
Allgemeines/Konstanten
k = 8.617 · 10−5 eV

K = 1.38 · 10−23 J
K

e = 1.6022 · 10−19C
ε0 = 8.854 · 10−12 C

Vm = 8.854 · 10−14 C
Vcm

εr(Si) = 11.8 εr(SiO2) = 3.9 ≈ 4

Temperaturspg.: Vth = kT
q

T=300K
≈ 26mV

ni = 1.45 · 1010

cm3

1Å = 10−10m = 10−8cm
Cg = 2 fFµm Ceff = 1 fFµm COL = 0.25 fFµm
Si: Ec − Ev = 1.1eV

c m µ n p f

10−2 10−3 10−6 10−9 10−12 10−15

Frequenz: f = 1
T

Bool’sche Logik
De-Morgan: a ∧ b = a ∨ b a ∨ b = a ∧ b
Absorption: a ∨ (a ∧ b) = a a ∧ (a ∨ b) = a
Konsensus

(a ∨ b)(a ∨ c)(b ∨ c) = (a ∨ b)(a ∨ c)
ab ∨ ac ∨ bc = ab ∨ ac

Kondensator
Aufladung

Vout = Vin ·
(

1− e−tτ
)

t = −τ · ln
(

1− Vout

Vin

)
Entladung

Vout = Vin ·
(
e
−t
τ

)
t = −τ · ln

(
Vout

Vin

)
τ = RC
Ladung des Kondensators

Q = CV
Strom des Kondensators

I = dQ
dt

MOS Transistor
Intrin. Ladungsträger-Konzentration

ni = 1.45 · 1010cm−3

Mass-Action-Law: np = n2
i

Im n-dotierten Halbleiter:

n ≈ ND � ni p =
n2
i

ND
Im p-dotierten Halbleiter:

p ≈ NA � ni n =
n2
i

NA

Ec

Ei

EV

QBQox

EFEFG ΦS

VT

ΦF2|ΦF|

tox
Xd

Effektives Fermi-Niveau:

qφF = EF − EFi
NMOS: φFp = kT

q ln
(
ni
p

)
(< 0)

PMOS: φFn = kT
q ln

(
n
ni

)
(> 0)

Oxid-Kapazität:

Cox = εox
tox

εox = εr · ε0

Oxid-Dicke:

tox ≤ 5nm
Å=10−10m

= 50Å
Weite der Raumladungszone:

Xd =
√

2εSi|φS−φF |
qNA

Maximum bei φS = −φF
Ladung der Raumladungszone:

QB=± qNXd=±
√

2qNAεSi|φS − φF |
[
C
cm2

]
Maximum bei φS = −φF
(-: NMOS, +: PMOS)

Potentialdifferenz Gate-Substrat:

φGC = φG − φC
Flatband Voltage: VFB = φGC − Qox

Cox

Threshold Voltage

VT = VT0 + γ
(√

VSB + 2|φF | −
√

2|φF |
)

VT0 = VFB − 2φF − QB
Cox

Verschieben von VT

NI = QI
q = Cox∆V

q

Velocity-Saturated Current Equations

Effektive Mobilität

µe = µ0

1+
(
VGS−VT

Θ·tox

)η
Body-Factor

γ = 1
Cox

√
2qεsiNA

[
V 0.5

]
Querstrom (eingeschwungen)

IDC = VDD−VoL

RL

Ecn = 6 · 104 V
cm

Ecp = 24 · 104 V
cm

VDsat = (VGS−VT)·EcL
(VGS−VT)+EcL

Transconductance Parameter

k′ = µnCox k = k′WL

Alpha-Power Law:

IDS = KS
W
L (VGS − VT)α mit α ≈ 1.25

IDS = KL
W
L (VGS − VT)VDS

⇒ VDsat = KS
KL

(VGS − VT)α−1

Bereichs-Abschätzung:

VGS < VT → sicher Cutoff
VDS > VGS → wahrsch. Sättigung
VDS < VGS → wahrsch. linearer Bereich
VDS = VGS → sicher Sättigung

ID long channel

VDS < VGS − VT: linear
ID = k

2

[
(VGS − VT)VDS − V 2

DS

]
VDS ≥ VGS − VT: saturation
ID = k

2 (VGS − VT)2(1 + λVDS)

ID short channel (!)

VDS ≥ (VGS−VT)EcL
(VGS−VT)+EcL

: linear:

IDS = W
L

µeCox

(1+
VDS
EcL

)

(
VGS − VT − VDS

2

)
VDS

VDS <
(VGS−VT)EcL

(VGS−VT)+EcL
: saturation

IDS = WCox
(VGS−VT)2vsat
VGS−VT+EcL

mit vsat = Ecµe
2

Diode
ID = IS (exp(VJ/Vth)− 1)

φB = kT
q ln

(
NAND
n2
i

)
Cj0 = εSi

Xd
=
√

εSiq
2φB
· NAND
NA+ND

[
fF
µm2

]
Beim abrupten pn Übergang:

Cj0 ≈
√

εSiqNA
2φB

MOS Capacitances

W

L

tox

xj

Tpoly

G

Col Cg Col

Csb Cdb

Cjc

S D

Thin-Oxide (→ Gate) Capacitance

CG = WCg

Cg = LCox = L εoxtox = 1.6 fFµm
Bereiche

VFB

Acc

VTDepl. VDS + VT

Sat

VGS

Linear

1
2Cg

Cg
C

Cutoff

Cgb

Cgs
Cgd

CGS CGD CGB

Cutoff (VGS = 0) 0 0 1
2Cg

Linear 1
2Cg

1
2Cg 0

Sättigung 2
3Cg 0 0

pn Junction Capacitance:

Bottom Area: Ab = WY
Sidewall Area: Asw = Wxj

CJ =
Cjb(Ab+Asw)(

1− VJ
φB

)m =
CjbW (Y+xj)(

1− VJ
φB

)m
abrupter Übergang: m = 0.5

Keq =
Ceq
Cjb

=
−2φ

1
2
B

V2−V1

[
(φB − V2)

1
2 − (φB − V1)

1
2

]
Large Signal effective CJ:
CJ = KeqCjbW (Y + xj) = CjW
Overlap Capacitance:

Col = Cov + Cf

Cf = 2εox
π ln

(
1 +

Tpoly

tox

)
Cov = Cox · LD

Noise Margin
Single Source (SSNM):

SSNMH = VoH − VS

SSNML = VS − VoL

Multiple Source (MSNM):

NMH = VoH − ViH

NML = ViL − VoL

MOS Inverter
Resistive-Load-Inverter

VoL ≈ VDD

1+kRL(VDD−VT)

VoH = VDD

ViL = VT + 1
kRL

ViH = VT +
√

8VDD

3kRL
− 1

kRL

VS : WvsatCox(VS−VT)2

(VS−VT)+EcL
= VDD−VS

RL



VS = −
V 2

TRLkEcL

2 +VDDVT−VDDEcL

VTRLkEcL+VDD+VT−EcL

VouL =
√

2VDD

3kRL

VouH =?
IDSmax = VDS−VoL

RL
wenn Vout = VoL

Saturated Enhancement Load

VSB = VoH = VDD − VT

VoH = VDD − VT(VoH)
(iter. Lösungsverfahren mit VOH,start = VDD−VT)
WI

LI

µnCox
1+

Vout
ECNLI

[
(Vin − VTI)Vout − V 2

out

2

]
=

WLVsatCox(VDD−Vout−VTL)2

(VDD−Vout−VTL)+ECNLL
CMOS Inverter

VoH = VDD VoL = 0V
ViL = 2Vout−VDD−|VTP|+(kN/kP )VTN

1+(kN/kP ) mit Vout =

VouL

ViH = 2Vout+VTN+(kN/kP )(VDD−|VTP|)
1+(kN/kP ) mit

Vout = VouH

χ =

√
WN

ECNLN
WP

ECPLP

=
√

WNµn
WPµp

VS = VDD−|VTP|+χVTN

1+χ
Pseudo-NMOS Inverter

VoH = VDD

VoL : IDP(sat) = IDN(lin)
WP vsatCox(VDD−|VTP|)2

VDD−|VTP|+EcpLP =

WN

LN

µNCox(
1+

VoL
ECNLN

) ((VDD − VTN)VoL − V 2
oL

2

)
Inverter Sizing

50% Point: tphl = tplh = 0.69ReffCL
Equivalent On-Resistances

Reqn = 12.5kΩ
� Reqp = 30kΩ

�
Pull-Down / Pull-Up Resistance

RN = Reqn · LNWN
RP = Reqp · LPWP

RN = V
0.7IDsat,n

RP = V
0.7IDsat,p

Series Stack: Weq = W1W2W3

W1W2+W2W3+W1W3

Parallel Devices: Weq = W1 +W2 +W3

Latches und FFs
RS Latch NOR, active high

S R Q1 Q2

hold 0 0 Q2 Q1
reset 0 1 0 1
set 1 0 1 0

1 1 0 0

≥1

≥1

Q1

Q2S

R

RS Latch NAND, active low

S R Q1 Q2

0 0 1 1
set 0 1 1 0
reset 1 0 0 1
hold 1 1 Q2 Q1

&

&

Q1

Q2S

R

JK Flipflop, active high

Jn Kn Qn+1

0 0 Qn
0 1 0
1 0 1
1 1 Qn

R

S

Q Q

Q Q
&

&

J
CK

K

JK Master-Slave Flipflop

R

S
&

&

R

S

Q Q

Q Q
&

&
CK

Q

Q

CK

J

K

Master Slave

D Latch / FF

≥1

≥1

&

& Q

Q

CK

D DIn DQ Q Out

CK

CLK

CK

CMOS Power Dissipation
Static (Standby) Power

PDC = IDCVDD

P = αCV 2
DDfCLK + IleakVDD

Dynamic (Switching) Power

Capacitance Switching Current / Power

ID,avg = C dV
dt =

CL∆Vswing

∆t = CLVDDfavg

Pcap = ID,avgVDD = CLV
2
DDfavg =

α0→1CLV
2
DDfclk

α0→1 = #toggles
2#clock cycles

Crowbar Current / Power

ISC = ∆tsc
T ISC,avg mit ∆tsc = ∆tscr + ∆tscf

PSC = ∆tSCISC,avgVDDfclk = CSCV
2
DDfclk =

αSCCLV
2
DDfclk

Pswitching = Pcap+PSC
α=α0→1+αSC= αCLV

2
DDfclk

Power and Delay Tradeoffs

PDP = Ptp = 1
2CV

2
DD

EDP = PDP · tp =
C2V 3

DD

2K2(VDD−VT) [Js]

tp = 1
2f

Wire Capacitance

Cwire = CintLW = 0.2 fFµm · wire length
Cload = Cfanout + Cself + Cwire

Path Delay Optimization

total delay ≈
∑
i

RiCi

Fanout Ratio: f = Cout

Cin

γinv = Cself

Cin

τ = ReffCin τinv = 3ReqnCgLn
τnand = 4ReqnCgLn τnor = 5ReqnCgLn

tdelay = Reff(Cout+Cself) = τinv

(
Cout

Cin
+ γinv

)
tp =

tphl+tplh

2

tElmore = R1C1 + (R1 +R2)C2

total delay =
N∑
j=1

τ
(
Cj+1

Cj
+γ
)

=
N∑
j=1

τ
(
Wj+1

Wj
+γ
)

Wj =
√
Wj-1Wj+1

fanout delay = τ
Cj+1

Cj

optimal fanout delay = (
∏

fanout delay)
1
N

fNCin = Cload

Logical Effort

LE=
τgate

τinv
=

(ReffCloadCin)gate

(ReffCloadCin)inv

LEinv = 1 LEnand = 4
3 LEnor = 5

3

Parasitic Term: P = LE · γ
Normalized delay

D= total delay
τinv

=
∑

(LE · FO + P )

= N · SE∗ +
∑
P

Fanout: FO =
Cj+1

Cj

total path effort =
∏

(LE · BE · FO)
=
∏

LE · BECload

Cin

optimal stage effort: SE∗ = total path effort
1
N

Capacitive Feedthrough

∆V2 = Cf

Cf+Cgnd
∆V1

Charge Sharing

V ∗ = C1V1+C2V2

C1+C2

Cgnd

V2

Cf

V1

CMOS Transmission Gate

A

A

B

B

VDD

A∨B

A

A

B

B

VDD

AB

RTG = Reqn
L
W

Cin,off = Cout,off = Ceff(WN +WP ) = Ceff2W
Cin,on = Cout,on = Ceff2W + CgW

Domino Logic

F1

NMOS

F2

NMOS

F3

NMOS

Φ

Φ

Logical Effort

NAND3

2WA

3WA

2WB

3WB

2WC

3WC

F

NOR3

6WA

WA

6WB

WB

6WC

WC

F


