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Some BASICs

Voltage, Current, Components and AC behavior,
Bode Plots, Transfer Functions, Thévenin Equivalent,
High-pass and Low-pass filters, ...
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Prefixes for Units

* For writing down small or large quantities, exponents can
be used: 1.5 x 10°Q, 3 x 10° A

» To simplify, prefixes in steps of 1000 are used:

T Tera x 1012
c G Giga x 109
« M Mega x 106
e k Kilo x 103
. 1 x 100
°m Milli x 103
e u(oru) Mikro x 106
‘n Nano x 109
°p Piko x 1012
o f Femto x 1015
*a Atto x 10-18

= Try to learn: ‘Piko x Kilo = Nano, Milli x Mega = Kilo,...’
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Voltage

» Voltage is the difference in electrical potentials, i.e. the
energy required to move a unit charge in an electric field

 This is only well defined in static fields where rot E = 0
= Unit: Volt (V)

1uV 1mV 1V 10V 100V 1kV 1MV

| | | | | | I | | | | | |

1 1 1 1 1 I 1 1 1 1 1 1
EKG Mains
(230V Lightning
Offset of a AC)
Smallest transistor Overland
Step of ‘old’ analog Max. ‘safe’ High voltage
16 Bit DAC Supply of circuits voltage lines
(CD) digital (12-24V) (42V)
circuits
(0.8-3.3V)

Electric Trains
(25kV)
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= Voltages are really potential differences

» To simplify life, we define a reference potential to which
voltages are referred. We call it ‘ground’

* i.e. when we say ‘net A has 3V’, we mean V, — Vg\p = 3V

» Ground is at OV by definition

= Common ground symbol are: | | 47

= (Later we may use several grounds, all at 0V, but
separated, for digital and analogue circuit parts)
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= Electric current is the flow (or change) of electric charge
=i =dQ/dt
= Unit: Ampere (A)
1nA 1THA TmA 1A 10A 100A 1kA
| | | | | | | | | | I | | |
1 1 1 1 1 1 1 1 1 1 I 1 1 1
Currentin a
‘small’ transistor Supply current
on a chip of a radio, mp3
.. F ti
Leakage of sl l:r? ernraairllr;g
a photo Supply current (10-16A)
sl of a (slow)
operational Lab Power
amplifier supply
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1. The sum of currents at any node is zero:

 Follows from charge conservation

2. The sum of voltages in any closed loop is zero:

- U. =0 The sign of the U, is fixed by a consistent ordering
Z k= of the nodes in the loop.
k=1
Example:
U, =Ug—Ux U, =Us - Ug, ..

U,
B\
U, +U,+ U, +U, =0 U1/ c
A
D
E

 Follows from energy conservation
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@ BEEISE

= A resistor is a 2 terminal device

* When voltage is applied, a current flows
» The current is proportional to the voltage (Ohms’s law):

|=UxG G is the conductivity (Leitwert) in Siemens [S]

or

| =U/R Risthe resistivity (Widerstand) in Ohm [Q]

» G and R describe the same relation. G = 1/R, R =1/G

= Symbols:

e

=

= Note: Ohm’s law is not trivial. Not all materials are ‘ohmic’
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U (for both R) U
> >
LR
I —— — I >—— R, —

I R2
2

I =1+, = G;xU + G,xU = (G;+G,) x U =Gy, xU

Gpar =Gy + G, < 1R, =1R;+1/R,
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Series Connection of Resistors

ser

U=U, +U,=IxR +IxR,=Ix (R, +R,) U=1IxR

=R, +R, < 1/G, =1/G, + 1/G,
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The Voltage Divider (without load current!)

= A very common topology is the voltage divider:

—_—>
>_
R1
Vin —C
Rz Vout
v C

* The input current i, = v,, / (R{*R,)
* This current flows through R, and R,, i.e. i, = igxq = ig,
* On R,, it develops a voltage v, = ir, R, = v, R, / (R{+R,)

= Qverall: v

CCS - Basics P. Fischer, ZITI, Uni Heidelberg, Seite 12




RRRRRRRRRRRRRR

UNIVERSITAT
HEIDELBERG

= A capacitor can store electrical charge
J. » Prototype: parallel plate capacitor

C « Charge Q on plates generates field
(through Gauss’ law)

 Field between plates gives a voltage V
» Q = C x V: capacitance is factor between charge and voltage
A large capacitor can store a lot of charge at low voltage

* The voltage on a capacitor is given by the current integral:

| v
- % _ E/I(t)dt & I)=c%

* The stored energy is

dE(Q) =V (Q)dQ = E = /v NdQ' = /—dQ = £ %CVQ
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Charging a Capacitor

= At constant current I: linear ramp: I, =™
[(t) = I(, = const —3¢
o <
AQ(t) = /[ ) dt' = /L,dt = [, xt AV(t)
AU(t) = AQ, 3 ]‘j x
C C >
= Through resistor R: exponential settling: v, R l
Uo — U () C
[1_ _ 70— YL, $
(j ) 7
dU(t)  I(t) U, —U(t)
dt — (e RC
Solution : U(t) = U, — Uy ¢~ TC > |
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= A voltage source has 2 terminals: J_ <:i> l

= An ideal voltage source maintains the voltage for any
output current (‘1000 A’)

* The voltage of a real source drops with load current.

» This is modeled by a series resistor (internal resistor,
source resistor):

Iout

—

@) v,
ou

Ry

<
o

* The open voltage is V, (I, ,=0 — voltage drop over R, is 0)
= The short circuit currentis |, . =V,/ Ry
* Note: ‘Good’ voltage sources have low R,, — 0
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Current Sources

= A current source has 2 terminals: l

* An ideal current source maintains the current for any
output voltage

* The current of a real source drops with load voltage.

» This is modeled by a parallel resistor (internal resistor,

source resistor):
|

out

Py
)
O
Q
&
<
e

* The short circuit current is |, (no voltage at R,—no current)
= At a voltage of |, x R, no more current flows (all flows in R))
* Note: ‘Good’ current sources have high R, — o«
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* Flip the diagram of the I-source and compare:
Vout \%

Vo : lo ¥ R, A

out

| > Iout |
Vo /Ry 1,

Voltage Source Current Source

» Same shape! Therefore:

= For voltage source with V, and R,;, a current source with
l, =V,/Ryand R, =V,/ 1, =R, behaves the same!

Ry —

V, — VR, Ry
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Any combination of U-sources, I-sources and resistors
behaves like a (real) voltage source with an internal resistor

 This is fairly obvious from the previous page and the linearity of
the resistor properties

* Clearly, a current source with internal resistor can also be used

= Example:

wikipedia

= To find V,: calculate the open voltage
= To find Ry: find the short circuit current. Then R,, =V, / |,
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Thévenin Equivalent of a Voltage Divider

= Consider a voltage divider with equal resistors:

® -
R = . @5

Voo =Vo/2 (12 Vy/(2R), Vgoq =R x 1)
. Ishort = VO/ R — RV = VO,eq / Ishort = R / 2

" In general, R, is the parallel connection of R, and R,
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2V <i> —@ Qoud
@

o
(@)}
o
-
4 Q

1. Open circuit:

(2V-v1)/ 3Q (2V-v1) / 3Q = 0.5A + v1 / 4Q

3Q

0.5 Al@

—

vl = 0.285714V
Vout=v1+1V=1285V =YV,

+
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9

2V <i> —@ Youl

0.5 Al @ :
3
@
1. Short circuit;
(2V-v1)/ 3Q = 0.5A + v1 / 4Q + lgpi0rt
3O @ vl =-1V

G —>
N

1V

lsyorr= 0.75 A
ov (T —@—

Ry =V,/l =1.285V/0.75A= 1.71Q
05 Al,@ |SHORT\L v = Yo/ lsHorr

4 Q
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R2. 3 o L o Ra. 1.71
o V02

AN AR A
".".,n" l\nl.""’."n_.' * "..u'l \,',.' \u_.’

B ) . ) B 8.5V
o I{UB) < I(UA) o I{UB) < I{UA)
v
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= Positive voltages are at the top, negative at the bottom
* Input signals are at the left, outputs at the right

» Connected crossings are marked with a e : H_
» should be avoided L

= T-connections donotneed a ® :
 but they can have one... \
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= A useless circuit...

out

o—"‘ILJ
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AC Behavior of Capacitor

= Consider a capacitor driven by a sine wave voltage:

I(t) 2
> 1 /
Lv(f) = (/'r() Sl (w‘f -+ »,9) U(t) — C 0
T
LdU(t)

» The current: I(t)=C = C'Uyw cos (wt + )

dt
is shifted by 90° (sin <« cos)!

I.Oj T ““““““i
0.0; \
05 | ]
toL . NSNS
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Complex Impedance

= To simplify our calculations, we would like to extend the
relation R= U/I to capacitors, using an impedance Z .

* |n order to get the phase right, we use complex quantities:
U(t) = Upsin (wt + @)  ~»  Up-e'“%) = Uycos(wt+)+i sin(wt+p)]

for voltages and currents.

« By mixing complex and real parts, we can mix sin() and cos()
components and therefore influence the phase.

* Note: Often ' is used instead IT
of ‘i’ for the complex unit, because yf
‘" is used as current symbol... Y
4
¢
= Often ‘s’ is used for i (or jw) 5 ~—> Re
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» To find (‘back’) the amplitude of such a complex signal, we
calculate the length (magnitude) of the complex vector as
Im 4 Z

= Vzz* Re
= To get the phase, we use real and imaginary parts:
Im(z A
@ = atan ( (2) 4
Re(z) )
A

Note: this simple formula works only in Re(2)
2 quadrants. You may have to look at
signs of Re(z) and Im(z)
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Complex Impedance of the Capacitor

= \We know that

o _ U@
I(t)=C= >
= With U(t) = Uy - ei@t+%)

wehave [(t)=CU(t)=C Uy iw - Hlwt )

= Therefore
Ul(t) | 1 The impedance of a

Z¢c ===~ =- = capacitor becomes
](t) wC O very small at high
frequencies

= Similar: /; =iwl =sL
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Checking this for a Capacitor

» For an input voltage (sine wave of freq. w) with phase =0
[/ (f) — U() (_j_'z'.wt

we have [(t)= " =Uje™ . jwC

* The amplitude of I(t) is
1| = VI(t)I(t)
= JUpet - iwC x Uye=ist . (—i)wC

— JUZciwte—iot . (jwC)(—iwC)
Upw C

= The phase is:
wC |
QY = atan () = a’(all(_DC) =

oA

* We have dropped the time variant part and the constant U,
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= As we have just seen, the U(t) = Uye™

trivially to the output.

propagates

» We therefore drop this part and just use ‘1’!
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= Replace all component by their complex impedances
(1/(sC), sL, R)

= Assume a unit signal of ‘1" at the input

(inreality itis U(t) = Uye™ )

* Write down all node current equations or current equalities
using Kirchhoff’'s Law (they depend on s)

* You need N equations for N unknowns
= Solve for the quantity you are interested in (most often V)

= Analyze the result (amplitude / phase / ...)

CCS - Basics P. Fischer, ZITI, Uni Heidelberg, Seite 34




RUPRECHT-KARLS-

UNIVERSITAT

HEIDELBERG | _ Examp|e: Low Pass
= Consider k&,
>— R ¢
ST

= \We have only one unknown: v,

= Current equality at node v, Vin ;%VOU’“ —Ip=1Ic=vousC
= Solve for v, Vin = Vout = VourSC IR
Vin = Vout(1 + S CR)
Vout 1
— H(s) =
Vin (S) 1+sCR
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'y Low Pass as ‘complex’ voltage divider

— R ( (21D

L. 2

r
~

r
~

N N
7 4

» This is an ‘ac’ voltage divider with two impedances
Z,=Rand Z,=1/sC

= Using the voltage divider formula, we get

v 7 = 1 1
H(s) = out "2 sC _
Vin Zo + 71 %—I—R 1+ sRC 1—|—Zwi0

with w, = 1/(RC), the ‘corner frequency'.
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» By exchanging R and C, low frequencies are blocked and
high frequencies pass through. This is the High-Pass.

C
— = Cz15
R &
W ¢ Hyp (5) R SsRC
- e ge S = =
g A R.’.L l+sRC
sC
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C

—>
v Vout p
Vin R \
Vout

C
vy ’ T C
= We have now fwo unknowns: v, v

EQ1(Qvy) —5 = (Vi — Vout)sC

EQZ (@Vout) : (Vl — Vout)SC + Yin _RVOUt — Vout sC

= Eliminating v, gives:

H(s) = 1+ 2RC's
1+ 3RC s+ (RC)? s2
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Transfer Function

* The transfer function of a /inear, time invariant system
visualizes how the amplitude and phase of a sine wave
input signal of constant frequency w appears at the output

* The frequency remains unchanged
* The transfer function H(w) contains
* The phase change ®(w)
* The gain v(w) = amp_in /amp_out (w)

I/\\/ \/\/ > >in  H(w) ott—> /\\ J{e\\/\v%(@
(o)
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» The Bode Plot shows gain (+ phase) of the transfer function
* The frequency (x-axis) is plotted logarithmically
= Gain is plotted (y-axis) logarithmically, often in decibel

« DB(x) = 20 log. (X): x10 +20 dB
TSRS RSP NS, x 100 +40dB
. X 2 6 dB (not exactly!)
20dB w0 » | ; X 1 0dB
: ' /2 -6 dB
= /N2 -3dB
-20 dB 0.1 3 : 4 a0 F T i T ol "l
: ‘ 3 4s F
¢ : ] ol
-40 dBo.o1 4 a5t
: | i < i
-135
0001 " oo | PSPPI | PEEPUOTeN | PR | A PP | s
0.001 001 01 1 10 100 1000 180 |
Frequency 225 k-
270 POV T | PRI RSN | PIPPPTS BRI
0.001 0.01 0.1 1 10 100 1000

Frequency

« dBs for multiplied quantities just add !
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= Power functions are straight lines:
[lr) =2" = log|f(x)] = nlog(x)
Plot[x2,{x,0,10}] LogPlot[x2,{x,0,10}] LogLogPlot[x2,{x,1,10}]
40/ Loy

0.1F

10

LogLogPlot[Table[xN {N,-1,3}],{x,1,10}]

10 15 20 30 50 70 100 y=x"1
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= 1/x function has slope -1:
1

» Multiplied functions are added in plot:

f=h-f =loglf] =log(f1) +log( f>)

f1=2+x;f2=x";
LogLogPlot[{f1, 5 f1},{x,0.01,100}] LogLogPlot[{f1, f2,f1 * 2},{x,0.01,100}]
500 : ; : , , r
100+
100 } 1
50 F ]
/ |
10
| / f=24x | 01
L . . - - 0.01 b L ! L
0.01 0.1 1 10 100 0.01 0.1 1 10 100
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= Transfer Function: () = ! —
I O S e
!,
= Magnitude: v(w) = JH(w)H*(w) = :
- U+ —ig)
— 11 for w — 0
v(w) = L — —2 for w = W
— W—O for w — o
1 1 l —% l —*
* Phase: Hw)= (=X —)= 73
R I P e —is 149
( Wi Wi @
t (IIH(H)) X (w)
© = atan | = —atan | —
s Re(H ) “0/ | (rad or degree)
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0dB 1.00}* D S ———— —————— —————
-3dB Factor 10 decrease in
6dB 050! amplitude for factor 10
. 1/Sqrt(2) = 0.707 increase in_frequency
-3dB point -20 dB / decade or
0.20 -6 dB / octave
-20dB g 10+ |
-26 dB 0.05 1/ 10
— (-20 dB)
0.02+
-40dB 0.01L-, . T
0.1 1 10 190 10,00

|
X 10 (Decade)

- Basics P. Fischer, ZITI, Uni Heidelberg, Seite 46



RUPRECHT-KARLS-

UNIVERSITAT

HEIDELBERG | __ The same |n dB

N\

-3dB |
_10: ‘-3 dB point’
-20}
-30/
~40L

o1 1 10 100
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0 r T T
_20 R
-45 degree
—40+
_60 |
-90 degree
-80} | J
\\_
= = > o
0.1 1 10 100 1000
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= Consider two identical LP filters. A ‘unit gain buffer’ makes
sure that the second LP does not load the first one:

)—RJ-C{>—RJ- C
T T

* From the properties of the LogLog Plot, the TF of the 2nd

order LP is just the sum of two 15t order LPs:
0 : 7 om

-3 dB ] s |
-10; 6 dB ; \ 1LP
20" | ‘ 4

1 LP: N ;
-0 -6 dB / octave \-100 |
-40¢ | 2 LPS'l 2 LPs
-S0y -12 dB / octave 7%
el | | N | |
0.1 1 10 100 100L O 1 10 100 1000
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= All circuits behave like low-passes (at some frequency)!
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» So far, frequency is expressed with w, i.e. in radian / second
= We have: w =2t v
» Therefore, the frequencies in Hertz are 2wt lower!!!
w, =1/(RC) W 4R
=1/(1n x 1M) i
=1/1m \ \ """" .
R:] . _— — =1 kHz ; : :
VY /” v =1000/6.28 Hz N .
IMEG X =160 Hz RSO L
@1 | e dif- 1;::; jéaéfgg
—/\VIAC c1 1 i SR S SR RN RRU—— AR o
in T | ‘ . '
- 40
18_}_i_2
— — {oUDB(vout)
Frequenc
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1 L
0
LP[w] = Z HP[w] = ———;
+ 1 — + 1 D
w0 w0
. 1 i
LPgain (w) = HPgain () = w0

1 (5)° Vi ()

-10

T

-20

-30

T

L1 1 PR R R S L L1 1 Loaa gl L L1010 aaal :
0.1 1 10 100 1000
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A More Complex Example

» Consider a (High Pass) filter with an inductor:

X
W
)

C
— rR HI N\a«\geﬁ‘o
Vinj/ % L j/ Vout

= The transfer function is  H(s) = (CL s?)/(1+CR s+CL s?)
= |t is of ‘second order’ (s has exponent of 2 in denominator)

* Magnitude: 20"
L=C=1
R=0.1,0.5,1,2
_20_

12 dB / octave
= 40 dB / decade

= ‘Inductive peaking’ |

0.01 0.1 1 10 100

CCS - Basics P. Fischer, ZITI, Uni Heidelberg, Seite 53




RUPRECHT-KARLS-

UNIVERSITAT
HEIDELBERG

Phase

» Phase has a jump’

50+

-50+

0.01 0.1 1 10 100

= For fun: o -
» When is filter steep & flat? 4 L=C=1, R={1,Sqrt[2],2} |

S| o

10 15 20 30 50 7.0 100
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CIRCUIT SIMPLIFICATIONS
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» To roughly understand behavior of circuits, only keep the
dominant components:

RLarge

RSmaII

RLarge RSmaII RLarge I

» Eliminate /arger or the smaller part (depending on circuit!)
= Error ~ ratio of components
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CLarge

CSmall

Lo |

CLarge CSmaII

CCS - Basics

CLarge
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Resistors AND Capacitors

= Behavior depends on frequency ( |Z;| = 1/(2nv C))

|ch >> R —>
v << 1/(2x RC)
C ] i Low
I I frequency
R 1 -
] - High
Z¢| <<R o frequency

v >> 1/(2x RC)

Low
I I frequency
_I I_ High

frequency
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