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» 16.1 General Considerations
» 16.2 CMOS Inverter
» 16.3 CMOS NOR and NAND Gates
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Voo
AD—DO—G X

{ vil'l } '[ an..lt ]

(a) (b)

X=A

» An inverter outputs a logical “1” when the input is a logical “0”
and vice versa.
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v M, off Y

out:Vi n'VTH

Voo Voo vml I M in Saturation
Rp Rp ! s
Vout Vout,min M1 in Triode Region
Vino_l M1 Ram /
B B VTH Vpp V:
(a) (b) (c)
L Vin Vi & Vou =Vio )
- | 1 W ; ~
3 Vin >Vius Vou > Vi =Vig & Vo =V = 15Rp =V _;:uncox I_ Rp (Vin _VTH) )
/Vin >VTH’ Vout SVin _VTH : \
1 W ,
Vout =VDD - IDRD :VDD _E/uncox T RD [Z(Vin _VTH )Vout _Vout]
1 1 2V
Vour =Vin —Viu + W = (Vin —Voy + W )2 —( \[;\3 )
\ lunCox r RD lunCox r RD /unCox T RD/
CH 16 Digital CMOS Circuits 5



m is at the lowest when V,, is at V. X

Vout,mln _V RD I D,max
Voo — 2 #,Cos - Ro[2Vo0 =V Vagsin —Vee ]
If we neglect the second term in the square brackets, then
o G Vo Vi )T
Voutmin = = Voo

W _
1+ 4,C,, R o (Vop — TH) Rp +[£4,Cox L Voo —Vri )] :

This is equivalent to viewing M1 as a resistor of value

K Ronl = [luncox (\N/L)(\/DD _VTH )]_1 /

> The CS stage resembles a voltage divider between Ry and R,,;
~ when M, is in deep triode region. It produces VDthen M, is off

CH 16 Digital CMOS Circuits 6



-

[Infinite Transition Region Gain] [ Finite Transition Region Gairﬂ

» ldeally, the VTC of an inverter has infinite transition region gam |
. However, practically the gain is finite.
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a N

V.
out | > Transition Region: 50 mV
Voo » Supply voltage: 1.8V
\ )
o | -
Vo Vi Vs Voo Vin

0.05

[VO —V,: Transition Region } [A\, =£=3%
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1.675V 1.8V
Inv, Inv,

(b)

» Since real power buses have losses, the power supply levels at
two different locations will be different. This will result in
logical level degradation.

CH 16 Digital CMOS Circuits 9




If inverter Inv1 produces a logical ONE given by the local value of Voo,
determine the degradation as sensed by inverter Inv2.

= Vpp=18V

[AV =5Ax25mQ = 125m\/}

[Supply B:1.675V} [ Supply A=1.8V }
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Cutput
Waveform

e

-y

+ Y Waveform

» In conjunction with finite transition gain, logical level
degradation in succeeding gates will reduce the output swings
of gates.
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Sketch the small-signal voltage gain for the characteristic shown in
Fig.15.4 as a function of V;,,

Vnut ‘

Voo

-
Voo Vin

"";'EI ""}1 l"':IE
Fig.15.4

» the small-signal gain is the largest in the transition region.
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Prove that the magnitude of the small-signal gain obtained in Example
15.5 must exceed unity at some point.

» The transition region at the input spans a range narrower than
- 0to Vpp.
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» Noise margin is the amount of input logic level degradation that
a gate can handle before the small-signal gain becomes -1.

CH 16 Digital CMOS Circuits 14




Voo

Rp
Vaut
Vino—| M,
— -
- Vin
1.Using the small-signal gain : g,,R, = #,C,, (\/IL -V, )R, =1 1
NM =Vi = ———g— Vi
oV
2.Using differentiation : av"“‘ = —unCOX T Ry (V, —Viy)=-1 HnCox L Rp

/As Vin drives M1 into the triode region,
1 W
Vout =Vop _Eluncox N Rp |:2(V — V1 )Vout _Vozut]

Now 1, ¢ v_vRD{

oV, 27" L

n

oV,

in in

2(V|n VTH) out _ 2\/ Zvout :|

out
V. = 1 +Vin —Vo

out
\ 2:un Cox VI\_/ RD 2

—> V, =V =—> NM

with oV, /oV,, =-1

H =VDD

_VIH

)

CH 16 Digital CMOS Circuits
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The output low level of an NMOS inverter is always degraded. Derive a relationship to
guarantee that this degradation remains below 0.05Vbp.

v M, off
out l/
Voo Voo Vop M, in Saturation
Rp Rp N\
Vout Vout,min M in Triode Region
l"Irlrlc’_l M-I R'Dn'l
= = -
Vru Voo Vi
(a) (b) (e

a R O
V onl__\/ < 0.05V,

out,min ~
I:\)D + Ronl

W _
RD = 19Ron1 =19. [:unCox T (VDD _VTH )] '
N /
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Vop

VDD ------------------------------ 0.05 VDD
M, Vout Vout Vout ._*
ll"m°—| CcL I CL -
[ e e
= 3RpCL t
(a) (b) (c)
VDD

Vout (0_) =

m J,t>}

D™~L

V. (t 0" 0)1l1-
1+ u.C OXWR Vo Vo) out () =V (07) + Vo =V ( )]( epr

0.05V,,
VDD _Vout (0_)

0.95V, =V, (07) +[Vp =V, (07 )](1 exp R 9(:5%) — Ty, =—R,C, In

D™~L

@Ssuming Voo =Vou (07) #Vpp, Tosy, = 3R,Cy /

» Since digital circuits operate with large signals and experience nonlinearity, the
concept of transfer function is no longer meaningful. Therefore, we must
resort to time-domain analysis to evaluate the speed of a gate.
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Fall Time
10% Vpp
t

R ERp

............ ) =
s £ )
> —
Q
W
o~
c 5
N 0
o
[
9

18
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Assuming a 5% degradation in the output low level, determine the time constant at node X
when V, goes from low to high.

/ Assuming C, =WLC_, and R, =19R_,, \
7=R,C, = W 19 ‘WLC,,
#,Coy T Voo —Vin)
1917

\ o Voo —Viy) /

CH 16 Digital CMOS Circuits 19




[What IS the interconnect capacitance driven by Inv,?

1.675V 1.8V
Inv—,[l ! ﬁgi

15000 pm

[Wi re Capacitance per Mircon: 50 aF/um, (1aF=1x10-18F)

Total Interconnect Capacitance: 15000x50x10-18 =750 fF

-

|
|

Equivalent to 640 MOS FETs with W=0.5um, L=0.18um, C_, =13.5fF/pm?

CH 16 Digital CMOS Circuits
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Voo
R nj;

X¢ ° Vout
Vin""—“.: M, % CL

/PDP = Power - L ZTPLH \

V2 : V

~ (IDVDD)'(RDCX) :ﬁ'(RDCX) with ID :ﬁ
V2

~ (IDVDD)'(RDCX) =%'(RDCX)
D onl

\ ~V5,C,, since typically R, [ R,,. /

» The power delay product of an NMOS Inverter can be loosely
thought of as the amount of energy the gate uses in each
switching event.
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Assuming TrLH is roughly equal to three time constants, determine the power-delay product
for the low-to-high transitions at node X

To = 3RpCy
PDP = (15Vpp )(3RpCyx )
O
[ PDP = 3VS;WLC,, }

CH 16 Digital CMOS Circuits 22




» Because of constant Ry, NMOS inverter consumes static power
even when there is no switching.

» Ry presents a tradeoff between speed and power dissipation.
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> A better alternative would probably have been an “intelligent”
- pullup device that turns on when M, is off and vice versa.

CH 16 Digital CMOS Circuits 24



’ Rp N Device
DD DD
l o Vigut l ° Vout
Vil'lo_l M-' ‘ CL 1IIIIirII'ID_I M'I ‘ CL
0 1 L 0 1 L
(a) (b)

» This improved inverter topology decreases fall time since all of
. thecurrent from M, is available to discharge the capacitor. |
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M
- Off
— M, Voo
Vmu—l —20 VGI..I'I:

Mg Off

_II—3_M1 -~
.
- VDD Vin

(a) (b) (c)

» A circuit realization of this improved inverter topology is the
CMOS inverter shown above.

» The NMOS/PMOS pair complement each other to produce the
desired effects.
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vV

Ul =—(9m1Jr ng)(r01 | r02)

Vin

» When both M; and M, are in saturation, the small-signal gain is
shown above.
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M4 Off, M in Triode Region
V
out 4 ®/ M ; in Saturation, M, in Triode Region
v
DD

M., and M, in Saturation

M4 in Triode Region, M, in Saturation
M, in Triode Region, M, Off

1

1

1

1

1

1

1

1

1

-

-7

<

1

1

1

1

1

VIH1 Voo~ |Vinz| Voo Vi,

4 N
Region 1: M, is offand M, ison. V,,=V,;.

- J

4 . . . . . . . . )
Region 2: M, is in saturation and M, is in triode region.

L ValidonlywhenV,_, > V.. +|V,,|. )
1 W 2 W 2
Eluncox (fj (Vin _VTHl) - ,upcox (rj |:2(VDD _Vin_ |VTH2 |)(VDD _Vout ) _(VDD _Vout) }

1 2

V. =Vpp — f,(V;,), solving the quadratic equation.

out
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M4 Off, M in Triode Region

vﬂth 1 / M. i . . . .
@ 1in gaturat!ﬂn,mz in Triode Region

Voo L _
-~ M4and M, in Saturation

@ /M1 in Triode Region, M, in Saturation
- / M, in Triode Region, M, Off

o7
'

Vn1 Voo~ |Viiz| Voo Vi,

Region 3: M, and M, are in saturation. Apperas as vertical line assuming
no channel-length modulation. Valid when V., -V, <V, <V, + |Vl

out —

2 2

w , W
ym (Lj Vi t+ Hy (L '(VDD_ [Vino |)
V- — 1 2
m () ()
H, L), H, L),

CH 16 Digital CMOS Circuits 29
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Solving —1,C,, (Tj (Vin _VTH1)2 = _/upCox (Tj (VDD Vi~ |VTH2 |)2 ,
1 2




M4 Off, M in Triode Region

Vout '} / . . . . .
@ M, in Saturation, M, in Triode Region
V,
DD

M, and M, in Saturation

/M1 in Triode Region, M5 in Saturation

E @ ,/,j’/
/ . M1 in Triode Region, M, Off

Vi Voo~ |VrHz | VDD Vin

Region 4: Similar to Region 2. M, is in triode region and
M, is in saturation. Valid onlywhen V,, < V.. -V .

W
_:un ox( j[z TH1 Vour —Vou ] Hy ox( LJ (VDD _Vin_|VTH2|)2
2

Vv, = f,(V,,), solving the quadratic equation.

out

[ Region 5: M, is on and M, is off. V_,=0. }
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The switching threshold or the “trip point” of the inverter is when V, equals V..
Determine a relationship between (W/L)1 and (W/L)2 that sets the trip point of the CMOS
inverter to VVpp/2, thus providing a “symmetric” VTC

M, Off, M, in Triode Region

V
ou g 7 M, in Saturation, M, in Triode Region

Voo _ _
M4 and M, in Saturation

Vinﬂ—-l

~

a 2 :
W) (V V W V V

C 20—V 144 -0 |-, C | — | |22V 14 1 Yoo

H, ox(le( 5 THl) ( 4 5 j Hp ox(Ll( 5 | TH2|) ( 4 5 j

Assuming 1+Al(\@jz1+ﬂ,z(ij, Sl
\ 2 2 W2 /un J
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Vout I\
M
2 | W, Voo
| D
an—l *——20 Vﬂl..lt

M, Off

_II-_D M -~ _

= Voo Vin

» As the PMOS device is made stronger, NMOS device requires
higher input voltage to establish Iy;=Iy,. Thus, the VTC is
shifted to the right.
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[ V,_Is the low-level input voltage at which (6V,,/ oV;,) = -1 }

In Region 2,

1 W 1 W
E:uncox (Tl (Vin _VTH1)2 = ElupCox (Tl |:2(VDD _Vin _ |VTH 2 |)(VDD _Vout ) - (VDD _Vout )2:|

Differentiating both sides with respect to V. ,

W ~

HaCo (Tj (Vin _VTHl) =

1
1 wW oV oV
with Do _ -1
é\/in
W W
[ﬂn (Tj (Vin _VTHl) = Hp (Tj (2Vout _Vin_ |VTH2 | _VDD) J
1 2
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roa-a (i), /()
Assuminga =4, | ~— | / m,| | » we must solve
L), L),

a(Vin _VTHl) = (2Vout —Vin— Vi, |_VDD) and
a 1
E(Vin _VTH1)2 — §|:2(VDD _Vin_ |VTH2 |) (VDD _Vout) o (VDD _Vout)2:|

Deleting V., we get A-V.2 + B-V, +C =0, where Azé(a -1(a+3),

ut?

1 1
B= Z(a "‘3)(\/00 _aVTHl_ |VTH2 |)’C = _5[3(\/00_ |VTH2 |)2 + 2aVTH1(VDD_ |VTH2 |) - a(a +4)VTH12]'

1
_BiQ/Bz_4AC _Bi\/4a(a+3)(vDD _VTH1_|VTH2 |)2
2A - 2A

1 1 70—
_4(a+3)(\/DD _aVTHl_ |VTH2 ) i2 a(a+3) (VDD _VTHl_ |VTH2 )

V||_ =

2-;(a—1)(a+3)

_ (VDD - aVTHl_ |VTH2 |) 4 2\/5(VDD _VTHl_ |VTH2 |)

a-1 (a-1)a+3
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/Vz NM. = 2\/g(vDD — Vi _[VTH2|) _VDD —aVyy, _[VTH2|
. ; (a-1)va+3 a—1

_ 3(VDD _|VTH2|)

_ s a(a+4)Vy,

Ja+3(2Va+va+3) Va+3(2va+alard)

. Where a =

Assuming symmetry, (a =1, V;,, =|Vi, EFVoy ),

3 1
VIL - NML - gVDD +ZVTH'

<

A

Hp

CH 16 Digital CMOS Circuits
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[

V,y Is the high-level input voltage at which (8V,/ 0V,

out I

0 =-1.

|

e

_ (4a+1)(VDD_[VTH2|) 4 3aVTH1

Vin = 3a+1(2a+\/1+3a) \/3a+1(2+\/3a+1)

. Where a =

&

M,

Hp

I =

Assuming symmetry, V., =| Vi, =V, and g, (V%) =M, (V%j ;
1 2

a4 5 1 N
Vin :g\/DD 4VTH
3 1
L NM,, =Vpp =V = gVDD +ZVTH )

CH 16 Digital CMOS Circuits
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NM H,ideal — NM L,ideal =~ ~
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a4 N

—_ Vpp It Voo < Vg + Via| =2 Vi,
—AEm:  OFF | Vina >Vop /2
Vpp/2 Vine—t = Vou Mrt2|>Vop /2 y
—[.m  OFF

» When V, =V /2, M; and M, will both be off and the output floats.
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Vi
i m, out }
Voo Vpp oo
Vipo—e " “»_ Sublinear

c, Charge
0 —] .
I < -
Linear
Charge
(a) (b)

» As V , Is initially charged high, the charging is linear since M,
IS in saturation. However, as M, enters the triode region the
charge rate becomes sublinear.

CH 16 Digital CMOS Circuits 39



Voo B L

in

» The current of M, is initially constant as M, is in saturation.
However as M, enters the triode region, its current decreases.
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» As the PMOS size is increased, the output exhibits a faster
transition.

CH 16 Digital CMOS Circuits
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Vout A I__inear
Disharge

Vijo—s oVout Vpp- Vo @~ Subinear
l c, 4 Disharge
0 —I, M, I
- H t
(a) (b)

» Similar to the charging dynamics, the discharge is linear when
M, is in saturation and becomes sublinear as M, enters the
triode region.
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I m,
AL s

/ Initially, M, is in saturation,

\V

(W

2
|Ip2 |5 :upCox —j (VDD _|VTH2|)
2

\ L

|
Vout (t) = oz t,only up to Vo = V2 |-

CL

2|VTH2 |CL

:upCox(

V%jz (VDD ~Mm: |)2

CH 16 Digital CMOS Circuits
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Thereafter M, operates in the triode region,

/|02| CL e h

dt
1 W dv
2 1o 21 [2(V00 M) (Vo ~Vou )~ (Voo V)| =€, L
2 -
dVout 1 Cox (W dx
=SHp | 7| dt AGB —x) — (B —x)2
\2 Vb — IVTH2|)(VDD Vout ) = (Voo —Vour )2 2 "G \L) f 1( Ax_)BJ(rx "V
= |
Integrating from V,, =|Vqyy,| to Vpp /2, A n| B—x |
ToLho = W CL In(3—4—[\\//TH2|j=Ron2C,_ In(3—4—\\//TH2|J
HpCox (T) (VDD _IVTH2|) bb DD
2
Thus,

Torn =TpLh1 + ThLh2

2y )]

DD IVTH 2| VDD

CH 16 Digital CMOS Circuits 44



/ Similarly,

CL

Top =

o[} ) [Voo Mo

[ 2Vl

VDD VTH1 (

_qYTHL Vin1
Vob

)

>

R 1CL |: IVTH1| [ _4 TH1):|
o VDD VTHl VDD
— VDD
Vio— 9 o V.
in _T_ OL\
0 — — M1{ |I L

CH 16 Digital CMOS Circuits
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[Compare the two terms inside the square brackets as V+x: varies from zero }
to Voo/2

A
e peese-
Sum
i First
1.1 H Term
Second J‘__,..f‘r '
Term : :
- -
_ C, 2Vr4014] Vinon
Torh/mL = +In| 3—-4——==
W VDD _VTH 2/1 VDD
,Up/nCox L |:VDD - IVTH 2/1|]
2/1

» The sum of the 1st and 2"d terms of the bracket is the smallest
when V., is the smallest, hence low V;, improves speed.

CH 16 Digital CMOS Circuits 46




M,’ appears in series with M; and is identical to M,. Explain what happens
to the output fall time.

Voo
—= M,
Vi,o—= o Vout

I v,

—IIiM;
/ Ron = Ronl + Ronl‘ \

1 1
- W " W
£,C oy (T)l Voo —Vru1)  #4,.Cox (T)'l(VDD ~V'111)

\ = 2 Ronl J

»Since pull-down resistance is doubled, the fall time is also doubled.
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ﬁ:rgy stored in C, \

1
E1 = E CLVDZD

—| Voo
M
Voo 2 / Energy consumed by M,
Vino—¢ Vout ou
u_|— L I CL E L 0 (VDD out)(C t)dt
- out VDD
=C J‘out_o - out)dvout
1
= E CLVDZD
Thus, total energy consumed in one
cycle is
E.=E+E
K = CLVSD /

48
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—E M,
Voo
_|_""“H /
0 — T 1
= 2
) [PDissipation_ PMOS — ECLVDD 1:irJ
[Psupply = CLVSD 1:in}
— VDD
Lo
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[Compute the energy drawn from the supply as V,; =0 =V p. ]

([ 1o )

Estored — E CLVDD

1.2
Edissipated = EC Vbb

\Ed rawn — CLV[§D /
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: n
g [ Bl ]

W VDD _VTH 2/1 VDD

/up/nCox (T) / I:VDD _IVTH 2/1|]
2/1

Assuming Tppy =~ Tpiy, Ry = Ronp

2 V.
PDP = R,,C V3 |:V |VTI\_I/1| +In (3— 4—VTH1 ji|
DD — VTH1 DD

< 4
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Consider a cascade of two identical inverters, where the PMOS device is three times as wide as the
NMOS transistor to provide a symmetric VTC. For simplicity, assume the capacitance at node X is
equal to 4WLCox. Also, VTHN=|VTHP| = VDD/4. Compute the PDP.

Voo ﬁon - = \

W
_I ME _I Md lunCox (T) (\/DD _VTH )
Vino—2¢ X Vout = ﬂ ::-N
_I M _I Mg 3 lunCox (T)VDD

2 2
opp  [-2WLC,, V5,

.
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Voo

—A5 M, v Voo
in Voo = |VrHz |
v Crowbar
in°—% Current Vrug
-
ik t, t, t
(a) (b)
A Ipeak 7~ Ipeak
Crowbar pea pea
Current
- -
ty  ty Vir Voo~ |VrHz | Vin
(c)

» When V,, is between V4, and Vp-|V1yo|, bOoth M; and M, are on
and there will be a current flowing from supply to ground.
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» When either A or B is high or if both A and B are high, the
~output will be low. Transistors operate as pull-down devices.
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» The above circuit fails to act as a NOR because when A is high
and B is low, both M, and M, are on and produces an ill-defined
low.
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Voo
Au—li: M,

B " m,

—0D Vﬂut

» When both A and B are low, the output is high. Transistors
. operate as pull-up devices.
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AO—O—I M 4 EO—.—II_:ME

» Combing the NMOS and PMOS NOR sections, we have the
. CMOS NOR.
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Select the relative widths of the transistors in the 3-input NOR gate for
equal rise and fall times. Assume z, ~ 24, and equal channel lengths.

Voo
HE Mg

. /For equal rise & fall time, \
| M7 make the M¢-M; equivalent
I m, to one device with a width of

1 W

*+— Vout
A Ml{m B MI{ME ¢ thima =W,=W,=W

[Vout =A+B+C J
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» Due to low PMOS mobility, series combination of M; and M,
suffers from a high resistance, producing along delay.

» The widths of the PMOS transistors can be increased to
counter the high resistance, however this would load the
preceding stage and the overall delay of the system may not

Improve.
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» When both A and B are high, the output is low.
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» When either A or B is low or if both A and B are low, the output
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» Just like the CMOS NOR, the CMOS NAND can be implemented
by combining its respective NMOS and PMOS sections,
however it has better performance because its PMOS
transistors are not in series.
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Select the relative widths of the transistors in the 3-input NAND gate for
equal rise and fall times. Assume z, ~ 24, and equal channel lengths.

Voo
AEme ’_I Me /For equal rise & fall time, \
° Vout make the M,-M, equivalent
Ao—s Bos o—i1|; M, to one device with a width of
W.
Eu W,=W,=W,=3W
Iﬁ_ " \ WEWEWERwW )
[ V. = ABC }
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Voo

c

—IE me C is in “series” with the co MVDD
B o_||f‘ My, A—[ m; |“parallel” combination of A and B °

ED—II‘JM.; A" M5

* +—° Vou
s
oVt c o_||iM3 B D_IE_ME

Aol m
|- C is in “parallel” with the
Co[LM; B °—||iM2 “series” combination of A and B

o Vout

» In the CMOS philosophy, the PMOS section can be obtained
from the NMOS section by converting series combinations to
the parallel combinations and vice versa.
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