Problem Solutions

Chapter Nine: CMOS Logic

P9.1. Consider the CMOS gate shown in Figure 9.65. K =0.2mA/V* and V= 0.6V.

Vgp = 3.3V
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Figure 9.65.
a. Determine the mode of operation for each of the transistors.
b. Determine the supply current Ipp.
c. Determine the value of Vour.

Solution.

a. Because Vv > Vpp/2, we’ll start by assuming that Myg is linear and Mpg is saturated. Then,

we can determine the supply current by consideration of the saturated transistor:

_0.2mA/V?(2.3V ~3.3V +0.6V )

Ipp = 5 =0.0160m4.




The output voltage can be determined by consideration of the linear transistor:

Vour = (237 — 067)— \/ (237 - 0.6V —%% —0.048¥
LM

Therefore, Vgsn — Vin = 1.7V and Vpgy = 0.048V, consistent with linear operation of Myo.

Vesp — Vrp =-0.4V and Vpgp = -3.25V, consistent with saturated operation of Mpo.

b. The supply current is
Iy, =0.0160mA4 .
- c¢. The output voltage is

Vour = 0.048V .

P9.2. Consider the CMOS gate shown in Figure 9.66. K =0.22mA/V? and V1=0.5V.
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Figure 9.66.
a. Determine the mode of operation for each of the transistors.
b. Determine the supply current Ipp.
c. Determine the value of Vqoyt

Solution.



a. Because Vi < Vpp/2, we’ll start by assuming that Myo is saturated and Mpo is linear. Then,

we can determine the supply current by consideration of the saturated transistor:

_0.22mA/V*(0.9V - 0.5V )’
2

=0.0176mA.

DD

The output voltage can be determined by consideration of the linear transistor:

Vour =V +VT)+\/(V1N Voo +Vr)2 _(VI _VT)2

=(0.97 +0.57)+/(0.97 = 2.57 + 0.5V )} = (0.97 - 0.5V )" .
=24V

Therefore, Vgsn — Vv = 0.5V and Vpgy = 1.42V, consistent with saturated operation of Myo.
Vgsp— Vrp=-1.1V and Vpgp = -1.08V, consistent with linear operation of Mpo.

b. I,, =0.0176mA.
c. Vour =24V
P9.3. Consider the CMOS gate illustrated in Figure 9.67. K =0.15mA/V* and V1= 0.6V.
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Meo
M

ouT
NO

1

Figure 9.67.

a. Using hand calculations, determine and plot the voltage transfer characteristic for the

inverter.

b. Using the results of (a), determine Vi, Vi, Vor, Vou, and the noise margins.



¢. Using hand calculations, determine and plot the supply current versus Vv for the
inverter.

d. Determine the range of Viy for which the n-MOSFET is linear.

e. Determine the range of Viy for which the p-MOSFET is linear.

f. Using hand calculations, determine and plot the voltage transfer characteristic for the
inverter.

Solution.
a. T-he voltage transfer characteristic can be calculated piecewise as follows.

r

5V, Vv <0.6V

Vg + 0.6V ++ 7y 44V P =V =067 V5 06V <V <257
VOUT =9 25V, VIN =2.5V

Viy =06V —|(Vy —0.67 ) =y —4.4V )} 2.5V <Vpy <44V
0, Viy 244V .

For this example, both transistors are saturated only at Vv = Vpp/2. Hence, no interpolation is
needed. The characteristic is plotted in Figure 9.78. For the symmetric CMOS inverter with

matched transistors, the characteristic exhibits odd symmetry about the Vpp/2 point.
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Figure 9.78.



b. From these numerical results, we can determine the critical voltages and the noise margins as

follows:

Vo, =0V

v, =2.02V
Vi =298V
Voy =5V
Vs =2.02V
Vi = 2.02V

c. The supply current versus the input voltage is given by

0; Vpy <0.6V
T5ud IV (Vi 0.6V ), 0.6V <Vpy <2.57

TSpAIV (Vg — 4.4V )2, 2.5V <V <AV

The results are plotted in Figure 9.79. For the symmetric CMOS inverter with matched

transistors, the characteristic is symmetric and the peak current flows when the input

voltage is equal to one-half of the supply voltage.
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Figure 9.79.

d. The n-MOSFET is linear for 2.5V <V;y <5V.



e. The p-MOSFET is linear for OV <V, <2.57.

P9.4. Consider the CMOS gate illustrated in Figure 9.68. K =0.15mA/V 2and Vi =045V.

Vgp = 2.5V

MNO

Figure 9.68.

€

a. Using hand calculations, determine and plot the voltage transfer characteristic for the

inverter.

b. Using SPICE, determine and plot the voltage transfer characteristic for the inverter.

¢. Using hand calculations, determine and plot the supply current versus Vi for the

inverter.

d. Using SPICE, determine and plot the supply current versus Vi for the inverter.

Solution. The voltage transfer characteristic can be calculated piecewise as follows.

-

2.5V, Vp <045V

Vo +0457 +f (7 —2.057 ) —(V,y —045V); 045V <V, <125V
Vour =11.25V; V=125V

V)~ 045V | (Vy =0.45V ) —(V —2.05V 5 1.25V <V, <2.05V
0; V2205V




For this example, both transistors are saturated only at Vv = Vpp/2. Hence, no interpolation is
needed. The characteristic is plotted in Figure 9.80. For the symmetric CMOS inverter with

matched transistors, the characteristic exhibits odd symmetry about the Vpp/2 point.
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Figure 9.80.

b. The SPICE characteristic is plotted in Figure 9.81.
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Figure 9.81.

c. The supply current versus the input voltage is given by



(0, Vpy <045V
TSpA IV (Vi —0.45V ), 0.45V <V <125V

TSpA/V (Vi —2.057 )5 125V <Vpy <2.057
0; Vi 22.05V

Ipp =1

The results are plotted in Figure 9.82. For the symmetric CMOS inverter with matched
transistors, the characteristic is symmetric and the peak current flows when the input

voltage is equal to one-half of the supply voltage.
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Figure 9.82.

d. The SPICE characteristic is shown in Figure 9.83.
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Figure 9.83.

P9.5. Consider the 74HCO04 inverter illustrated in Figure 9.69.
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Figure 9.69.

a. Using hand calculations, determine and plot the voltage transfer functions for node B,

node C, and the oﬁtput node.



b. Repeat using SPICE.

Solution.
a. The process transconductance parameters for the p-MOSFETs and n-MOSFETs are

L Hrfer _[2300m® 17 )3 98 85107 F e
P, 60107 em

=13.44/V?
and

L tnte _ [350cm? /Vs)39)885x107 F /cm)
N Lox l 60x107" cm

=33.4u4/V?.

The voltage transfer characteristic may be calculated using the following three sets of equations:

5V, Vi <0.6V
Vg + 0.6V +|(V,y — 44V =(V,y —0.6V)'; 0.6V <V, <2.57
Vy=125; v, =2.57
V0.6V =7y —0.6V Y =V, —44V); 2.5V <Vp sday  — 7 -
0; V., =447
57, v, <06V
Vy+0.6V ++(V, — 4.4V} —(V, 0.6V )5 0.6V <V, <25V
V. ={2.57; v, =2.5V
V, —0.6V —(V, 0.6V} —(7, —44V 5 2.5V <V, <44V
0; V, > 447
5V, V. <06V
Ve +0.6V +(V, — 44V} ~(V, -0.6V); 0.6V <V, <2.57
Vour =12.5; V. =25V
Ve —0.6V = (Ve = 0.6V — (Ve —4.4V 5 2.5V <V, <44V
0, V. > 44V

The calculated characteristics are shown in Figure 9.84 as filled squares.
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Figure 9.84.

b. The SPICE results are shown in Figure 9.84 as solid curves.

P9.6. Consider the CMOS gate of Figure 9.70.




tox = 60 nm
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Figure 9.70.
a. Using hand calculations, estimate the propagation delays.
b. Determine the propagation delays using SPICE. Show that tpry and tpy are equal,
and compare the values to the hand calculation.

Solution.

a. The process transconductance parameters are -

(230cm? /75)3.9)8.85 %107 F / cm)

k, =
F 600x 1078 cm

=0.0133mA/V?

and

o (580cm® /75)3.9)8.85 107 F / cm)
. 600x 107 cm

=0.033mA4/V?.

The device transconductance parameters are
K,= (é)O.Ol?ﬁmA/VZ =0.133mA/V?
and

K, =(%)0.033mA/V2 =0.132mA/V?.

The propagation delays will be approximately



100x107™°F | 1.2F 2 (447
tp = — - — + In = 240ns .
0.132x107°A4/V* | (4.4V) 44V 2.5V

b. From the SPICE results, #p; 5 =tpy; =200ns as shown in Figure 9.85.
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Figure 9.85.

P9.7. For the CMOS gate shown in Figure 9.71, estimate the maximum fan-out if
tP,MAX =300pS
K, = 580 cm?/Vs

u_ =230 cm?/Vs
V. = 0.5V

Figure 9.71.

Solution. The input capacitance for the gate is



W, L W,L
CIN=COXN+COXP=SOX N N+50X plp

Lox Lox .
3 (3.9)(8.85>< 10'”F/cm](0.3 x107* cmX?_.Sx 107 cm)+ (O.3>< 107 clex 107 cm)]
o 100x107* cm .

=3.6 fF
The transconductance parameters may be determined as follows:

o (2300m™ 175)3.9)8.85 %10 F / cm)
: 100x 107 crm

=0.080mA4/V?,

L _ (580cm 175)3.9)8.85x 107 F /cm)
-

— =0.20mA/V?,
100x10™ cm

K, = (3—;)0.080771/1/1/2 =0.67mA/V?, and

K, = (EIEJOQOmA/V2 =0.67mA/V?>.

—

The maximum load capacitance is

KtP,max

b w, 2 m( Vop - V.,.)
(VDD = Vr )2 (VDD - Vr) VDD /12

(0.67x10° 4/7*J300x10"2s)
l.OV7+ 2 m(zwj
o) 20v (1257

The maximum fan-out is therefore given by

=28x10"°F

Comx 28%x10°F
R YT
IN ‘

=78, or

Ny =78.



P9.8. For the CMOS gate of Figure 9.72, estimate the maximum fan-out if the clock frequency

is to be 100 MHz.

Voo = 3 3V
tox =18 nm
p.n = 580 cm?/Vs
=230 cm?/Vs
/%S =05V
N }
NO
/ 0.5
Figure 9.72.
Solution. The input capacitance for the gate is
EoxWyLy L€ W.L
C — C + COXP — ox OX " PP
" o = oy Lox
 (3.9)8.85%10™* FiemJ(0.5x107 am|2x 10~ em)+ (0.5x 10~ em 5 x 10 o))
18x 1077 cm '

=6.7fF

The transconductance parameters may be determined as follows:

v - (230cm? /7s)3.9)8.85x 107 F / om)

- = 0.044mA/V?,
18x107 em
2 -14
" _ (580cm? /7s)3.9)8.85x10 F/cm)zo'lllmA/Vz,

18x1077 cm

K,= (%)0.044;71/1/1/2 =0.44mA/V?, and
D

K, = [é)O.lllmA/V2 =0.44mA/V*.

The maximum allowable propagation delay is approximately



1
{ =
P20 f e

=0.5ns.

The maximum load capacitance is

C - KtP.max

b [ 27, 2

(VDD "Vr)z . (VD _VT)

h{VD —V, H
v, /2

0.44x107 A/V?10.5x107%s
_ X )

2.8V

,
1.07 . 2 m[Z.SV
1.65V

(2.87)
=43x107" F

The maximum fan-out is therefore given by

Crmax  43x10VF
Cy 6.7x10VF

<

NMAX

Ny =64,

=64, or

P9.9. Consider CMOS circuitry driving a 50 pF off-chip load as shown in Figure 9.73. ty = 16

nm. Vr=0.5V. Suppose that each successive stage is scaled up in current driving capability by

a factor of 3.

s
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Figure 9.73.




a. Determine the required number of buffer stages such that tp < 0.6 ns.
b. Use SPICE to verify your design.
Solution.

a. For each stage,

C, 2V, 2 Vop =Va C, .
= + In =—£10.505V"7"] .
P K [(VD V.Y Vop=V;) [ Vpp!2 ﬂ K[ ]

The process transconductance parameters are:

o+ (2300m? 175)(3.9(8.85x 107 F /cm)
R

=50uAdlV?
160x10 8 cm #

and

o 1_ (580cm’ /¥5)(3.9)8.85x107* F /cm)
=

=125uA1V72,
160x10 % cm H

" The input capacitance for any stage is proportional to the K value:

Co- 53fF
0T tmary? N
With no buffers,

50pF

t [0.505V‘1}= 36ns.

B 0 md V2



If the scale factor is constrained to be three, then four buffers are required because

36ns
0.6ns

33 < <34,

b. The SPICE simulation results of Figure 9.86 show that the propagation delays are 0.38ns with

four buffers.
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Figure 9.86.

P9.10. Consider CMOS circuitry driving a 50 pF off-chip load as illustrated in Figure 9.74. tox =

I11nmm. Vy=0.5V.



Vg = 2.5V

!

25 25
- ouT
IN . ~[>o—
Myo N buffer stages c

:] 1/0.25 Z T 50 pF

Figure 9.74.
a. Determine the minimum number of buffer stages necessary such that tp < I ns.

b. For each buffer stage, determine the required gate dimensions for each of the

MOSFETs.
c. Use SPICE to verify your design.
Solution. -

a. For each stage

C, 2V, 2 Vop ~V; ] C, .
== + In =—=(0.721
K|, -V Vo =V;) (VDD/Z K[ ]

The process transconductance parameters are:

kp'= (230cm? /Vs)(3.9)(8.85 x1074 F/ cm)
110x1078cm

- (580cm*? /Vs)(3.9)(8.85 x 10"4F/cm)
110x1078cm

=T72uAV?

=182uA4/V?

The input capacitance for any stage is proportional to the K value:

o 2T5fF
N0 708mavt N

With no buffers,



50pF

Y [0.72V‘1]= 49ns

ip

Therefore, some buffering is necessary. With one buffer, suppose the delay for the last stage 18

1ns/2. Then

Koy =0.73mAlV? tpy=027ns

K, =12mAlV* Cpy =272fF tp; =0.5ns
tp =0.7Tns

Therefore one buffer is sufficient.

b. For the buffer stage,

Ky=Kp=T2malv?

so that
2 ——
W, =025um — A7 _250.m
007241V
and
2
Wy =0.25um M/L? =99
0.1824/V

b. The SPICE transient results show that the propagation delays are both 0.8ns.



P9.11. For the CMOS gate shown in Figure 9.75, perform an analysis of constant voltage

scaling. (Assume that the oxide thickness and all gate dimensions are scaled by 1/s). 1<s< 10.

Vpp = 3.3V
tox =23 nm
u, = 580 cm?/Vs
Moo p = 230 cm2/Vs
5/0.5 V.=05V
IN ouT
NO
2/0.5
Figure 9.75.

a. Determine and plot the propagation delay versus s, assuming 20 on-chip loads.

b. Determine and plot the dissipation versus s, assuming 20 on-chip loads and f= 0.05/t.

Solution.

—_—

a. The process transconductance parameters are

2 o) -14
k;’___(2300m /Vs 3.9)(8.§5><10 Fl1em) _ o caama/v?
23x107'cm

and

2 ~14
k'N=(58°C’" /Vsl(isz(sfsno F1om) _ o ogTma /v
X cm

Withs=1,

W, L W,L
C[N=C0XN+COXF=80X N N+5ox plep

tOX tOX
B (3.9)(8.85 x107F/ cml(iz x107 cmXO.S x107* cm)+ (5 x107 cmXO.S x10™ ch
- | 23x1077cm ’

=52fF




K,= (3)0.034%4/1/2 = 0.34mA/V?,

K, = (0—5)0.087%4/1/2 =0.35md/V?,

and

2.8V

- 20(5.2x10"5F)|: Loy 2 ln(
%

P 034x107 4/ (2.8V) 2.8

Using constant-voltage scaling,

B 0.155ns

P 2 :
S

This is plotted in Figure 9.87.
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Figure 9.87.




b. The dissipation may be determined as a function of s, assuming 20 on-chip loads and f =

0.05/tp, as follows:

5.2
CIN = E

S

b

c, =20C,, = 0/~

2

S
0.05s
/= 0.155ns
and
p=so, vl =20 )(104fFj(3.3V)2 = 0.365m .
0.155ns S

The dissipation is independent of s if it is assumed that the clock frequency scales inversely with

the propagation delay.

P6.12. For the CMOS gate of Figure 9.76, perform an analysis of “full” scaling. (Assume that

the oxide thickness, all gate dimensions, and Vpp are scaled by 1/s.) 1 <s<5.

u, = 580 cm?/Vs
p =230 cm?/Vs
=08V
ouT

Figure 9.76.

a. Determine and plot the propagation delay versus s, assuming 20 on-chip loads.



b. Determine and plot the dissipation versus s, assuming 20 on-chip loads and f= 0.05/tp.

Solution. The process transconductance parameters are

. (230cm? 9)8. o 2
" _ (230cm? 1753 9)(8_§5x10 Flem) o oiemi/p?
50x107 cm
and
2 -14
v (580cm /VsX3.9)(8;§5><10 Flem) _ o cuomi/7%
50x107 cm
Withs=1,
W WL
Coy = Copy +Copp = EoxWnLly 4 Eoxplp
tOX tOX
_ (3.9)8.85x107 F/em J[10x107* om {2 x 10~ cm )+ (25 x 10~ cm {2 x 10~ em )|
50x107" cm ’

= 48 fF

Kp =(2_25)0'016mA/VZ =0.20md/V?, T

Ky = (1—20-jO.O4OmA/V2 =0.2mA/V?,

and

=15
Pz20(48xg) FZ) 1.2V2+ 2 m(s.w} 1 odns
02x107°A/V* | (s.4V)° 54V \ 3¥F

Using full scaling,

1.24ns
tP = .
S

This is plotted in Figure 9.88.
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Figure 9.88.
b. The dissipation may be determined as a function of s, assuming 20 on-chip loads and f =

0.05/tp, as follows:

48 fF

Civ = ;
S

C, =20C, = 22%F

s
0.05s
f_1.24ns’
6V
VDD=_’
K
and
2
0.05s5 \ 960 4 1.39mW
A ) e EA IR
1.24ns S s s

The results are plotted in Figure 9.89.
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- Figure 9.89.

P9.13. The gate shown in Figure 9.77 represents 1975 technology. Assume that constant

voltage scaling is used, with a scale factor of 1/+/2 applied every eighteen months. Estimate

and plot the microprocessor clock frequeney versus the year, up to the present time. Assume N =

20.
Vgp = 5V
tox = 100 nm
K, = 580 crm?/Vs
Meo i = 230 cm?/Vs
50/5 V=06V
IN ouT

Figure 9.77.

Solution. The process transconductance parameters are given by
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NMOS Logic -

N 0.44nsA/V? _

0 = 44mAlV? .
- 10ns

From the dissipation requirement,

_K VoV K, BWN-037) L

P =
DC 4 4

or
K, <13.5mA[V?.

It is not possible to satisfy all three requirements.




