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Chapter 1

There are no problems in Chapter 1.

Chapter 2 |

S
[2.1] The nFET can pass any voltage in the range [0,V ,,,] where V.= (Vg - Vq,) with
Vi the voltage on the gate. With the stated values, V5= 5-0.7=4.3 V. If Vi, > V,,, then
Vout is restricted to Vi,,. However, the nFET passes any voltage Vi, < Vi, - This gives
the following answers.
@ Vip=2V, V=2V,

(b) Vip=4.5V, Vs = 4.3V is limited;

{€) Vip=35V, V,;y=3.5V;

(d) Vip=0.7V, V,,,=0.7 V.
The main idea is to show the effect of the threshold loss through an nFET.

[2.2] For Vi<V, , then the input voltage is transmitted through the chain. If V>
Vmax » then a threshold drop occurs in the first transistor {(only} and V,,,, makes it to the
output. With the stated values, V5= 3.3-0.55=2.75 V This gives the following answers.
(@) Vip=2.9V, V, ;= 2.75 V (limited);

(b) Vip=3.0V, V,;= 2.75 V (limited);

€ Vip=1.4V, V= 1.4 V;

(d) Vin= 3.1V, Vo = 2.75 V (limited).

[2.3] The output of the upper FET M1 (with V, applied) is used to control the gate voltage
V of the lower transistor M2 (with V, applied). Both are susceptible to threshold voltage

Vbp
s dMil— Vg
v, 1
1 seTvoles
= Y% Vout

Problem [2.3] —__T: __I__
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drops so that max(Vg ) = (Vpp -V ) and max(Vyy, ) = (Vg -Viy, ). Using max(Vig ) = (3.3-0.6

) = 2.7 V gives the following results. '

@ V=33V, V,=3833V:V5=2.7Vs0V,y=27-06=2.1V.

(b) Vg=0.5V, V= 3 V: V5= 0.5 V so MZis in cutoff. This makes V;,; an unknown value =
since the transistor is an open circuit. T
(0 Vg=2V, Vp,=25V:Vg=2VsoV,;=2-0.6=14V.

(d) Vg=8.3V, Vp=18V: V5g=2.7Vs0 V, ;= 1.8V,

[2.4] NANDS3 gate using an 8:1 MUX is shown in drawing below with Prob. [2.5] solution.

[2.5] NORS3 gate using an 8:1 MUX is shown in drawing below with Prob. {2.4] solution.

a—0 81 z (1) 8:1
b—1
—2~{0 c 2a{0
¢ G { 7 G{ 7
1" e O L3 L r— 0
1"e— 1 e a-bc “Qre—i 1 —e a+b+c
1me— 2 Qutput ngre—i 2 Output
11 l.__ 3 IlO"._ 3
1" — 4 Q"4
nln >~— 5 0".— 5
nlu.____ 6 -Ou._ 6
non >— 7 0,,.__ 7
Problem [2.4] NAND 3 Problem [2.5] NOR 3

[2.6] The drawings below illustrate the XOR2 and XNOR2 MUX-based designs. To imple-
ment the full-adder sum expression, we use

s=(a®b)®c



which shows that s can be calculated using 2 XOR gates. This is shown in Figure (c)
below.

- =

o -

4:1 . 4:1 4:1 4:1
a0 _(0|a®p a—170_.10 a~— 0 _fofc~—0 g0
b.__-lG{§ b-—-lG{B bo——lG{3 a@blG{3

. . 2®b XOR XOR |—
10 "1"e— 0 ' "0"— 0 =0
e 1 0"e— 1 " 1 — 1
1"e—2 0" —2 1" 2 -2
" ] 3 1"e——3 "0 3 - 3
(a) XOR2 (b) XNOR2 (¢) sum
Problem [2.6]

[2.7] Rewrite the function to read

f=a-(b+c)+b-d
to show that the function can be reduced to a simplified form. The gate is shown in the
drawing.

VDD
b—eb
a &g bec
b o b—ed
ae—j e a
be—| e

Problem [2.7] L

[2.8] The final design depends on the algebraic form selected. One approach is to first
expand the terms as



a+a-b+a-c+b-c
a-(l+b)y+a-c+b-c
a-(l1+¢c)+b-c

» a+b-c

(a+b)-(a+c)

[}

Then

1
il

(a+b-c)-(b+d)
a-b+b-c+a-d+b-d-c
a-(b+d)+b-c(l1+d)
a-(b+d)+b-c

This form of the logic function gives the AOI gate shown. Note that there are variations
possible. '

!

n

VDD
b—eb
a e bed
b ®—g b—ec

aO—”: }__. &

il

Problem [2.8] = -

[2.9] Write

G=x-(Y+2)+y=x-y+x-z+y=y-(l+x)+x-z2=y+x-2
This gives the simplified logic diagrams, which are then used to design the logic gate as
shown.



s VpD
Xo— -
z .—Dw_‘ g X b—‘ z
y
nFETs y
g
. i *o— ey
z y O >
: pFETs . = '
Problem [2.9]
[2.10] Write

‘F=a+b-c+a-b-c=a-(l1+b-c)+b-c=a+bc

After reducing we see that this is the same circuit as for Problem [2.4] with the inputs
relabeled. This is shown for completeness

PFETs

Problem [2.10]

W
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[2.11] The pFET logic diagram and resulting gate are shown.

Ao

ERE
d *C

PFET Logic

Problem [2.11]

D_.F

p—-—od
aei! o

[2.12] Solution is shown
(a) nFETs
as—[

c o
a®—

Problem [2.12]

(b) pFETs

b ¢O i : E
G
Vbp
a._qb_.d
b

f
!

Q




[2.13] The logic expression is

it by
=i

il

(F-2+D)

(y+z+ D)

X-(y+z)-w
=x+(y+2z)-w

This leads to the nFET array shown. The circuit can be checked using series-parallel
structuring.

Problem [2.13] =

This example shows how the pFET logic equations can be used to describe a pFET
network. The relationship to nFET equations is through the DeMorgan relations.

[2.14] The 4:1 circuit directly illustrates how TGs are used in switching.

S So

5 S5
i ok
,
5 - So
*——— o
S [ 3
—_ SO

Problem [2.14]



[2.15] The logic equation can be written as

F=a-3+b-s
where a and b are the inputs, and s, s are the controls. An AOI22 gate would produce an
output of
F=A-X+B'Y

sowe assign a=A, b=B, X=35, and Y = s and add an inverter. It is important to remem-
ber that the location of the ports define how the output function is formed.

A®— a e—
X *—] =
5 AOI 22 F , ao122 [[>0e 1
Y &—
Primitive Wired as 2:1 MUX
(ports locations define s
inputs}

[2.16] This can be designed by using two input 2:1 MUXes that are controlled by sg, and
the MUXing the outputs by a 2:1 that is controlled by s;.

2:1
so—t

Po— 0 _ 2:1
p1—1 517

—_ O

2:1°

Sop—

Pl
P3* ]

- O

Problem [2.16]

[2.17] The period is
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Why such an easy problem? To illustrate the time frame that logic gates in a high-speed
digital system must operate. As we will see in Part 2, fast circuits (short logic delays) can
be difficult to design. ‘ ’

-

>

[2.18] The smallest clock frequency is

f : - 1 = 1 =
min = ot 2(0.120)

While this is very slow, it does show that the clock cannot be idled.

4Hz

Chapter 3

[3.1] The resistance of the line is given by Ry, = Rsn where the number of squares can
be divided into “normal” straight line contributions and corners. Let n,. be the contribu-
tion of a corner square. The number of square is given by tracing the line from A to B as

n=15+n.+12+n.+14+n.+4+n.+22+n.+9 = 76 +56n, = 79.125
S0
R = 25(79.125) = 1,978.125Q

[3.2]The line resistance is Ry, = Rgn . Fdor the polysilicon line

275
Ry = 25(’6.’5’) = 1375Q
while the metal line is
32.4
Rline7= OOS(FB—) = 3.24Q
which is the smallest.
[3.3](a) The sheet resistance is
-6
RS_Q__(_‘_LKI_Q__)___o,ssg

{b) The number of squares is given by
125
n= 56 - 156.25 squares

so that the line resistance is



10

Riine = (0.33)(156.25) = 52.08Q

[3.4]We have units of the RC product of

oo (4] 5] - |

which shows that t has units of sec as stated.

C
_TJ = [sec]

sec

[3.5] (a) Use the line resistance formula

40
Rline = (25)(@) = ZkQ

{b) The line capacitance is

EorWD) _ (3.9)(8.854x107'*)(0.5x107)(40x107) _

Ci =
S \ 1000x10°8

(c) The line time constant is

T = RyjneCline = (2000)(6.906x107*°

) = 13.81 ps

6.906 fF

[3.6] (a) For n-type material,

A Ne=Ng = 4x10"”cm 3
{b) The hole density is
2 10.2
n; -
Pno = — =~&5x_1?7_) = 525.6 cm >
n, (4x10°%)
{c) The electron mobility is
1380-92
Hn = 92+ 210" 10! = 433 cm?2/V-sec
1+ 22X T
1.3x10
while the hole mobility is
Mp = 47.7(92)+ — 22 =2T7 __ _ 135 9cm?/V-sec
ax10*”
l+| —
1.6x10

The mobility is then given by

i
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0 = q(Uan+ Ppp) =guan, = 27.71 [Q-cm]
since the majority electron concentration dominates. )

ot

[3.7] N> Ng, so the material is p-type. The majority carrier density is

Ppo=Ng-Ng4 = 5.98x10'%cm

and the minority carrier density is

n?

[3.8] (a) We have carrier densities of

2
n; 5. -
Npe=-—— = 5.26x10°cm
ppO
(b) The mobilities are u, = 1373.36 and pp, = 485.6 cm?/V-sec so that the conductivity is
calculated from

3 3

Ppo=Ng = 4x10™cm ~

o = (1.6x107*°

)[(5.26x10%)](1373.36) + (4x10™*)(485.6) ]
This gives o .

c = 0.31 p=(1/6) = 32.17[Q - cm]
{c) The resistance is

b [100x10‘4(32.17)

) = 32.17Q
1x10

[3.9] (a) Start with p
2

n;
G = Q(Hn; + pr>

(b) Differentiate:
2 2
do d( n; ) n;
- = S Mgt H,P| = U5+ U, =0
dp dp p P np2 P

m
p= Enp n;

(c) The last equation shows that the highest resistively material is slightly p-type.

50 we require
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[8.10] (a) This is
C = Box _ (3.9)(8.854x107'%)

ox t

= 3.837x1077 X

ox ~90x1078 cm®
(0) K'p = ppy Cox = 214.86 pA/ V2
(©) By = k' (W/L) = 1.719 mA/V?

[3.11] B, = k', (W/L) with

" 10x107~7

(@) By = k', (W/L) = 172.65(10/0.5) = 3.453 x 1077 A/V2. The resistance is R, = 111.39 Q
(b) The resistance is reduced to

—14
o un((S.g)(8.854x10 )) - 172,650V

R, = 1 = 50.63Q

(1.7265x10'6)(%)(3.3 -0.8)

[3.12] (a) k'p = py, Cpy SO we calculate

~-14
k, = (220) SNEEXI0 )} _ g5 06a,/v2
11.5x10
The resistance is then given by
R, = 3 = 216.25Q
66 osxm's)/ﬁ)(s 3-0.8)
(66. (53)@3-0.
[3.13] Start with '
€ =
Cox = 2 = 3.63x107 L
tox cm

(2) K'n = tp, Cox= 196.28 uA/V2 and k’p = py, Co, = 79.97 tA/V2 . With the aspect ratios we
have B, = 6.73 mA/V? and B; = 2.74 mA/V? so that R, = 56.1 Q and Ry = 142.48 Qusing
the formulas.

(b) Rp = 0.8 R so

1

B,(33-065)  ~58%

or
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—_ -3 — * W
B, = 840810 = Iz )

which gives the value of W = 36.8 um needed for the pFET.

[3.14] The function is

Out = x-z-(y+w)
This leads to the following circuit.

Ifx

g [::'..7'}'.."-‘.-'.."'.', ' ._‘.._-._:.:'_...:'_‘..:._’."-:'._.:‘.':.

| | Gna

Problem {3.14]
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[3.15] The function is

F=a:-bic+ta-d=a-(b-c+d)
which is shown in the circuit below. = =

hd -

Vpp

o] el e

2 o AR TR

o [_::..-:_:.‘_:... _.,..'-_._...-.:..'-.::.‘ ¥ ." _..'.....:.'

|

I ] Gnd

Problem [3.15]
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{3.16] The OAI function is

g=(a+b)-(c+d)-e
This is obtained from the CMOS circuit shown below. The placement of the inputs has be =
chosen to facilitate the layout. ) =

Vpp

b e—g be e J

ol e p=al ln=-—

af
o [
el
o |

| | Gnd

Problem [3.16] Circuit
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[3.17] Expanding gives

g=(a+b)-(c+d)-e

]

(a-c+a-d+b-c+b-d)-e

=a-c-et+a-d-e+b-c-e+b-d-e

The third line is an expanded AOI form, but uses excess transistors. This can be seen in
the circuit below. Although we could do a somewhat messy layout, of the gate as-is, we
can see by inspection that the expanded AOI form is not an efficient implementation of
the logic function.

Problem [3.17]

[3.18] Yes, this is a functional gate. The function is

f=a-b+c+d
as can be verified by tracing the circuit.
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[3.19] We start with
g=a-b-c+d
The CMOS circuit and layout are drawn below.

1 VDD
R B
s [ .
X I
BRI
b c d

| Gnd

Problem [3-19]

Chapter 4

—
There are no problems in Chapter 4.

Chapter 5

L
There are no problems in Chapter 5. However, the concepts can be illustrated by assign-
ing layout problems using a CAD tool set. A suggested list of simple structures is

an nFET and a pFET with a minimum aspect ratio; scaled FET's; series connections
that share drain/source regions for 2 FETs and 3 FETs; minimum size inverter; NAND2
and NOR2 gates with standard size transistors; a simple AOI and OAI gate.

v
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Chapter 6 | = B

[6.1] (a) The oxide capacitance per unit area is

: ~14
ox _ (3.9)(8.85420 ) _ = 3.45x10” F2 345 fF2
ox 100x10 cm pum

(b) k' = in Cox= 189.92 pA/V2 and k' = p, Cox = 75.51 pA/V?

C, =

ox t

[6.21B, = 110 (10/.35) = 3.143 mA/V?
(@) Vgt =2 -0.7 = 1.3 V > Vpg= 1V so the transistor is non-saturated. The current is

Ip = (3 143)[2(1 3)1-1%)] = 2.51mA

(b) Now Vgue =2 -0.7 = 1.3 V <Vpg= 2 V so the transistor is saturated. The current is

I, = (3 143)[1 3%] = 2.66mA

[6.3]
(@)Vgqr =1 -0.76 = .24 V < Vpg= 1 V so the transistor is saturated. The current is

o 4 (2 3)[0 24%) = 66.241A

(b)Vsqr = 1 .24 V < Vpg so the transistor is saturated with a current

I, = (2?3)[1.242] - 1.77mA

(€)Vgqr = 2.24 < Vpg= 2.5 V so the transistor is saturated with

I, = (2%3)[2.242] - 5.77mA

[6.4}(a)

_14
= (220)32UEBXI0 ) _ 196614002
60x10 v?

(b) By = k'p (W/L) = k', (12)=1.519 mA/V?
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The resistance is

R, = . = 254.7Q |
(1.519x107°)(3.3-0.7) N
[6.5]Start with
. -14
C.. = (3.9)(8.854><810 ) - 287810 __g_i
120x10™ cm
(a) The body bias coefficient is calculated from
- N2gEgN,
Cox
S0 '
14 14 1
- J2(11.8)(8.854x10 Ex10 _ g osesv?
2.878x10”
(a) We need
8x10™*
2|05 = 2(0.026)In| ————| = 0.568V
1.45x10
Then

Vin = Vion+Y(J2[08] + Vpn = 4/2]05])
so using the equation with a body bias of 2 V applied gives

Vri= 0.55+(0.0568)(J2.568—JO.568) = 0.598V

(c) Now we have

V; = 0.55 + (0.0568)(./3.568 - J/0.568) = 0.614V
so that V g = 3-0.614 = 2.386 V < Vpg~ The FET is saturated, so

540

Ip = (—2—)[2.3862] - 442.31pA

[6.6]The drawn channel length is L’ = 0.5um, so that electrical channel length is given by
L= 0.5 - 2(0.05) = 0.4 um. The area of the gate is Ag = L'W = (6)(0.5) pm? = 3 pm?. The
gate capacitance is therefore

, Cg = (2.70)(8) = 8.1fF
For hand estimates, we take
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Cos = Cap = %CG - 4.05 {F

For the n+ capacitance we have a zero-bias value of . -
C,. = (0.86)(2.05)(8) + (0.24)2[2.05 + 6] = 14.442fF o7
where we have combined the bottom and sidewall contributions. The total capacitance at
the drain or source is
Cp = Cgp+ Cpp = 14.442+4.05 = 18.492fF = Cq4
by adding the contributions
The resistance is

R, = 1 = 101Q

(150x10‘6)(%)(5— 0.6)

[6.7]SPICE listing of the nFET

nFET Model
M1 20 10 0 0 nfet L=0.5U W=6U AD=18P PD=16U AS=18P PS=16U
.MODEL nfet NMOS (KP=150U VTO=0.6 TOX=1.28E-8 CJ= 8.6E-4 CJSW=2.4E-10)

A nested .DC command can be used to generate the I-V curve. This requires that we add
drain and gate voltages of the form

VD 20 0 5volts

VG 10 0 1volts

.DCVDO050.1VG050.1

VG 10 0 1volts

[6.8]The poly resistance is estimated by including only the actual FET geometry as

6
Rpoly = (26)?5 = 312@

while the n+ resistance is

R,, = (30)3-'3-53 = 10.250

This shows that Ry, is small, but Ry, can get large.
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[6.9](a) Vsqot = Vigs -Vm < Vps so the transistor is saturated
(b) Compute

; _(120(2(}‘/0.5)
. = [120(2670.5)

5 )(5“0.65)2 = 45.4mA -

The resistance at this point is

%
R,=—22= 5 - 1100
I 45.4x10

(c) Using the linearized approximation

1
" (4.8x107%)(5-0.65)
so that the LTI estimate is smaller than the actual value.

R = 47.89Q

[6.10]We have

R_= 1
K (W/LY Ves= Vi)

SO

1 1
—_ = = = 4.05
(‘21) KoRn(Ves=Vr)  (100x107%)(950)(3.3 - 7)

Chapter 7

[7.1] The B-ratio is

Bn _ 100(10) _ 1.7
Bp  42(14) ~ 7
so that the midpoint voltage is
v, = 3.3-0.8+./17(0.7) _ 1 .48V

1+4J1.7

[7.2] Compute

Br _ (VDD_VM'lva')Z _ (3- 1.3-0.82

2
: ) - 1.58
1.3-6

SO
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Bn _ Kn(W/L), _ (W/L), _
By K (W/L), 2'2(W/L)p =158

The two aspect ratios are related by = -
(W/L), = 1.39(W/L),

[7.3] (a) The _transcbnductance ratio is

The midpoint voltage is then

v, = 5-0.7+ JT.162(0.6) _ o -5y
1+.J/1.162

(b) The resistances are

R, = - = 108.23Q
(2.1x107%)(5 - 0.6)
R, 1 = 129.2Q

T (1.8x107%)(5-0.7)
(c) The high-to-low and low-to-high times without any external load are

ty = 2.2R,Coue = 2.2(108.23)(74x107"°

try = 2.2R,Cour = 2.2(129.20)(74x107'°) = 21.03ps
(d) With the external load, C,,= 74 + 115 = 189 {F. Then

) = 17.62ps

ty = 2.2R,C,,. = 2.2(108.23)(189x107*°

tig = 2.2R,Coyr = 2.2(129.20)(189x107"°

(e) In general, we can write the equations as
tyr = 17.62 + 0.238C,

) = 45.0ps
) = 53.72ps

where C; is in fF.

[7.4] The transconductance ratio is

Prn _ 150(4) _

2= = 1.25
By  60(8)

The midpoint voltage is then

Vy = 5-0.7+ 41.25(0.6) = 2.347V
1+4J1.25
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[7.5] The (electrical) channel length is L = 0.8 um, and the drawn channel length is L’ =
1.0 pm. .

{a) The input capacitance is ) _
Cin = (2.70)(1)(8 +4) = 32.4fF -~
{b) The LTI resistances are
_ 1
" (150x10°%)(4/0.8)(5 - 0.6)
R, = 6 :
(60x107°)(8/0.8)(5-0.7)
(€) Cout = Crer + CL = 50.45+80= 130.45 fF, so the switching times are
ty, = 2.2R,C,,; = 87.04ps
tiy = 2.2R,C,yy = 111.24ps

R

= 303.03Q

= 387.6Q

[7.6] SPICE simulation

[7.7] (a) We write ,
Bp 1

5-0.7 +(%)J§(0.6)
VM = = 2.77V

()

{b) For a NOT gate with the same relative dimensions,

SO

_ 5-0.7+42(0.6) _

2.13V
1+J§

Vu

17.8] The midpoint voltage for the simultaneous switch case is
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[{7.9] For a NANDS3 gate, we follow the same treatment as in the text to write the KCL -
equation - o=

(Bn/3)

3B
2 2
5 (Vu=Vg) = Tp(VDD_VM_IVTpD

SO

Bn( VM-V )2 _ 120(4)( 2.4-0.55

‘2
- 2
Po=g Vo= V-1V 9 \5-2.4-0.9) = 63.16uA/vV

[7.10] (a) The resistance of a FET is
_ 1
" (2x107%)(3.3-0.7)
The time constant for the output capacitor is obtained from the Elmore formula as
1, = 3R, Cou:+ 2R, C, + R, C,
R,[8C,,:+2Cy+ Cy]

192.31[(3)130 + (2)36 + 36]x107"°
95.77 ps

R

= 192.31Q

i

Rn Rn Rn

VL1 :L_z Lcout
"1 T

Problem [7.10] 7

(b} If we ignore Cy and Cs,
, 1, = 3R, C,,; = 75 ps
which gives a percentage error of

95.77-75

%Error:( Ei )x100% = 21.6 %
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{7.11] The circuit and the relative device sizes are shown in the drawing.

| =~ Vpp %
All pFE’I‘s (o] .—q l:‘r d .—q [Lr b—. e X
have the
same size
Bp =28 a e—g b—e b
_ F
nFETs on € ._'
the left FET:
ar: s?zed d e—j o a n‘f_he riZl‘?tn
with are sized

Bn=38 ith
N=3 Bn eo——-{ I—Ob“é‘szﬁn

Problem {7.12]

[7.12] The circuit and the relative device sizes are shown in the drawing.

pFET on
the left
has E.p
All nFETs X
have the
same size y o—l
Pn=2Bq

Problem [7.12]
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Chapter 8

E———

[8.1] The general form of the rise time equation is T
't, = to+0aCp

so the information gives the two equations

-12

123.75x107'% = t,o+ a(100x107'%)

138.6x107% = t.4+a(115x107'5)
(a) Subtracting the top equation from the bottom one gives
14.85x107"2 = a(15x107%)
SO . . _
o = 0.99x10° = 2.2R,,
Thus, R, = 450Q.

(b) Use either equation to find t

-15

123.75x107'% = t. o+ a(100x107"°) = t,,+990(100x107'%)

SO
t.o = 2.475x107" = 2.2R, Crpr.
This gives
2.475x107
Crer = ~—gg5— = 25fF

Thus, we can write the general expressions
t, = 24.75+0.99C, ps = t,

where Cj is in units of fF.
(c) With a scaling factor of 3.2x , t5is the same but a is scaled to (.99/3.2)=0.309. This
gives the expression

t, = t,= 24.75+0.309C, ps

[8.2]The delay through the 3-stage chain is

tg =2t + 1t
where
t, = 430 + 3.68(45) = 595.6 ps
ty = 300 +2.56(45) = 415.2 ps

SO
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ty = 2(595.6)+415.2 = 1.606 ns

-

[8.3]We estimate the delay by adding times

ty = tf, not + tr nora + tf, nand2 T tr, not

where we assume that a switch occurs at every gate. Using the formulas for the specified
m-values gives

ty = [tpo+ Uy (2C )] + (30 + 20, (4C )] + [Btpo + 201,,(3 Cmin)]
' a
+ g0+ £4(10C )
Grouping,

80
td = 4tf0+ 8anucmm+4tf0+ ‘é—apucmin

[8.4}{a) The input capacitance is .
Cin = Corx LW(1+4T) = C,(0.4)(2.2)(1 +2.6) = 25.344 {F
(b) The number of stages is
C
N = ln( L) =

Cu)

~12
In wﬁ = 7.31
25.344x10

so we select N=7. : :
(c) The reference resistance is Ryym = 1725 Q, S0 Rp o= (1725/2.2) = 784.1 Q. Since

20~

c
S= (—L) - 2.85
. \Cy

the total delay is

1, = NST, = 7(2.85)(784.1)(25.344x10""°) = 396.45 ps
for the simplified analysis.

[8.5]We calculate the number of stages as

C -12
N = 1n(—£) = m| 22401 1n(800) = 6.68
Cin 50%10

so we select N = 6. The scaling factor is
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1

C,\N
S = (—L) -3
Cin B
so that we start with B; (known), and calculate the driver sizes as o -

By = 3B,. B3=9B,. Bys=27P, B5=81B, Bs=243B,

[8.6]The line capacitance is
Ciine = C'l = (0.86)(272) = 233.92 fF
so the number of stage is

N = 1n(233'92) =15

52
is N = 2 for a non-inverting design. The scaling factor is estimated by

1

233.92\2
s_( = ) = 2.1

which is accurate enough for a rough design. Thus, if the first stage has a size §,, then
the second (driver) stage has a size of 2.1B;.

[8.7]The transcendental equation is
Sin((2)-1) = 0.72
Trial and error gives S = 3.37.

[8.8]We first calculate the path effort with r = 2.5

o 1 _ (35)(45) 6,(10C) _
F = GH = ,0,930,H = (3.5)(3.5)(3.5)1( %) = 34.64

so that the stage value is
1
T =(34.64)* = 2.43

This is used to calculate the input capacitance to each stage, which can in turn be used
to find the scale factors if desired.

Starting with the last stage we have

_ f _ 243 _10C
94 1 Cy
so C, = (10/2.43)C = 4.12C . For the third stage.
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noo J . 243 _4l2C
3% g;  (6735) G,

so Cy = 2.91C . For the second stage, _
243 _ 2.91C

o Lo
27 g, (45/35) ~C,

so C, = 1.54C . For the input stage,

f 243 _ 1.54C
M=y =

(45/35)  _C,

so C; =C asrequired.

[8.91This path has a branching factor that we compute as
_(2@2)+n)+(3(3)+r) _ 13+2r _
B= (2(2)+ 1) =g - 277

The path effort is then
F = GHB = g,g,Bg;H = (%)(g)(zin(;-)(loc) 104.66

so that the stage value is
1

¥ = (104.66)° = 4.71
This is used to calculate the input capacitance to each stage, which can in turn be used

to find the scale factors if desired.
Starting with the last stage we have

so C; = 3.64C . For the second stage,
J

bZQz

so C, = 2.75C . For the first stage,

_ 4.71 _ 3.64C
T (2.77)(4.5/35) T G,

h2=

hood . 471 _364C
'“ g, (6/35)  C

which gives C; = C as required.
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[8.10]The circuit is shown below.

.

+
in
Problem [8.10] -

The output swing is computed from

VOH = Vpp-Vge

. Vor=0
as Vpp because the nFET allows the output to discharge to O V.

[8.11]The NOR2 circuit is shown below. It illustrates how the static gate is used to drive
the upper BJT, while only the nFET logic section is needed for the lower BJT.

Vbp

e

Problem [8.11]
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[8.12]This is designed by using the static CMOS gate to control the upper bipolar output
transistor, and the nFET logic section between the base and collector of the lower BJT.
The lower BJT also has a pull-down FET on the base to drain off charge.

~ ——

J * Vbp

be—g
M@
2|

be—] C*——Ii

2

Problem [8.12]

[8.13] We can wire a pair of FETs at the output (although this introduces other prob-
lems).

* Vbp

p
L
1|
E
=]
1
+

Vout

.<+

'

3

al
=
¥

Problem [8.13] =
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Chapter 9
SE———
{9.1] (a) Yes. The circuit is shown. It is based on the symmetry in the truth table where =

2 input combinations yield a O output, while the other two give a logic 1. o
VDD

Problem [3.1]

(b} No, this is not an intelligent choice (although it is an iteresting circuit). Why not? Use
the function table to write the SOP expression

S

1
Rl
o
+
Q
o

=(@+a)-b
=b

so no gate is needed at all! This is a useful point, as some may try to build a complicated
logic gate without looking for the simplest solution.

[9.2] For the standard circuit, we use the RC equivalent shown in (a), while the charge
chain for the mirror circuit is shown in (b). The difference between the two is effect of the
48 {F capacitor: it is shared with the other branch in (a), doubling the value at that node.

R, R, Ry Ry

- ;l\;véﬁ J: Co:Lt == Cx = Cout
L1 L1

(a) AOI has 2Cx due (b) Mirror only has Cx

to
other 2 pFETs

Problem [9.2]
The resistance is
1

R, = - = 1,509.4Q
(250x107°)(2.65)

(i) For the standard circuit,



tin = 2.2[(2R,)Cou + 2R,Cpx] = 1.81s

(ii) For the mirror circuit,

tiy = 2.2[(2R,)Cope + RyCpxl = 1.32n8

[9.3] (a) Using equation (9.3) of the text allows us to write

B (Vop-|Ve® (4.15)° - 6.92
B 2 - 2~
B 2(Vpp-Vo)Vor-V3L  2(4.3)(0.3)-(0.3)
This means
Bn _ 6.92 = kKn(4) _ _(120)4)
By K, (W/L),  (35)(W/L),

so that the pFET aspect ratio must have (W/L), = 1.26.
(b) Now we have

Bn _ Kn(4)
Bp K3

Caial 2 (4.15)° _
VoL = 4.3~ f4.3 Sor- = 154V

Note that this is too large to be interpreted as a logic 0 as the input to an identical stage.

=291

SO

[9.4] The NOT gate is defined by
B 120(W/L),
B, ~ 55(2)
which gives (W/L), = 6.34. For a NAND2 gate, the each nFET should have an aspect

| %), -2,

while a NAND3 gate would use nFETS of size

(z), =41,

To compare the area, let us normalize the channel length to L = 1 unit and compare gate
areas. For the NAND2, the gate area of the nFETs is

A = 2(12.68) = 25.36 square units
while the area of the nFETs is

A = 3(19.02) = 51.06 square units

= 6.92

12.68

19.02

1}
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Since the pFET sizes can be the same for both gates, this illustrates that the nFET gate
area will increase by a factor of about 2 when a NAND2 gate is changed to a NAND3.

[9.5] The circuits are shown below.

(@) VoD
L

- I
b o< o

{c VoD

Problem [9.5]

[9.6] The AOI and OAI circuits are shown below. The OAI will have a slower discharge

because of the higher capacitance at the node indicated, so the AOI'is preferred for fast
switching (ty;).

Extra node
capacitance
due to the
connection

[ ® >
l”:L o
1f
<
8
g ™
o,
» 2
"
<
S

Problem [9.6]
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[9.7] One circuit is shown below.

s I
I ou

7

The input logic forms to variables that control the output FETs
9,=T-D=T+D
g,.=T+D=T-D
When T= 1, 9n =0 (which turns off the nFET) and g, = 1 which turns off the pFET. When

T = 0, the control signals are g, =D = gp - D=0, then the nFET is on and the output is
0, while D = 1 turns on the pFET at nges a 1 at the output.

[9.8] A C2MOS circuit for the function

f=a-(b+c)+x-y
is constructed by designing a standard CMOS logic gate, and then inserting clocked
transistors between the output and the respective FET logic arrays.
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Problem [9.8]

[9.9] The leakage is expressed by

i ==C dVout

"n D out dt

which has the solution

i 1
Vout(t) S Vout(o)‘ nc tpt

Hold times are computed by solving for time:

Cou
th=[. U NV pp(0) = V,]
. l'n l'

where V; iS the minimum logic 1 voltage.
(a) With the values given

( 76x107"°
th = T
0.46x107°-0.127x10™°
(b) Repeating with a lower power supply voltage gives

][5—2.4] = 593.4 ns

—15
b= ( 76x10 : )[3_3_2,4] = 205.41 ns
0.46x10°%-0.127x107®

The hold times are short because of the small capacitance and the relatively large nFET
leakage current stated.
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[9.10] (a) We start with the capacitor I-V equation in the form

L=B() = CouSyr

Vo our'dt
then rearrange and integrate: y
V() t
av B
I"V“ T CouVo Idt
Vo 0
Solving ,
V(t)) B
m(——— == t
Vo CoutVo
or
V(t) = Ve "
where the time constant is
coutVO
'T7B

(b) Write

_ CoutVO VO
t=—%5 h‘(m)

For the hold time, V{t}) = 0.4 Vgso

cC...V \% CoutV CoutV
g o Cout °ln( 0 )_ out_01n(2.5) = -—‘l‘é——o(o.816)

B 04v,) = " B

is the estimate.
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[9.11] The dynamic circuit is shown below.

Vbp
—q
p. b
a }0. ¢
f .
a
, . |_. )
o H"_"_i
Problem [9.11]

[9.12] The dynamic circuit has the usual structure: an nFET logic array sandwiched
between a clocked complementary pair.

—
’ c
‘ b
a a
. & F
a
d [eb
Problem [9.12] o o—q |

[2.13] The total charge in the initial configuration is
@7=5(100) = 500 fC
so equating this to the final distribution gives
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Or= (100 + 37)Vy= 500 fC

- Solving,
_ {100V _ .
v, =(1g3)5 = 365 V -
[9.14] (a) The charge sharing calculation is
Qr = 2(37)V 0x
= [(37)(3)+ 831V,
where Vi = 4.25 V (ignoring body bias). Then
74 ~
V= (@)4'25 =1.60 V

(b) For this problem, note that only the charge on two of the initially-charged capacitors
contribute to the final sharing problem. Equating initial and fiinal values gives

QT 2(37)Vmax
[(B7)(2)+85]V;

which gives V= 1.98 V.

[9.15] Construct the logic arrays separately, then embed them in the general circuit.
This gives the circuit shown.

* o— VoD
G
-C.—{ fed
o F
@ o
.

Problelm [9.15] ¢ I




40

[9.16] Using the technique discussed in the book, we start with the general tree and
then reduce. The pairs marked in bold X's are eliminated because the input pairs are
identical. The resulting nFET tree has only 4 pairs. T ranslatmg the tree to c1rcu1ts and
adding a pFET latch glves the final c1rcu.1t .

VbD

b~

L Jk°

el Qb 5[ s

G

Problem [2.16]

Chapter 10

I

It should be noted that there are usually several ways to construct the Verilog code for
any given problem. The solutions listed here are written in the style introduced in the
text.

110.1}
module Prob_1 (F1,F2, a,’'b, ¢, d) ;
inputa, b, ¢, d;
output F1, F2;
wire wi ;
nor (F1,a,b);
and at (wi,a, b, c);
and a2 (F2, w1, d);
endmodule

[10.2]
module Prob_2 (out_1,out_2,a,b,c);
inputa, b, ¢;
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output out_1, out_2 ;

wire wi;

xor (w1, a, b);

xnor{out_1, wi, c); <

and(out_2,a,b,c);
endmoduie

[10.3]
moduie sr_nand (out, not_out, in_1, in_2) ;
inputin_1,in_2;
output out, not_out;
nand #2 g1 (out, in_1, not_out), #2 g2 (not_out, in_2, out) ;
endmodule
[10.4]

module decoder (d0, d1, d2, d3,s_1,s_0);
inputs_1,s_0;
output d0, d1,d2,d;
wire not_s0, not_s1;
not #1 inv0 (not_s0, s_0) ;
not #1 inv1 (not_s1, s_1);
and #2 a0 (d0, not_s0, not_s1) ;
and #2 a1 (d1, s_0, not_s1) ;
and #2 a2 (d2, not_s0, s1) ;
and #2 a3 (d3, s0, s1) ;-
endmodule
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[10.5]The circuit diagram for the static gate is shown in the drawing. The FETs are

b

Problem [10.5] n3

labeled to identify them in the code.
module AOI_gate({, a, b, ¢, d) ;
inputa, b, c, d;
output f ;
wire wn1, wn2, wpil, wp2 ;
supply1 vdd ;
supply0 gnd ;
nmos ni (f, wni, a),
n2 (wni, gnd, b),
n3 (wnti, gnd, ¢},
n4 (f, wn2, b),
n5 (wn2, gnd, d) ;
pmos p1 (f, vdd, a),
pz (f, wpi, @),
p3 (wp1, wp2, b),
p4 (vdd, wp2, d) ,
p5 (vdd, wp2, b) ;
endmodule d
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[10.6]The circuit diagram for the static gate is shown in the drawmg using FET labels to
help write the Verilog listing.

_Eq pl —a— Replace pFET with pullup
= F
a~——-{ nl
¢ ._—i ¢ ._”:7 n2 n4 l—- b
n nd |——~ c

module AOIl_gate_ex (F, a, b, ¢, d, e);
inputa, b, ¢, 4, e;
output F;
wire wn1, wn2, wpl, wp2 ;
supply1 vdd ;
suppliy0 gnd ;
nmos nt (f, wni, a),
n2 (wn1, gnd, d),
n3 (wni, gnd, e),
n4 (wni, wn2, b),
n5 (wn2, gnd, ¢) ;
pullup (f) ; // This is a simple resistor model in place of the pFET
/* The pFET would be included using
pmos p1 (f, vdd, 0);
in the code in place of the pullup */
endmodule .

{10.7]The TG MUX listing is constructed below.
module CMOS_MUX (F, p0, p1, s, s_not) ;
input po, p1, s, s_not;
output F;
cmos #2 tg0 (F, p0, s_not, s ) ;
cmos #2 tg1 (F, p1, s, s_not) ;
endmodule
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[10.8] :
module two_phase_clock {clk, clk_bar) ;
output clk, clk_bar ; -
reg clk, clk_bar ; '
initial
begin
ck=0;
clk_bar=1;
end
always
begin
#40;
clk = ~ clk_bar;
clk_bar=~clk;
‘end
endmodule

[10.9]We will write this in a style that illustrates how descriptive levels can be mixed.
module logic (g, a, b, ¢, e, ) ;
output f;
inputa, b,c, e, f;
reg clk;
notni (a_bar,a),
n2 (c_bar,c);
assign
A=(a_bar&b)|(c&e)]|(c_bar&f);
endmodule

module clock (clk) ;
regclk;
initial
clk=0;
always
begin
#5
clk=~clk;
end
endmodule
module dff (g, A, clk) ;
output g ;
input A, clk ;
always @ (posedge clk ) ;
. a=A;
endmoduie




Chapter 11

{11.1] (a) The TG mux circuit is shown helow (taken from Problem [2/14])

5; So
pO v—% E ]
s I

So

S
5

So
, % RS
P2
S _I
1 S

Problem [11.1] (a) 51

module TG_MUX (f, p0, p1, p2, p3, s1, s1_not, s2, s2_not) ;
input p0, p1, p2, p3, s1, s1_not, s2, s2_not ;

output f; _
wire w0, wi, w2, w3, ;
cmos tg0_0 (p0, wO, s1_not, s1);
cmos tg0_1 (f, w0, sO_not, s0 ) ;
cmos tg1_0 (p1, w1, s1_npot,s1);
cmos tg1_1 (f, w1, s0, sO_not ) ;
cmos tg2_0 (p2, w2, s1, s1_not ) ;
cmos tg2_1 (f, w2, sO_not, s0) ;
cmos tg3_0 (p3, w3, s1, s1_not ) ;
cmos tg3_1 (f, w3, s0, sO_not ) ;
endmoduie

5
<

{c) Each path has two series-connected TGs giving the equivalent circuit shown below.
The value of 2C in between the resistors is due to a C contribution from each side. The
output capacitance C,,; consists of the right side of 4 TGs (one from each path) and the
external load C;.
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In —WW

Problem [11.2] (c)

Rrg Rpg
AW

e
Il

The time constant for a path is

T

f

Cout =4C+ CL

—

n = Cout(2Ryg) + (ZC)RTG
(CL+4C)2Rpg) + ZCRTG

= ZRTGCL + IORTGC

This indicates that the TG circuit may be slow. The actual values depend on the aspect
ratios and process parameters.

[11.2] For a 16:1 MUX, we may use a high-level approach to obtain the following.
module mux_16 (out, sel, p0, p1, p2, p3, p4, p5, p6, p7, p8, p9, p10, pi11, p12,
p13, p14, p15);
input p0, p1, p2, p3, p4, p5, pb, p7, p8, p2, p10, p11, p12, p13, p14, p15;
input[3:0]sel;

output out ;

assign out = (sel == 2'b0000) ? p0 :

endmodule

(sel == 2'b0001) ? p1:
(sel == 2'b0010) ? p2 :
(sel == 2'b0011) ? p3:
(sel ==2'b0100) ? p4 :
(sel ==2'b0101) 7 p5:
(sel == 2’b0110) 7 p6 :
(sel==2'b0111) 7 p7 .
(sel == 2'b1000) ? p8:
(sel ==2'b1001) ? p9 :

(sel ==2'b1010) ? p10 :
(sel ==2'b1011) ? p11 :
(sel ==2'b1100) ? p12:
{sel ==2'b1101) ? p13:
(sel == 2'b1110) ? p14:

pi15;
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I3 @&y The 8T MUX 1S shown below.
Sl So

52

SS=2S
11

5180 f

P4 —
P5
Pg
p7 >
(b) The easiest implementations are the NAND circuits shown in Figures 11.1 and 11.4 of
the text (not reproduced here). TGs could also be used, but they will be harder to apply
to the Logical Effort calculation in part (c) of the problem:.

(c) Using the NAND gates, the cascade is a NAND3 to a NAND4 (for a 4:1), and then a
NAND2 to a NAND?2 (for the 2:1). The cascade is shown below.

WN—=O

Problem [11.3]

Ci o—

SDEDC py

Problem [11.3] Cascade

The input to the NAND3 gate is C;. We can write

o - o QYRIAIY - e

where we have assumed that r = 2 for simplicity. The electrical effort is

1Ocinv
=

SO

N

~

= 59260m”
F=(se cl)

For a NANDS3 gate, the input capacitance scales as (3x 3+1)Cyp; If we define the NANDS3
unit as Cypt = Cipyy We obtain

—

. (59.26
f‘(11

which provides all the values needed to complete the Logical Effort scaling of each stage.
To complete the problem, we work from the last stage towards the input.

i
):152
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hy=d =152 _ 44 - 100
¢ 94 4/3 in4
so C;, = 8.77C,,,, . Similarly, -
1.52 8.77C,
hy = L 152 1.14 -
7 g; 473 Cina
gives C,;,3 = 7.69C,,, . For the second stage
hy = J _ 152 _ 0.76 = 7.69C,,,
g9, 6/3 Cin2
so C;o = 10.12C,,,, . Finally,
[ 10.12¢C;
=L 2152 gg1p . 2t
g9, 5/3 Cinz

gives us C;,; = 11.1C;,, . These values, along with the input capacitance equations,
provide the sizing of each stage in the chain.

[11.4] The TG circuit is shown below. Note that pull-down resistors are used at the out-
put to insure that the voltages can reach O.

51 So Voo
1? 1? Ijb—-‘ pull-up pFET
. dg
® ¢ - pull-down
b — =
dy
& =
e
*——
T 1
ds3

Problem [11.4]

For the Verilog listing, we can write
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module TG_decoder (d0, d1, d2, d3, s1, s1_not, s2, s2_not) ;
input s1, s1_not, s2, s2_not ;
output d0, di1, d2, d3; -

wire w0, w1, w2, w3, wp;

supply1 vdd ;

supply0 gnd ;

pmos pu (vdd, wp, gnd ) ;

cmos tg0_0 (wp, w0, si_not, s1);
cmos tg0_1 (d0, wo, sO_not, sG ) ;
cmos tg1_0 (wp, wi, s1_not, s1);
cmos tg1_1 (d1, w1, s0,s0_not ) ;
cmos tg2_0 (wp, w2, s1,s1_not ) ;
cmos tg2_1 (d2, w2, s0_not, s0) ;
cmos tg3_0 (wp, w3, s1,s1_not ) ;
cmos tg3_1 (d3, w3, s0, s0_not ) ;
pulidown (d0) , (d1), (d2), (d3) ;
endmodule

[11.5] The simplest way to design this is to just add inverters to an active-high circuit!

Problem [11.5]

{a) The Verilog

51 SO

hi

] o—P>o—do

listing is v
module decode_4_low (d0, d1, d2, d3, s0, s1) ;
input s0, st ; ‘
output d0, d1, d2, d3;
wire w0, w1, w2, w3 ;
nor (w3, ~s0, ~s1),
(w2, ~s0, s1),
(w1, 80, ~s1),
(w0, s0, s1) ;
not (d0, w0 ),
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{(d1, w1),

(d2, w2),

(d3, w3);

endmodule -

{b) To modify the circuit to include an enable control, we can expand the NOR gates to 3-
inputs and add the En to each. When En =1, every output is at a logic 1. Alternately, we
could put tri-state not gates to isolate the outputs. The variation on either is straightfor-
ward and not shown explicitly here.

{11.6] The circuit shown here uses dynamic logic and is based on the logic diagram in
Figure 11.4(b). Four NANDS gates are used for the inputs (only one is shown in the cir-
cuit) to produce outputs g0, gl, g2, ¢g3; these are fed into a NAND4 gate which has the
MUXed output {. :

4 NAND gates produce g0, g1, g2, g3

q_J g

- g0
50— }

soe—] gl —]
Po o— 82—

IIIJ:‘
11
||p—u—

Problem [11.6]
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[11.7] A design for the switching array is shown below. This combines the rotate right

Ro_0 Ro_1+(R/L) Ro_l#(R/L) Ro_Q _ Ro_3¢(R/L} Ro_3¢(R/L)

l_::r

5[

._’l

i o b B

L,
1,

af
T
L
)
Ly
|
1,
I
e
L
1,

F

Q
—r

uh
r
L
[
Ly
C_|
L,
i
L
[
L,
I

SETRUPIPR

f3

E
¥

as

Problem [11.7]

and rotate left arrays and eliminates the redundancy for rotate O and 2. The control sig-
nals can be produced by a simple active high decoder with the outputs ANDed with the
(R/L) signal to specify right or left rotation.

[11.8] A structural listing is a little tedious, as it shows every gate and connection.
module equality (Equal, a, b );
input[7:0]a,b; -
output Equal ;
wire w0, wi, w2, w3, w4, w5, wb, w7 ;
wire wa, wb ;
xnor g0 (w0, af0}, b[0]), ~

g1 (w1, a[1], b[1]),

g2 (w1, af2], b[2] ),

g3 (w2, a[3], b[3]),

g4 (w4, a[4], b[4]),

g5 (w5, a[5], b[5] ),

g6 (w6, a[6], b[6] ),

g7 (w7, a[7], b[7} );
nand n1 (wa, w0, wi, w2, w3 );
nand n2 (wb, w4, w5, wB, w7 );
nor (Equal, wa, wb 0;
endmodule
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[11.9] This listing is a high-level description that uses a 4 bit register called bii_reg that
stores the bits and then shifts with the clock edge. The Verilog concantenation and shift
operations are used to achieve the bit movement I
‘module shift_reg_4b (d_out;-d_in , clk ); -
input d_in, clk ;
output d_out ;
reg[0:3]bit_reg;
assign d_out = bit_reg[3];
assign @ (posedge clk )
begin
bit_reg <= { d_in, bit_reg[1:3} } ;
end
endmodule

A more straighforward approach is to define a DFF module and then instance it into the
structural code. For example

module dff (q, d, clk );

input d, clk ;

output g;

always @ (posedge clk)

g=d;
endmodule

module shift4 (d_out, d_in, ¢lk );
input d_in, cik;
output d_out ;
wire w0, w1, w2 ;
reg w0, wi, w2, d_out ;
dff g0 (w0, d_in, clk );
dif g1 (w1, wo, clk );
dff g2 (w2, wi, clk );
dff g3 (d_out, w2,clk); -
endmodule
{(b) A CMOS switch-level circuit is shown below.

clk_bar clk
a4 >0 o q
M1 M3
M M4
T T
clk clk_bar

Problem [11.9]"
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(c) For the FF shown, we can define one module by
module cmos_dff (q, d, cik, clk_bar);
input d, clk, clk_bar ; ‘
outputq,
regq,
nmos (w1, d, clk_bar );
not g1 (w2, wi};
not g2 (w1, w2);
nmos (w1, wit, clk ) ;
nmos (w2, d, clk );
not g3 (q, w2);
not g4 (wi2, q) ;
nmos (w3, wi2, clk ) ;
endmodule

This can be instanced into the shift register by allowing for the clk_bar signal.

[11.10] A simple listing is

module reg8b (q, d, clk, En );

output[7:0]q;

input[7:01d;

input clk, En;

reg[7:0]q;

initialq=0;

always @ ( (posedge clk) and En)
q=d;

else

q=0;

endmodule

[11.11] The code below uses resistive nmos switches since the transistors are used as

pass devices. -
module register (Qa, Qb, D, WE, Re_a, Re_b);
input D, WE, Re_a, Re_b ;
output Qa, Ql ;
wire win, ws, wo ;
rnmos (win, D, WE );
not g1 (ws, win ), g2 (win, ws ),g3 (wo, ws );
rnmos (Qa, wo, Re_a );
rnmos (Qb, wo, Re_b );
endmodule
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Chapter 12

M
[12.1] The simplest gates are shown below.

Vbp

Problem [12.1] -

These can be described by the following Verilog listings.
module sum (sum, a, b ) ;
inputa, b;
output sum ;
wire wni, wn2, wn3 ;
supplyi vdd ;
supply0 gnd ;
nmos n1 (sum, wni, ~a),

n2 (wni, gnd, ~b),

n3 (sum, wn2, a),

n4 (wn2, gnd, b) ;
pmos p1 (s, vdd, gnd) ;
endmodule

module carry (c,a,b) ;

inputa, b;

output ¢;

wire wn1, wn2 ;

supplyt vdd ;

supply0 gnd ;

nmos ni (wni,wn2, a),
n2 (wn2, gnd, b) ;

pmos p1 (wn1, vdd, gnd);

nmos n3 (¢, gnd, wnt);

pmos p2 (¢, vdd, gnd) ;

endmodule




55

[12.2] (a) The CPL circuits needed for the sum and carry are shown below.

——e o |

Sum circuit

(b) A Verilog description for a two-input array is as follows
-module CPL_2 (f1, {2, A, B, C, D) ;
input A, B, C, G;
output {1, 12 ;
nmosnl (A, f1,a),
n2 (wn2, gnd, b) ;
nmos n3 (c, gnd, wn1),
n4 (wn2, gnd, b);
endmodule

o

=l
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[12.3] (a) The static circuits are

5+
b; e—

& *—
b o—

Problem [12.3} (a)

Vpp

P o
b

P
e o
e ©

(b) Domino designs give a similar structure

Problem [12.3] (b)

Vbp

{c) The TG designs are based on a 2:1 MUX design (although others are possible). Note

Problem [12.3] (b)

that the generate circuit produces an output of g;if b; = 1, and an automatic output of 0

if b; = 0. This is the AND operation.
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[12.4]
' Vpp
VpD e
P—Po o <
Py — b— 9o
py 4 b— 9o oo
1
g1+ _ py ~—d
. :, |
p1—i gs g 5
poo—l p2'—|t]
co—] :II"‘QO jl"’gl pl'—iI:
- po—i
CO._E :]|'"90ng1ng2
Problem [12.4]
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[12.5] The mirror circuits are constructed as shown in the figure.

Qz"q

914
go—d
Co—q

:lb"Po

o

o+
Po—{

:]l-°90

py—i
PzH

:Ii-°91

jl-'gz :

l||-—<

Problem [12.5]

Vpbp. - -

gshd':]

Qz“qt

g1+4
90—
0+
o
Po—
p1—i

.'_1|:>—°Pljp"'p2

jb-'Po

:Il-°go

jl-'gl :ll—-gz

P2e—

Ps'—lg

||I-—<

[12.6] Sizing enters the problem when ¢ = 0 and p=1las shown in the left side of the

drawing. Eliminating the FETs that are OFF yields the pseudo-nMOS circuitry shown on
the right. The ratio of FETs M1 and M4 determines the output voltage V,,; for ¢;,; . We

Ci1 =0

(W/L)J;

Vpp

P—g; =

(W/L)g

(W/Lig

Problem [12.6]

g =
7 =

Ideal value
isOV
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will assume that the propagate voltage representing p; has an ideal value of Vi, = Vpp .
and that ¢; = O is a perfect ground. : .

To design the circuit, we use the pseudo-nMOS ratio equation for a reasonable value .
of VOL' say, VOL =0.2 V. - e

2
By o (Vop= V) - (2.3)° = 6.01
Boa  2(Vpp-VoidVor-V3L  2(2.3)(0.2)-(0.2)°
This means
Bui _ g op » Kn(W/Dhny _ r(W/L)y
Bpa Ky (W/L)pe (W/L)p,

so that the two are sized according to
(W/L)yy = 2.4(W/L)p,

The values will changed if the input conditions are different, but the procedure is the
same.

[12.7] (a) The evolution of the ladder is shown for the case where the carry-in propa-
gates all the way through the chain. If any generate bit is a 1, the corresponding propa-
gate bit is a 0 and the carry chain is opened.

(b) Since every stage precharges at the same time, the voltage at ¢4 is Vpp corresponding
to a carry-out of ¢4 = 0.

Vbp
p——o——p———p— ¢=0
:I _{3 T _{2 — il _‘EO
The g-input nFETs E S - o g;=0
-inpu i=
are off for a propaga- = g3 at—‘ () al—' 91 El—. 90
tion event i I|= _I:ﬁ _I:ﬁ o =1
| =
3 «f/v» 2 WTN» 2 v\l:/w EleN 3
4 A ’ % 0
1. S el e
1 vrout [ “Yout T “out T “voultT [
Problem [12.3](a) _|_ J_ _l_ _l_ __L

{c} Suppose thatp;= 1 and g;= O for all i. Every node must store charge and is subject to
a charge leakage from the OFF transistors. However, in this case the input bit ¢ is pro-
vided by a static inverter (see drawing in the text) which provides hard support to the
power supply or ground. The inverter is able to maintain the value on the right side of
the chain so that charge leakage will have minimal effects. If the propagation is stopped
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at any point with p;= 0 and g; = 1, the ¢;; = O through the nFETSs, and this provides a
connection to ground.

[12.8] Using equation (12.37) we have
64-bit: Average carry chain length = log,(64) = 10g2(26) = 6 bits
128-bit: Average carry chain length = logy(128) = 10g2(27) = 76 bits

[12.9] The block diagram is shown. Each 4-bit group produces a carry-out bit that is
used to select the next 4-bit group.

<15,12>in

<11,5> in <7.4>in
1% 79 ¢e 99 29 2y %t 90 <3, 0> in
4-bit adder | 4-bit adder !—- { 4-bit adder
1 1 1 C8 1 H 1 04
MUX MUX |——— -blt adder
I T
4-bit adder | 4 bit adder |— I -b1t adder <3, 0> sum
dé &4 1 &3 I I I EI I
<15,12> in <11,5>in <7,4> in
<15,12> sum <11,5> sum <7,4> sum

clé

[12.10] A block diagram is shown.
by B a g
1 1 r T
I Register <1-— ¢

1
|

BIRY

O |t
HA
Py
Pa

ag by

FA
'S >
b Po

Problem [12.10] Ps

The Verilog module can be written in various ways depending on the amount of
structural detail desired. A high-level description of the basic array is quite simple:
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module 2x2_mult (p, a, b) ;

input[1:0]a,b;

output [ 3:0 1 p;

assign oo

p=a’b;

endmodule
Alternates include bit-level or function level descriptions. The input latch can be added
with a clocking signal. There are a large number of multiplier descriptions that can be
constructed, and the interested reader is directed to the literature.

{12.11] An 8 x 8 multiplier would have the same basic form, but cannot easily be con-
structed using the 4x4 as a primitive. This is due to the fact that the 8x8 would require
that the HA and FA locations altered depending upon their bit locations in the array. The
basic cells (AND, HA) or (AND, FA) could be used. Note that the 8x8 will exhibit a long
worst-case delay due to the increased length of the critical data path.

[12.12]

For an 8x8 array multiplier, we use the simple block placement demonstrated in the 4 x
4. The placement of each cell in the matrix implies the connections. For example, the
upper right corner cell has inputs ay, by and multiply to produce pg. The first diagonal in
the upper right has a cell with inputs a;, by and another with inputs ag, b; to produce
ap. There are also implied carry-out bits from one diagonal to the next. This illustrates
how basic cells can be tiled to create the array.

a; Gg G5 Gy G3 Gy @ G

. NEEEEE-»
. N N Py

b P
: B\ P3

R,
N NN~ pg
e |E|’| P

P15 P14 P13 P12 P11 P1o Pg Pg

— A AAA
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[12.13] (a) for 10110011 the encoded digits are determined by writing 101 110 001 110
giving -1, -1, +1, -1. :
(b) 01101101 is parsed as 011 101 110 010 to give +2, -1, -1, +1
(c) 01010010 is parsed as 010 010 001 101 to give +1, +1, +1, -1

Chapter 13
L] )
[13.1]
- \6-T cell
moduie ram_6T (bit, bit_bar, wordline) ;
input bit, bit_bar, wordline;
output bit, bit_bar ;
wire wat, wa2 ;
supply1 vdd ;
suppliy0 gnd ;-
nmos nal (bit, wat, wordline};
nmos n1 (wal, gnd, wa2);
pmos p1 (wal, vdd, wa2);
nmos na2 (bit.bar, wa2, wordiine);
nmos n2 (waz2, gnd, wal);
pmos p2 (wa2, vdd, wat);
endmodule

\ 4-T cell
module ram_4T (bit, bit_bar, wordline) ;
input bit, bit_bar, wordline;
output bit, bit_bar ;
wire wal, wa2 ;
supply! vdd ; -
suppliy0 gnd ;
nmos nai (bit, wal, wordline};.
nmos n1 (wal, gnd, wa2);
pullup (wat);
nmos na2 (bit_bar, wa2, wordiine);
nmos n2 (wa2, gnd, wal);
pullup (wa2);
endmodule
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[13.2] The Verilog statements are quite simple.
reg[31:0]mem[0:2047];
reg[7:0]storage [ 0:16383];
reg[7:0]file[08191]; L e-

[13.3] Yes. This is because the complementary input will aid the cell in swtiching states.
This design is actually used in many commericial SRAMs to conserve layout area

WL=1 WL=1

[ 5l

Vi B The ground
B V, "4 connection here
Bn l__ __{ —discharges V,
Voo / to OV, which helps
Problem [13.3] switch the cell
pull-down = state

[13.4] This is an open-ended problem. The difference between the two designs is that a
single gate drives a very large load capacitor and will have to be driven by a scaled chain
to be fast, while a DWL architecture splits up the load into several gate/load groups and
can be scaled accordingly. With a scaled design where 8; < B9 < B3 < etc. and the delays

Bl
T

{a) Single driver Cjplarge

(b) DWL design

By =

— B > I
Cr :_I_ CLZI——f s

Problem [13.4] = Cs” [

(including all contributions due to the sub-lines) are equalized, then the equations of
Logical Effort provide the design criteria.

i
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[13.5] A simple solution is to change the wordline signals applied to the access transis-
tors to mutually exclusive control bits of WL1x and WL2x that are generated by basic

AND logic. ) B
l = }Ww =
s

Problem [13.5]

[13.6] (a) The maximum charge that can be stored on the capacitor is

Oriox = CsVimax = (55x107"°

so the number of charges is

)(3.5)= 1.925x107® C

Omax _ 1.925x10713
q 1.602x10°7"°

since one electron has a charge of g.
{b) The leakage current is 75 nA. This means

N = = 1.20x10°

_ -9 _AQ
I =75x10" = At [C/s]
so the rate of electrons leaking in 1 second is

_ 75x107°

N 1.602x107°

(c) The time required for the # of stored charges to be reduced to 100 is approximately

r = 4.68x10" [electrons/second]

At = — = =——— - = 2.57us

[138.7] (a) The maximum stored charge is

Omax = CeV oy = (45x107°)(3.3-0.55)= 1.24x107"° C.
max S max

(b} The minimum final voltage after leakage and charge sharing is given as

C, 45
Vf =15 = (m)vs(th) = (—2—§5)V5(th)

so the minimum stored voltage is
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V(t,) = (295)(1 5) = 9.83V

In other words, the Vyvalue is too high {the cell will not work})! This problem was =
included to show how difficult it is to actually store a voltage in a DRAM cell. It usually =~
amazes the newcome how much charge sharing drops the voltage.

Suppose instead that we drop the requirement to a more reasonable value of say Vf
= 0.2 V. In this case, we would have

V(t,) = (24955)(0.2) = 1.31V

which is possible. Using this value, we estimate the hold time using

C -15
ty = =Xav) = 2219~ (1 44 - 0.864ps
I 75x10

[13.8] The initial voltage at time t= 0 is Vi, = Vpp - Vpy, =3-0.65=2.35 V. The change in
the stored voltage for a given time increment At is

I 250x107!
AV = —L(AL) = ——————(At = 4545.45(At
s 'Cs( ) 55x107° ) (49

so the capacitor loses all of its stored charge after a time

2.35
At = m = 0.517 ms

Thus, with this high leakage current, there will be no voltage on the cell at time t= 10
ms.Vg= V=0 V.

Note that even if the leakage is reduced to 0.25 pA, the charge only lasts for 517 ms. The
instructor may want to have the students plot retention time for various leakage cur-
rents. This usually builds an appreciation for the problem faced by DRAM designers.
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[13.9] The logic diagram is shown below.

Problem [13.9] Logic ' § § é \] \/ \]

S 2 f3

a b ¢

This can be translated into a CMOS NOR-NOR-NOT in a straightforward manner. The
logic diagram shown illustrates the structure.

o
chml

Li L4 L1

Problem [13.9] NOR-NOR
5 fo  Ja
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[13.10] The OR-AND array is shown below.

=

X

=

=

S

JAVAVAVAVAY,

R

A

X

VAY,

818 U U L

—

Problem {13.10]

a b ¢ h

To implement this in a pseudo-nMOS basis (where NOR gates are easier), a straightfor-
ward approach is to use NOR-NOR cascades. The second NOR can be reduced to an an

AND gate with assert-low inputs (via DeMorgan); the assert low inputs are restored by
the input NOR gates to produce the same OR-AND sequence.

[13.11] The basic AND-OR design is shown.

Problem [13.11] Logic | §§§ \7 &7 \7 R?
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The NOR-based logic provides a basis for a CMOS implementation.
I >0 '

Problem {13.11] § »§ R%)

NOR Logic a b ¢

91 92 93 g,

[13.12] The NOR-NOR implementation of the OR-AND PLA is shown in the logic dia-
gram below. This can be translated to a CMOS network (using dynarmc NOR gates) in a
straightforward manner.

S

1
D
—MS
M,
ZE
-6
—7

??WNK{?\?

Problem [13.12] § é

Ji fo f3
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[13.13] The circuit diagram is constructed by using the FET locations as shown below.

WA

- = da .
dy
d,
dp
0 :{ 4{ 'l
@ od 1
3 g 2 1",; 4{
5 3 Jl!J_. :P‘— H
5 N =% h=T
= 4 :"'.;
5 ’.{
6 z{

[13.14] The wiring is shown below. This follows the layout strategies introduced in Part
1 of the book. .

5
o s =
fvppl [T E B 1
H 210 P
| |U| | —f
Tl &f o
[vss . : i
-
B B G
¢ b e a
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Chapter 14

[14.1] (a) The parallel-plate formula gives

_ EoxlW _ (3.9)(8.854x10%)(0.5x10™")
Tox ]..1)(1041
or we can change units to

= 1.57x107!3

F/cm

¢ = 0.157 pF/cm

w t \0.222
8ox[115(;1_'~:;) + 2.8(’1‘_0)) ]

(3.9)(8. 854><10'14)[1 15(? ?) io. 8(? ?)0 222]

(b) With fringing effects,

9}
¥

1.105x10"2. F/cm= 1.105 pF/cm

(c) The error incurred by neglecting fringing is

1.105-0.157 > \
”—TTGB_‘) x 100 =85.79 %

This large error arises from the condition ¢ > w, so the fringing fields are a major contri-
bution. It also illustrates the point that fringing capacitance is a major contribution in
fine-line VLSI.

(d) For the line capacitance we have

% Error = (

Ciine = ¢l = (1.105x107*?

The line resistance is computed as

)(100x107™%) = 11.05 fF

Rype = Ren = (0.08)(%)—030) = 16Q

where the number of squares is n = (I/w).

[14.2] (a) The capacitance per cm is

eox[1.15(T’“:’) ‘2. 8( )0 m]

(3.9)(8.854x10°4) 1. 15(33%) 2 511 1)0-222]

1.165x10° 12

c

F/cm

(b) The line values are

~12

Cime = ¢l = (1.165x107'%)(48x107") = 5.592 fF

and
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Rypme = Ronl = (0. 05)( 48 ) = 6.86Q

0.35
(c) With m = 7, the individual rung elements have values of

R, = Rl,/‘,“e =098Q C;= C—i;“f = 0.80fF

which gives the ladder shown.

0.980Q 098Q 098Q 098Q 098Q 008Q 0.98Q
——WWA——WW\, ’W\/\/\'I’\/\NWIWW\I
R T T T T B
lo.sm ‘Lo.sm J?.SIF Io.sﬂ«‘ ‘Lo.s fF f.sm _]-o.sﬂ:
Problem 14.2

The time constant is

. E(_";_UR C.. 7(8)(0 98)(0.8x107*%) = 0.022 ps

Using the simpler equation gives a larger estimate of

T

-15

T = RyneCiine = (6.86)(5.592x107'%) = 0.038 ps

{14.3] With CMP, the thickness of a metal line is equal to the oxide thickness next to it.
This allows us to find the oxide thickness for each layer.

The answers to this problem vary with the line width w, which was omitted to allow
different values to be selected. In the solutions, we will take w = 0.35 pm for every layer,
but the instructor may wish to change the value(s) to describe a different process.

For M1, T,, = 1.1 um and ‘ :

eox[l.IS( Tlfj ‘2. 8( )0 m}

(3.9)(8.854x107) 115 T3] + 2.8( 53 58)0 222]

c

]

1.1 1.1
= 0.965 pF/cm
For M2, T,y = 1.1+ .58+1.2 = 2.88 uym and
_14 0.35 0.68)\%%2
¢ = (3.9)(8.854x10 )[1 15(2 88) +2. 8(1 88) }

= 0.820 pF/cm
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For M3, T,y = 2.88+.68+1.2 = 4.76 pm and
_ _14 0.35 0.58)%222
¢ = (3.9)(8.854x10 ){1 15(4 76) 2. 8(4 76) }
= 0.657 pF/cm
For M4, T,, = 4.76+ .68 + .90 = 6.34 ym and

] » 0 35 O 68 0.222.
¢ = (3.9)(8.854x10 )[1 15(6 34) +2. 8(6 34) ]

r

= 0.611 pF/cm

This shows the decrease in capacitance per unit length as metal interconnect lines are
added.

[14.4] The overlap capacitance per unit area is estimated using

€
Cov = 7= F/cm®
ox

where the oxide thickness is determined by the metal-metal oxide. For M1-M2,

(3.9)(8.854x10™'%)
(1.2x107%

C,, = = 2.88 nF/cm’® = 0.0288 fF/pm?

For M11-M3,

(3.9)(8.854x107'%)

C. . =
o (3.08x107%)

= 1.12 nF/cm® = 0.0112 fF/um>

[14.5] (a) The line capacitance per unit length is (10,000 A = 1 micron)

(3.9)(8. 854><1o’“)[1 15(2%2) +2. (282 85)0222}

1.072 pF/cm”

(o4

1l

SO

-12

Cine = €l = (1.072x107%)(122x107%) = 13.08 fF
line

The line resistance is

122

lee = (O 008)(0 35

) = 2.79Q

(b) For m= 2,

R;. Cy
R2 = _121_716 = 1,4@ CZ = lzlne = 6.54f.F

which gives a time constant of
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o = Mmilp o 2(3)(1 4)(6.54x107*%) = 0.028 ps

m 2
For m =6, s
Rg = Rg"e = 0.465Q  Cg = S‘éle = 1.09fF
so that
T = _”MQLDR C.,. 6(7)(0 465)(1.09x107%) = 0.011 ps

Since the delay has differential origins, this is more accurate than the m=2 case.

[14.6] (é) The line resistance per unit length is

r=—== 2002 2 99857 Q/cm

while the capacitance per unit length is
_ -14 0.35 0.95\%%%2
¢ = (3.9)(8.854x10 )[1.15(W)+2.8(-ﬁ) ]
= 1.034 pF/cm
(b) We write

_ _ [(228.57)(1.035x10™'%)
£ =0.05-= J it z

S0 squaring gives
t = 2.37x107°2%
(c) With lengths of 100, 200, and 300 microns, we have

thoo = 2-37x10°8(100x107)” = 2.37 ps

taoo = 2.37x1075(200x10™)” = 9.46 ps

il

tao = 2.37x1078(300x10%)” = 21.29 ps

[14.7] (a) The coupling capacitance per unit length is

ce = EOX[O'OS(TTX)+O'83(TZX) o. 07( )o m](T ) s
[o 03(o 35) +0. 83( ) 0. 07( )”22](0 5) 134

6.91x10"° F/cm?
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(b) For 20 pum, the coupling capacitance is

C. = 6.91x1073(20x107™%) = 1.38 fF
c

For 30 um, the coupling capacitance increases to ' ) _‘

C. = 6.91x107'%(30x10™) = 2.07 {F

[14.8] (a) The line capacitance per unit length is
¢ 0.222
c = (3.9)(8.850x10™") 115(352) + 2.8(5 %) ]

= 0.978 pF/cm

(b) The coupling capacitance per unit length is

Cc = oxLo 03 w) 0.83(Ttox) 0. 07(Ttx)°'222]($_)‘1534

ox:

0.25 0.85 0.85)0:2227/(0.4\-1:3¢
°"[0°3( I 2) 083( I 2) 007( 1 2) }(Tz)

H

7.967x107"% F/cm?
(c) The capacitance per unit length is ¢ + 2¢, so that the total capacitance seen into a line

= (0.978 + 0.797)x10"%(18x107™*) = 3.194 fF

[14.9] (a) The line capacitance per unit length is

]

0 8 4) 0.222jl

¢ 1

(3.9)(8.854><10‘“)[1.15(0—;-1) + 2.8(

1.089 pF/cm
so that the line capacitance is

-12

Cine = 1.089x1072(50x10™) = 5.45 fF

The line resistance is

Ry, = O. 005( 50) = 0.625Q

(b) With s = 1.5, the new width and length are w = 0.267 pm and [ = 33.33 um while the
other parameters are left the same. We thus recalulate the values as

(3.9)(8.854x107™)[1.15( 2227 4 2.8( 222 54)0222]

1.036 pF/cm

O
i



75

so that the line capacitance is

Cyne = 1.036x1072

(33.33x107%) = 3.45 fF
The line resistance is invariant:

33.33
Ryype = o.oos(m) - 0.625Q

[14.10] {(a) v(z,t})=Vpp eric(0.9) = (0.2031) Vpp.

(b) We have
'_14 0.5 09 0.222
¢ = (3.9)(8.854x10 )[1.15(@)+2.8(@) ]
= 0.566 pF/cm
and
r=-29% - 8000/cm
0.5x107°
o _ [(800)(0.566x107'%)
£=09= it z

or

t = 1.4x10°2% sec = BZ>

where z is in cm. This case must be used with care, as the large value of £ = 0.9 indicates
a very small voltage.

[14.11] The forward trigger voltage is

vt o= 3.3+./6(0.7) _ 145V
1+.6
and the reverse trigger voltage is
v o= 4438.3-08) oy

1+ﬁ
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[14.12] For V* we rewrite the equation as

JE _ Vpp-V'
Bs  vi-v,,

so for V¥ =3.9 V we need a device ratio of

g_; _ ( 5-3.9

For the reverse-trigger voltage we have

2
§.—9'——6._7') = 0.344

S0 we have

B 1.2 2

B (5-—0.8—1.2) = 0.16
Chapter 15

There are no problems in Chapter 15

Chapter 16

There are no problems in Chapter 16
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