EE 434
Lecture 33

Logic Design



Review from last time:
Ask the inverter how it will interpret logic levels

V,=?
Vin ‘DW Vour i

— — - —

// 81 \\ // S,] \\
- ~
s o —e N // - —— \\
/ \
/S Sa\ - / Sz Sa \
' ‘2 3 _L._/_._~DQ—DQ——Q—/—0—)—
\ Vi V) Vi \ WV A\ WV y
N / \ /
N / \\ s
N o _7 ~ o ///

e — —— T



Review from last time:

The two-inverter loop
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Standard 6-transistor SRAM Cell



Review from last time: Observation
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Vin - Vin
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V, and V| obtained from the inverter pair transfer characteristics

V gp Can be obtained from either the inverter or the inverter pair transfer
characteristics



Review from last time:

Logic Family Characteristics

What properties of an inverter are necessary for it to be
useful for building a two-level logic family

The Inverter-pair transfer characteristics must have three
unique intersection points with the V' - V,\ line

What are the logic levels for a given inverter of for a
given logic family?

The two extreme intersection points of the inverter-pair
transfer characteristics with the V', = V) line



Transfer characteristics of the static CMOS inverter

Viy * Vour




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 1 M, triode, M, cutoff ¢ Voo
W V
IDl = “nCOXn _1a/IN - VTn - .- 9V #[imz
L, & 2 g
IDZ = O V|N ¢ . VOUT
Equating I,, and I, we obtain: # EM
1
0=pc, M&K v v
H 8 2 1
It can be shown that the first solution will not verify, thus
N
VOUT = O
valid for:
3 - 3
VGSl VTn VDSl < VGSl VTn VGSZ VTp

thus, valid for:

\/IN 3 VTn VOUT < \/IN B VTn \/IN B VDD 3 VTp



Transfer characteristics of the static CMOS inverter
(Neglect effects)

Casel M, triode, M, cutoff

VOUT — O
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Transfer characteristics of the static CMOS inverter
(Neglect effects)

Casel M, triode, M, cutoff

VOUT = O
AWour
3
|C | \/IN VTn
Voo T i |
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Transfer characteristics of the static CMOS inverter
(Neglect effects)

Partial solution:

AVourt

Voo T

Case 1




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 2 M, triode, M, sat
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Transfer characteristics of the static CMOS inverter

(Neglect effects)
Case 2 M, triode, M, sat
IDl = “nCOXn Wl Q/IN - VTn - hgvOUT
L & 2 g
C 2
IDZ = - M%(\/IN - VDD - VT )
2 L, p
Equating I,, and I, we obtain:
MC W 2
meoe —22(y -V -V ) =pC
2 L2 ( IN DD Tp) “n OXn
valid for:
3
VGSl VTn VDSl < VGSl

thus, valid for:

\/IN3\/Tn VOUT<\/IN-\/'I'n

L4 VDD

T

=

: a/IN - VT . .:. VOUT
L & 2 g
N
- VTn VGSZ £ VTp VDSZ £ VGSZ -VTZ

\/IN B \/DD £ \/Tp VOUT -VDD £ \/IN -VDD -\/Tp



Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 2 M, triode, M, sat

A\/OUT /67 VOUT-VDD£\/IN-VDD-\/Tp
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Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 2 M, triode, M, sat

A\/OUT /67 VOUT-VDD £\/|N-VDD-\/Tp
“ V.3V
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Transfer characteristics of the static CMOS inverter

Partial solution:

AVour

Voo T

Case 2
Case 1




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case3 M; sat, M, sat
AVour 2
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Transfer characteristics of the static CMOS inverter

(Neglect effects)

Case3 M; sat, M, sat
uC, W

I — OXn 1 _ V 2
D1 (% L1 ( IN Tn)
D2 = “P > %(\/m - VDD - VT )2
2 L, ’
Equating I,, and —Il,, we obtain:
“PCOXP %(\/m - VDD - VT )2 = “nCOXn Wl (\/IN - VT )2
2 L i 2 L )

Which can fae rewritten as:
C
“p OXp % (VDD.|.VT - \/IN) — “nCOXn W1 (V _ Vn)
2 L P
Which can be simplified to:

2

1

(VTn)\/“nCOXn ﬂ +(VDD+VT )\/“pCOXP E
y - 2 L N2 L

" “nCOXn W1 + HPCOXP ﬂ
2 L

1

This is a vertical line

L4 VDD

T




Transfer characteristics of the static CMOS inverter

(Neglect effects)
Case3 M, sat, M, sat ¢ Voo
(VT ) “nCOXn ﬂ + (VDD +VT ) “pCoXp % #EMz
vo N2 L o2 L
' \/MnCOXnV\/l+ \/HpcoxpVVz Ve 1 = Vour
2 L 2 L,
| e ve s m
Since C, @C_, =C_ this can be simplified to:
(V)10 (v, ) T
Ll p l"n L2 v
Vi =
W1 + &Wz
Ll l"n L2
valid for:
3 3 -
VGSl VTn VDSl VGSl VTn VGSZ £ VTp VDSZ £ VGSZ _VTZ
thus, valid for:
V3V V 3 B \/IN B \/DD £\/Tp VOUT-VDD £\/IN-\/DD-\/Tp

IN

Tn IN

Tn



Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case3 M; sat, M, sat




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Partial solution:

AVour

Voo T




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case3 M; sat, M, sat

A\/OUT /67 VOUT-VDD £\/IN-VDD-\/Tp

Voo T




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case4 M, sat, M, triode




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case4 M, sat, M, triode ¢ Voo
_bC,. C,. W,
I V. -V,
D1 2 L1 ( ) #Ewb
_— WZ VOUT -VDD O
ID2 - “pCOXp I_ ?lm - VDD - VTp - 2 - (VOUT VDD) V
2 (%) \ﬁN o ¢ CouT
Equating I,, and —Il,, we obtain: #EM
1
B Woty v ) mpc, W - v, - v, - Ve Ve Oy )
2 L, L8 " 2 g
valid for: N
3 3 - -
VGSl VTn VDSl VGSl VTn VGSZ £ VTp VDSZ > VGSZ VTZ

thus, valid for:

VAV, V3 V-V, Ve VLEV, VAV SV,



Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case4 M, sat, M, triode




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case4 M, sat, M, triode




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Partial solution:

AVour

Case 4

Voo T




Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 4 M, cutoff, M, triode




Transfer characteristics of the static CMOS inverter

(Neglect effects)
Case5 M, cutoff, M, triode ¢ Voo
IDl =0 #EME
ID2 = “pCOXp WZ ?lm - VDD - VTp - VOUT -VDD 9 (VOUT -VDD) V
L, 2 g Viy * Vour
Equating I,, and —Il,, we obtain:
. . Akl
-V, O
upCOXp - a/m - VDD - VTp - = - - VOUT -VDD = O
LS > )
valid for: V
VGSl < VTn VGSZ £ VTp VDSZ > VGSZ -VTZ
thus, valid for:
V <V _ - /-
N m \/IN \/DD £ \/Tp VOUT VDD > \/IN \/DD \/Tp



Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 5 M, cutoff, M, triode
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Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 5 M, cutoff, M, triode

IVOUT ///67VOUT-VDD >\/IN-\/DD-\/Tp
o d \
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Transfer characteristics of the static CMOS inverter
(Neglect effects)

Case 5

AVour

Case 1




Transfer characteristics of the static CMOS inverter
(Neglect effects)

AVour

VDD




Transfer characteristics of the static CMOS inverter
(Neglect effects) ‘VOUT

VDD

From Case 3 analysis:

(v.) +(vDD+va)J“p WL,

M W L

1+ IJD Wz L1
M W L

1 2




Inverter Transfer Characteristics of
Inverter Pair




Extension of Basic CMOS Inverter to
Multiple-Input Gates

VDD
JMA A|lB|Y
) i . 0|01
[ 1, 010
B—L M MDA 11919
L 1110
Truth Table

4

. A
Performs as a 2-input NOR Gate B Y

Can be easily extended to an n-input NOR Gate



Extension of Basic CMOS Inverter to
Multiple-Input Gates

VDD
Al B|Y
e 0|01
Y 011
A—| M 1011
i " 110
> Truth Table

Performs as a 2-input NAND Gate A } Y
B _

Can be easily extended to an n-input NAND Gate




Static CMOS Logic Family

VDD VDD

Pull-up Network
PUN
Mo II:MZ /

V|N - — VOUT VOUT

M, |
—| | l:Ml Pull-down
\Network PDN

Observe PUN is p-channel, PDN is n-channel



Vo

Static CMOS Logic Family

VDD

iy

A E Ms
VDUT J

Y A

n-channel PDN and p-channel PUN




General Logic Family
| |

PUN PUN
Vin© | Vour v o
PDN PDN

Arbitrary PUN
p-channel PUN and PDN

n-channel PDN



Other CMOS Logic Families

VDD VDD VDD
I:”:I\/Iz _|EM2 —|[M2
VOUT VOUT VOUT
V||\| _|EM1 VIN _IEM]_ VIN _I[ Ml
% % %
Enhancement Enhancement Load Depletion

Load NMOS Pseudo-NMOS Load NMOS



Other CMOS Logic Families

Vb A VOUT
Voo
M, Vpp-Vrn |
Vour
V|N A‘EMl
VIN
\% —
Enhancement VDD

Load NMOS : ;
oa  High and low swings are reduced

Response time is slow on LH output transitions
Static Power Dissipation Large when Vg ; is low
Very economical process

Termed “ratio logic”

Compact layout (no wells 1)



Other CMOS Logic Families

VDD

VDD
|—T Voo I—TIIMZ
EMZ VOUT
Vour LTI: Mz Ak—| l;l\/llk
1IhIIII'CIUT
Vin AHIMl :
A1—|Eﬂ11 AE—”EME o0 Ak—”_:mm J
Al—l _’Mlz
A4
Enhancement N\
Load NMOS k-input NOR Al_l _|V|11
_’
 Multiple-input gates require single ==
transistor for each additional input k-input NAND

o Still useful if many inputs are required
(static power does not increase with k



Other CMOS Logic Families

_|

Vin —||_:|\/|1

%

Enhancement Load
Pseudo-NMOS

High and low swings are reduced

Response time is slow on LH output transitions
Static Power Dissipation Large when Vg ; is low
Termed “ratio” logic



Other CMOS Logic Families

A VOUT

Vop’ SN

Vour k

VTD<O

e Low swing is reduced
« Static Power Dissipation Large when V; is low
* Very economical process
Depletion e Termed “ratio” logic
Load NMOS « Compact layout (no wells !)
« Dominant MOS logic until about 1985
» Depletion device not available in most processes today

VDD




Other CMOS Logic Families

Vour
Voo Vool
Vpp-Vrn |
M,
Vour
. >V|N
Vbb
Vin 4‘ I—:Ml AV
ouT
IIil'lll_‘Li T
A4
Enhancement
Load NMOS
e L
Vin
* Reduced V-V, — —t—
-V Viu

« Device sizing critical for even
basic operation
« Shallow slope at Vip



Other CMOS Logic Families

A VOUT
Voo T
Vpp+Vrp |
o
Vour
A 1
VIN —| EMl V ouT
Voo
N
Enhancement Load
Pseudo-NMOS v, ©
VIN
: : ——t—
* Reduced V-V, Vi Vou

« Device sizing critical for even
basic operation
« Shallow slope at Vip



Other CMOS Logic Families

_|

VDD

Vour

o[

Depletion

NV

Load NMOS

* Reduced V-V, v

« Device sizing critical for even = |
basic operation

« Shallow slope at Vip

A V'DLJT




Static Power Dissipation in Static CMOS Family

VDD

When V; is Low, |5,=0

When V; is High, 15,=0

VIN_ — VOUT
Thus, Pgrarc=0

Hfw
This is a key property of the static CMOS Logic
Family and is the major reason Static CMOS Logic is

so dominant

It can be shown that this zero static power dissipation
property can be preserved if the PUN is comprised of
n-channel devices, the PDN is comprised of n-channel
devices and they are never both driven into the conducting

states at the same time



Static Power Dissipation in Ratio Logic
Families

Example: Assume V=5V
V=1V, C,,=104A/V2, W /L,=1 and M, sized so that V =V,

Observe:
D l: M, Vi=Vop-V1

If V\\=Vu Vour=V, so

MC W, %

DSl
ID1 L GS1 - (\/D81
V|N _| Ml 1
16

o :10'46;%-1- 1- =2.1=0.25mA
< e 25

Enhancement P =(5V)(0.25mA)=1.25mW
Load NMOS




Static Power Dissipation in Ratio Logic
Families

Example: Assume V=5V
V=1V, C,,=104A/V2, W /L,=1 and M, sized so that V =V,

DI: P =(5V)(0.25mA)=1.25mW
M;

Vour If a circuit has 100,000 gates and half
of them are in the V, =V, state, the
static power dissipation will be

Vin —||:M1

V

Enhancement
Load NMOS




Static Power Dissipation in Ratio Logic
Families

Example: Assume V=5V
V=1V, C,,=104A/V2, W /L,=1 and M, sized so that V =V,

UI: P =(5V)(0.25mA)=1.25mW
M;

Vour If a circuit has 100,000 gates and half
of them are in the V, =V, state, the
static power dissipation will be

Vin —||:M1

1
Peane =—=10° - 1.25mW = 62.5W
VA 2
Enhancement This power dissipation is way too high and would
Load NMOS

be even larger in circuits with 200 million or more
gates — the level of integration common in SoC
circuits today



Propagation Delay in Static CMOS Family

VDD II"'III:IZ
5
R
W,
G ? D
VIN —_— — VOUT VIN VDUT
=
]
R
—| [Ml Coaar ;; i
W,
I
\vg T >

Switch-level model of Static CMOS
Inverter (neglecting diffusion parasitics)



Propagation Delay in Static CMOS Family

J1

/1

Vour

Switch-level model of Static CMOS
Inverter (neglecting diffusion parasitics)



