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= resistance
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electric current = rate of water flow
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battery

resistance

eloctric curront flow
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Impedance = resistance + capacitance + inductance
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puUM p pressure
- vollago drop

;E Sirl sl gls
=l pipe =wire
:'4- pamp = Dattery a L&i }‘ )ﬂ ‘ d;dld-_’ )‘-\a hs_ )é /
= S Sy by £y dbal
elecine currenl = rale of waler lMow |
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pump pressure

- vollage orop ) )\) Lkbu)usd}oaw f

--«f\/, g - : o
S ‘ pipe ~wire ! J.n.aw )L).p
— - ——s—
. pump = battary ‘g V + V = V . V
ﬁ Gnd battery resistor — Y Gnd
shells r

= resistance
g

A
eleLlrnic Curremt - rate of waler flow \l
= D = ) ) ¥

Vbattery = Vresistor

resistance
Vend+ Vbattery= Vce

electric current fNow

Vee = Vbattery
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11=12+13 +16

1=12+13 +16

16=14 +15

M=12+13+14+15
+6—-14-15=0

16 =14 +I5
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KCLa:
N=12=I

KVL:

Vcc-11.R1=-12R2=0
KCLa & KVL:

Vecc=1.R1 + .LR2 = I(R1+R2)

| =Vec/ (R1+R2)
Va = I(R2)




KCLa:
Isource = |11 + 12

KVL :

+11.R1-12R2=0 or I11.R1=12.R2=Va

Isource = Va/R1 + Va/R2

12 =Va/R2 - 12 = [1.R1/R2-+12/11 = R1/R2

Isource = |1 + 12 = Va/R1 + Va/R2 = (R2.Va+R1.Va)/(R1.R2)
Isource = Va(R1+R2)/(R1.R2)

Va = Isource(R1.R2)/(R1+R2)
11 = Va/R1
2 = Va/R2

Short circuit ;
I=Vth/R
Open circuit :
V = Vih

Short circuit :
| =Ilno
Open circuit :
V=Ino.R

s ¥
(o ye yle v

e 3 9y yai A Cigd Jlde boud
lth = Ino—»Ino = Vth/R
Vth=Vno-+Vth=Ino.R
Rth = Rno




KCL 1:

12=13

KCL2:

M1=12+14

KVL 1:

Vece-11.R1-12.R2-13.R3 =0
KVL 2:

Va -l14R4 +|2.R3 +I2.R2 = Va
—14R4 +12.R3 +|12.R2 =0

-» 12(R2+R3) = 14.R4

=» |4 = 12( (R2+R3)/R4 )

KVL 1 & KCL 2:

Vee - (12+14)R1 - 12.R2 - 12.R3 =0
& KVL 2:
Vee — 12[ ( (R2+R3+R4)/R4 ). R1-R2-R3]=0

KCLa:

+H1 +12-13=0~»11+12=13
KVL 1:
+V1-11.R1-I13.R3=0

KVL 2:

+V2 -12.R2 -13.R3 =0

KVL 3:

Va-I13.R3=0 Va=13.R3 & I3=Va/R3
KVL 1 & KVL 3:

V1-11.R1 =Va-u 11 = (V1-Va)/R1 : ohm's law
KVL 2 & KVL 3:

V2 -12.R2 = Va-»12 = (V2-Va)/R2 : ohm's law

KCL a:
1I3=11+12 Va/R3 = (V1-Va)/R1 + (V2-Va)/R2
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KCL:

Sl oo o o b palio 1L >

AAN—AAA—ANA

Rtotal = 2. Ri
n=2=...

1/Rtotal = 2 (1/Ri)
(3 BT

it
1/Ctotal = > (1/Ci)
ql=qg2=...

Ctotal =2_Ci
VSN2 =

g g0 g o0 b 2ulie 51l

Ltotal = 2. Li
il=i2=...

1/Ltotal = 2. (1/Li)
Ni=V2=he
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Rtotal = 2. Ri
| = Vce / Riotal
Vi=Ri.l

Vi = Veo (Ri/Rtotal)

Yool ] eialld D o gl

Vout = Vec . ( Rsensor/(Rsensor+Rload) )

(anglio b §Ldg oamandli) piio §Lig s pudiio Cuoglio by u )
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Gtotal = ¥ Gi

V = Isource / Glotal
i=Gi.V

li = Isource (Gi/Glotal)

~ n A : : = i p-
Riotal = X Ri Glotal = 3 G SO Adao Zaadgds gy S5eD yiganalSy Gy 4o v

| = Vce/ Riotal V = Isource / Giotal

Vi=Ri. |

Vi = Vee (RifRtotal) = Isource (Gi/Gtotal)
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JUNCTION

DEFPLETION REGION

Wik
li‘ *
r ELECTROSTATIC FIELD
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- FREE ELECTRON
= NEGATIVE ION
¢ POSITIVE ION
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Coavamang Corment Flow

Calhana Forward Bias TReverse Bias
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OO0 O —0
Switeh ¢close Switch open
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Forward Vollage
Drop

Quadrant [
Forward Operating

Region

Reverse Breakdown
| _ Voltage

¥ \

T Leakage |

Current ( Venee
0.3V Germanium
Quadrant 111 0.7V Silicon

Reverse Operating
Region
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BJT : Bipolar Junction Transistor _ls o e
FET : Field Effect Transistor ;o jie
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BE diode | BC diode Relation
L E bias

Reverse  Reverse Cut off lc=0,I1B=0, |VBE| <.7 Open circuit

Forward  Reverse Active lc=f.IB, |VBE| =.7 Current
source

Reverse  Forward Reverse active le=PR.IB, |VBE| <.7 PR =1

Farward  Forward Saturation VCF = 2V, |VRF| = & Clase
swilch
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FET : Field Effect Transistor
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MOSEFET : Metal Oxide Semiconductor FET
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Vp = Pinch off Voltage N:Vp<0 P:Vp>0

IDSS = ID when (VGS-0 & VDS-=Vp )

Channel Channel Relation
near near
Source Drain

Cutoff 1=0
Saturation 1= (IDSS/VpN2) [VGS - Vp ]r2

Linear  1=(IDSS/Vp"2) [ 2(VGS-Vp)VDS - VDS”2 |

channel near [vGS| = |vpl |VGS| < | Vol
Source

Ckannel near VG| 2 |vpl VG| < Ve
Drain
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http://www-g.eng.cam.ac.uk/mmg/teaching/linearcircuits/mosfet.html
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Vt - threshold Voltage N:Vt>0 P:Vt<0
K’ (W/L)

Channel Channel Simple
near near model

Saurca Drain
Cutoff 1=0 Open
circuit
Saturation 1=.5 (K".W/L)[VGS -Vt ]| 2 Current
source

Linear  1=.5 (K'. W/L) [ 2{VGS-Vt)VDS - VD52 ] Resistor
MOSFET

channcl near IVGS| < vt |MGS| 2 |Vt
source

Chennel near [VGD] < | vt |VGD] 2 |Vt
2rzin




saturetior [Legien

Vs = +4.0V

Vas = +3.00

Vas = +2.0V

Vs = | 1.0V

Vas — IV

For depletion MOS:N: Vt<0 P:Vt>0

Saw-aton Regicn 5 VegEve

Ve = + 0.0V

Vgs — C

Vgs — -0.5V

Vgs = -1.0V

Vgs = -2.0V
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Vbe =0 <.7V =» BE diode: reverse bias

Vhe = 0-Vecec =-Vee <. 7V = BC diode: reverse bias
= Cut off region =» Ic=0 =» Ir=0
Vout=Vecc—1| * r=Veec— 0= Vec

Vbe >= .7V BE diode: forward bias

Vhe = Vb — Ve = {(Vee-1b.Rb) — [Vec-Ic.Re) >=.7
BC diode: forward bias =+ Saturation region
Ve = 2V

Vout = Vee = .2V = 0V
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— Power: 11mw

— Tp = 10ns

— Noise Margin : 0.4v
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out —in
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s L NOL s >

/

Vol :
Vdd=5v Vi=lv
NGRS  Ves=5-0=5,5>1 ; vad=5-VoL ; =» t:Linear
KCL : Ir =1t =» (5-Vol /R = 0.5K°(W/L) | 2(Vgs-Vt)Vds = Vdsh2 |
(5-Vol)/1k=0.5*(1/500) [2(5-0 - 1)VoL - VoLA2 |
(5-Val) = [2(4)Vol = Vol~A2] = 5- Val = 8Vol — Vol A2

gl)%» s unlio VOL sl jlade ol

Vdd=5v Vt=1v
K (W/L)=1/500




Vdd-5v Vi=1v
K'(W/L)y=1/500

Vgd=Vm-Vm=0, 0<1 ; =>» t:Saturation
KCL:Ir=It

(5-Vm)/R = 0.5K (W/L).(Vgs-Vt)A2
(5-Vm)/1K = 0.5(1/500).(Vm-0 - 1)A2
5-Vm=(Vm-1)A2

: vgd=5-Vol ; =» t1:Llinear

2: Vgs=0-5=-5, -5<-1 ; Vgd=0-VolL ; =» t2 : Saturation

KCL: Itl =I1t2

0.5K(W2/L2).(Vgs-Vt)*2= 0.5K (W1/L1) |2(Vgs-Vt)Vds — VdsA2 |
(Vgs2 —Vt)"2 =4 [2(Vgsl - Vt)Vds — vds”2 ]

(0-5—-1)A2 = 4 [2(5-0 - 1}VoL - VoLA2 |

16 =4 [2{4)VoL— VoL"2] =» 4= 8VolL- VolLA2

Vdd=5v [Vi=1v EEERVEEECHIE RS
K'p=100 K'n=200
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Vdd=sv Vi=1v
K p=120 X n=200

Vdd=35v Vt=1v
K'g=loo K'n{=200 1: Vgs=Vm-0=Vm ; vgd=Vm-Vm=0,6 0<1 ; =» t1: Saturation

2: Vgs=0-5=-5  -5<-1 ; Vgd=0-VYm=-Vm ; =» t2 : Linear

KCL : It1 = It2

0.5K (W1/L1).(Vgs-Vt)A2 = 0.5K (W2/L2) [2(Vgs-Vt)Vds — VdsA2
4.(Vgsl - Vi)h2 = [2{Vgs2 - Vt)Vds — Vds*2 |

4.(Vm-0-1)A2 = [2(0-5 - -1)(Vm-5) = (Vm-5]"2 |

4.(Vm-1)A2 = [ -8(Vm-5) = (Vm-5)22] ; Vm-5=x =¥ Vm-1=x+4
4.(x+4)72 = -8 —x"2
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\WESORCEIN 1: Vgs=5-0=5,5>1 ; vgd=5-VolL ; = tl:Llinear

2. Vgs=5-Vol ; Vgd=0 ; =» t2: Saturation

KCL: Itl = It2

0.5K (W2/L2).(Vgs-Vt)*2= 0.5K (W1/L1) [2(Vgs-Vt)Vds — VdsA2
(Vgs2 = vi)n2 = 2 [2(Ves1 - Vi)Vds — VdsA2 |

(5-VoL—1)A2 = 2 [2(5-0 - 1)VoL — VolLA2 ]

(4 -VolL)*2 =2 [8VoL—VolL"2 ]

K'n=100

Vdd=Sv Vt=lv
K'n=100




Vdd=5v Vt=1v
K'n=100

.
it
1

out =1in

1: Vgs=Vm-0=Vm ; vgd=Vm-Vm=0, 0<1 ; =» t1:Saturation
2: Vgs=5-Vm ; vgd=5-5=0, 0<1 ; =@ t2:Saturation

KCL : It1 =112

0.5K (W1/L1).(Ves-Vt}A2 = D.5K (W2/L2).(Vgs-Vt)A2

2(Vgsl - VI)*2 = (Vgs2 - Vi)»2

2(Vm-0-1)22 = (5-Vm - 1)52

2(Vm-1)"2 = (4 - Vm)"2

V2 |Vm=1] = |[4=Vm]|

V2 (Vm —1) = +- (4 — Vm)
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Vdd=5v Vi=1v
K'n=100

Vdd=5v Vt=1v

K'n=100

Vol

1: Vgs=5-0=5, 551 ; vgd=5-Val ; =» t1:Llinear

2: \Vgs=Vol-Vol =0, 0>-1 ; Vgd=Vol-5; =» 12 : Saturation

(CL: 11T =1t2

0.5K (W2/L2).(Vas-Vt)A2 = 0.5K (W1/L1) [2(Vgs-Vt)Vds — Vds"2 ]
(Vgs2 - Vt)A2 = |2(Vzs1 - Vt)Vds — Vds"2 |

(0=-1)22 =[2(5- 1)VoL - Vol "2 |

1=8Vol-VolA2

1: Vgs=0-0=0, 0<1 ; =» t1:Cut off

2: Vgs=VoH-VoH=0, 0>-1; Vgd=Vol-5; = t2: Linear
KCL;It1=112=0

0.5K (W2/L2) [2(Vgs-Vt)Vds - VdsA2 | = 0

[2(Vgs - Vt)Vds —Vds”2 ] =0
[2(0--1)(5-VoH)—(5-VeH)"2]=0

2(5 - VoH) - (5- VoH)?2=0 = (5-VoH) (2-(5 - Vot




Vdd=3v [Vi=1v
K 'n=100

1: Vgs=Vm-0=VYm ; vgd=Vm-Vm=0,0<1 ; =¥ t1: Saturation
2: Vgs=VYm-VYm=0, 0>-1 ; Vgd=Vm-5; =» t2 : Saturation

KCL : 111 = |12

0.5K (W1/L1).(Vgs-Vt)A2 = 0.5K (W2/12).(Vgs-Vt)*2

(Vgsl - Vt)A2 = (Vgs2 - Vt)»2

(Vm - 1)A2 = (0--1)A2

(Vm-1)A2=1 = Vm-1=+-1
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Vdd=5v [Vti-1v
k'n=250 k'p=1€0

Vdd=>3v |Vt=1v
<n=250 k'p=100

CMOS notew® |-

Vol

1: Vgs=5-0=5, 5>1 ; Vgd=5-VoL ; =» t1:Linear
2: Vgs=5-5=0, 0>-1 ; = 12: Cut off
KCtT="1It2 =0

0.5K (W1/L1) [2(Vgs-Vt)Vds—Vds*2]=0
[2(5-0-1)Vds —Vds*2 ] =0

8Vds —Vds*2 =0

Vds (8 —Vds)=0 = Vds=-8,0

CMOS notews |-

VoH :

1: Ves=0-0=0, 0<1 ; = t1:Cut off

2: Vgs=0-5=-5, -5<-1 ; Vgd=0-VoH ; =» t2: Linear
KCL:1t1=1t2=0

0.5K* (W2/L2) [2(Ves-Vt)Vds— VdsA2 ] =0

[2(0-5 - -1)(VoH - 5) — {VoH -5)A2 ] = 0

-8(VoH -5) - (VoH-5)22=0 =» 8(VoH-5) + (VoH - 5)#2 =
(VoH - 5) (8+(VoH - 5)) =0

(VoH-5)(3+VoH)=0

VoH=-3,5
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