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Ohm’'s law

Ohm’s law states that the current through a conductor
between two points is directly proportional to the potential

difference across the two points. The law was named after

the German physicist Georg Ohm, published in 1827.
(Wikipedia)

V=IR
DC
Resistance : R [Q]

Conductance : G = 1/R [S(iemens)]

o Z=R+iX
Impedance A [Q] .X : Reactance
Admittance : Y=1/Z [S] Y=G+iB

B : Susceptance



Series Connection of Resister

Rl  R2
—VWW—VW\— R =RI+R2

Parallel Connection of Resistor

R1
— M —

R?2

- I RI'R2

R = —
1 1 RI+R2

Rl R2
= R1//R2



Series connection of Capacitor

C2 1 _ Cl-C2

C1
11 c1+C2
N | S

Parallel connection of Capacitor
C1

C2




Kirchhoff's law

The sum of currents flowing into any node and the sum of the voltage
around any closed network are zero. They were first described in 1845
by German physicist Gustav Kirchhoff. (Wikipedia)

Current law (Kirchhoff's first law)
ERRIBOEEDEISICBWVT., MtuAmEZEIE

(RIIB)EFE—T 5L BROEBRZIELIZEE. £
DHRFIF0L/15, N
Eik -0

k=1

Voltage law (Kirchhoff's first law)

ERERICEEDRHEBELVEEDRIEEZ—FA
RICHR->/=LE, BRXBIOEXZV ETHEE
[ED#F0(X0& 755,

N
Evk =O
k=
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Thévenin's theorem (T 7 F > D FIE)

Any linear electrical network with voltage and current sources and
resistances can be replaced by an equivalent voltage source V, in series
connection with an equivalent resistance R;,. The theorem was derived
in 1883 by French engineer Léon Charles Thévenin.
AARTRHFMELRER. FL-HEICEXRLEZBFKER (RXIFHE
RTEHHFRTFOER) O/ZEZWM-T. B-TIFUVDOFEEE B LD,
(Wikipedia)

Thévenin equivalent circuit:

a voltage source with voltage Vi, in series with a

resistance Rq,.

Norton equivalent circuit:

a current source Iy, In parallel connection with an

resistance Ry,.



Thévenin equivalent circuit

1) Calculate the output voltage, Vo, when in open circuit condition.

2 ) Replace the independent voltage sources with short circuits, and

independent current sources with open circuits. Then calculate the

resistance of the output node r

R,
R +R,

VO=VX

RiR,

]" —
" R +R,




Norton equivalent circuit

3)from the V,. Z,. Put Current source of [,=V,/Z,and resistance Z,

in parallel.
%
J.=-0
|O=V/R1 0 Ty
NE: [output >
Q) TEBP ==7R R+R, R+R,
RZ% v
R

ro=R1#R2/(R1+R2)
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Principle of superposition

In electronics circuit which has several power supplies, current of any
node and voltage between any two nodes are equal to the sum of the
value when each supply exist independently by changing voltage
sources to short and current sources to open.(Wikipedia)

V, L L V,
I—e—/D ——D 1|
R1§ RZ% v §R3=R1§ RZ% v, §R3+R1§ RZ% v,
V=V4+V,
R1-R?2
R1+ R?2 R1+ R?2
R?2
(R1-1,+V,)

" R1+R2



Equivalent Circuit

An equivalent circuit refers to a theoretical circuit that retains

all of the electrical characteristics of a given circuit. That is a

simplest form of a more complex circuit in order to aid
analysis.

v, If you wan to express just
t amplifier ...

=)

INPUT OUTPUT
INPUT % OUTPUT
O

l \ S This is much easier
to understand

Therefore, you can write different equivalent circuit depend
on your purpose.

12




c, Example of =
INPUT | Equivalent Gircuit —| R
R Vosl
S R:
] g2
Power Supply is

Ry C j equal to GND
Bias R to Input R R, § 2

C G D o
Rl.=R1//R2 b | | S lVDs %R

MOS Transistor is Voltage to
Current converter

G: D
INPUT ——o—s—o—]}- 5 OUTPUT
R : :
_5 R; § § : Ry
vsl 1 o Equivalent circuit in small
signal analysis.
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Equivalent circuit for non—linear element

Many electronics elements has non—linear characteristic, so it is difficult to
solve analytically.

In most of case we would like to know response to small signal, they are
replaced with linearized equivalent circuit.

«(—IO+
A mrmm
I=F(V)
f % ﬂAmemw
g/g.m/

—C;- (%) 3/5"05’/1
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How to make linear equivalent circuit

Derive bias voltage from DC condition.
Extract differential conductance at the bias voltage.
Put voltage source to short, and current source to open.

Make input signal as small input signal only.

15



Equivalent circuit of MOS Transistor

Go

J Drain + ' °D
V, V,
Gate—l GS (%) ImvVGs

_l Source I
at Saturated Region (82 F15E15) S
) &Ids
VS—V gm= =/))(Vgs_‘/th)
Ids = /3 ( - th) é)VgS Saturated Re gion

2

V>V =Vy) oy =8,0Vy = 14=8,Y,

s

Make Gate current to 0, and Drain current to ‘g x Vs
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Using Complex Numbers

iIn AC Circuit Analysis % ‘\t_________ v=V, sin( wt—¢)
\wi /
- \T
=0]"

Use complex voltage V instead of sine wave v and make calculation

V =V, =V, cos(wt - ¢) + iV, sin(wr — ) phasor &

From the calculation result, actual voltage is obtained from the
iImaginary part.

In case of Current __ _
This will ease the calculation!

_ (wt—@)
[=1e

17



Using Complex Numbers in AC Circuit Analysis

By using complex number, differentiation and integration become
multiplication and division.

dt dt

In electronics circuit calculation, 'j' is used as imaginary unit since i’ is
confused with current.

18



=

RiEEDERGTEE

V)=V, +V, +V_

d

dt

1(2)

=I(t)-R+LdI(t) fl() dt |
R 2 Vr
‘ v
d d’ 1 V) l L 3 VL
—V(t)=—1() R+ L-—I(t) + = I(1) v
dt dt* C
. CF |V
V(t) = Voe]wt 4
I(t) = Ie”"*"
\ 4

joV(t) = joR: I(t) - w’L- I(t) + él(r)

Z

1

V(1) ( )
=R+ jlowL ——— SE—4
J oC BEREAE—HFR

I(2)

19



\

4

bt
O

mDBERTRIE

2
Z| = \/RZ +(a)L—L)
awC

wl. — L
tan @ = Im(Z) _ wC
Re(Z) R
HE-T,
I[(t)= Yo = sin(wt — @)

Im
10l &
Z
. . A
10l - i/oC @ s
-1/oC o
Y
1
X =wlL ——— --- Reactance
wC
1 1
woL-—=0 = w,=——
wC ’ VLC
w<w,: wL< L,qp — -90°

wC  Capacitive
w=0wm,: @=0° Resonance
1
w>w,: wL>——p—+90°

@wC  Inductive >



Frequency response of Low Pass Filter

R
v /(UC _ 1 : :T—_c "

Y

V R+% C 1+](1)RC

1

— ; (T =RC) =01/ w=1/ o =10/t
1 + ]O()T 0dB
= -3dB
Gain G §
o
(o)
G(iw) = Y, ! §
\/1 +(wT)’ -20 dB
OO
:L (wr >>1) £
T @  —45°
o
Phase Shift ¢ _080°
ot ) o) Bode Plot

imaginary
21



Decibel F& 7=

bel (B) is logarithm to base 10 of the ratio of two power quantities.

decibel (dB) is ten times (deci) of bel.

The human perception of the intensity (sound, light, ...) is nearly linearly related to the
logarithm of intensity, so the dB scale can be useful to describe perceptual levels.

P V.
dB=10log,. —2=20log, —2
£10 P g0 v
Gain G
. | 1
G(jw) = — (wt >>1)

1+ (wr)? T

1
20log Aa)r =20 log% = -6 dB/octave

1
wT
%o 1
20log ot _ 201ogE = —20 dB/decade
T

log,, 2 = 0.3010

B . TIUNILEERE2DDED LZEFR
JEEN. HEEEZTAVN TR EZR
FTIENDHD BRRBGEEMNHY. BELL
PIULDTEE.

1)

dBV =20log,,

v
1 [Vrms]

P
1 [mWrms@6OOQ]

vV
0.775 :Vrms @ 6009]

.
0.775 :Vrms]

dBm =10log,,

=20log,,

dBv =201log,,
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Signal propagation in transmission line

j@ If the distance is short, the output
changes with the input change.

Td >

=

If the characteristic time of a input signal T is shorter than the
transmission time Td, the output signal is no more same as the
input signal.




Transmission line If you handle high speed signals, you have to think

cable as a transmission line.

SW
BrusmcEars L
(R=0, L=0) 1
T
SW
V IKDRE
v=dx/dt
\

Even there is no slope in the drain, é{ﬁ§¢ ii UDEMmE
water will flow (AC current will flow (Cx) FA 7K i%

even in the circuit in which no DC
current flow.) 24




Transmission Line Theory

Figure 2-1. Lossless Transmission Line Model
L1 L2 L3 L4

SRS, ) ) g TSNS o p p EEFUNEESy g g o TINS5 & B S ———

= C1 - C2 - C3 = C4

_ 1
Ve = Tﬁ Transmission speed
7 = ’."'Z .
° =T Characteristic Impedance
Tg= vlp = JLC. Signal propagation time

25



Ex.) Show transmission speed,

Characteristic impedance, -
propagation time for 1 m in a printed
circuit board of following value. 44
R= 45 Q/m Gnd
L = 360 nH/m F) Y FEIREE [y
C =120 pF/m
1 8
V. = =1.5x10° [m/sec] sle A LWAN
’ V360x107° 120 x 10712 ARDEF T

360 x 10~
120 x 1072

Zy = =55 [Q]

T, =360x 107 -120x 10~ = 6.6 [nsec/m]

26



Reflection Coefficient

Z, Z,
Vincident > Vtransmitted
Vreflected >
<
1 FOETe e 111 |~
= Vieecea _ 23 =2, vs Il Z,=50 Ohm
‘/incident Z 2 + Zl '; E; "
¥ g
ﬁ -0.2 //
-0.4
-06 ﬂf/
- . s . -08 IF
Z2,=Z, T&lX T'=0(=FEL) e
0.1 1 10 100 1000

Z,=oo(open) Tgbld I'=1
Z,=0 (short) 7&nlE T'=-1

IE=AA(R
22 AE=HA(Q)

10000
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Wave on a String

=l | 40 | | X% Lensom ltt]!'l':!
a5 —Ur— 0 NN EEE o? =
arplitade  fregueney  dwrperg w1 Saou Help

v
0.' 0.. "A\J.hﬂ
.W.
ohised lad
- Moeraal Loone End
I/ \a’ " Oncillte No Ead
\__/ f\J.}-t
o

http://phet.colorado.edu/en/simulation/wave—on—a—stringttsoftware—requirements
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15128 1 3V

t=10ns [ZE100nsIRIE -~
SVDIETZANT HE 100ns

500
A
W,

" B
50Q/8w 7T L—2
100Q

10ns

| T |
< 2F -
8 A pB=IOO—ﬂ)=O33
S| | 100 + 50
£
<
' | ' 50-50
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528 2 i 50%

NAGYA
- 15ns —l- T10Nns———M»

oo L L]
2 sk f A
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8:8_“:}:;::}::::_ -
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12mA Driver
3V P 10ns

220 « ' '
J_ —\VV\/ V10 2 7]
V1 V2 % o~ 1 ]

:
O L uulnulunlu||luulllnluulunluulnulnuluuluulun

0 20 40 60 80 100 120 140

v
Volt[V]

Time[ns]

RinE izt F5&

5 llll[lllllllll[lllllllll[lllllllllllllllllllllllllllll[llll]llll[lllllllll

12mA Driver 4~ —_— /2 -
3V ) Ons .y e V1o

1 50W 2 I3 7
B 50Q :

v

Volt[V]

1+ |

E&ﬂgli%mll\':fd:éhﬁs 0 buu uuil1ulunl1111lunll1nlunlnul1111lnuluuluulnullnl

e R A 0 20 40 60 80 100 120 140
“BENTHSD

"HHERNAND

Time[ns]
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cf. Internal resistance of a driver

Driving power of a driver is different depending
on signal standard.

For example, in TTL logic, driving power is
defined for low level output signal of 0.4V.
Normally, it has 1.5 times margin.

Vy, |
low =3 73
0 .

- T. FHEEI2MADEEEIFEH F1FD
K54 N\—DOREEIF

Vor 0.4

R — —
O I, x15 12x15

=22 Q
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VT CEE 7S

12mA Driver
3V < 10ns -
220 28Q =« >
BV ’\/\ﬁ/ V10 5
Vi V2 =
= 500 S
EiImD Rz IE =0
HIERLRNGL
im0 R ILENHES
FAA—F#Kig
3V_
12mA Driver
3V « 10ns AN
22Q D >
M V10
Vi v [ >
s 50Q 2 =
- =

5 3: 0 Sh v (AN

BFHBLHS

L Ly L L R RN R LR LR R LR LRI RRRR LR LR
........ V‘I
- e —
...... V‘]O
L uuiunllullnlllnulu||I||nlnnl||nlnnlnnlnnlunlun
0 20 40 60 80 100 120 140
Time[ns]
L L Ll L L L R R LR LR LR LR LR RRRR LRRRY AR
........ V1
- S .
------ V10
O L uuiuuhnl|uuluulllulunlnul1111luullluluulnuluu
0 20 40 60 80 100 120 140
Time[ns]
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Reflection experiment

IVIZEREL=DIZ...

Pulse Generator

1V 20ns

50 QEIE —T L

Oscilloscope

Lo [

@—/\/WOQ

2\/ 50 Q

v

1V 20ns

(]

W@()

90 Q

<€
20 Q

ZOF HEEELLVEREH
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Oscilloscope probe

A B ~10 MQ

g b L
ANh#EBE= ~10 pF 1235A A 12 8B
i ~300MHz —AMA—

IMQ
SR a2
(Fv7) 11 pF

AAEHR ~1 MQ
ANBE= ~1pF
i ~2GHz

SR ER
(Fv7)

FIRERICIBHIA A 72
FET AD7>7

NG L S

£Ai s

F—TIED
WEXR Y TR

1 BEAHE (RBHE)
Ja-7 bEBHERT
ERAETHEETS/1-0I1CH
Banh’, BERDOBEESES
WARTE=-H42 X% D
Do KL, @RDTF1 T
ZIVERRTIE D £ <EEL
Eb\o :

N--eeeq |-

bty I 70))]
50 pF O&F4%
155

r—TIVED

T—

50 pF 1MQ

7 Z
FoOX2-70
ABhA -4

M2 FETAHESO-7
MEERED £ BHIC, ANIE
S % FETHIREIR THIE T

?ﬁi‘f;ﬁ.yaz(g;&ﬁé)éo L, AO0X3~

B
S0QDFEM T — T f‘v' 5

A IR AN N NAS

TELEHBHODBRE
PEET B,

BEOBHR

50 Q

7
Foaxa—-2e- -
ANBFORIEEH



JA—J DA E—5F R

Typical input impedance

100M
10M N2871A + N2872A + N2873A + N_2894A
s s 100MHz DS E1Z%FL
- T00K TIE100QL HVZE LN !
T 9.5pF E ,
10M0 § £ 10K
Nk
100 |€ : T
: 10 | _
10 100 1K 10K 100K 1M 10M 100M 1G 10G

Frequency [Hz]

SEEEEOFRE. ljj"“‘"'%'(LJ:Za)UJZ{EE‘F’PEJ]E%EM‘F@*( SND
#E DCERREDREZIFMRUTHIATS

88 : Typical Input Impedance for Each Probe Model, Figure 9. Typical Input Impedance
N2870A-Series and N2894A Passive Probes User's Guide, p/n N2876-97001
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A B ~1 kQ

=t r—TIED
ANBE ~2pF RERy 5
iz ~1GHz SE 3438 (= 10 Y

eV

L 734 (1 kQ) 50QOEMT— T [

X3 #ERAHERTIO-T
EETCHMEEERRWVWY, &
Won BB ET D, 127 L,
BEOSEATLATIEZ
ORIEMBEICE BTV,

e Bl il
(Fv7) —Wy- J

#FfE (ns)

A:1pF D FET ANRTO-7
B:1pF @ FET AN TO—T (61 FDiERfT &)
C:1kQ DEFANE O~ T (610 FDiEHIRM )
D:8pF DABAHNE T O—T (612 F DRI &)

X5 37MHzN7 Oy 7{ES4RETS #HERKEFALEVWGESE=D070-7
TRICHRE L > (A), 64 > FOIEMREFATIE, Uy TNVREBERAHNETO

—JTRbNEL LT,
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