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Goal

« Understand how to perform electronic analysis of CMOS logic gates.
— DC characteristics
* Noise margin
— Switching characteristics
— Power




Analysis

« DC Analysis
— Vin vs. Vout = Voltage Transfer Characteristic (VTC)
Vout
O > Vin
* Transient (switching) analysis
— Vin(t) vs. Vout(t)
| Vm Vout




CMOS Inverter — DC Characteristics

« Logic swing
— WhenV, =0
* Vour = Vbp
e OQOutput high voltage Vo = Vpp
— WhenV;, =Vpp

* Vour =0 _-I_

e Qutput low voltage V,, =0
— Logic swing Vin { }_ Vout

e V., =Voug — VoL = Vpp




CMOS Inverter — DC Characteristics

« RegionA(0 < Vi, < Vipp)

— Mn
* Vesn =Vin — 0=V Vin
i VGSn < VTTI,: Cut'Off

- Mp I/out

* Vsep =Vop — Vi 1

* VSDp = Vop — Vout

* (VSGp - |VTp|) - VSDp = Vour = Vin — |VTp| >0
© Vsgp — |Vip| > Vepp: Linear ®

- Vout ~ VDD




CMOS Inverter — DC Characteristics

« RegionB (Vp, <V, <=2 VDD T
— Mn Vin{
* Vesn = Vrn =Vin = Vpp >0
* Vosn = Vour
* (Vesn = Vrn) = Vosn = Vin = Vin —Vour <0 Vcﬁzt
 Viesn — Vrn < Vpgn @ Saturation ;
— Mp
* Vsep =Vop — Vin E
* Vspp =Vop — Vour ) i
* (VSGp |VTp|) Vspp = Vour — |VTp| >0 i
* Vsgp — |Vip| > Vepp: Linear

Vout = (Vm - |VTp|) +\/(Vm - |VTp|)2_2( in — V’;D - |VTP|)VDD - ﬁ_;l(vm - VTn)2




CMOS Inverter — DC Characteristics

« RegionC (V;, = V%D .y

M ‘ VP
— n
Vin }_ Vout
° (VGSn - VTn) —Vpsn =Vin = Vrn = Vour <0 Y
n

* Vesn — Vi < Vpsn @ Saturation
— |\/|p

* (VSGp_|VTp|)_VSDp= out_Vin_lva|<0 [ @

* Vsgp — |Vrp| < Vspp: Saturation

— Ipsp = ﬁ;—n(VM - VTn)2

B
- ISDp = f(VDD —Vu — |VTpD2
— SO|Ve IDSn - ISDp'

VDD_|VTp|+VTn\/?
- Vy = p

Bn
1+ 5




CMOS Inverter — DC Characteristics

« RegionD (% <Vin < Vpp = |Vrpl)

— Mn
Vin
* Vesn = Von =Vip = Vpy >0
* Vopsn = Vour
° (VGSn - VTn) —Vpsn =Vin = Ve = Vour >0 Vout
* Vesn — Vrn > Vpsnt Linear
— Mp
* Vsgp =Vpp — Vi
* VSDp = Vop — Vout @

* (VSGp - |VTp|) - VSDp = Vout = Vin — |VTp| <0
* Vsgp — |Vrp| < Vspp: Saturation

B
Vout = (Vm - VTn) - \/(Vm - VTn)Z_é(Vin - VDD - |VTp|)2




CMOS Inverter — DC Characteristics

« Region E (Vpp — |Vppl < Vi < Vpp)

— Mn
o Visn — Vin = Vip — Ven > 0 Vin

* VDSn — VYout
* (Vosn = Vrn) = Vosn = Vin = Ve = Vour >0 Vet
* Vesn — Ve > Vpsy: Linear A
— Mp
* Vsgp =Vpp — Vi
* Vsgp — |Vrp| < 0: Cut-off ®

— Vour = 0




CMOS Inverter — DC Characteristics

» \oltage noise margin
— VNMy =Vou — Viy
— VNM, =V, = Vo,

* V4. Min. high input voltage
e V- Max. low input voltage
* Vyoy: Min. high output voltage
V. Max. low output voltage




CMOS Inverter — Switching Characteristics

* t, risetime
o t.: fall time
. I Vin —DO—- Vout
C,,¢- total output capacitance _T_CL
— Cout = Cper + C v 1
 Cppr:. FET capacitance in
- CFET = CDn + CDp VDD T

» Cpp = Cgsn + Cppn

» CDp = CGSp + CDBp

» (. load capacitance

o~
>

H

v

v




CMOS Inverter — Switching Characteristics

e Fall time
— FrOm Vout - O'9VDD tO Vout - O'1VDD

« Fall time calculation L Vou
— Discharging (Natural response)

dVout — Vout R T Cout

S

= 1= Coury T
— 1 B B
~ Bn(VDD—V7n)
t
- Vout(t) = Vppe ™
* 1, = R,C,y,: (time constant)

— t=1,In (ZDD)

out

° RTL

— tp = tWoue = 0.1Vpp) — t(Vye = 0.9Vpp) = 7, (In10 = In"") = 7,,In 9
— tr = 227,

— g =t
* ty.: high-to-low time




CMOS Inverter — Switching Characteristics

 Risetime
— FrOm Vout - O'1VDD tO Vout - O'9VDD

R k
. . . 1%
e Rise time calculation Vout

— Charging (Step response)
— = C dVout _ Vpp—Vout T Cout

—vout g TR T

P <
° R 1

p= Bp(Vop—IVrp )

t
— Voue(8) = Vpp (1 —€ Tp)
* Tp = RyCpys (time constant)

— tzrpln(VD—D)

Vpp —Vout
— ty = t(Vyye = 0.9Vpp) — t(Voe = 0.1Vpp) = T, (1n 10 — 1n§) =17,In9
- t. = 2.21,
— Uy =1t

* t;y: low-to-high time




CMOS Inverter — Switching Characteristics

Transient simulation of a CMOS inverter
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CMOS Inverter — Switching Characteristics

 Maximum signal frequency
— The largest frequency

_fo= R 1
Max = typ+tyy  tetty 2.2 (Tht+Tp)
— Example
* R, =R, =5000
* Cour = 10fF
* fmax = ! ~ 45GHz

2.2(5ps+5ps)
* Propagation delay
— Delay time from inputto output

_ = tpf‘l'tpr
p 2
) " I Vﬁ
tps - output fall time (Vpp — )
— tpf =Tn In2
* t,-: output rise time (0 — VDTD

— tpr=Tpln2

Vin

v

v




CMOS Inverter — General Analysis

« Output capacitance
— Cout = Cper + C

 Risetime
— tr = Tp In9 ~ Z'ZRP(CFET + CL) = tTO + ZZRPCL
1
° Rp —
BpVpp—=IVrpD)
o Falltime
— tr = 1,109 ~ 2.2R, (Crgr + C1) = tro + 2.2RnC;,
° Rn 1

- Bn(Vpp—VTp)
e Speedvs. area

— BT = RIl= tl
» Area goes up, but the logic is faster.




CMOS Inverter — Power Dissipation

« Power dissipation calculation Vbp
— P =Vpplpp IDDT
e P=PDC+den CMOS
— Ppc: DC power .
be P circuit

* RegionA E:Ipp =0
— Actually, there is leakage current I p,,. J_
» Ippe: quiescentleakage current

— Ppc= VDDIDDQ
— Pgyn: Dynamic power
» Charging/Discharging

— Q¢ = CoutVpp

e P="Vpplpp =Vpp ((;,—e) = fCoutVDDz

* | P =Vpplppg + fCoutVop®




NAND2 — DC Characteristics

* Vrnp gOES Up.

I
Ggp 4| By
VB } Vout
Bn
1
Va | bn
1 Voue

() 0—-Vpp 0—-Vpp
(ii) Vbp 0-Vpp

(|||) 0- VDD VDD




NAND2 — DC Characteristics

Vi Vin = Vour = Vi)
— nFET network: BZ—”
— PFET network: 24,
— Mn (Vy): Vesn — Vo) — Vpsn = (Vy — V) — (K V) < 0: Saturation
— Mn (Vg): Vesn — Vrn) — Vpsn = (VM Vs — Vi) — (Vy — V) < 0: Saturation
— Mp: (Vsgp — [Vrp|) = Vopp = (Voo — Vi — [Virp|) = (Vpp — Vay) < 0: Saturation
(’*“) )
- IDSn (VM VTn)

(2/3
- ISDp p (VDD - VM |VTpD2

— Solve IDSn— Ispp. E,‘B . —-2
p p
Bn
_ v, = Vop—=|Vryp |:/';TnJ; VB } Vout
142 (L
hp Bn
« For NANDk ]
|4 | 0
Bn A

v, = Vpp— |VTp|+ VTn\/; __l_n

_/ﬁ_n =
1+ o




NOR2 — DC Characteristics

* |Vrp sl gOES UP.

() 0—-Vpp 0—-Vpp

Vout
A




NOR2 — DC Characteristics

VM (Vin = Vour = V)
NFET network: 283,

— PFET network: Bp

— Mn: (Vg — VTn) Vpsn = (Vay = V) — VM < 0: Saturation

— Mp (Va): (Vsep — |Vrp|) — Vspp = (VDD —|Virp|) = (VDD —Vy) < 0: Saturation
- Mp (VB): (VSGp - |VTp|) - VSDp = (VS |VTp|) VM) < 0: Saturation
— Ipspn = Zzﬁ (Vm — VTn)2

e
- ISDp = %(VDD —Vu — |VTp|)2 _T
- SOlVG IDSTl = ISDp' L ﬁ

Ny p
i VDD—|VTp|+2VTn\/% j
Iy 4| B
. For NORK Va—9 +— Vour
r-
Vpp— |VTp|+kVTn\/g _|:n —_fn

Ry y
i Vs




Elmore Delay

 How to estimate delay in general RC networks.

— How to
« Start at the target sink node.
« Traverse the RC network toward the source.
 Whenever there is a resistor, multiply its resistance and its downstream
capacitance and add it to the total delay.

— For two-pin nets

\(,
Rout

Rl RZ RS R4 Rn—Z Rn—l Rn
."'.-r ""‘f .""'— "".-r e "."f .""‘r """—

T “T “T T 6T “T T

T = Rn(Cn + CL) + Rn—l(C -1 + Cn + CL) + Rn_z(c -2 + Cn—l + Cn + CL) +
Rout(Cl Tt Cn + CL)




Elmore Delay

 How to estimate delay in general RC networks.
— For multi-pin nets

i
Rout \»
Ry R, Ry Ry
C,== C;
L

€4

I T

T(Vour1) = Rp(Cp+ Cpy) + Ry 1 (Cpeg + G + Cpp) +
R, »(Chy+Cp1+C+Cq+Cp+Cp+Cpy)+
. R3(C3 ++C,+C 1+ Ch+ Cp + CLZ) +
RZ(CZ + -+ Cp+Cq++C, +Cp + CLZ) + Rl(Cl +-+C,+Cq+Cp+Cp+ CLZ) +
Ryyt(CL +++Cp+C 1 ++C, +Cp + Cpp)

\
A STA;7, 7%

A <,

S 2
= 2z
by =
Z &

2 7
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NAND2 — Switching Characteristics

* t, risetime
* t;: fall time
C,,¢- total output capacitance

— Coyt = Cpgr + C;, E'B _CJ’;;
D D

 Cppr:. FET capacitance
— Cppr = Cpp + 2Cpy

» Cpn = Cgsn + Cppn : Bn
» Cpp = Cgsp + Cppyp ]—-----i-
e (,:load capacitance Va | B ==,

— C,: parasitic capacitance 1l &




NAND2 — Switching Characteristics

* Risetime
— If AB:11 - 00 (best case) I
_t GBP 4| Bp
* Vour(t) = Vpp (1 —e Tp) Vg 3 Vout
- Tp= %Cout L an
* t = 2.21, :|______i
Va | Bn =,
1+
— IfAB:11 - 10 or AB:11 — 01 (worst case) =
t
* Vour(t) = Vpp (1 - 6_5)
- Tp= RpCout
° t, =221,

— tr = 2.2R,(Cpgr + C1)




NAND2 — Switching Characteristics

e Falltime
— If AB:00 - 11 or AB:10 — 11 (best case) I
- _t Po 9| Po
* Vout(t) =Vppe ™ 1% 1%
— Tp = 2RpCoyt B 3 out
° tf = 22T, ’ pn
s
VA o ﬁn __'I:Cx
— If AB: 01 - 11 (worst case) 7 L

t
* Vour(t) =Vppe ™

— T, = 2R, Coyt + R, C,
* tf = 22T,

— t; = 2.2[2R,(Cppr + CL)] + 2.2R,




NOR2 — Switching Characteristics

* t, risetime
I fall time
C,,¢- total output capacitance
— Cout = Crer + (},
 Cppr:. FET capacitance
— Cppr = 2Cpp + Cpyp

» Cpp = Cgsn + Cppn

» CDp = CGSp + CDBp
» (. load capacitance
— C,: parasitic capacitance

o]




NOR2 — Switching Characteristics

 Falltime

— If AB:00 — 11 (best case)

t

* Vout (t) = Vbp e ™

R
— Th = fcout Vy—e

.t~ 221, _|

— IfAB:00 — 10 or AB: 00 — 01 (worst case)

t
* Vout (t) = Vppe ™
— Tp = RpCous

* tr = 221,

— t; = 2.2RyCout

o]




NOR2 — Switching Characteristics

e Risetime

— If AB:01 — 00 (best case)

t
* Vour(t) = Vpp (1 - € Tp)
— Tp = 2Ry Cout VA —

° t, =221, —|

— IfAB:10 — 00 or AB:11 — 00 (worst case)

t
* Vour (£) = Vpp (1 —¢€ Tp)
- Tp = ZRpcout + Rpr

* t =221,

— t‘l‘ — 22[2Rp(CFET + CL)] + ZZRPCy

o]




Power Dissipation

* Dynamic power
- den - afCVDDZ
* a:. switching activity
« f: clock frequency
e (: capacitance

e More accurate formula
2
- den = fVbp Z?:laici




Transmission Gates and Pass Transistors

 Transmission gates

— Approximation
i RTG = maX(Rn, Rp)

e Cip = CnFET,source + CpFET,drain T
S

e Pass transistors
— Rise time
* tr = 18R, Coue _]9_
— Fall time o Ly
o t; = 2.94R,Cou tn out
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