' Problem Solutions

Chapter Eight: NMOS Logic

P8.1. Consider the NMOS gate depicted in Figure 8.30.

Vyg = 5V
®

My, depletion n-MOSFET
'L 205 K'= 200 pAV2, V. = 0.4V
ouT
- M enhancement n-MOSFET
IN 9——’ NO

0% K'=200 pANVE, V_= 0.6 V

-,

i

Figure 8.30.
a. Determine Vi, Vi, Voo, and Vou.
b. Determine the noise margins Vame and Vv,
c. Estimate the average DC dissipation.

o

Solution.

a. The device transconductance parameters are

: . 2
K, =| 222 00004/V? = 0.8md/V? and
Q.5um

K, ( 24 jZOO,uA/VZ =2.0mA/ V>,
0.5m

The four critical voltages are
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2
K .
Vi =V * = 3 lVTLl
JK K, + K,

?

2,0mAlV? |-0.4¥]=0.73¥

J.0ma/v?J0.8mA 1V )+ (2.0mA/ V)

[x - L [08marv?
V., =V_,+2V. L =0.6V+21-04V =0.89V,
= Vo + 2| 3K, | | 3(2.0mA/V?
Voo = Voo =Vro I\ﬁ DD "VTO) _('EL]VTZL ¢
0

4 ,and

=5V 0.6V \EV ~0.6V)* — [Mj(— 04V ) = 0.00737

=0.67V +

2.0mAIV?

b. The noise margins are

V.., =073V —0.0073F =0.72V .
and

Vg =5V —0.897 =417

c. The average dissipationis

Py +Pp _ K VooVt = (0-8”1A/V2 57>(‘0-4V)2 =0.160mW

Prr =
bc 2 4 4

P8.2. Consider the NMOS gate of Figure 8.31.

: Analysis and Design
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L

| M depletion n-MOSFET

2055 K =200 pAN2, V, =-0.4V
o OUT

M enhancement n—MOSFET
IN e—[ 505 k'=200 uANVZ, V. =05V

Figure 8.31.
Determine the values of Vy and Voyr for which My is at the bpundary between saturation and
ohmic operation.

Solution. Myr will be saturated so that

2
]DD - KL(_VTL) .
For MNQ,
I _KO(VIN—VTO)Z
DD '

2
But if Mo is at the boundary between saturated and linear operation, then
Vv =V10 =Vour- !

Hence

X, (- VTL )2 _%o (VOUT )
2 2

so that

P8.3. Consider the NMOS gate illustrated in Figure 8.32.
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op = 9V

My depletion n-MOSFET
3/0.5 k'=200 uANZ, V. =-0.2V

ouT )
enhancement n-MOSFET
k'=200 ;.L/»\/\/’2 V=05V

Figure 8.32.
a. Determine the mode of operation for each of the transistors.

b. Determine the supply current Ipp. .

!

c. Determine the value of Vpur.

Solution.

_— g

a. Assumme that Myg is linear and My 1s saturated. Then

1.2mAIV? (

Ipp = 0.2V =0.024m4

and

> 2(0.024m4)

U =0.025V .
2 14

Vour = {7 ~0.57) - \/(IV -0.57)

This is consistent with the starting assumptions.
b. The supply current is

IDD = 00247’?’1_/‘1 .
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c. The output voliage is

VOUT = 002517 .

P8.A. Consider the NMOS gate of Figure 8.33.

Voo =5V
=]
My depletion n-MOSFET
3/0.5 k' =200 pA/ve, Vi=-02V

ouT

enhancement n-MOSFET
k' =200 pA/NV? Vo =0.5V

2V

TR . ' , Figure 8.33.
2. Determine the mode of operation for each of the transistors.
b. Determine the supply current Inp.

¢. Determine the value of Vgyr.

Solution. The device transconductance parameters are given by

P

Sum

K, {O"“’” jzoo;ui/yz =12mA/V? and

K, =[ JHm Jzoo;m/rf2 =2.0md/V>.
0.5um

a. Suppose My is saturated but Mg is linear . Then

(L2ma/v? Yoon )
—

I =

DD

=0.024m4

and
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2(0.024mA)

-, = 0.00807 .
2.0md/V?

Vour = @2V —0.57)— |2V =057 ) —

\

Therefore Vpso < Vaso-Vro but Vpst >Vgsi-V1i, consistent with the starting assumptions.
b. The supply current is

1, =0.024m4.

c. The output voltage is

VOUT = 00080V . {

P8.5. Consider the NMOS gate illustrated in Figure 8.34.

- Vgp = 5V
@
My, depletion n-MOSFET
2/0.5 k'=200 pANVZ, Vo =-05V
ouT

_ M enhancement n-MOSFET
IN %—' 405 k'= 200 pAVZ, V= 0.5V

Figﬁre 8.34.
a. Using hand calculations, determine and plot the voltage transfer characteristic for the
inverter.
b. Determine the range of Vpy for each mode of operation (cutoff, saturation, and linear)
of Myo.

Solution. The device transconductance parameters are given by

0.51m

L

2
=( o }200#,4/V2 =0.8mA/V? and
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~J

4 i
K, =( il Jzoom/p‘z =1.6mA/V?.
0.5 om

For Vv £ 0.5V, Mo is cut off and My is linear, so that
Vour =5V (Vi <0.57).

If (Vour + 0.5V) < Vv < 0.5V and Vour = 4.5V, Myo is saturated and My is linear so

that

, - v K=V )
VOUT:VDSOZ(VI "Vm)‘\/(ynv_r’m) - "__L( TL) -

=V, —0.57 =7 —O.SV)i ~(~0.5)*/2; -

(Vppr +0.57)2V,, Jand [V, < 4.57]

The voltage transfer characteristic appears in Figure 8.40.
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4_
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5
= 2

1_

0 l‘ 1 l. N t

0 1 2 3. 4 5

vIN (V)

Figure 8.40.

b. The ranges of Vv for each mode of operation (cuteff, saturation, and linear) of Mo are as
follows: |

Mo is cutoff for V< 0.5V.

Mo is saturated for 0.5 < Vipe< 0.853V. -

Mo is linear for 0.853 < Vpy .

P8.6. Consider the NMOS gate shown in Figure 8.33.

Voo =5V

My, depletion n-MOSFET
15005  Kk'=200 pAVZ Vo =-03V

H NOA B g_’ @_‘ MNOS enhancement n-MOSFETs
2/0 5 ¢ 2/0.5 K'=200 uANZ V. =06V

f‘igure 8.35.
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a. Determine the value of Vour if Va4 =5V aqd Vg = V¢ =0V. (This is the worst case
of Vor.) |
b. Determine the value of Voyrif V4 =Vg=Vc=5V.
Solutioxn.

a. With VI’NA =5V and VINB = VINC = OV,

2

¥, (one transistor on) =¥, =V, — \/ Vop =Vro ) - (%—}I@i
o

1.5/0.5
2/0.5

=5V - O.6V—\[(5V—O.6T/’)? -( J(— 0.37 )" =0.0075%

b. With Vina = Ve = Ve = 5V,

VoL (3 transistors on) =Vop = Vo — / (VDD ~Veo )' - =1V
) 52

— =5 -0.6V- \/ (5V —0.6V)" - ((13—)52%%(— o.3V)i =0.0025V
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P8.7. Consider the NIMOS NAND3 gate illustrated in Figure 8.36.
Voo = 5V
M depletion r-MOSFET

NL -
2/0.5 K =150 uAN? Vo = 04V
ouT
enhancement n-MOSFETs
K' = 150 pANVE, Vo = 08V

Determine the value of Vor-

Solution. For the NAND3 gate,

Digital Integrated Circuits:

Analysis and Design
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P8.8. Consider the NMOS gate depicted in Figure 8.37.

V

[2]0]

depletion n- MOSrl:l .
Q,BLS k' = 200 uANVZ, V_ = -0.4V
ouT
enhancement n-MOSFET
4/0 5 k'= 200 pA/NVZ, V. = 0.8V

5V

—ﬂ 1

Figure 5.37.
a. Using hand calculations, determine Vi, Vin, Vor, _and You.
b. Using SPICE, determine and .plot the voltage transfer characteristic for the gate.
c. From the tabulated SPICE results, determine the critical voltages and compare these

to the values found in (a).

Solution.

a. The device transconductance parameters are given by

K, =( > jzoom/r/z = 2.0mA/V? and
0.5 m

1

4um N | )
K, =( Tl Jzoom/rﬂ =1.6mAlV?.
0.5um '

The four critical voltages are

K,

Ve =Vro T
KK, +K,

T

—0.67 + 20mAlV - 0.47]= 0,957

V.6ma/ 7 f2.0ma /v )+ (L 6masv?
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Vi =Vip + || zo = 0.6V +2~0.47] ——%QT =1.127,
TN 3K, ENNS
. - e} K )
Voo =Vop '_'Vro - (VD - Vro) —[EL‘]T/TZ
0.
: A ,and
: ; - ‘
=5V —0.6V - [(;—O.GV)Z | 20mATY Vo ap ) = 0.0237
\ 1.6mA/ V"
Vou =V = 5V
b. The SPICE resuits are shown in Figure 8.41.
5.0 T
4.0
2 30-
- -
2 .
Z20-
1.0 - ‘ '
0.0 - B = .
0 1 2 3 4 5
Vin (V)
Figure 8.41.

. From the SPICE results, the critical voltages are Vou = 5.0V, VoL =0:023V, VL= 0.88V.and .

Vu=112V.
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P8.9. Consider the NMOS gate of Figure 8.38.

V

23}

depletion n-MOSFET
. kK'=200 pANVZ, V. =-04V
ouT -

enhancement n-MOSFET
k' = 200 pAN?, V; =06V

Figure 8.38.

a. Using hand calculations, calculate and plot the DC power dissipation versus the

supply voltage.

...(
#

#

— b, Repeatusing SPICE. Plot the results together on one graph for comparison.

Solution.

a. For the pull-up device, - -

i, ,)‘ .
K, =| 22 oopd/v? =08mAlIV”.
0.5um -

-

The dissipation is given by

2 2 N 2
ot ;—PL =KLVZDVTL _[osmary XZDD)( 0T _ o cxam 17(7s).

b. The dissipation was determined as a function of the supply voltage in PSPICE using a DC

sweep and a current probe. The calculated and PSPICE results coincide as shown in Figure 8.42.

e ipm—— s
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0.2
= i
E 0.1
o
0
¥ 0 t 1l %g
0 1 2 3 4 5 4
VDD (V)
Figure 8.42.

P8.10. Consider the NMOS gate shown in Figure 8.39.

™,

depletion n-MOSFET
K= 1.0 MANZ, V. =-0.4M_ ;
ouT

enhancement n-MOSFET
k'=1.0mANVZ, V. =06V

Figure 8.39.

a. From the information given, estimate the oxide thickness used in the transistors.
b. Calculate the approximate inpuf capacitance for the inverter.
c. Estimate the maximum fan-out if tp max = 10 ns.

Solution.

a. The oxide thickness is



—t
th

NMOS Logic

(580cm?7 5™ [3.9)(8.85x 10 F'/ crm) 2nm

. rax
1mAIV?

b. The input capacitance for the inverter is

(5x10~ cm J0.5x 10~ om (3 9)B.85 x 10 F /o] _ e
20x10—8c_m - ‘

sz

c. If tyuax = 10 ns then the maximum fan-out is given by

v lamalv?Joary 10%s)
- (57 )43 /F)

N,y =30.

=30, 0or

>

P8.11. Consider depletion loaded NMOS with Vpp =5V, Vo= 0.5V, Vi =-0.6V, and tox = 18

nm. All devices have 0.5 pm gate lengths. Choose the Wo/W, ratio such that VoL =25 mV.

— —

Solution. The output low voltage is given by

: (K .
Voo = Voo - Vio = \E/ oD~ Vo )2 - (—K-L-JVI?L
; ’ o)
. [ KL ) 2
=5V 0.5V - \ﬁsrf ~0.57) - [E—)(— 0.6V ) =0.0257
- < O

Therefore the ratio of the device transconductance parameters should be

K.L'_(VD —Vro)z—(VD _Vm"VOJ.)2

Ky . Va
(57 -0.57) — (57 = 0.5V —0.025V )’ '
= a =0.62
(-0.67)

The ratio of the device widths should be

W, K, 1

Lo - _-161.
w, K, 062
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P8.12. Conslder depletion loaded NMOS w1ﬂ1 Vpp = 3.3V, V1o = 0.5V, VL =-0.3V, and tox =
10 nm. AJl devices have 0.35 pm gate lengths. Design the transistors for the inverter (choose
Wo and W) such that VoL = 20 mV and the average DC dissipation is 2 mW.

Solution. The DC power dissipation is given by

— PH +PL — KLVDDVZ?ZL
pc”T T 4

=2mW.

Therefore the value of Ky can be chosen as

(4Yemmw)

XA RED: =2TmA/V?.

-

L =

The output low voltage is given by

; ) 5 K,
VOL =Vpp — Vo = \[(77 b~ Vro) —LT.{'L_)VTZL
— e

=33V -0.5V % \Fstf —0.51)2 —[%-)(— 0.37) =0.020V
(5]

|

Therefore,

K

—L =124 and
KO

K, =22mAlV?.

The process transconductance parameter 18

-14 .
(5800m (Vs Y3 2B8S X1 FIem) sy,
100x10% cm

The widths for the devices should therefore be:
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L=

| 2T ATY N 35 1m = 47 10m and
0.20md/ V>

22mAlV?
W, =} —10.35 =38um.
0 (O.ZOmA/VZJ pm = 2BAm

P8.13. Consider depletion loaded NMOS with Vpp = 3.3V, Vo = 0.5V, VL =-0.3V, and tx =
10 nm. All devices have 0.35 pm gate lengths. Design the transistors for the mverter (choosé

Wo and W) such that Vor, = 20 mV and tp < 10 ns with Cp = 15 pF. (Consider the worst case

propagation delay.)
Solution. )
. 7z
Voo =Vip Vo E \[ (VD.D Vo )2 —L—K_L_JVT?L
: B ) o
e o 2 .‘KL 217 \2
=337 -057 % /(337 ~0.51) - == (-0.37) =0.0207
0
K104 - -7
o ’ ’
VG, (B3VNISpE) _ 0.44nsd/V’
PRV 124K, (037 ) K,

The high to low pfopagation delay is

oo VwC (3.37)15pF) _ 0.0063nsd/V*
P K Vo =V ) K337 =057 K,

Considering the worst case, which is tpra,

. 0.44nsA V>

K,z =0.044A4/V?
10ns



