR | B
1 2 n < R] R2 Rn
Ot s s a2 5 1 vin C == vout R
Rigts = Rs =Ry + Ry +---+ R, 1 1 . 1 e 1
= — — . —_— C o
Rtotal Rl R2 Rn o * O
1
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(2) Analog electronics
2.1.: Building blocks
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D n " \\\
p type Depletion type D | N\ \§
doping zone doping 1A \\\\\
NG bias oxexexerexellcrcyerorores - \‘
Cogangleg etk o s
voltage eXeXeXerelelloRellcroXcioN Drop
Forward Bias:  + [9:9:0:0 03[0 0:00B: / Foraerd Opealin
; W 10.0.0,.0,0,0|® @O0, orward Operating
Depletion zone ™ 0.0.0.0, @.Q % PP, X Region
eXeXeXeRegellcRoRelc1oNo)

reduced

|V- NEE
0.3V Germanium
0.7V Silicon

Electrons cross the junction fromn to

p type = depletion zone, barrier voltage o
Current-voltage characteristic
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i

Diode: pn junction and biasing N

.
o n e
p type Depletion n type D I N \§
doping zone doping A \\\\\
No b 0000000 PP R S 1
0 1as 808080808 8 % 8 808 Fward Vﬂltagﬁ
voltage eXeXexeleRelloRelele Drop
. ¢ ©° .0 0 0o 1 .. / Quadfal’lll
FOrwa rd BIaSI + 80808080 808 % 808-% Forward Operating
Depletion zone *“‘nggjgjgj 8:8 Q 8:8:% L . . Region
everse orea own
reduced | _ Voltage
. > s h : Vv
Reverse Bias: 9889900090 ¥ -
. OOOOOO|®®PPID.| 0y —
Depletion zone L1I0D0000|®® @@8:@: TLeakaga |
increased eXeReXeNefe]icReRelolo)e Current | Ve
0.3V Germanium
Quadsant L1 0.7V Silicon

Reverse Operating

Electrons cross the junction fromn to
p type = depletion zone, barrier voltage

Region
Current-voltage characteristic
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Ideal diode (forward bias): p n \
. + DF - e
I(U)=1Is- (ﬁW — 1)

Is: leakage current =~ 1-100 uA
Uz =kT/e =~ 40 mV

Current
0.3V Gg/manium
Silicon

Quadrant III
Reverse Operating
Region

Current-voltage characteristic
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Ideal diode (forward bias): p n N
- + _|>|_ - \\\\
I(U)=1Is- (ﬁW — 1)

Is: leakage current =~ 1-100 uA
Uz =kT/e =~ 40 mV

Real diode (forward bias): Quadraryt I

[(U)only >0
for U > Barrier Voltage (= 0.3-0.8V)

Current
0.3V Gg/manium
Silicon

Quadrant III
Reverse Operating
Region

Current-voltage characteristic
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Ideal diode (forward bias): p n \

) =Is - (e% _ 1)

Is: leakage current =~ 1-100 uA
Uz =kT/e =~ 40 mV

Real diode (forward bias): Quadraryt I

[(U)only >0
for U > Barrier Voltage (= 0.3-0.8V)

Differential resistance:

Current
0.3V Gg/manium
. dl Quadrant III
r= W Reverse Operating

Region
Current-voltage characteristic
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I 4
Conventional diodes destroyed
by large reverse-bias voltages. Forward Voltage -
Drop
Zener diode: operated with reverse bias. Quadrant I
Typically, heavily doped: small depletion zone. Forward Operating
Region
Reverse Brgakdown
| Volta;
} V.
T Leakag |
Curre |V-.'qrr
0.3V Germanium
Quadpant III 0.7V Silicon
Reversygf Operating
egion
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g Zener diodes: reverse biasing MS3

+ o—

5 A |

R

——o +

S Uour

Conventional diodes destroyed
by large reverse-bias voltages.

Zener diode: operated with reverse bias.

Typically, heavily doped: small depletion zone.

Resistance breaks down at the

Zener voltage: tunneling of electrons from
p-type valence into n-type conduction band
—> Voltage stabilizer, reference voltage

08/05/2026
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o — I
e .-
Forward Voltage
Drop
Quadrant I
Forward Operating
Region
Reverse Brgakdown
| ~ Volta
¥ | v >
T Leakag |
CU"E | V-_ MNEE
0.3V Germanium
QuadrAnt III 0.7V Silicon
Reversg Operating

egion
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1 P a0 - et o e ™
! Circuits with diodes (1) N
Half-wave rectifier

Blocks negative half waves

Oy,

R, .

A A

o=
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Circuits with diodes (1)~ SS%

Half-wave rectifier

O\, lf R,

Blocks negative half waves

.

+
Half-wave rectifier with smoothing capacitor

N o Half waves smoothened
e

C Ch&(@fi_» C Discharges

L ) e r's
<> ll) c T U: RL \/.\\r\\{_ Output Waveform

_~with Capacitor

ov L \ [ \ [~ Without Capacitor

08/05/2026 U. Blumenschein, Introduction into Electronics 27



g b 4 AT G, SR ~\“ RN NN
‘ Circuits with diodes (2) NS
‘\ N
Full-wave Bridge rectifier Diodes are arranged such that
the positive pole is always connected

to the same point.
--> |Inverts negative half waves

g Load .o' "1 f "1" "Y' "’
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‘ Circuits with diodes (2)

Ny

S

AN

Full-wave Bridge rectifier Diodes are arranged such that
the positive pole is always connected

to the same point.
--> |Inverts negative half waves

g Load .o' "1 f "1" "Y' "’
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' Circuits with diodes (2)

Full-wave Bridge rectifier

Diodes are arranged such that

the positive pole is always connected
to the same point.

--> Inverts negative half waves

Bridge rectifier with smoothing capacitance

&

D1

A\
A

08/05/2026
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Circuits with diodes (2) 3%

Full-wave Bridge rectifier

&

D1

Diodes are arranged such that
the positive pole is always connected
to the same point.

--> |Inverts negative half waves

Load [ \ .{ .1, \ Voltage regulation/limitation:
If the initial voltage becomes larger than
the Zener voltage the Zener current

Increases > resistance drops

R

A\
A

| e B S

08/05/2026

|
(4 zp /& lf R,
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Transistors

o Active, controllable semiconductor
devices.

o Amplify and switch signals and power
o Main types:

o Bipolar junction transistor (BJT)
o here: npn transistor
o pnp transistor: works in an
analogous manner

08/05/2026 U. Blumenschein, Introduction into Electronics

F E: Emitter

B: Basis
7

_~~— C: Kollektor
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g Transistors

o Active, controllable semiconductor
devices.

o Amplify and switch signals and power
o Main types:

o Bipolar junction transistor (BJT)
o here: npn transistor
o pnp transistor: works in an
analogous manner

o Field Effect Transistor (FET)
o MOSFET: NMOS/PMOS
o CMOS: combines NMQS an
PMOS

08/05/2026 U. Blumenschein, Introduction into Electronics

F E: Emitter

B: Basis
7

_~~— C: Kollektor

D: Drain
/

5: Source
/
i

33



Transistors N

o Active, controllable semiconductor
devices.

o Amplify and switch signals and power
o Main types:

o Bipolar junction transistor (BJT) o
o here: npn transistor
o pnp transistor: works in an

analogous manner

_~~— C: Kollektor

D: Drain
/

o Field Effect Transistor (FET)
o MOSFET: NMOS/PMOS
o CMOS: combines NMQS an
PMOS

5: Source
/
i

7~ G: Gate

Contemporary Integrated Circuits (IC) are in general not build from discrete
transistors but need to understand the transistor principle to understand IC

08/05/2026 U. Blumenschein, Introduction into Electronics
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Collector C

Base-Emitter diode: operated

Base oe Pe_e-o in forward direction Tn
| | ‘r |
e_e e 5
- N . \

Ig=1c+1p E

. Uce =UcB + UBE
Emitter

heavily n-doped
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Collector

Emitter

Base-Collector diode:
operated in reverse bias
= “leakage” collector current I

Base-Emitter diode: operated
in forward direction

heavily n-doped

08/05/2026

U. Blumenschein, Introduction into Electronics

X
—
P

‘FIE
Ig=1c+1p E

Uce =UcB + UBE
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Collector C

‘ + Base-Collector diode:
operated in reverse bias

n = “leakage” collector current I / \}O@
+

X
—
P

Base-Emitter diode: operated |/ -
+ floo 00| . o B —= A
Base oe Peg | in forward direction Tn Ma. |5
° - electrons drift into the base v |
e‘e € x
A o
e e
. 11w
Ig=1c+1p E
) - Uce =UcB + UBE
Emitter

heavily n-doped
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Collector

‘ + Base-Collector diode:
operated in reverse bias

n = “leakage” collector current I
Base-Emitter diode: operated

+ |© O,,0 O . . .
Base Oe P e o in forward direction
o

- electrons drift into the base
e € > some electrons reach the
p-n transition region of the
Base-Collector diode

Emitter
heavily n-doped

08/05/2026 U. Blumenschein, Introduction into Electronics

x

Hi)ﬂ

FIE

Ig=1c+1p E

Uce =UcB + UBE
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Collector C

‘ + Base-Collector diode:
operated in reverse bias X

n = “leakage” collector current I / \}O@
+

—
Q

Base-Emitter diode: operated |/ -
+ |© O,,0 O . . . B > ®
Base Pe in forward direction T M. | &
oe + e 0O . B
—> electrons drift into the base ] '
e € - some electrons reach the x
-~ N . p-n transition region of the vy
Base-Collector diode E
- increase collector current |, Ip=1Ic+1IB E
) Uce = Ucp + Upk
Emitter

heavily n-doped
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Collector C

‘ + Base-Collector diode:
operated in reverse bias X

n = “leakage” collector current I / \}O@
+

—
Q

Base-Emitter diode: operated |/ -
+ |© O,,0 O . . . B > ®
Base Pe in forward direction T M. | &
oe + e 0O . B
—> electrons drift into the base ] '
e € - some electrons reach the x
-~ N . p-n transition region of the vy
Base-Collector diode E
- increase collector current |, Ip=1Ic+1IB E
) Uce = Ucp + Upk
Emitter

heavily n-doped
lg/Uge =2 control 2 |
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@] npn BIT: characteristics (1) S0

Input characteristics

“I” simitar to diode
dic &
characteristics +

"'\(‘E g S 1 \%

v )
Input characteristics o E
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- ar ) ¥ . P . T P e b @ — \
) : " oy N
npn BJT: characteristics (1) N
‘\ ~
Input characteristics Output characteristics c
.;:.i. Hri:\)) 0.4 mA X Y IC
similar to diode 7 D
characteristic 15 | v i ‘ \}V +
| I I/ -
. | 0.2 ! -
vep> 1V 1 | \ i B IB I\ {:tr_j-l
67 \ e (). 1 I T !
0.5 L0 ] 5 10 ¢ K 20 Vee (V) ) I IE
Input characteristics vps|Y) Output charatteristics E

Active region:

Small change in base current I
lead to large change in collector
current, nearly independent of U

= Current amplification etc.
08/05/2026 U. Blumenschein, Introduction into Electronics 42

Saturation region:

Small changes in U lead
to large change in I,

- switches etc.



V—\\\‘

@] npn BIT: characteristics (2) S0

S

® working point in active region

e output C

rB_@lUCE (—

[ :
lg=const | D
U~g=const B | , O
CE — " ’\}/ .
BN — o S
transfer | ! : In Ma |5
: [ Y :
g i i Uce . 11w
input | | E
Ugg=const i i l|g=const
________ :‘:'_—-_—h*______________-

lg/Uge =2 control 2 |
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Voltage divider biasing

| The voltagacross R,|forward-biases the
] : .
Ry load BE junction
Ry
C
I
OL <
‘ 7 E
UB BQ

08/05/2026 U. Blumenschein, Introduction into Electronics 44



Voltage divider biasing

The voltagacross R,|forward-biases the

P . .
Ry load BE junction

=1 ]
Ip ¢ _UO-IEI+R2

08/05/2026 U. Blumenschein, Introduction into Electronics 45



¥l Selecting the working point %

SR

Example circuit Voltage divider biasing

(Calculation: see next lecture: circuit analysis)

08/05/2026 U. Blumenschein, Introduction into Electronics

The voltagacross R,|forward-biases the
I R BE junction
L load
- [74] RiR
2 1412
' = Up - — B}
()lllo I ¢ 0 (R +[R Ri + Ry
7 E
UB BQ

46



@] Selecting the working point ST

Example circuit

Voltage divider biasing

The voItagacross R,

P . .
Ry load BE junction

— _ 7]
C P =t =

(Calculation: see next lecture: circuit analysis)

08/05/2026 U. Blumenschein, Introduction into Electronics

forward-biases the

RR
T 1412

'Ry + Ry

E If R, R, are sufficiently small, the base current
does not impact the base voltage

} Ip-Ri < Uy > UBmUo-%

47



@] Selecting the working point ST

Example circuit

Voltage divider biasing

The voltage Ug across R, forward-biases the
Ry load BE junction
Ry
R R1R
Up=Uy  —2_ _[p.—1"2
I R+ Ry Ri + Ry
I <
‘ If R, R, are sufficiently small, the base current
does not impact the base voltage
UB BQ
. ~ 0 —R
} Ip-Ri<Uy > Up=~U R1+2R2

(Calculation: see next lecture: circuit analysis)
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@] Selecting the working point ST

Example circuit

Voltage divider biasing

The voltage Uy across R, forward-biases the
BE junction

Ry R1 Ry

Ui =" s w2 m

(Dl ‘ : ~ e

If R, R, are sufficiently small, the base current
does not impact the base voltage

} Ip-Ri < Uy > UBmUo-%

Stabilizing WP by adding emitter resistance R¢

Reduces Ug; if base current I becomes too large.

08/05/2026 U. Blumenschein, Introduction into Electronics 49



Example circuit

Voltage divider biasing

The voltage Ug across R, forward-biases the
BE junction

Ry R1 Ry

Ui =" s w2 m

Qe - e

If R, R, are sufficiently small, the base current
does not impact the base voltage

Ip- R < U -> UBmUo-%

Stabilizing WP by adding emitter resistance R¢

Reduces Ug; if base current I becomes too large.
Xc=— Effect on AC signal can be mitigated by adding a capacitor in parallel
- Re || Re reduced for high frequencies, R = R for low frequencies

08/05/2026 U. Blumenschein, Introduction into Electronics 50
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FET N

BJT not suited for Integrated Circuits (IC): base currents would overheat the IC
— use FETs: similar operation as with BJT but:

Gate
o controlled with negligible currents Source Drain
o smaller area
o transfe.r characteristics more linear e T
o less noise ; Lo ;
L -
i p-Substrat
Bulk

'_
l:«—— Bulk
G _
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e AL
FET "N

BJT not suited for Integrated Circuits (IC): base currents would overheat the IC
— use FETs: similar operation as with BJT but:

o controlled with negligible currents Source Drain
smaller area

O
o transfer characteristics more linear
o less noise

A
A

Example n-channel MOSFET (Metal-Oxide-Silicon FET,

: p-Substrat
o p-doted substrate l
o n-doted channels: Source, Drain Bulk

U

o Gate isolated from substrate by e.g. SiO,
o =2 no Gate-Source/Drain currents

08/05/2026 U. Blumenschein, Introduction into Electronics 52



m -channel MOSFET: operation M3

Source Gate Drain
N£ ﬁ
pE

\ depletion /

o No source drain current

08/05/2026 U. Blumenschein, Introduction into Electronics 53



S a0

@] N-channel MOSFET: operation S

Source Gate Drain
N
p -
inverted channel -, | +
\depletion / ' I|

o Electrons from p-doted substrate drawn
towards positively charged gate
o =2 channel allows for S-D current I,

o No source drain current

08/05/2026 U. Blumenschein, Introduction into Electronics 54



¢ ] N-channel MOSFET: operation 33

S

- 1+
Source Gate Drain +— H

S
N
| P/ depletion
P\ / il e
inverted channel Lt
\depletion / ' I|

o Electrons from p-doted substrate drawn
towards positively charged gate
o =2 channel allows for S-D current I,

o No source drain current

Ip, output characteristic
4
! Typically, smaller transconductance
i Uss than BJT (output current /input voltage)
Ups
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(2) Analog electronics:
2.2: Integrated circuits
Example: Operation Amplifier

08/05/2026 U. Blumenschein, Introduction into Electronics 56



gOperannal amplifier (op amp) AN

l54

0

Circuit diagram:

Difference amplifier with two inputs and one output

positive power supply

+ U B + B Non-invertin; I
inverting — }—L i e
input U_ ~ i
U, output
U+ .7V i
Non-inverting - i
inpUt l_b l Dﬂ‘scl;
= null !

negative power supply ) S - i

Characteristics:
o Output voltage proportional to the difference between the Ups=vo- (U =U")

input voltages: very high amplification (> 10000-100000)

57
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T . B U
W

gﬁperatioh_a_l_gmp_lifi_er_(cﬁ amp) \3\\

_~
Difference amplifier with two inputs and one output Circuit diagram:

positive power supply .

+UB T Non-inverting

inverting — }—L i e
input Uu, I~ i

*Ua  output

U+ .7V
Non-inverting - i
inpUt _l_b 1 Dﬂ‘scl;

negative power supply ) S - |

Characteristics:

o Output voltage proportional to the difference between the Ups=vo- (U =U")
input voltages: very high amplification (> 10000-100000)
o Ifused with negative feedback (U, connected with U- )

X? Y
the op amp regulates U+ = U- [1] T

negative feedback

08/05/2026 U. Blumenschein, Introduction into Electronics o8



@¢ ] Ovrerational amplifier (op amp) ST

S
Difference amplifier with two inputs and one output Circuit diagram:
positive power supply
inverting
input u, I
*Ua  output
U, —+ ]
Non-inverting —
input r{ =

negative power supply

Characteristics:

o Output voltage proportional to the difference between the Ups=vo- (U =U")
input voltages: very high amplification (> 10000-100000)
o Ifused with negative feedback (U, connected with U- )

X Y
the op amp regulates U+ = U- [1] ?'—
o Negligible input current (intothe op amp) [2]

negative feedback
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!_éperatioh_a_l_gmp_lifi_er_(cﬁ amp) ~‘§§

_~
Difference amplifier with two inputs and one output Circuit diagram:
positive power supply
inverting
input u, I
*Ua  output
U, —+ ]
Non-inverting —
input r{ =

negative power supply

Characteristics:

o Output voltage proportional to the difference between the Ups=vo- (U =U")
input voltages: very high amplification (> 10000-100000)
o Ifused with negative feedback (U, connected with U- )

X Y
the op amp regulates U+ = U- [1] ?'—
o Negligible input current (intothe op amp) [2]

o The maximum output voltage is the power supply voltage negative feedback
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OE amp circuits

Inverting amplifier (negative feedback)

;21

Voo Ehaf
L

o If used with negative feedback (U, connected with U-)
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]

08/05/2026
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‘ Op amp circuits TN

Inverting amplifier (negative feedback)
22

Z L
Upe ZA0e
Ua
[ *
[2]9 Ilee—U_:U_—Ua:IQ

A Z>

(1] 2> U~ =0V (virtual ground)

o If used with negative feedback (U, connected with U-)
the op amp regulates U+ = U- [1]

o Negligible input current (into the op amp) [2]
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OE amp circuits

“v
8NN

h.

/ F |

NN\
N

Inverting amplifier (negative feedback)
22

Z L
Upe ZA0e
Ua
[ *
[2]9 Ilee—U_:U_—Ua:IQ

o If used with negative feedback (U, connected with U-)
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]

08/05/2026 U BiUMenscheln, Imtroduction Into Electronics
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Us—1+

p—0 Ua zz
f/ T

e

Zy

21 > [lee_U _ v _Ua:[2 I
1 Z
Negative feedback from voltage divider:
(11> U~ =0V (virtual ground) _ 7
11> U,=U = — Ua
Z, Z,+Z,
Uy = —==
9 a Zl e

08/05/2026

o If used with negative feedback (U, connected with U-)
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]

64
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Us—1+

p—0 Ua zz
f/ T

e

Z,
21> = Ut I
1 Z -
Negative feedback from voltage divider:
(11> U~ =0V (virtual ground) _
11> U,=U = -2 Uq
Z2 Z,+Z,
- Ua — — = Ve 7
Al S U.= (7 + 1) U.
1
o If used with negative feedback (U, connected with U-)
the op amp regulates U+ = U- [1]

08/05/2026

o Negligible input current (into the op amp) [2]
65
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o~
R l,
R1 —
Ua
I:‘1
| |Re
o If used with negative feedback (U, connected with U- )
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]
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OE amp circuits

£ 2l ====1=

o If used with negative feedback (U, connected with U- )
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]

08/05/2026 U. Blumenschein, Introduction into Electronics
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Op amp circuits "N

- +
I U,-U U-Ua
I, R % 2 12] 1, = R, =1, = R,
*DH- >R Uy g,
Ua Sy =y R _p R s
U2 + a — ] - 1R1-()
I:‘1
| |R:

o If used with negative feedback (U, connected with U- )
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]
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Op amp circuits N
.
Differential amplifier (negative feedback) 1] U_=vu,=U
Uu,-u U-Ua
2] = 2= =1,= —
1 2
>8R _ %%y _va
Rl Rl
R,+R R
S U, =U 5 — U2 (%)
1 1
, U=U > (voltage divider) (**)
g 2 R +R,
o If used with negative feedback (U, connected with U- )
the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]
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UR,

— —=U-Ua
R, R,
S U, =U "5 — U, 2 (%)
D Ro Uu=U, RiZR (voltage divider) (**)

(**)in (*)

R, R.+R R

> U, =U, —*-1—=2 —[,=2
R,+R, R, R,
Rs
o If used with negative feedback (U, connected with U- ) K Ua - R_l (U2 o Ul)

the op amp regulates U+ = U- [1]
o Negligible input current (into the op amp) [2]
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g Op amp circuits SRR

Integrator (negative feedback)

e Virtual ground offset by input current
ICT . ] —> op amp passes a current that charges the
I B T capacitor to maintain the virtual ground
Uege—{ | - R U
R E . JYa 2] Ip= —==1,
R
f-l-
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g Op amp circuits SN

Integrator (negative feedback)

e Virtual ground offset by input current
ICT . ] —> op amp passes a current that charges the
I B T capacitor to maintain the virtual ground
Uge— | - R U
R E . JYa 2] Ip= —==1,
R
f-l-

Capacitor equation:

- Differential: I = C a
dt

- Integrated: U = %fldt (*)
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g Op amp circuits SAIRN

Integrator (negative feedback)

C Virtual ground offset by input current
ICT : I I —> op amp passes a current that charges the
k' m capacitor to maintain the virtual ground
U P [ ] _ __i:i,
" R E U 2] Iz = Y. I
. o a R R c
+
with(*):
- t
U,=—=| I.dt
Capacitor equation: ¢ C _[0 ¢

- Differential: I = C a
dt

- Integrated: U = %fldt (*)
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g Op amp circuits SAIRN

Integrator (negative feedback)

C Virtual ground offset by input current
ICT : I I —> op amp passes a current that charges the
k' m capacitor to maintain the virtual ground
U ——>~__ R U
R E * an [2] IR — Fe ~ IC
+
f with(*):
N t 1 t
U,=—= | I,dt= —— | U,dt
Capacitor equation: ¢ C _[0 ¢ RC J, ¢

- Differential: I = C a
dt

- Integrated: U = %fldt (*)
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g Op amp circuits SN

Integrator (negative feedback)

C Virtual ground offset by input current
ICT : I I —> op amp passes a current that charges the
k' m capacitor to maintain the virtual ground
U ——>~__ R U
R E * an [2] IR — Fe ~ IC
+
f with(*):
B 1 ¢ 1 (¢
U,=—= | I,dt= —— | U,dt
Capacitor equation: ¢ C _[0 ¢ RC J, ¢

- Differential: I = ¢ ¢ . .
dt — The output voltage is proportional to

- Integrated: U = %f Idt (*) the time integrated input voltage
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g Op amp circuits RS

Schmitt trigger: positive feedback If U, rises, the difference between
U.and U, will rise. This causes U, to rise

even further until maximum output voltage
(given by the power supply voltage) is reached

Ue

+

B

_L_

Uy =vo- (Ut —U")
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g Op amp circuits TN

Schmitt trigger: positive feedback

Ue

+

08/05/2026

If U, rises, the difference between

U.and U, will rise. This causes U, to rise

even further until maximum output voltage
(given by the power supply voltage) is reached

Example: U, =14V, R; =10(), R, = 4Q)
If U, =14V, U+=4V.

+4 -
Ue [V] 0-///\
_4_

+14 -
Uy [V]

_14-
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g Op amp circuits TN

Schmitt trigger: positive feedback

Ue

+

08/05/2026

If U, rises, the difference between

U.and U, will rise. This causes U, to rise

even further until maximum output voltage
(given by the power supply voltage) is reached

Example: U, =14V, R; =10(), R, = 4Q)
If U, =14V, U+ =4V.
If U, exceeds 4V, U_.> U, and U, flips to -14V

+4 -
Ue [V] 0-///\
_4_

+14 -
U, [V]

_14-
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Schmitt trigger: positive feedback

Ue

+

08/05/2026

If U, rises, the difference between

U.and U, will rise. This causes U, to rise

even further until maximum output voltage
(given by the power supply voltage) is reached

Example: U, =14V, R; =10(), R, = 4Q)
If U, =-14V, U+ =-4V.

_1_4_
Ue V] (-
4 -

141
U, [V] ‘
_14-
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Schmitt trigger: positive feedback

Ue

+

08/05/2026

If U, rises, the difference between

U.and U, will rise. This causes U, to rise

even further until maximum output voltage
(given by the power supply voltage) is reached

Example: U, =14V, R; =10(), R, = 4Q)
If U, =-14V, U+ =-4V.
If U, exceeds -4V, U_< U, and U, flips to +14V

_1_4_
Ue V] (-
4 -

141
U, [V] ‘
_14-
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(3) Digital electronics

08/05/2026 U. Blumenschein, Introduction into Electronics 81



£

PN =T At i i e T L
' Digital electronics NS

Work with only two voltage levels (depend on type and input/output)
o High: 1, typically 2-5V
o Low:0, typically 0-1.5V
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Digital electronics

Work with only two voltage levels (depend on type and input/output)
o High: 1, typically 2-5V
o Low:0, typically 0-1.5V

o Hexadecimal 4-bit groups:

0000 | 0 ] 0100 | 4 | 1000 | 8 | 1100 | C Example:

0001 | 1]0101 |5 [1001] 9 |1101|D o Decimal: 2026

0010 | 2 | 0110 | 6 | 1010 | A | 1110 | E o Binary: 01111110 1010
0011 | 3| 0111 | 7| 1011 | B | 1111 | F o Hexadecimal: 7EA

08/05/2026 U. Blumenschein, Introduction into Electronics
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Work with only two voltage levels (depend on type and input/output)
o High: 1, typically 2-5V
o Low:0, typically 0-1.5V

o Hexadecimal 4-bit groups:

0000 | 0 ] 0100 | 4 | 1000 | 8 | 1100 | C Examplgz
0001 | 10101 [ 5] 1001 | 9 | 1101 | D o D_eCImaI: 2026
0010 | 2 | 0110 | 6 | 1010 | A | 1110 | E o Binary: 011111101010
0011 | 3 | 0111 | 7| 1011 | B | 1111 | F o Hexadecimal: 7EA
o Boolean algebra AND OR NOT
Zy[=Ay|=VY T |z Laws:
X el L L 1 o Associativity
S 10 0 1 L
Y o Commutativity
01 0 1 1 0

o Distributivity

Truth table
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Full table of symbols, including secondar operations

— AND NAND
Inverter
y=X ] Y =xX1-x2 ¥ =x1+x2

X1 — X1 x2 ¥ X1— X1 x2 y
X y X y y y
0 ] x2 — 0 0 0 X2 0 0 1
0o 1 0 0 1 1
1 0
— 1y b— & 1 0 0 & b 1 0 1
1 1 1 1 1 11 1]
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Logical operations

Full table of symbols, including secondar operations

— AND NAND
Inverter
y=X ] Y =xX1-x2 ¥ =x1+x2

X1 — X1 x2 ¥ X1— X1 x2 y
X y X y Yy — y ——
0 ] x2 — 0 0 0 X2 0 0 1
0 1 0 0 1 1
1 D ] ]
— 1y b— & 1 0 0 & b 1 0 1
| 1 1 1 | 1 1 0
— OR — NOR "“\: EXOR
] y=x1+x2 ] y=x1+x2 [ Y =x1d x2
x1 x1 x2 ¥ %1 x1 %2 y x1 x1 x2 Y
y ¥ y
x2 0 0 0 x2 ) 1 x2 0 0 0
0 1 1 o 1 0 0 1 1
I 10 1 T a1 b 1 0 0 ] o1 1 0 1
1 1 1 1 | 11 0 | 1 1 0
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Simple diode-based

. . . AND gate
Full table of symbols, including secondar operations 8

Inverter ] AND
y=% —] y=x1-x2

+Vce
'NAND H
y=x1-x2
x1:D>7 ¥ %2
y
X2 0 0

x1 — x1 x2 y y
—I>Ofv x |y y
0 ] X2 — 0o 0 0 1
0 1 0 [ 1 Q—K—.—Q
1 0
—1 4y b 8 1 0 0 & b 10 1
— 11 1 11 0

X
x1
¥
x2 0

— OR — /NOR EXOR
y=x1+x2 I y=x1+x2 y=xl@x2
v x1 v x1 . X1 x2 y
0 0 x2 0 0 1 x2 0 0 0
0 1 1 0 i 0 0 1 1
o1 10 1 T b 1 0 0 | -4 1 0 1
1 11 1 1 11 0 1 11 0
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Simple diode-based
AND gate Ve

'NAND
y=x1:x2

x1 x1 x2
y
x2 0 0

Full table of symbols, including secondar operations

Inverter ] AND
y=% —] y=x1-x2

y « y x1 _}y X1 x2 ¥ y
D : o ol | Ry o0 |0 1 CMOS-based NAND gate

] o 0 1 0 0 1 1

S (R 1 & 1 0 0 & b 1 0 1

1 1 1 1 1 1 0

X
+UB
— OR —} /INOR EXOR
I y=x1+x2 I y=x1+x2 y=xl@x2 —‘ T
x1 x1 X1 x2
y y y
x2 0 x2 0 0 y
0
I 1 I N
T ; P — Xy O j
X2 O—ID—‘
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@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR (set-reset) Latch

set
1 — Q

1 — /Q
07

reset
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@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1
1 — Q

0/1

1 — /Q
07

reset g

08/05/2026 U. Blumenschein, Introduction into Electronics 90



@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1 0
1 — Q

0/1

1 — /Q
O 1

reset g
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@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1 0
1 — Q

0/1

1
1 — /Q
O 1

reset g
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@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1 0
1 — Q

0/1

1
1 — /Q
Oi) 1 0

reset g
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Flip Flop: SR latch AN

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1

-I IR

1 JE—

2
D

O——
reset g

stable situation

08/05/2026

/Q
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@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1 0 :
1 — Q x1—} y x1 x2 | vy
0 x2— 0 0 1
0o 1 1
] & b— 1 0 1
o 1 1 0
1 . . .
1 Q Likewise, setting the reset to 1 and
o— )071 0 the set to 0, will lead to the inverse stable
reset g Situation

stable situation

08/05/2026 U. Blumenschein, Introduction into Electronics 95



@f]  FlipFlop: SR latch

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch

set 1

-I IR

1 JE—

O——
reset g

D
=

stable situation

08/05/2026

/Q

Likewise, setting the reset to 1 and

the set to 0, will lead to the inverse stable
Situation

If the second inputs are 0, Q does not change
latch is “opaque”

- Gated or clocked SR latch
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@8]  FlipFlop:SRlatch ST

Flip flops (latches) are digital circuits with two stable states = store information

Simple SR Latch Clocked SR Latch
set
set O——— ) q
1 —j Q [1]
oO—@
clk
1
1 —> /Q = )oi Q
07
Oireset reset

clk provides “1” in a clocked way
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Flip flops (latches) are digital circuits with two stable states = store information

D- Latch: only “set” input needed, due to inverter

symbol:

— Q

o—1/Q

D O—@ >:
o—e—o0 Q
> :
c O °
: : > )o—o—o Q
Truth table:
C D Q Q Comment
0 X Qprev Gpre,, No change
1 0 0 1 Reset
1 1 1 0 Set

08/05/2026
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Flip flops (latches) are digital circuits with two stable states = store information

D- Latch: only “set” input needed, due to inverter

)Di

}Di

>

p-e—oQ

Q Q,

.|

)Q—Q—O/Q

.... can be used to construct serial shift register

symbol:

— Q

o—1/Q

S5 o

Q

Q

Q

n
a
clock C- *

37

08/05/2026
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Goal:
store “0101”
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Flip flops (latches) are digital circuits with two stable states = store information

D- Latch: only “set” input needed, due to inverter

F}Ho

>

.... can be used to construct serial shift register
Q Q Q,

L L]

)7}.—@ Q

symbol:

— Q

o—1/Q

S5 o

Q

Q

Q

n
a
clock C- *

T

08/05/2026

U. Blumenschein, Introduction into Electronics

Q, =serial out

Goal:
store “0101”
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Flip flops (latches) are digital circuits with two stable states = store information

D- Latch: only “set” input needed, due to inverter

> e >D7>3, - a symbol:
cC O ® >< :2 —

Caanien B

.... can be used to construct serial shift register

Q Q, Q, Q, Q, Qg Qg Q, =serial out

(o]
Se“aolnooInolIDoIDo[ IDQIDQ Doj

D
n s = = = L= L= —>
a 1Q a Q 1Q a a
clock C- L *

S5 o
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Flip flops (latches) are digital circuits with two stable states = store information

D- Latch: only “set” input needed, due to inverter

> e >D7>3, - a symbol:
cC O ® >< :2 —

Caanien B

.... can be used to construct serial shift register

Q Q, Q, Q, Q, Qg Qg Q, =serial out

seﬁaloonolooonol-no- D Q—e—D Q D Q

D
n s = = = L= L= —>
a 1Q a Q 1Q a a
clock C- L *

S5 o
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Many thanks for attending!

Any questions?
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(4) Circuit analysis, topologies
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Circuit analysis

N NN
‘\\\\ AN

poN

N §

Basic circuit analysis can be performed based on the two Kirchhoff laws:

Junction rule or
Kirchhoff’s Current Law (KCL):

The currents flowing out of any closed
Region of a circuit sum to 0

k=1

Is I
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105



- Circuit analysis >

Basic circuit analysis can be performed based on the two Kirchhoff laws:

Junction rule or Lc?op rule’or

Kirchhoff’s Current Law (KCL): Kirchhoff’s Voltage Law (KVL):

The currents flowing out of any closed The sum of vo.ltage changes around
Region of a circuit sum to O a closed loop is 0

- , ) k=1

Is Iy
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Basic circuit analysis can be performed based on the two Kirchhoff laws:

Junction rule or L?op ruIe’or

Kirchhoff’s Current Law (KCL): Kirchhoff’s Voltage Law (KVL):

The currents flowing out of any closed The sum of vo.ltage changes around
Region of a circuit sum to O a closed loop is 0

= k=1

Is Iy

How can we apply these laws to calculate the circuits in an efficient way ?
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Circuit analysis %

Basic circuit analysis can be performed based on the two Kirchhoff laws:

Junction rule or L?op ruIe’or

Kirchhoff’s Current Law (KCL): Kirchhoff’s Voltage Law (KVL):

The currents flowing out of any closed The sum of vo.Itage changes around
Region of a circuit sum to O a closed loop is 0

— k=1
Is Iy

How can we apply these laws to calculate the circuits in an efficient way ?
- Nodal analysis: identify nodes and apply KCL for each node
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- Circuit analysis

Basic circuit analysis can be performed based on the two Kirchhoff laws:

Junction rule or L?op ruIe’or

Kirchhoff’s Current Law (KCL): Kirchhoff’s Voltage Law (KVL):

The currents flowing out of any closed The sum of vo.Itage changes around
Region of a circuit sum to O a closed loop is 0

— k=1
Is Iy

How can we apply these laws to calculate the circuits in an efficient way ?
- Nodal analysis: identify nodes and apply KCL for each node
- Mesh current analysis: identify essential meshes, assigh mesh current and apply KVL

08/05/2026 U. Blumenschein, Introduction into Electronics 109



- Circuit analysis

Basic circuit analysis can be performed based on the two Kirchhoff laws:

Junction rule or L?OP ruIe’or
Kirchhoff’s Current Law (KCL): Kirchhoff’s Voltage Law (KVL):
The currents flowing out of any closed The sum of voltage changes around

Region of a circuit sum to 0 a closedloopis 0

;Ik:[] ; . ZUR::O
= k=1

Is I

How can we apply these laws to calculate the circuits in an efficient way ?

- Nodal analysis: identify nodes and apply KCL for each node

- Mesh current analysis: identify essential meshes, assign mesh current and apply KVL
- Thevenin equivalent: replace part of the network by source + resistance in series
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- Circuit analysis

Basic circuit analysis can be performed based on the two Kirchhoff laws:

Loop rule or
Kirchhoff’s Voltage Law (KVL):

Junction rule or
Kirchhoff’s Current Law (KCL):

The sum of voltage changes around

The currents flowing out of any closed _
a closed loopis 0

Region of a circuit sum to 0

;Ik:[] ; . ZUkZO
= k=1

Is I

How can we apply these laws to calculate the circuits in an efficient way ?

- Nodal analysis: identify nodes and apply KCL for each node

- Mesh current analysis: identify essential meshes, assigh mesh current and apply KVL
- Thevenin equivalent: replace part of the network by source + resistance in series

- Norton equivalent: replace part of the network by source and resistance in parallel

08/05/2026 U. Blumenschein, Introduction into Electronics
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Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference U ] Ulz ] Us
node, then use them to derive the other relevant quantities R, R,
Uu —
R4[:| R3U
U0
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Nodal Analysis 3%

Node: section of the circuit which connects components. U
2

Aim: determine the voltage at each node relative to a reference Ull ] o [ 1 UI3
node, then use them to derive the other relevant quantities R, R,
Steps: U —-— R
- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)
Uo
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Nodal Analysis 3%

_~
Node: section of the circuit which connects components. U
Aim: determine the voltage at each node relative to a reference Ull ] lz ] U|3
node, then use them to derive the other relevant quantities R, R,
Steps: U — R
- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)
-  Choose reference node U,

reference
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~ Nodal Analysis

Node: section of the circuit which connects components.
Aim: determine the voltage at each node relative to a reference
node, then use them to derive the other relevant quantities

Steps: u —
- ldentify all nodes and assign voltage variables (treat floating
or dependent sources as super nodes with internal equation)

- Choose reference node

Uo

- Write a KCL equation at each node

08/05/2026 U. Blumenschein, Introduction into Electronics

reference
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Nodal Analysis 3%

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3

node, then use them to derive the other relevant quantities R, R,

Steps: u — [:| R U

- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)

- Choose reference node U,

- Write a KCL equation at each node i reference

- Solve the system of equations
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Nodal Analysis RS

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3

node, then use them to derive the other relevant quantities R, R,

Steps: u — [:| R U

- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)

- Choose reference node U,

- Write a KCL equation at each node i reference

- Solve the system of equations

Example: Ug: Uy= 0V
U;: U, =U
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Nodal Analysis NS

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3

node, then use them to derive the other relevant quantities R, R,

Steps: u — [:| R U

- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)

- Choose reference node U,

- Write a KCL equation at each node i reference

- Solve the system of equations

Example: Ug: Uy=0V
U;: U, =U
U, KCL: =72 = St 4 Sl
1 R4- RZ
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~ Nodal Analysis S

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3

node, then use them to derive the other relevant quantities R, R,

Steps: u — [:| R U

- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)

- Choose reference node U,

- Write a KCL equation at each node i reference

- Solve the system of equations

Example: Ug: Uy=0V
U;: U, =U
U, KCL: u,-Y, — U,~Y, + U,~Us
g . Rl R4- RZ
U KCL: = it
R R
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Nodal Analysis 3%

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3
node, then use them to derive the other relevant quantities R, R,
Steps: u — R
- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)
- Choose reference node U,
- Write a KCL equation at each node | reference
- Solve the system of equations
U-uU U U,~U
Example] U, KCL: 2= 2+ 4 2
Rl R4- RZ
U kel =% = %
R, R,
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Nodal Analysis NN

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3

node, then use them to derive the other relevant quantities R, R,

Steps: u — [:| R U

- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)

- Choose reference node U,

- Write a KCL equation at each node
- Solve the system of equations

Example: U, KCL: v-u, _ U_2_|_ U,~U,
R, R, R,
U, KCL: U,~U, — U,
3 - R

reference

. . 1
- conveniently using conductance G = '
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Nodal Analysis WX
N
Node: section of the circuit which connects components. U
Aim: determine the voltage at each node relative to a reference Ull ] Iz ] U|3
node, then use them to derive the other relevant quantities R, R,
Steps: U — R
- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)
-  Choose reference node U,
- Write a KCL equation at each node i reference
- Solve the system of equations
. . _ 1
Example: U, KCL: U-u, _ U_z_l_ U,-U, - conveniently using conductance G = -
Rl R4- RZ
_ G,+G,+G —G U G.U
. UyUy _ U N [ 1+ Gy Gy 2 ] ) = (6
U; KCL: R, R, G, —G, — G4 (U3) ( 0 )

08/05/2026 U. Blumenschein, Introduction into Electronics 122



-
‘\\\\‘ \\

~ Nodal Analysis S0

Node: section of the circuit which connects components.

Aim: determine the voltage at each node relative to a reference Ull ] Ulz ] U|3

node, then use them to derive the other relevant quantities R, R,

Steps: u — [:| R U

- ldentify all nodes and assign voltage variables (treat floating R, 3
or dependent sources as super nodes with internal equation)

-  Choose reference node U,

- Write a KCL equation at each node i reference

- Solve the system of equations

1

Example: U, KCL: v-v, _ Uz | Um0 - conveniently using conductance G = — -
. 2 - Rl R4- RZ R

C Uyl Uy [G1+G2+G4 —G ] U,) — (G U

Us KCL: = = 28 - G, G (v = (%)

- invert matrix or solve by substitution -

S .= G,G,U
37 6,(G,4+G)+G4(G,+G,+G))
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Nodal Analysis "N
N
Node: section of the circuit which connects components. U
Aim: determine the voltage at each node relative to a reference Ull ] Iz ] U|3
node, then use them to derive the other relevant quantities R, R,

Steps:

- ldentify all nodes and assign voltage variables (treat floating
or dependent sources as super nodes with internal equation)

- Choose reference node
- Write a KCL equation at each node
- Solve the system of equations

Uu-uU

2 —

Example: U, KCL: + =

U,

1 R4-
U,~U; _ U,
R3

Uy KCL: =

(*)

2

08/05/2026

- conveniently using conductance G =

U. Blumenschein, Introduction into Electronics

Uo

reference

1

~

G+ G, +G -G U\ _ (GU
[1 Gz ! —G2—2G3](U3)_(0)

- invert matrix or solve by substitution -

S .= G,G,U
37 6,(G,4+G)+G4(G,+G,+G))

> U,
(*)

124



Mesh current Analysis N

S
Essential mesh: loop in the circuit that does not contain any other loop. R, R,
Aim: determine the current through each mesh ] o | 1

then use them to derive the other relevant quantities

R4
Uu —
h [:| I, U Rs
i reference
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Mesh current Analysis NG
N
Essential mesh: loop in the circuit that does not contain any other loop. R, R,
Aim: determine the current through each mesh ] o | 1

then use them to derive the other relevant quantities

Steps:
- ldentify all essential meshes and assign mesh current
(special treatment for dependent sources and current sources

which are part of two meshes)

08/05/2026 U. Blumenschein, Introduction into Electronics

R4
Uu —
h [:| I, U Rs
i reference
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Essential mesh: loop in the circuit that does not contain any other loop. R, R,

Aim: determine the current through each mesh
then use them to derive the other relevant quantities

Steps:

- ldentify all essential meshes and assign mesh current
(special treatment for dependent sources and current sources
which are part of two meshes)

- Apply the KVL for each mesh

- Solve the system of equations

08/05/2026 U. Blumenschein, Introduction into Electronics

R4
Uu —
h [:| I, U Rs
i reference
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Mesh current Analysis

Esserlal mesh: loop in the circuit that does not contain any other loop.

Aim: determine the current through each mesh
then use them to derive the other relevant quantities

Steps:

- ldentify all essential meshes and assign mesh current
(special treatment for dependent sources and current sources
which are part of two meshes)

- Apply the KVL for each mesh

- Solve the system of equations

Example: Mesh1: R, +|R,(I,—1,)|= U

08/05/2026 U. Blumenschein, Introduction into Electronics

reference

R,

Il |2
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Mesh current Analysis

Esserlal mesh: loop in the circuit that does not contain any other loop.

Aim: determine the current through each mesh
then use them to derive the other relevant quantities

Steps:

- ldentify all essential meshes and assign mesh current
(special treatment for dependent sources and current sources
which are part of two meshes)

- Apply the KVL for each mesh

- Solve the system of equations

Example: Mesh 1:
Mesh 2:

(R, (I, —ID|+ R,1, +RyI, =0

08/05/2026 U. Blumenschein, Introduction into Electronics

reference

R,

Il |2
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Mesh current Analysis "N

F AP A a “' - N
N

Esserlal mesh: loop in the circuit that does not contain any other loop. R, R,
Aim: determine the current through each mesh

then use them to derive the other relevant quantities

Steps:

- ldentify all essential meshes and assign mesh current
(special treatment for dependent sources and current sources

which are part of two meshes)
- Apply the KVL for each mesh

- Solve the system of equations

Example: Mesh 1:
Mesh 2:

[Rl+R4
—R,

08/05/2026

|Ru(I, — 1)

+ R0, +Ryl, =0

_R4 1IN — (U
R, + R;+ R4] (12) = (o)

U. Blumenschein, Introduction into Electronics

o= "0\

reference
R,

Il |2
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@8]  VeshcurrentAnalysis NS
Y -_ S
Esserlal mesh: loop in the circuit that does not contain any other loop. R, R,
Aim: determine the current through each mesh ] o | 1

then use them to derive the other relevant quantities

Steps: L
: . . U —

- ldentify all essential meshes and assign mesh current 13
(special treatment for dependent sources and current sources
which are part of two meshes)

- Apply the KVL for each mesh T reference

- Solve the system of equations

—

L |

N

]

I
X
w

Example: Mesh1: R, +|R,(I,—1.)|= U
Mesh2: |R,(I, = ID|+ R,1, + R31, =0

R1+R4 —R4 1N _ (U
[ —R, R2+R3+R4] (12) - (0)

- invert matrix or solve by substitution -

_ (R,+R,+R) U
2= (R,+R,)(R,+R,+R)-R,> 21
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g Thevenin equivalent circuit  SS%S

Thevenin’s theorem: Any linear circuit containing several voltage sources and resistances can
be replaced by a single voltage in series with a single resistance connected across the load“

Example circuit:

U, — [:| R, —u,
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g Thevenin equivalent circuit 8%

Thevenin’s theorem: Any linear circuit containing several voltage sources and resistances can
be replaced by a single voltage in series with a single resistance connected across the load“

Example circuit:

U, — [:| R, —u,
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g Thevenin equivalent circuit
Thevenin’s theorem: Any linear circuit containing several voltage sources and resistances can
be replaced by a single voltage in series with a single resistance connected across the load“

Stepl:remove load and shorten
sources. Then calculate total
Thevenin resistance Rrwrt A/B

Example circuit:

u R; Rle
T R Ry = Ry||R; = R +R
1 2
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g Thevenin equivalent circuit
Thevenin’s theorem: Any linear circuit containing several voltage sources and resistances can
be replaced by a single voltage in series with a single resistance connected across the load“

Example circuit: Stepl:remove load and shorten Step2: Reconnect sources.
sources. Then calculate total Calculate Thevenin voltage U;
Thevenin resistance Rrwrt A/B
R R Rl R2
1 2 ] _
A U—" 1
L o 1 | — U
_ U1 - U2 (*)
R, +R
R, R(R, 1T
T i Rr = Rq||R, =

R+ R,
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g Thevenin equivalent circuit “e\, N\

Thevenin’s theorem: Any linear circuit containing several voltage sources and resistances can
be replaced by a single voltage in series with a single resistance connected across the load“

'

Example circuit: Stepl:remove load and shorten Step2: Reconnect sources.
sources. Then calculate total Calculate Thevenin voltage U;
Thevenin resistance Rrwrt A/B
R R Rl R2
1 2 ] | —
] é—l—& i
A U — 1
L L 1 | — U
_ Uil
R, +R
u ik RiR, 1T Ky
‘T h Rr = R{||R, = Ur=U,,= U, —IR, =U,+ IR,

R, +R,
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g Thevenin equivalent circuit
Thevenin’s theorem: Any linear circuit containing several voltage sources and resistances can
be replaced by a single voltage in series with a single resistance connected across the load“

Example circuit: Stepl:remove load and shorten Step2: Reconnect sources.
sources. Then calculate total Calculate Thevenin voltage U;
Thevenin resistance Rrwrt A/B
R R Rl R2
1 2 ] _
A U—" 1
L o 1 | — U

= Uit U
R.R, R+ R,
RT=R1||R2= o UT=UAB= U1_1R1=U2+1R2
R1+R2 R U,+U.R
172 12

R +R,

08/05/2026 U. Blumenschein, Introduction into Electronics (*) 137
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Example: nodal analysis RS

Revisiting Voltage divider biasing circuit

0 o

reference

08/05/2026 U. Blumenschein, Introduction into Electronics

Reminder: The voltage U, across R,
forward-biases the BE junction

Here: can use nodal analysis:
Apply Kirchhoff’s current law (KCL) at node 2

Reminder the Iz — Ug relation does not follow

Ohms law but a diode-like input characteristics
(which for this exercise, we pretend not to know)

Ul: U1: UO (1)
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g Example: nodal analysis
Revisiting Voltage divider biasing circuit  peminder: The voltage U, across R,
0 . forward-biases the BE junction

Here: can use nodal analysis:
Apply Kirchhoff’s current law (KCL) at node 2

Reminder the Iz — Ug relation does not follow

<> lUO Ip |/ Ohms law but a diode-like input characteristics
‘ ha

(which for this exercise, we pretend not to know)

UB RQ Ul: U1 - UO (1)
j U, KCL: I, =1,+ 1B (2)

reference
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g Example: nodal analysis RS

Revisiting Voltage divider biasing circuit Reminder: The voltage U across R,

0 . forward-biases the BE junction
Here: can use nodal analysis:
o) Apply Kirchhoff’s current law (KCL) at node 2
l / . Reminder the Iz — Ug relation does not follow
1 In |/ Ohms law but a diode-like input characteristics
lUO ‘ l p Fa (which for this exercise, we pretend not to know)
2
[IB RQ Ul: U1 - UO (1)
} U, KCL: I, =1,+1IB (2)
reference
(DV&(2) > 222 = Ze4iy S Uy —UB=UB> +IBR, » Up?=U, —IBR,
1 2 2 2
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Example: nodal analysis RN

Revisiting Voltage divider biasing circuit

9 .

reference

(1) &(2)

R

1 2

R

> P2 = Zaily S Uy —UB=UB> +IBR, > U,

Reminder: The voltage U, across R,
forward-biases the BE junction

Here: can use nodal analysis:
Apply Kirchhoff’s current law (KCL) at node 2

Reminder the Iz — Ug relation does not follow
Ohms law but a diode-like input characteristics
(which for this exercise, we pretend not to know)

U Uy =10, (1)
U, KCL: 1, =1, +1IB (2)

R +R,

2 RZ

= U, —IBR,

RiR,

> Up=Uyj—2-|

08/05/2026

R *+R,

U. Blumenschein, Introduction into Electronics 141
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g Example: Thevenin equivalent M3

S

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

point by adding an emitter resistance

To simplify the calculations, we replace the
Ry, load voltage divider by the Thevenin equivalent

)
~
£
g
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g Example: Thevenin equivalent M3

S

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

point by adding an emitter resistance

To simplify the calculations, we replace the
voltage divider by the Thevenin equivalent

R,

- Thevenin voltage: U, = U
g r 0 R +R,
[B
R

REg

)
~
£
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gExample Thevenin equivalent \‘\‘\\

;

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

point by adding an emitter resistance

To simplify the calculations, we replace the
voltage divider by the Thevenin equivalent
= : R,
- Thevenin voltage: U = U, RAR,
[B . . R\R,

- Thevenin resistance: Ry = R{||R, =

‘ fT R,+R,

Un R RE

08/05/2026 U. Blumenschein, Introduction into Electronics 144
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gExample Thevenin equivalent \‘\‘\\

;

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

point by adding an emitter resistance

Uo
lc To simplify the calculations, we replace the
Ry load voltage divider by the Thevenin equivalent
1 . J— RZ
- Thevenin voltage: U = U, RAR,

I R,R
- Thevenin resistance: Ry = R,||R, = —2
U fj R +R,

BE
‘ RT
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gExample Thevenin equivalent ““\,‘\

Voltage divider biasing with emitter resistance

Reminder: We can stabilize the working
point by adding an emitter resistance

0 Yo
lc To simplify the calculations, we replace the
Ry, load ‘ voltage divider by the Thevenin equivalent
1 . J— RZ
- Thevenin voltage: Uy = U, RAR,
I
- Thevenin resistance: Ry = R{||R, = aLE
U fj R +R,
BE
Ry Now we can analyze the mesh (KVL):
Rg

Ur Uy = IBR; + UB; + RE(I, + I¢)
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g Example: Thevenin equivalent RN

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

08/05/2026

Ug
lc
Ry, load
Ip

UBE
Ry
Uy

U. Blumenschein, Introduction into Electronics

point by adding an emitter resistance

To simplify the calculations, we replace the
voltage divider by the Thevenin equivalent

) R
- Thevenin voltage: Uy = U, —*
R,+R,
) ) R,R,
- Thevenin resistance: Ry = R{||R, =
R,+R,

Now we can analyze the mesh (KVL):

with [ = p Iy (transfer characteristics):
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S
g Example: Thevenin equivalent RS

\\.

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

08/05/2026

Ug
lc
Ry, load
Ip

UBE
Ry
Uy

U. Blumenschein, Introduction into Electronics

point by adding an emitter resistance

To simplify the calculations, we replace the
voltage divider by the Thevenin equivalent

) R
- Thevenin voltage: Uy = U, —*
R,+R,
) ) R,R,
- Thevenin resistance: Ry = R{||R, =
R,+R,

Now we can analyze the mesh (KVL):

with [ = p Iy (transfer characteristics):

UT: IBRT+ UBE+REIB(1+[3)
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g Example: Thevenin equivalent “:, N

\\ W

Voltage divider biasing with emitter resistance Reminder: We can stabilize the working

08/05/2026

Ug
lc
Ry, load
Ip

UBE
Ry
Uy

U. Blumenschein, Introduction into Electronics

point by adding an emitter resistance

To simplify the calculations, we replace the
voltage divider by the Thevenin equivalent

) R
- Thevenin voltage: Uy = U, —*
R,+R,
) ) R,R,
- Thevenin resistance: Ry = R{||R, =
R,+R,

Now we can analyze the mesh (KVL):

with [ = p Iy (transfer characteristics):

UT:IBRT+ UBE+REIB(1+[3)
U.—UB
Dy = s > o= BIB ..

149
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~ ACCircuits

“Any linear circuit containing several voltage sources and
impedances can be replaced by a single voltage source in series
with a single impedance connected across the load”

Example: Find the Thevenin equivalent that drives R,

a Rt p L ¢
— A ——

O

R2

"
@

08/05/2026 U. Blumenschein, Introduction into Electronics
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AC Circuits

RN
5\\
-

U j@ —_— R2

Z,
+
U, R2
U,=U R,
2 Z,+ R,

08/05/2026 U. Blumenschein, Introduction into Electronics 151



AC Circuits

g L
= 1 = C7 7 iwC
Z, Thevenin voltage U,:
U, ! R No current through L
- g UL = O
Xc
U=U—-——
, YT X+ Ry
UZ =U

Zt+R2

08/05/2026 U. Blumenschein, Introduction into Electronics
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C

s

) %

Il

i

T3

3

IC‘

el

C

i1

I

T3
e G—7H 0 0O

<

P
= 1 = C7 iwC
Z, Thevenin voltage U,:
U, ! R No current through L
- - UL = O
X¢
U =U——
, YT Xc+ Ry
UZ =U

Zt+R2

08/05/2026 U. Blumenschein, Introduction into Electronics

s AN/ Y'Y
- c <« Z;

Thevenin impedance Z;:
Lin series withR; || C

X, = XL + Ry||XC

RX,
R+XC

= XL +

153



Circuit topologies SR

The formal layout of the equations following the application of Kirchhoff’s rules applied to a circuit
does not depend on the type of device connected in the branches. It only depends on the topology of
the circuit.

Circuit Topology describes how components in a network are connected. Circuits with different
physical layout can have the same topology.

Example: There are only two topologies for a

Example: three circuits with the same topology: network with 2 branches: series and parallel.

I T

T L I D
Series topology H

L —1

L-section topology

L —

‘Voltage divider topology

08/05/2026 U. Blumenschein, Introduction into Electronics 154



~ Circuit topologies

Example: topologies with 3 branches:

2 terminals 3 terminals

Series topology

0

Parallel topology

A topology

H 1 z Y topology

Series-parallel topology

Parallel-series topology

08/05/2026 U. Blumenschein, Introduction into Electronics 155
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Mathematical Graph theory is used to analyze the topology:
Graphs represents the aspects of a network connected to its topology. The devices are left out.
- aline represents a device. A nod represents all points at the same potential.

Example: circuit graph
o
1 3
VW l 1 3
S
M
4 5 4 5

The graph representation makes it easier to analyze complex circuits.
Graphs are equivalent if they can be transformed into each other by translation,
rotation, reflection, stretching or crossing/knotting the branches,

08/05/2026 U. Blumenschein, Introduction into Electronics 156



~ Graph theory

Mathematical Graph theory is used to analyze the topology:

Graphs represents the aspects of a network connected to its topology.

Isomorphism
a g 1
\ /
b>< h 5——6
c—H—1 §——7
// \
d—J 4

f(a)=1 f(b)=6 f(c)=8 f(d)=
f(g)=5 f(h)=2 f(i)=4 f(j)=7

08/05/2026

3

Representation:

Adjacency matrix

1 2
0 1
10
0 1
00
11
0 0

S o = O = O W
_—o = o O A

S S = O = = W
\oo-oocym

(o N -V I S

U. Blumenschein, Introduction into Electronics

Topological distance:

Distance matrix

LTSI £ R oS T e

2
1
0
1
2
1
3

R = O = N W
—_— =S = NN R

SN bW N =
RS = = =
\OI\J'—'I\)wujO'\
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@] Grephtheory:dualgraph S0

Each graph has a dual graph with the following elements exchanged:

f:j é/ R - U(source) €= I(source)
U - mesh €2 node
graph
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@] Grephtheory:dualgraph S0

S

Each graph has a dual graph with the following elements exchanged:

R €21/R - U(source) €= I(source)
L€E2C - mesh €= node @

Uu€=>1

1 1
I3=_11—12=U(R_1+ R_z)

I(source) U(source)
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@] Grephtheory:dualgraph S0

Each graph has a dual graph with the following elements exchanged:

- R :j é/ R - U(source) €= I(source)
- L
- mesh €2 node
- U €2
converted parallel
dual graph circuit into serial
circuit

1 1
I3=_11—12=U(R_1+ R_z)

I(source) U(source)
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@] Grephtheory:dualgraph S0

Each graph has a dual graph with the following elements exchanged:

- R :j é/ R - U(source) €= I(source)
- L
- mesh €2 node
- U €2
converted parallel
dual graph circuit into serial
circuit

101
I3=—11—12=U(R_1+R_2) u3—u1=1(r1+r2)=I(Ri+Ri)

I(source) U(source) U(source) I(source)
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@] Grephtheory:dualgraph S0

Each graph has a dual graph with the following elements exchanged:

- R :j é/ R - U(source) €= I(source)
- L
- mesh €2 node
- U €2
converted parallel
dual graph circuit into serial
circuit

U1 UZ .
both solutions
| 1 1 1 are equivalent
I3=—11—12=U(R—1+ R_z) u3—u1=1(7”1+7”2)=1(R_+R_) as U €21
1 2

I(source) U(source) U(source) I(source)
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N \\\\
\Q\ (1) Reminder: Electrical circuits
NN (2) Analog electronics
’ (3) Digital electronics
(4) Circuit analysis, circuit topologies

Literature:

Paul Horowitz, Winfield Hill
The Art of Electronics
Cambridge University Press (2015)

D. Sundararajan
Introductory Circuit Theory
Springer (2019)
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