Digital IC Designh and Architecture

Combinational Logic
and Circuits




Static CMOS Circuit

At every point in time (except during the switching
transients) each gate output is connected to either
Vpp or Vg via a low-resistive path.

The outputs of the gates assume at all times the value
of the Boolean function, implemented by the circuit
(ignoring, once again, the transient effects during
switching periods).

This is in contrast to the dynamic circuit class, which
relies on temporary storage of signal values on the
capacitance of high impedance circuit nodes.
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Static Complementary CMOS

PMOS only

F(In,,In,,...Iny)

NMOS only

¢ PUN and PDN are dual logic networks
¢ PUN and PDN functions are complementary



NMOS Transistors
in Series/Parallel Connection

Transistors can be thought as a switch controlled by its gate signal

NMOS switch closes when switch control input is high
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X 4 LJ L v Y=X ifAandB

NMOS Transistors pass a “strong” 0 but a “weak” 1




PMOS Transistors

in Series/Parallel Connection
PMOS switch closes when switch control input is low

A B
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X T LT L v Y=XifAANDB=A+B
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me Y =X ifAORB = AB

PMOS Transistors pass a “strong” 1 but a “weak” (



Threshold Drops

PUN — Pull Up Network

q VDD \
- D S
0—Vpp VGX 00— Vpp-Vq,

::CL CL

PDN — Pull Down Network
Vpp —> 0
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Complementary CMOS Logic Style

* PUP is the DUAL of PDN

(can be shown using DeMorgan’s Theorem’s)
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* The complementary gate is inverting

1

e

AND = NAND + INV



Example Gate: NAND

Voo
A B Out A °-0| B HZ”
0 0 1
0 1 1 | ouT
1 0 1 A o
1 1 0 ]
Truth Table of a 2 input NAND —
gate B o—
1

PDN: G=AB = Conduction to GND

PUN:F=A+B =AB = Conduction to V

G(Inl 2, .) F(In Z,Jﬁz3 ..)

=A*B



Example Gate: NOR
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1 1 0
Truth Table of a 2 input NOR. gate

B —O

wg:ﬁ

OUT =A+B



Complex CMOS Gate
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OUT=D+A-(B+C)
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CMOS LOGIC GATES

2-INPUT NOR (NR2)
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Dp out
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V:—nMOS
V— Logic
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Dn

nMOS Net ON, pMOS Net OFF

or

nMOS Net OFF, pMOS Net ON



Voo CMOS NR2 v 21

DD
v . ;l_k V,(NR2)=>V =V =V .
) p V,(INV)=V =V G k. =k /2
t in out pEQ"\,- P
1 L
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AG“: knEQ‘u’ = 2kn
S
vV
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Vn — (VoD + Vrp)
Vi (INV) = Feneo
1+ R
knEQV

Symmetrical EQUIV INV

K sov = Kupov OF K pov/Kpoy = land Vo = [V | =>V

V,(NR2) =V, /2 =>k =4k,

(INV) =V, /2

nEQV pEQWV nEQV th



PARASITIC CAPS FOR CMOS NR2 (CONSERVATIVE) 2

VDD Cp,dnl = ng - C
Mp2 Edtml - Edhn:-: = C dbn
\Y ﬁ&‘i gdpl - gdpZ gdp
V gtlpi-r Eu‘lhpl . thpz C dbp
' gspl gspl gsp
V ﬂ {‘J«IF i “shp2 = shp
aalll ™ out
Mpl 1 c I_[
C gdnl | {“’.fl. J. ) % . %
V : El “dbnl V ul
Mnl s Mn2 s

WORST CASE for PULL-UP => V, =0, V, =V, > 0 & V_=low -> high

Croaanpe = 2C,, + ECdtP - Csbp + O+ C..gb = 2C,, + 3C-1bp +C , + C,:_‘.__

WORST CASE for PULL-DOWN => V, =0, V, =0-> V__ & V_=high -> low

Cmd_mmzZCdm+ECdbp+ CS +C‘ +C -2C +3CdbP+C'____-+ C_;.__

NRn: Cgprn = 0Cq, + (20- “Cﬂhp + Gt Gy



CMOS NR DESIGN STRATEGIES
NR2:

1. Symmetric Inverter V =V /2
V,(NR2) = V,,,/2 => k =4k,
orT, .

2. Propogation delay t,,, ort,

. ~ Cload-2r2 | 2Vron 4 (4VDD - Vron) _,
FPHAL=NR2 " ea(VDD-V108} Viyp - Vo Vbp

_ Cload-NR2  2vnoy 4(Vop -[Vrop) i 1\}

%%ﬁ?quI)'[\rlthﬂ)l:\/[)t) "|“LTT)F’|.+ Vop

TPLH-NR2

NRn:
1. Symmetric Inverter V, =V
V,(NRn)=V_ /2 => k, = n’k

2. Propogation delay t,,,, ort, .

t i S_Iga_c_i_—_l& 2V & 4(VDD = VTOn) _1
FPHL-NRn = VDD-VTon

/

/2:

DD

Vop - V1on Vbp
; . Cload-NRn 2Vrop) . 4(Vop - [Vrop) 1
RN k_P(V DD'|VTOP| VDD - IV-mpl VDD
n !



CMOS ND?2
\f_‘@,iék V1_5c|5 k V.(ND2)=>V =V, =V El
P p
® VaINV) =V = Ve —‘ﬁ{ﬁ k =2k
th - pEQV p
1Vrl 2 AVp—— qu
+——Ck, > !
S G
k. .=k/2
\Y \Y |D " kaQV =4li AIE pEQV n
in & 2 G k k
| n nEQV n
. !
I ko rOV
VTI'[ +2 Pp (V‘DD + V’I‘P) VTH + k;zv (VDD + VTp)
Vin (NAND2) = =L = Vi (INV) = -
" 21’_;: 1. |~PEQV
kn knEQV

Symmetrical EQUIV INV
K rov = Kpovand Vo = |V | =>V (INV) =V /2

PEQV DD’

V_(ND2) = mez =>k, =4k,



PARASITIC CAPS FOR CMOS ND?2 (CONSERVATIVE)

ng“ = C C
Copmt = C C
ngpl - Ci:tllﬂ - C
Cdbpl = Cdbpz ’ dbp
ngn - Crﬁu‘f Cmu
L. =0

shpl xh-pE sbhp

WORST CASE for PULL-UP => V, =V, V, =V, >0& V_=low > high
clc:-rad-NDE = chbn * Csl:m + Ecdhp * U::.‘. + Eﬂ"gk- - Bcdbﬂ + Ecdbp + ET::.' * C?_*E
WORST CASE for PULL- DDWN =>V, =V, V,=0->V_  &V_=high > low

Croaanme = 2Cq, + Cype + ZC' o+ (_' = 3C,,, + chbp +C_ + C_:?.:

NDn: C[md_ﬂun = (211 I}Cdbn + ﬂthP re C‘.:- + Cgl'-



CMOS ND DESIGN STRATEGIES

ND2:

1. Symmetric Inverter V=V _ /2:

V,(ND2) =V, /2 =
2. Propogation delay t

Cload-ND?2

>k, =4k,
pa, OF T
2V1on

PLH"®

T b~
PHL-ND2 = " vpp vron)
2

Cload-ND?2

__VDD - Vron
2|Vrop)

T L n =
FLH-ND2Z ™ o o (VDD-[VTop)

NDn:

| VDD - |VT0p|

o

+In

1. Symmetric Inverter V, =V _/2:
Viu(NDn) = V,,,/2 =>k_ =n’k,

2. Propogation delay t,, ort,
Cload-Dn | 2VTon (
TPHL-NDn = . +1n
%(VDD‘VT"“) | VoD - V10
c 2|Vrg
TPLE - NDn = load -NDn I PI it

nkp(VDD-IVTOPD[ Vop - |VT0p |

4(Vbp - Vron)

Voo
4(Vop - [Vrop)
Voo

4(Vbp - Vron)

Vbp

4(VDD = |VTOp |)
Vop

)

1
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TYPICAL CMOS NAND AND NOR DELAYS
Delays for a Family of NAND & NOR gates

1.W =64 um,L =1um,and WP =12.8 um, Lp =1 um.
=0.Ins and C_ =0->1pE

" Tinput-rise/fall

=~ , TP‘I—L‘{Y (ns) TPEXY (ns)
F— A A NRSB-ILH
I— 10.0 /DS-HL 10.0
: NDS-LH NRS-HL
d— —— —
B — 0T o TCL B Y ns T o C. (pF)
Topxy (1S)
st
S ' INV-HL
MV;LH
02 T ors | CL(pB)



NR2 Layout Example

29
v, COLOR LEGEND
DD n-Well
) Bl p-Well
Uﬁ;‘i[ Bl
Bl Polysilicon
"JEA{’:I[ k]] v nut
out - (ate Oxade
I GND Bl Metal ]
v,—4Lk YV L k
\Y
_1 DD B Contact/via
STICK DIAGRAM —»




ND2 Layout Example

Voo COLOR LEGEND 20
H n-Well
: S .
C | k G ! B o Wel
o ’ v I kl} B
I v | Polysilicon
out
D
Gate Oxide
v""l_clt kn - Tellt AL
S
B Metal |

v —qzkl.

v
I r DD g Contact/via

ot

GND



COMPLEX LOGIC GATES i

Z=AD+E) + BC
“OR” OPS PERFORMED BY PARALLEL CONECTED DRIVERS.
“AND” OPS PERFORMED BY SERIES CONNECTED DRIVERS.
“INVERSION™ IS PROVIDED BY NATURE OF MOS CIRCUIT OP.

VDD
1

out

l
A—] |fIWV/L)A B—{[ (W/L),

D 3 c—[ w/L).
(W/I)lrli _"iW/L)E 37
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l_ ON Drivers Out-GND Path
R, 3 A-D Class 1
| V. AE Class 1
- B-C Class 1
e, s, ABhe | G
A-E-B-C Class 3

D[ E- cC—H[ W/L). A-DEBC Class 4
W/L), (W/L), g7 Gl<G2<G3< G4

7 7
\ OL1 - VDLZ - VDL3 = \ OL4

EQV INVERTER (for case G4 where A=B=C=D=E=1)
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2D DESIGN STRATEGY:
R_g 1. Identify all WORST CASE
L Paths (e.g. Class 1).

V_. 2.Determine nMOS
transistor sizes such that

il each Class 1 path has
A—"fl(W/L)A B _(W/L)B (W/L)EQV‘ P

W/Lli IiW/ g ;M/L)C( ). =(L).=AT ).,

L EQV-ND?2

I
Ml
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A
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>
I
TN N
-
i
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o
o
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1,
OPTIMIZED LAYOUT OF COMPLEX
D=L FULL CMOS GATES

AL B~
B_c"fl IC_C"fI Z=AD+E) +BC
A—Ilf| B—

ARBITRARY STICK LAYOUT vV
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OTIMIZED LAYOUT OF COMPLEX FULL CMOS GATES

VDD
. VDD
D—[ D ,MOS NET
_ A GRAPH
A—][ E—J[ E
B C
sl o[ Z
| Z

| 7
A_“fl B— A nMOS NET
D_“i E—|S7 C—| . GRAPH

GND

B




ARBITRARY ORDERING OF GATE COLUMNS VDD

Fuler path - connected
sequence of edges

n, p diffusions for
common Fuler paths

have layouts with no
diffusion breaks.




MINIMIZE NUMBER OF DIFFUSION BREAKS 37
VDD

COMMON
EULER PATH:
E-D-A-B-C

[s A-D-E-C-B a
common Euler
path?




Arbitraty Stack

-
A
>

Optimized Stack



ALGORYTHYM FOR LINE OF GATES LAYOUT STYLE
1. Find all Euler paths that cover the graph.
2. Find common n- and p- Fuler paths.

3. If no Fuler paths are found in step 2, break the gate in the
minimum number of places that to achieve step 2 with
separate common Fuler paths.



FULL CMOS XOR GATE

AjDi@B -AB+AB
B —

A —0O

— L__J L

aut

D_DT@B

- .J ]
A— A—
_ . ]
3 J
e
(4-B)+(4-B)=(4-B)-(4-B)=(A+B)-(4+B)
(4+B)-(A+B)=A-A+A-B+A-B+BB=A-B+A-B




AOI & OAI GATES 4

AOIl-> AND-OR-INVERT (for SUM - of - PRODUCTS Realization)
OAI -> OR-AND-INVERT (for PRODUCT - of - SUMS Realization)

\Y

DD
A I

1 — |
A, 1 > Dual pMOS
BAg Pullup Net
el Vo
B, —| —
C, 1 —
o A B ol
AQOI Az—: C _”:

vl oD e




OAI -> OR-AND-INVERT (for PRODUCT - of - SUMS Realization)
A

ZA I
Dual pMOS

l _D )O—Vout Pullup Net

2

CI—D OAI

A
B
B

out

g
A

Arlli Az—ui A




Pseudo-nMOS OAI Realization

5L B
57

out



CMOS Transmission Gates (I'Gs) & TG Logic

SYMBOLS
H SWITCH CHARACTERISTICS
a—C |—b a— |—b
T |ﬂEUt OUtEUt

S S 0 a—op»o—Db Strong 0
S |
a—opo—Db Strong |

a b 4




oV
+1 L, _{!}E V. =0 Vosa = Vop ™ Vou
DSn SDp > SBp V =V -V
s g D IC V n DD out
Vi = Vop — B S I
I — Dlil > J_ VDSp = 1V‘:mt B VDD
- _I_GVSBH = VoutI VGSP - VDD
VDD
REGION 1 REGION 2 REGION 3
nMOS: SAT | nMOS: SAT | nMOS: OFF
pMOS: SAT | pMOS: LIN | pMOS: LIN
Viee™ Voo ™ Vi Vo™ Vos ™ Vi Ve, < Vo,
VDSp < VGSp B VTp TJDSP - VGSP i VTP VDSp - VGSp B VTp
h VDIH
OV |VTP| (VDD - VTH) VDD
Vo=V Vo= V. _
Reqn — DD out cop — DD out eqTOT = Reqn”Reqp
IDSn ISDp



2 (VD‘D _ Vﬂllt ) ®

R
RE(}ION 1: - kn (VDD_ Vﬂut_ VTn )2
nMOS: SAT
2(V,— V
pMOS: SAT R, = (Voo = Vou) _
kP(VDD al VTP |)
2V, —V
REGION 2 R_, = (Voo = Veu)
nMOS: SAT K, (Vop— Vau— V)

pMOS: LIN _ 2(Vop~ Vou)
e kp[z(VDD o | VTP l) (VDD o Vout) o (VDD_ 1Vu:rut )4 ]
2

kplz(VDD — | VTP |) N (VDD_ Vou )]

R

REGION 3 R
nMOS: OFF =
pMOS: LIN R, =

—a

2
K, 2(Vop = Vi, 1) = (V= V)|




R

eqTOT

-H‘::=‘l--...._.

=R _|IR

eqn

<qp

(Voo - Vi) Voo

> V

out
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load
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load



TRANSMISSION GATE LAY OUTS 1

B oW

poly used to achieve metal2 used to

Simple and small,
but no metal lines

can pass horizontal metall EC ieve | I

ip transparency orizontal meta
horizontally transparency
Routing Gate Signals to Transmission Cmte - P01}

I I B Metal |
[ Contact/via

horizontal, via  vertical, via poly vertical, vla metall straps
metall metal2 used to achieve vertical

metall transparency




2-INPUT MULTIPLEXER

5
AL A B s S oufput
A x 0 0 1 0@
S}: L x 1 0 1 1(B)
output 0 x I 0 0@
B_T I x 1 0 1(A)
S
XOR (COMPLEMENTARY PASS-TRANSISTOR LOGIC OR CPL)
A b
B
N . F=AB+AB
_ 9
B .
T |




A A B B
| | — —
Fli_{B ) ;_ ; v
- ) $ DD
F,(AB) ] B . , G(Ei -
PR RIS
F3 (AB) I| I| ‘
R _—* s _|_—=
Pdr[:‘xB ) j ]
J —

SOME OF THE FUNCTIONS REALIZED BY THE
BOOLEAN FUNCTION UNIT (CPL)

OPERATION (Z) F, F, E,  F,
NOR(A,B) 0 0 0 1
XOR(A,B) 0 1 1 0
NAND(A,B) 0 1 1 1
AND(A,B) 1 0 0 0
OR(A,B) 1 1 1 0



